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PREFACE

Karl A. GSCHNEIDNER, Jr., and LeRoy EYRING

These elements perplex us in our rearches [sic], baffle us in our speculations, and haunt
us in our very dreams. They stretch like an unknown sea before us — mocking, mystifying,
and murmuring strange revelations and possibilities.

Sir William Crookes (February 16, 1887)

Various physical aspects of a wide range of rare-earth materials are covered in this
volume. Magnetic phenomena dominate the contents of the first four chapters which deal
with thin films and layered structures, and intermetallic and nonmetallic compounds. The
remaining two chapters deal with coherent emission and electronic structure calculations
of lanthanide molecules.

In the lead-off chapter (147) Flynn and Salamon cover the state-of-the-art of the
synthesis and properties of thin films of the rare-earth metals and layered superstructures
of two rare-earth metals. Although films of rare-earth metals have been studied for about
25 years, the availability of high-quality, well-characterized materials dates back about
10 years to the mid-1980’. Thus, we are only at the early stages of knowledge and
understanding of the behaviors and properties of these two-dimensional materials. Flynn
and Salamon describe the progress that has been made in the study of epitaxial rare earths
in general and their superlattices in particular, and clarify the principles common to all
rare-earth—rare-earth thin film magnetic systems.

The first chapter is followed by a companion review of rare-earth—transition-metal
nanoscale multilayers. Work on these materials is driven, not only by our quest for
basic knowledge, but by possible applications for perpendicular-magnetic and magneto-
optical recording. In chapter 148 Shan and Sellmyer describe the recent advances in our
understanding of magnetic structure, interfacial magnetism, and origin of perpendicular
magnetic anisotropy of lanthanide—transition-metal nanoscale multilayers.

One of the important series of rare-earth intermetallic compounds are those which
possess the ThMnj,-type structure. Generally, these compounds form as ternary phases
with only a handful of binary compounds known to exist. As pointed out in the review by
Suski (chapter 149) there are two distinct subgroups in this family of compounds: those
with a relatively low content of transition element (Fe, Co and Ni) and those with a high
content of these metals. The first group of compounds are stabilized by Al, Ga and In,



vi PREFACE

while the second group of phases are stabilized by Si, Ti, V, Cr, Mn, Mo and Re. The
main emphasis in Suski’s chapter is the magnetic behaviors of these phases, but structural
and phase relations are also covered.

The sesquicentennial chapter of this Handbook series deals with the magnetic behaviors
of dielectric lanthanide compounds, in particular the ethylsulfates [R(C,HsS04)3-9H,0],
the RLiF, tetrafluoride compounds with the scheelite-type structure, the zircon-type
RMO;, phases, the binary trifluorides (RF3) and the cubic elpasolites, which have the
general formula A;BRX¢ where A=Rb, Cs; B=Li, Na; and X=F, Cl, Br, I. In chapter 150
Aminov, Malkin and Teplov review the specific magnetic and magnetoelastic properties
of these crystals, which are determined by the localized electronic magnetic moments
of the lanthanide ions in the crystal lattice and their interactions with each other and
surrounding ions.

Auzel’s chapter on coherent emission is different from many reviews on the subject,
which are concerned with the laser effect itself, in that he concentrates on the broader
issues. The emphasis of chapter 151 is on superradiance, superfluorescence, amplification
of spontaneous emission by other stimulated emission than the laser effect, and coherent
spontaneous emission. Also discussed are up-conversion by energy transfer, up-conversion
by the avalanche effect, and recent advances in lanthanide lasers and amplifiers.

The final chapter (152) is by Dolg and Stoll in which they describe the progress that
has been made in electronic structure calculations of lanthanide-containing molecules,
especially in the last 10 years. The major problem is that lanthanide systems are quite
complex, and in order to obtain meaningful results one needs to include both relativistic
and electronic correlation effects. But with the availability of powerful computational
resources and improved atomic structure codes, significant advances have been made.
In addition to the lanthanide atoms themselves, quantum-chemical calculations have
been made on diatomic molecules (e.g. dimers, monoxides, and monohydrides), simple
polyatomic molecules (such as the hydrides, halides, and oxides), complex polyatomic
molecules (which include fullerene complexes, hydrated ions, and sandwich complexes)
and clusters that serve as models for segments of solids (such as RF;~ embedded in a
CaF;, matrix, Eu’>* impurity in GdBa,NbOg, and Ce centers in BaF,, LaF; and YAIO3).
Just a few years ago (1988) C.K. Jorgensen, in his review on Influence of Rare Earths
on Chemical Understanding and Classification (Vol. 11, ch. 75 of this Handbook series),
posed the question “Is quantum chemistry feasible?”, and with regard to the rare-earth
elements, he answered “Sorry, not today; perhaps next century”. But as Dolg and Stoll
point out, the next century is only a few years away. In view of the progress to date, the
editors believe we may even make it with a few years to spare.

October 19, 1995
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Chapter 147

SYNTHESIS AND PROPERTIES OF SINGLE-CRYSTAL

NANOSTRUCTURES

C.P. FLYNN and M.B. SALAMON

Department of Physics, University of Illinois at Urbana-Champaign,
1110 West Green Street, Urbana, IL 61801-3080, US4
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lattice spacing of lanthanide R in the
growth direction

lattice spacing of non-magnetic
species A in the growth direction

c-axis lattice vector and its magnitude
elastic constants

domain size; its critical value

double hexagonal close packed

Fermi energy

magnetoelastic energy; change in
magnetoelastic energy

strain energy
self-energies

total énergy
interaction energy

magnetic form factor; form factor for
lanthanide atom

field cooled
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Lindhard function
reciprocal lattice vector
Landé g-factor
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critical field to produce ferromagnetic
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anisotropy field in a random anisotropy
model

saturation magnetic field

exchange field in a random anisotropy
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nuclear scattering intensity

the exchange interaction, and its
Fourier transform

exchange interaction between atom i in
block a and atom j in

block B j(r-R,),

s—f exchange interaction on lanthanide
atom at R, and its Fourier transform

average angular momentum of
lanthanide R

total angular momentum of lanthanide
atom at R;, and its Fourier transform
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magnetoelastic coupling constants
Fermi wavevector

Fermi wavevectors in metal A parallel
and normal to an interface

domain size

molecular beam epitaxy
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total number of atomic planes in a
bilayer

number of lanthanide planes in a
bilayer; R can be a chemical symbol

number of non-magnetic planes in a
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coherently to the magnetic neutron
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wave vector of an incommensurate
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magnetic wavevectors, respectively

charge
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reflection high energy electron
diffraction
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interaction

classical radius of the electron

conduction electron spin and spin
density

spin on lanthanide atom at position R,

structure factor for +Qp magnetic
satellites

nuclear structure factor

Curie temperature

Néel temperature

onset temperature for random
anisotropy order in a thin film
layer or film thickness, critical film
thickness
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Uy unit cell volume Xp Debye-Hiickel screening parameter

v, ¥V electrostatic potentials AKXy magnec  Observed, nuclear and magnetic widths

w Debye-Waller factor of neutron diffraction lines

Woin» W, minimum, total domain energy A superlattice period

x position Ug Bohr magneton

x,(r) perturbations 3 effective de Gennes factor

ZFC zero field cooled En magnetic coherence length

B constant; exponent of magnetization 1Y density of states

r de Gennes factor (do/d2),  magnetic contribution to the elastic

y neutron gyromagnetic ratio; attenuation neutron scattering cross section
factor in diffusion model T, T magnetic wavevector in reciprocal

critical exponent lattice units; its magnitude

g, & strain, minimized or clamped strain P, &()) phase advance 9f the magnetization
. . wave across a bilayer, its value at j
€ dielectric constant R local bil th P
. . . . r-R, ocal s tibilit ti
arbitrary fraction of a reciprocal lattice x(r-R) usceptibility of the conduction
unit electrons
- . [/ turn angle or phase tomi
K, Ky, K scattered wave vector, its alpha plane ngle or ph advance per atomic

component, unit vector

1. Introduction

The first rare-earth superlattices were grown in the mid-1980s by J. Kwo at Bell
Laboratories (Kwo et al. 1985b) on substrates of Nb grown on sapphire prepared at the
University of Illinois at Urbana/Champaign (Durbin et al. 1982). The broad synthesis
pathway leading from sapphire to all manner of ceramic, metallic, and intermetallic
materials, of which this rare-earth growth forms a part, is to be described elsewhere (Yang
and Flynn 1995). In less than a decade, the synthesis and study of rare-earth superlattice
stacks (Kwo et al. 1985a,b, Salamon et al. 1986) has developed a significant degree of
precision, reproduced among several groups worldwide. As yet, however, it cannot rival
the much greater stream of research on semiconductors. Epitaxial growth of rare-earth
systems in various orientations is described in sect. 3 of this review.

The rare earths provide beautiful model systems with which the basic principles of
magnetic thin-film systems may be explored. At the time of writing, the bare bones of
the subject are just becoming visible (Majkrzak et al. 1991, Salamon et al. 1991). In that
sense, the present review is premature. In undertaking this review, therefore, the authors
had two goals in mind: first to describe the progress to date in the study of epitaxial rare
earths in general and their superlattices in particular; and second, to clarify principles
common to all thin-film magnetic systems. It is our hope that this larger viewpoint will
make the review more widely useful.

This introductory section has the purpose of reviewing a simple framework in which
the properties of epitaxial systems may be understood. An important factor is the
magnetostriction and strain dependence of magnetism generally exhibited by the rare
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earths. As bulk materials, the rare earths mainly adopt the hep lattice structure and, in
metallic and alloy form, display elegant and complex magnetic structures (Elliott 1972,
Cogblin 1977, Jensen and Mackintosh 1991). The low-temperature phase of many of
these elements has a ferromagnetic component. The intermediate phases (except for
Gd) are oscillatory, and are truly characteristic of the lanthanide metals. For reasons
related to Fermi surface topology, and described in sect. 2, the spatial oscillations of
magnetism in the heavy lanthanides Tb through Tm typically occur along the c-axis of
the hep structure, with wavelengths >20 A (7 or more lattice planes). This behavior is
well illustrated by Dy, which is paramagnetic above its Néel temperature Ty =185K.
Between Ty and the Curie temperature Tc=85K, there exists helimagnetic order in
which the moments in each basal plane align in the plane, but with the moments
of successive planes rotated progressively by 30° to form a spiral along c. At low
temperatures, an orthorhombic distortion occurs as ferromagnetic order sets in along one
unique (elongated) a-axis.

Our first purpose is to understand the changes that take place when the rare-earth metal
is part of a multilayer structure in which successive layers are formed from different
metals with each layer only nanometers thick. Despite the complexity of many lanthanide
phases, it is a fact that these materials remain magnetically robust as components of a
multilayer stack. Each block of lanthanide metal retains a well defined magnetic phase
diagram in which the material transforms from one phase to another at particular values
of temperature, applied magnetic field, and lattice strain. For reasons described below,
the specification of the state requires the complete elastic strain tensor, or otherwise the
atomic volume and shape. This robustness of the magnetic material must derive from the
fact that the lanthanide moments take essentially fixed values, and that the correlations
among them in a multilayer remain long-ranged in at least one of the space dimensions.
There are far-reaching consequences of this simplified behavior. The practical result is
that the magnetic structure of a multilayer stack, to zeroth approximation, may be obtained
by assigning to each layer a magnetic structure identical to that of the bulk material at
the same temperature, field, and state of strain.

The example of a Dy/Y superlattice will clarify this model. Y is a nonmagnetic rare-
earth metal and Dy, as specified above, is helimagnetic below 185K and ferromagnetic
below 85K. From the model outlined above we therefore anticipate that a Dy/Y
superlattice at 100 K consists of non-magnetic Y separating helimagnetic Dy blocks with
approximately the same wavelength as the bulk. This is in fact observed to be the case.
Two points of particular importance must be flagged here if the model is to be employed
in a useful way. First, the helimagnetic wavelength is not precisely that of the bulk at the
same temperature; nor does the ferromagnetic transition occur at 85K in the superlattice
(it is in fact completely suppressed). It turns out that the changes arise because there is
epitaxial strain present in the multilayer, and this causes the material to differ from the
freestanding bulk. These differences of behavior then find a natural explanation from the
model as consequences of the state of strain within the lanthanide blocks. Epitaxial thin-
film effects of this type are the subject matter of sect. 4 of the review. The second point of
special interest is that long-range magnetic order is observed to propagate coherently from



SINGLE-CRYSTAL NANOSTRUCTURES 5

one magnetic Dy layer to the next through the non-magnetic Y spacer material. This new
behavior finds no explanation in terms of successive magnetically robust blocks. Instead,
the observed coupling among layers is a true superlattice effect that reflects properties of
the composite structure, rather than those of its component blocks. Sect. 5 of the review
contains information on interaction effects of this type.

The robust nature and interesting variety of lanthanide magnetic phases follow from the
particular character of the lanthanide atoms. It is well known that the magnetic moments
derive principally from 4f electrons that lie deep within the atom, leaving the solid-state
electronic structure and binding to the three 6s?6p (or 5d) outer electrons. With the inner
4f" electrons obeying Hund’s rules, the magnetic behavior is largely determined by 7. This
simple prescription is significantly broken only by subshell filling anomalies for Eu (n=6)
and Yb (n=13). The spin S and orbital momentum L of the 4f shell can, in addition, be
excited to states of total angular momentum J that have higher energies than that of the
Hund’s rule ground state. Because the energy splittings are generally much larger than the
values of kg7 relevant to magnetically ordered phases, these core excitations do not have
much influence on magnetism of the heavy lanthanides. The case of light lanthanides is
different, and excited states figure prominently in their behavior because of the inverted
L-S multiplet states. While the investigation of their superlattices has scarcely yet begun,
some comment on light lanthanide superlattices is included in sect. 5.

When these anisotropic lanthanide atoms are placed on crystal lattice sites of an
hcp metal, the “crystal field” interactions confine the core magnetic moments to certain
easy directions (or planes). Because of the compactness of the 4f core, there is virtually no
direct overlap leading to direct exchange interactions among the atoms. Instead, the strong
magnetic interaction is the indirect exchange interaction caused by induced polarizations
of the conduction electrons by the 4f cores. While oscillatory in form along c, the
indirect exchange greatly exceeds the dipolar interaction in its effect upon the magnetic
phase diagram. The magnetic phases of the lanthanides are thus largely determined by
a competition between indirect exchange and terms of the crystal field interaction, as
modified by temperature, strain, and magnetic fields.

Because the crystal field figures prominently in determining their magnetic structure,
lanthanides are highly strain sensitive. Epitaxy in tailored multilayered systems causes
strain as a consequence of pseudomorphic growth. The lanthanides and their Column-
I1IB analogs have lattice constants that differ by a few percent across the series. Thus,
when grown in atomic registry, lanthanide stacks automatically occur with strains at the
1% level. These strains are large enough to cause dramatic changes of magnetic phase
diagram. Thus, for example, a ferromagnetic phase of Dy that occurs in equilibrium
in the unstrained bulk may become completely inaccessible in a constrained epitaxial
system. In sect. 4 we describe examples of precisely this behavior for epitaxial films of
Dy and Er on Y. It is worth stating explicitly that since all one-dimensional solutions of
the elasticity equations are uniform, the atomic spacings must remain uniform through
the thickness of any undislocated thin film. Anelastic response, including interfacial slip
and dislocation processes, may, of course, relieve the constraints. In sect. 4 we describe
the consequences of these effects in terms of an “cpitaxial phase diagram”. The central
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point, worth reiterating here, is that the magnetic structures of epitaxial films adopt forms
appropriate to the existing state of strain.

Section 2 describes characteristic spin structures of the lanthanide metals that originate
almost exclusively from the polarization of the conduction band electrons by the atomic
moments of the cores. This is typically described by a Heisenberg-like interaction between
two lanthanide atoms, say i and j, with the exchange interaction J;; an oscillatory function
of the distance between i and j. As described in the Appendix, the interaction arises in
linear response theory entirely from the spin density disturbance caused by a scatterer,
and its functional dependence on distance conforms to that of the disturbance. Often it is
convenient to employ the Fourier transform J(q) of the exchange interaction. The Fermi
surface of trivalent rare-earth metals is characterized by nearly parallel sheets of nesting
structures that make the electron liquid almost unstable to the formation of a spin-density
wave. The spanning wavevector Q that connects these sheets and maximizes J(g) thereby
fixes the direction and periodicity of the observed spin structure. The polarization of the
magnetization wave is separately determined by the spin orientations permitted by the
crystal field, as also are details of the actual spin structure (Gibbs et al. 1986, 1988,
Isaacs et al. 1989). In the hep lattice for trivalent lanthanides, J(g) peaks sharply as ¢ is
varied through @, parallel to c. In the orthogonal directions, however, the coupling is
believed to undergo a featureless decay on a length scale governed by the inverse of the
4f-core radius.

We hasten to mention that the degree to which this elegant description attains
quantitative validity in practice remains in doubt. As soon as long-range order is
established, the magnetization wave must induce gaps at the Fermi surface (and higher
order gaps below) and modifies both the response and the interactions. While these
effects may in principle be described by higher orders of perturbation theory (Elliott
and Wedgwood 1964) it has never been demonstrated that the real complexities do not
invalidate the simple formulation. Indeed, efforts to explain the temperature-dependent
helimagnetic pitch by the three-layer model (Elliott 1972) produce strongly temperature-
dependent values for the exchange energies, for which the opening of superzone gaps
provides one plausible explanation.

Response and interactions in multilayers may be treated within the same formalism
of linear response theory but with a response function that is now dependent on both
source and test positions. The exchange energies J;* that couple two atoms within
the same block a differ from those connecting analogous atoms of the bulk material.
The sums over all pairs that represent the total energies in the two cases differ in two
ways. First, certain terms in the energy for the bulk are missing for sites that lie outside
block a of the superlattice, and are replaced in the sum by terms that involve the second
component of the superlattice. Also, the coefficients themselves derive from the band
structure, and are thus inevitably modified near boundaries. At the simplest level, the pitch
of a helimagnetic spiral may be expected to change as an interface is approached. A more
extreme possibility is that the superlattice band structure could evolve with very different
nesting features, and consequently with strongly modified exchange coefficients. The fact
that observed magnetic behavior is robust against these types of perturbation must indicate
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that short-range terms dominate the magnetic energy. No explicit demonstration from
theory that terms connecting more remote pairs are negligible is, as yet, available.

Great interest attaches to additional exchange coefficients J%¢' that connect moments
in different blocks @ and @’. These are not contained in any simple model. They represent
terms of considerable significance in this review as they can be responsible for the
existence and character of long-range magnetic order in superlattices. Section 5 describes
available results in this area. A conceptually simple approach to their calculation is to
solve the band structure for the superlattice first, and then derive the coupling energy as
a pairwise sum over core interactions, just as in bulk systems. Such calculations are only
now emerging. Questions of the change of band structure associated with magnetic order
again pass beyond a linear response framework. At the present level of understanding,
the polarization induced by lanthanide planes (or pairs of planes), embedded in a block
of the intervening material, is used to estimate the interblock coupling coefficients (Yafet
1987a, Yafet et al. 1988). We return to this subject in sect. 6.

2. Basic properties of lanthanide metals
2.1. Exchange mechanisms

The complex magnetic structures of the lanthanide elements and their alloys derive from
the interplay of band structure, crystal field, lattice strain, and the Hund’s rule ground
states of the lanthanide atoms, as noted in sect. 1. Progress at various stages over the years
has been summarized in successive volumes by Elliott (1972), by Cogblin (1977), and
by Jensen and Mackintosh (1991). Here we review only those most important aspects of
lanthanide bulk magnetism required to prepare the reader for the new aspects introduced
by epitaxial strain, clamping to a substrate, and the ability to separate magnetic atoms
by non-magnetic layers. These consequences of epitaxial growth of superlattices have in
turn provided new avenues for exploring lanthanide magnetism.

The indirect exchange interaction arises from the polarization of the conduction
electrons by the localized 4f moment, through the Heisenberg interaction (Freeman 1972).
The Hamiltonian that describes the situation between the core and the conduction states
is

__ / &Crjs(r = R)s(r) - i, M)

where s(r) is the conduction electron spin density, and S; the lanthanide spin. Because the
spin—orbit energy is large, it is convenient to write the exchange interaction in terms of
the total angular momentum J; = §,/(g; — 1), with g; the Landé g-factor. A full treatment
of the interaction between two lanthanide atoms in second-order perturbation theory is



8 C.P. FLYNN and M.B. SALAMON

given in the Appendix. A heuristic argument will serve our present purposes here. The
lanthanide ion acts as an effective point magnetic field,

_ Vistd(r —R)(g1 ~ D

Betf(r) 2B

and generates a magnetization cloud in the conduction electrons given approximately by

M(r) = jst xar - R,-)(““—g;}l;)fi, @

where y.(r—R;) is the non-local susceptibility of the conduction electrons. This induced
polarization is the magnetic analog of Friedel oscillations. A second lanthanide atom at
R; interacts with the induced spin polarization via eq. (1), leading to an interaction energy
between the two atoms given by

(gJ - 1)2"1 ) JJ 3
guy ®)

Ej=2%xa(R; - R;)

In second-order perturbation theory the total interaction energy is just the sum over all
pairs of pairwise energies having the form of eq. (3).

In a concentrated system of N spins, it is often more convenient to treat Fourier
components of the total angular momentum; these are given by

@)= 5 Y Jexpliy - Ry @

By summing E;; over all pairs we find an effective Hamiltonian

Ha =~ J@) (@) T(-q), ®)
q
where
T@) - Z;—%@J 1272 xa@). ©)

and x.(q) is the wavevector-dependent susceptibility of the conduction electrons. In a
metal with a spherical Fermi surface of radius kg, we have Ye(q) = GNu3/VEr) F(q/2ky),
where the Lindhardt function F(x) decreases smoothly from unity at x=1, with only an
inflection at 2kr. The magnitude of the exchange interaction is set by j% I'/Er, where
I'=(gy— 1)2J(J + 1) is known as the de Gennes factor (de Gennes 1958).

According to this description, the magnetic ordering of the lanthanide metals is
determined by the conduction electron band structure of the solid. These exchange
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Wavevector, q
energies for simple metals are termed the Ruderman—Kittel-Kasuya—Yosida (RKKY)
interactions; for the lanthanides, however, the Fermi surfaces remain similar to each other
but are far from simple (Freeman 1972). The transition temperature from the disordered
to the ordered state is determined by the largest value of the indirect exchange interaction.
In mean-field theory this is given (Jensen and Mackintosh 1991) by

_NJUJ+])
3kp

where @ is the value of ¢ that maximizes J(g). Thus Q is completely determined by
the conduction electron susceptibility. A more complete treatment must take into account
the actual structure of j(r). The compact size of the 4f cores nevertheless guarantees
that the Fourier transform is broad and relatively featureless, so that corrections for core
structure are small.

The indirect exchange interaction was first calculated from the band structures of the
heavy rare earths by Evenson and Liu (1968). Figure 1 shows the susceptibilities of Y,
Dy, Lu, Er, and Gd (Liu et al. 1971); each is shifted relative to Lu as described in the
caption. Also shown is the form factor [ js(gq)/jsr(0)]. When multiplied by the square of
the form factor the ¢ =0 peak is suppressed for Gd and the maximum for Dy shifts to
a point approximately 60% of the distance to the zone boundary (i.e. Q,=0.6 7r/c, with
¢ the hexagonal lattice constant of Dy). No strong features are apparent in other regions of
the Brillouin zone. Note that the magnetic response functions of the conduction electrons
in non-magnetic Y and Lu are quite similar to those of the magnetic lanthanide elements;
indeed Y exhibits a stronger response than any of the 4f elements.

T J(@) o T, Q)
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The periodicity Q is often expressed in terms of an effective phase advance per lattice
plane, called the turn angle and given by w = (Q,c/4 ) x 360° (a factor two in the
denominator reflects two atomic planes per hep unit cell). The turn angle associated with
the peak in fig. 1 is 54°/Dy layer, somewhat larger than the observed value (Koehler
1972) of 43°. The exchange energies calculated for the non-magnetic rare earth elements
yttrium and lutetium are remarkably similar to that of Dy, and this is apparent also
from the observed phase relationships. For example, yttrium alloys with the lanthanides
order into modulated structures even when the magnetic component is dilute (Elliott
1972). Thus 0.5at.% Er, erbium orders in yttrium at 0.2K into a helical structure with
0.=0.56 /c (w=50.4°) (Caudron et al. 1990). Recent studies of the alloys Dy,Lu;_,,
with x=0.4, 0.5 and 0.6, show that they all order with the turn angle w=45.7° (Everitt
et al. 1994). If, for binary alloys among the lanthanides and with Y, an effective de Gennes
factor is defined as & =cI'y + (1 — ¢)I';, with I'; and I'; the de Gennes factors of the
constituents, the observed Néel temperatures are predicted accurately by Ty = 47K&%3,
rather than the linear relation of eq. (7) (Rhyne 1972). The epitaxial alloys follow the
same law as bulk samples.

2.2. Magnetic structures

While the nature of the Fermi surface determines the periodicity, the detailed structure
of the ordered state is strongly influenced by the presence of the hexagonal crystal field
(Kasuya 1966). The most important contributions are the axial components which, if
positive, cause the 4f moments to lie in the basal plane of the hexagonal structure as
for Tb, Ho and Dy; if negative they induce either ferromagnetic or c-axis-modulated
order as in Gd and Er. Tb, Ho, and Dy order initially with the magnetic moments
in each hexagonal sheet aligned ferromagnetically, and with the total moments of the
sheets rotated successively by the turn angle . The resultant spiral structure is termed
the helimagnetic phase. Er orders with the rare-earth moments in each hexagonal plane
aligned with the c-axis, but with a magnetization that oscillates sinusoidally. For this case
the turn angle measures the phase advance of the oscillation in this c-axis modulated
(CAM) phase. The magnetic structures are summarized by the sketch in fig. 2.

Neutron scattering has been the main tool used for the study of lanthanide magnetic
structures (Koehler 1972), and X-ray scattering has made important recent contributions
(Gibbs et al. 1986, 1988, Isaacs et al. 1989). The neutron magnetic moment couples to
the total magnetization of each atom. The elastic scattering cross section is written in a
compact form as (Squires 1978),

da\ _ (varo . 2
(E)el <2MB> | x (M)} x ¥)| ®

with y the neutron gyromagnetic ratio, and o the classical radius of the electron. M(x)
is the Fourier component of the total magnetization at the scattering wavevector k. Note
that only components of the magnetization perpendicular to the scattering wavevector



SINGLE-CRYSTAL NANOSTRUCTURES It

-

00 90
0-&

VOO O

090900
N N

-~

/

CCCNG

e A

G006 0000 G

G 0.

/

@
o
900606600

(o) E;'bT;'n (E: P::Er Tb'(Dy'Ho Tb.Dy Gd Fig. 2. Magnetic structures of the heavy
° ¢ e (f) {9)  lanthanide metals (from Cogblin 1977).

contribute to the scattered intensity. In the case of modulated phases like those exhibited
by the lanthanides, eq. (8) becomes

do

2
(35)_ = 0ot (50re) eoc2msiye ©

Here, the form factor is given by

3
S0 = LS (80~ %o Ra) (o) () T 410G +@-1)+ 6(G -0 - v

B T

(10)
Each reciprocal lattice point G is bracketed by a pair of magnetic satellites which
have non-zero amplitudes provided that the modulated magnetization has a component
perpendicular to the scattering wavevector k. The quantity J, is a component of the
angular momentum vector of the atom; F(x), its magnetic form factor; and vp, the unit
cell volume.

Figure 3 shows several neutron scattering scans of a 400 A Dy film grown epitaxially
on Lu (Beach 1992). The scan is along the c* —ax1s in reciprocal space; the peak at
|| =2.23 A-! is the Dy Bragg peak while that at 2. 28 A~ is the Lu Bragg peak. Magnetic
satellites appear below 160K at positions 7+0.22 A~!. That magnetic satellites occur with
x parallel to Q indicates that the magnetization wave is transverse; further analysis shows
it to be helical. By contrast, fig. 4 shows data (Borchers et al. 1991), for a 3950 A Er film
grown on Y, with the scan also along c*, but with 7 now nearly parallel to the 5*-axis.
The magnetic satellites observed below 65K indicate that the magnetization wave is
longitudinal and sinusoidally modulated along the c-axis. As the temperature is lowered,
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Fig. 3. Neutron scattering data for a 400A Dy film grown epitaxially on Lu. The peak at 2.23 A~ is the
(0002) peak of Dy; that at 2.27 is from the Y under-layer. Note the symmetric magnetic satellites surrounding
the (0002) peak. The sample is ferromagnetic at and below 95K.

the changing positions of the magnetic satellites reflect the temperature dependence of the
turn angle. For Dy on Lu (as for bulk Dy below 85 K) the helimagnetic structure collapses
below 95K, adding intensity to the Bragg peak. The turn angle is then zero and the sample
is ferromagnetic. Dy displays a continuous variation of turn angle with temperature that
is described in sect. 4, in the context of epitaxial Dy films. The temperature dependence
of the turn angle of Er proceeds through a sequence of discrete values, or lock-in states,
which are included in the discussion of Er films in sect. 3.
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Fig. 4. Neutron scattering data for a 3950 A Er film grown epitaxially on Y. The central peak is the (1010)
Bragg peak, and the scan is along the ¢* axis. The additional peaks that appear are higher Fourier components
indicating a change from sinusoidal to square-wave modulation.

2.3. Magnetoelastic effects and turn angles

Observed turn angles and magnetic order must reflect the balance among basal-plane
anisotropy, changes in the band structure induced by the growth of long-range order
and, especially, magnetostrictive effects. The resulting varjations of turn angle with
temperature may be continuous, as for Dy, or may exhibit discrete “lock-in" steps, as
found for Er, Ho, and Tb (Gibbs et al. 1986, 1988, Isaacs et al. 1989). Ho and Tb, with
M perpendicular to @, exhibit discrete steps in @ associated with “spin-slips” (Gibbs
et al. 1985, Bates and Cowley 1988). The basal plane moments lie only along easy
directions, advancing in steps of 30° per plane, but with missing steps (slips) interspersed.
Invariably the trend is for the turn angle to decrease with decreasing temperature, and thus
for the density of spin slips to increase. This suggests that the mechanism that favors
a ferromagnetic low-temperature phase plays a role in the temperature dependence of
the modulation wavelength. Little is currently known about the coherence length and its
origins for spin slip structures, either longitudinally along ¢, or laterally in the basal plane,
although scattering linewidths indicate typical transverse length scales ~10° A (Gibbs
et al. 1991).
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The energetics of the helix-ferromagnetic transition have been treated in detail for Dy,
and have been reviewed by Cooper and by Rhyne (Cooper 1972, Rhyne 1972). Single-
ion effects due to strain-dependent changes in the crystal field dominate in ferromagnetic
Dy, but are ineffective in the helical state. In the ferromagnetic state there is a uniform
magnetoelastic distortion that results in a net energy gain termed the “driving energy”.
At the Curie point of Dy this energy gain exceeds the exchange energy difference
between helical and ferromagnetic states; both are approximately 2.2 K/atom at T¢. The
material undergoes an orthorhombic distortion comprising a 0.2% expansion along a,
with a 0.5% contraction along b and a 0.3% elongation along ¢. In the case of Er, the
calculation is considerably more subtle because the single-ion terms are the same in the
ferromagnetic and CAM phases. However, the two-ion magnetoelastic terms, due to the
strain dependence of the exchange energy, are slightly different. The driving energy in
this case has been found (Rosen et al. 1973) to be approximately 2 K/atom, much as in
Dy. The distortion for Er is primarily a c-axis elongation of 0.32%, with smaller a- and
b-axis compressions.

Crystal field effects are relatively weak for Gd because the Gd 4f shell is half-filled,
making it a special case. Bulk gadolinium orders as a c-axis ferromagnet, and remains
ferromagnetic at lower temperatures. A weak canting transition is spread over a broad
temperature range around 226 K, but no helimagnetic order develops (Cable and Wollan
1968, Salamon and Simons 1973). Dipolar interactions overcome the axial anisotropy
of Gd in sufficiently thin samples, causing them to order ferromagnetically in the basal
plane.

In the magnetoelastic literature, the partial suppression of magnetoelastic distortions
in a helical phase has been termed “clamping”. This effect is quite different from the
clamping that we discuss below, which is the constraint imposed on an epitaxial film
by its adhesion to a thick substrate. In sect. 4, we describe the properties of thin rare-
earth films grown as epitaxial trilayers with nonmagnetic Y, Lu, and their alloys. These
epitaxial crystals allow the effects on the magnetic phase diagram of coherency strain to
be distinguished from the effects of epitaxial clamping. Section 5 of the review describes
the properties of superlattice structures grown td date, in terms of the structures of the
epitaxial layers and their coupling through non-magnetic spacers.

3. Epitaxial growth of rare earth systems

The present discussion is directed mainly to hexagonal rare earth systems because none of
the cubic lanthanides has as yet been grown by epitaxial methods. Both the hep structure
typical of heavy lanthanides (Kwo et al. 1985a,b, Salamon et al. 1986) and the more
elaborate dhcp structure of the light lanthanide Nd (Everitt et al. 1994) have been grown
successfully, and without particular effort, since the stable phase of the bulk system seems
to reproduce in an epilayer. As in the growth of other metal and ceramic systems, the
procedure of choice requires the initial growth of a buffer layer on sapphire, Al,Os3,
and this buffer provides the active template (Cunningham et al. 1988). Both the buffer
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and rare-earth epilayer grow by the step flow mechanism as high quality crystals at a
temperature of about 0.35-0.4 Ty, (Yang and Flynn 1995) for reasons related to surface
diffusion (Flynn 1988) that show characteristic differences among metals, salts and
covalent crystals (Yang and Flynn 1989). Research on epitaxial rare earths remains in its
developmental stages. For this reason, techniques developed for other hexagonal systems
have not yet been adapted to rare earths, even though they clearly identify important future
avenues for rare-earth superlattice research. The growth opportunities that may follow by
adapting procedures pioneered for other hexagonal systems are summarized in the present
review.

3.1. Growth of (0001) hexagonal mefals on sapphire

Multilayers of Cu and Nb grown by Schuller (Schuller 1980) in the 1980s exhibit
spectacular X-ray Bragg scans that clearly arise from interference among successive
blocks of Cu (111) and Nb (110), much like interference in earlier semiconductor
superlattices (Chang et al. 1973). Unfortunately the tetragonal Nb plane grows on the
threefold Cu in three alternative domains with relative 120° orientations, for reasons
apparent from the symmetry. Therefore the Cu component of these systems contributes
to a three dimensional reciprocal lattice but the Nb, being random, does not. The
first metal superlattices of high quality were grown from bcc Ta and Nb by Durbin,
Cunningham, Mochel and Flynn (Durbin et al. 1981) using epitaxial grade sapphire
substrates. These results establish that (110) Nb and Ta grow on (1120) Al,O3 with mosaic
spread ~0.1°, still narrower Bragg spots, and a three dimensional reciprocal lattice derived
from Nb and Ta blocks with interdiffusion limited to a few interfacial planes at most.
The second step, taken by Durbin, Cunningham and Flynn (Durbin et al. 1982), was
to grow Nb/Ta superlattices in the three orthogonal orientations (110), (111) and (211),
on the three orthogonal surfaces (1120), (0001) and (1100) of sapphire, and in a fourth,
(100) orientation, on MgO (100). It was possible to grow these orientations simultaneously
on the three Al,0; templates and MgO, which indicates significant isotropy of the growth
conditions. The third step was the growth on sapphire (0001) by Cunningham and Flynn
(1985) of multilayers and superlattices containing both (111) fcc Ir and (0001) hep Ru. In
all cases the metal diffraction peaks maintained the high quality of the earlier bee studies.
The practical effect of these early efforts is that controlled templates for bee, fee and hep
metals became available and, in the case of bce metals, for several choices of orientation.
In addition, these results provided a strong indication that Al,O5 could provide a precise
and diverse starting point for other pathways of epitaxial synthesis.

Further brief comment on the sapphire to becc metal epitaxy is warranted. McWhan
(1985) pointed out that the three epitaxial pairs given above with their observed alignment
of axes, conform to a fixed three dimensional relationship between the bee and sapphire
lattices. This relationship is sketched in fig. 5(a). Moreover in a fourth case in which
bee (100) is grown epitaxially on Al,O3 (1102), the observed tilt ~3° of the resulting
epilayer agrees closely with that arising from the 3D relationship (McWhan 1985). It
has further been discovered that a number of other bcc metals including Mo and V
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Fig. 5. (a) Orientations of Nb and other bec transition metal overlayers on sapphire (2110), (0110) and
(0001) surfaces conform to the 3D relationship shown, where the Nb cube has its [111] body diagonal
perpendicular to the sapphire basal plane. Note how the sapphire (0112) and Nb(001) have similar orientations.
(b) Six orientations, in which hep Ti can be grown by MBE on bee buffer layers prepared on sapphire substrates,
are indicated by the bold lines.

conform to the same pattern (Flynn and Yadavalli 1992) although discrepant tilts of the
(100) orientation are frequently observed. The origins of these most interesting epitaxial
effects have since been traced for Nb/Al,Os interfaces by Ruhle’s Stuttgart group (Mayer
et al. 1992) using high resolution electron microscopy. The fixed 3D relationship has
its origins, as expected, at the atomic level in the bonding of the metal atom into the
oxide lattice (Mayer et al. 1992). Extraordinarily narrow component mosaic spreads
have been observed (Reimer et al. 1992) under some circumstances, and mainly for the
(110) Nb orientation. It is believed that in these cases the Nb planes are unusually well
aligned with the Al,O; planes, perhaps with strain relief assisted by mobile H impurities
(Reimer et al. 1993) and that this allows the metal to mimic the narrow mosaic spread
of the oxide itself. Fine structure related to interfacial registry has been observed on the
sharp line (Elliott 1972).

The first synthesis of (0001) rare-earth superlattices by Kwo et al. (1985b) took place
on bee templates provided for this purpose, specifically of Nb (110), rather than Ir (111)
used earlier for Ru (0001) (Cunningham and Flynn 1985). The observed growth of Y on
its basal plane conforms to the Nishijima—Wasserman relationship in which the nearest
neighbor spacings for the two lattices lie parallel. Excellent growth of other rare earths
takes place on Y near 400°C with limited interdiffusion. While the X-ray peaks have
widths comparable to Nb along (0001), a generally larger mosaic spread of perhaps a
quarter of a degree is observed, for reasons that remain to be identified. Indeed, large
annealed crystals of rare carths are observed by X-ray methods (Gibbs et al. 1986, 1988,
Isaacs et al. 1989) to be a good deal more perfect than any epitaxial materials produced
to date. It will be of interest to employ extraordinarily aligned Nb (110} (see above) as
the template for rare-earth growth.
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3.2. Other orientations of hcp lattices on sapphire

Some indication of future opportunities for rare-earth growth may be obtained from
consideration of progress for alternative hcp metals. We illustrate this point with reference
to the case of hep Ti. Titanium has been grown by Huang, Du and Flynn (Huang et al.
1991a) as an epitaxial crystal of high quality in six alternative orientations. These include
the basal plane (0001), the prism plane (1120), and a sheaf of orientations based on (1107)
with n=0, 1, 2, 3. All of them are depicted in fig. 5b. In all six cases the synthesis proceeds
from Al,O; through a refractory bcc metal, and while much remains to be learned about
the several nucleation processes involved, the pathways involved seem reproducible and
stable.

Parallel investigations of rare-earth growth are lacking at present, and there is no reason
to think that precisely analogous results will be forthcoming. It is nevertheless apparent
that important new research will be facilitated by the availability of epitaxial rare earths
in a variety of orientations. Also, by comparison with the controlled diversity of results
for Ti, it would appear surprising if at least some rare-earth orientations, in addition to
the basal plane, were not accessible by similar methods. In addition the crystal grower has
available certain alternative techniques such as grading. Thus (Massalski 1986) Zr forms
a complete range of solid solutions with Ti, and Sc, which fits well on the Zr lattice, is
continuously soluble with Y. Thus avenues appear open for the synthesis of Y/rare-earth
systems from Ti in any of the known Ti orientations.

3.3. Other substrates

Rare earths have been grown successfully starting from three other alternative substrate
crystals. First among these is homoepitaxy of Y using large single crystals, followed
by rare earth growth on Y. A procedure has been refined by Du, Tsui and Flynn
(Du et al. 1988) for the sputter-cleaning and subsequent homoepitaxial regrowth of
a- and b-axis bulk Y. Hexagonal materials tend to grow best on their basal planes.
Indeed, some curious phenomena are observed by REEED in a- and b-axis growth of
rare-earth metals. Specifically, the a and b surfaces reconstruct in a hexagonal pattern
resembling the basal plane. X-ray analysis of the grown crystal nevertheless reveals high
quality material of the selected orientation. Thus material laid down on the hexagonal
reconstruction must progressively transform into the correct orientation as it becomes
buried by successive new layers. Presumably these aspects of the growth behavior are
common to lanthanide materials derived from all starting substrates, not just bulk crystal,
although this supposition lacks confirmation at present.

A second starting point for rare-earth growth (Du et al. 1988) is the preparation of thin
freestanding Nb crystals from foil 10um thick by means of an annealing procedure. Both
(110) and (111) foils prepared in this way lead to good single crystal material, although
the slightly wrinkled character of the foil is reflected in a wide apparent mosaic spread
of the resulting rare-earth samples.
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Fig. 6. Temperature dependence of the magnetization in one half of a monolayer of Gd at various fields applied
perpendicular to the ¢ axis.

Artificial fluoride mica, properly named fluorophlogopite, provides an interesting and
important new substrate (Tsui et al. 1993b) for rare-earth growth. Its advantage over
natural micas such as ruby muscovite is that it exfoliates only above 1200 K. This permits
the growth of refractory bee buffers and thence rare earths. The second advantage of mica
is that it can be cleaved down to a thickness comparable with epitaxial films. This provides
an important means to eliminate of substrate-derived signals, as in thin-film magnetic or
optical measurements. It has been possible, for example, to measure the magnetism of
lanthanide coverages down to 0.1ML by these means. Figure 6 shows as an example the
temperature dependence of magnetization for %ML of Gd at various fields, according to
Tsui, Han and Flynn (1993b). Mica also has several disadvantages. In the first place its
template is weak and essentially hexagonal. Second, bce metals grow upon it in their
(110) orientation, and so form a threefold domain structure of these tetragonal surfaces.
Fortunately the rare-earth (0001) planes grow on these domains, and knit together after
300 A to form a reasonably good single crystal that gives satisfactory RHEED streaks.
In this way artificial mica offers a potential solution for numerous sensitivity problems
in thin-film measurements. As will be made evident in sect. 4, the magnetic data exhibit
detailed changes on the 1ML scale of coverage that themselves confirm that the tailored
structures are sharp and flat. At the time of writing microscopy evidence is coming
available (Zhou 1995) that points to the presence of pinholes in the films, so caution may
be needed until the nucleation problems signalled by these pinholes are brought under
control.
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3.4. Tilted films

A further capability that again remains to be placed in service for rare-earth research is the
growth of vicinal crystals that are tilted away from low index planes. One means by which
this can be achieved is to grow on miscut substrates such that the optical surface lies at
a selected angle with respect to the crystal planes. For example, miscut (1120) sapphire
successively gives tilted Nb (110) and tilted Y (0001). It is generally observed that the
Bragg scans along the crystallographic normals (1120), (1100) and (0002) in the three
cases, lie close to the same line through reciprocal space, which shows that the successive
crystal planes are almost parallel. This affords a general procedure for the growth of
vicinal rare earths from vicinal epitaxial grade sapphire.

A second way to produce controlled tilt has been demonstrated for rare earths but as yet
only for the (1102) growth plane (Du and Flynn 1990; for a review see Flynn 1991). The
“magic” (211) planes of bce metals, when grown on Al,O3 (1100), undergo disordering
by displacement of atomic rows. Unusually long and smooth RHEED streaks from the
remaining scattering planes are associated with this 1D order. On these surfaces the rare-
earth metals grow with a 1D pseudomorphic strain for several monolayers (Huang et al.
1991b). Du and Flynn (1990) find that at thicknesses of tens of monolayers the rare-
earth crystals undergo a spontaneous tilt through an angle that relieves the strain while
retaining atomic registry at the interface (Du and Flynn 1991). Tilt angles in the range
0-7° achieved by these methods can be predicted and designed to 0.1° precision simply
from the lattice parameters employed. The symmetry breaking required to drive tilt in
only one sense, and hence produce a tilted epitaxial single crystal, is achieved by the use
of sapphire with a small vicinal miscut.

4. Magnetism of epitaxial rare-earth crystals

The properties of rare-earth metals are, in general, modified when these metals are grown
epitaxially. Here our interest centers specifically on magnetic properties. Changes in the
magnetic properties of thin, epitaxial crystals arise from two main causes. First is the
physical effect of epitaxy in straining an epilayer to lattice spacings that differ from
those of the bulk crystal. This encompasses the stretching or compression of the growth
plane, together with any accompanying changes of the perpendicular strain required by
mechanical equilibrium, in order to satisfy the requirement that the film remain in registry
with its substrate. In thicker films, these strains may, in part or whole, be relieved either
by interfacial slip or by plastic processes in which dislocations cause the average lattice
spacings to be position-dependent. The second main perturbation of bulk behavior is
the effect of geometry on electronic properties. This second topic includes geometrical
effects, in which behavior is modified, for example by the dimensionality of the tailored
system, and chemical effects in which the interfaces between the epilayer and substrate
materials cause the properties to change.
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It is helpful to identify three broad regimes of behavior defined by these effects. We
refer to them as the thick-film limit, the epitaxial crystal regime, and the interfacial limit.
In the first of these regimes the behavior is dominated by plastic relief of the epitaxial
strain, and the properties tend to those of the bulk material as the thickness is increased.
In the third, the properties are dominated by interfacial geometry and chemistry. We can
readily fix the order of magnitude of the film thicknesses relevant to each regime. Plastic
relief in metal films with 1% misfit typically becomes important for film thicknesses
greater than 100 A when grown at ~3/8 Ty,; unrelaxed films an order of magnitude thicker
may be grown at lower temperatures at some cost in crystal quality, Interfacial effects
dominate for films no more than a few atomic layers thick because metallic screening
takes place on the length scale of a fraction of an atomic spacing. These constraints
leave the typical thickness range 10A < d <100A in which a good epitaxial film is more
or less uniformly strained and yet only modestly perturbed by interfacial chemistry. We
describe the available results in this regime first in what follows.

4.1. Epitaxial crystal regime

In this regime, the epitaxial film behaves as a perfect crystal that is elastically strained.
Properties in this regime should thus, by definition, be predictable from the properties
of bulk single crystals in the presence of uniform elastic strains. Unfortunately, data on
the common thermal and mechanical properties of thin films are lacking for this range
of thickness, owing mainly to the difficulty of such measurements. Transport properties
are easier to measure but may be dominated by geometrical and interfacial effects.

Magnetic phenomena can be probed with monolayer sensitivity; a good general review
is given by Falicov et al. (1990). For the particular case of the lanthanides, of interest here,
the magnetic properties offer the attraction of a rich phase structure outlined in sect. 2.
These magnetic phenomena would remain largely unchanged in the epitaxial regime were
they not coupled to mechanical behavior through the strong magnetostriction described
above in sect. 2.3. There are two main effects of epitaxy. First, epitaxial strains of
several percent, typical of epitaxial misfit in metals, are sufficient to cause profound
changes of magnetic properties. The second main effect of epitaxy is the clamping of
the epitaxial strain at a fixed value which is defined by the frozen epitaxial registry on
the substrate. Clamping tends to prevent an epitaxial crystal from undergoing the same
magnetostrictive changes as the bulk during phase transitions, which again profoundly
modifies the epitaxial phase diagram. Some experimental observations are discussed on
the basis of these ideas in what follows.

4.1.1. Gadolinium

Thin films of Gd have been grown on Y (Kwo et al. 1985a,b, Kwo 1987), Dy (Camley
et al. 1990), and synthetic mica (Camley et al. 1990). None have been studied carefully as
a function of film thickness and strain. However, as magnetostriction is weak in Gd, even
at the Curie point, the perturbation caused by pseudomorphic strain should be small. In
agreement with this expectation the Gd Curie temperature is never observed to differ from
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its bulk value of 293 K by more than a few degrees. Detailed comments on geometrical
effects in thin Gd systems are deferred to part 4.3 of this section.

4.1.2. Dysprosium

The most complete studies of the epitaxial regime to date have been made on Dy epilayers
(Kwo et al. 1988, Farrow et al. 1991). The interest of this case derives from its strong
and elaborate magnetostrictive behavior. This includes the large orthorhombic distortion
(see sect. 2) associated with two phase transitions. One is the first order Curie point at
about 85K in the bulk, which is accompanied by strong magnetostriction, and the other
is the second order paramagnetic-to-helical transition at the Néel temperature, at about
178K in the bulk, which causes only weak magnetostriction. A comparison between the
two transitions is thus of considerable relevance.

Fig. 7. Magnetic phase diagram for epitaxial Dy thin films grown on (0001)Y-Lu alloys. The phase boundary
intercepts the H,=0 plane along the line of strain-dependent Curie temperatures Tc(¢).

The investigations (Tsui and Flynn 1993) employed Y,Lu;_, alloys to vary the
pseudomorphic strains of 50 A Dy layers from +1.6% for x=1 to —2.6% for x=0. These
layers are thin enough for the films to be largely unrelaxed, as required for epitaxial
crystals. Measurements of magnetization M and critical field H; were used to probe the
magnetic state as a function of temperature. The results obtained using alloy templates
are represented by open circles in fig. 7. They are consistent with striking earlier (Beach
et al. 1993b) studies of Dy epilayers on pure Y and on pure Lu, indicated in fig. 7 by
solid circles.

One of the first discoveries of the earlier research (Salamon et al. 1986) was that the
Y template completely suppresses the equilibrium ferromagnetic phase. LaF; (Farrow
et al. 1991) and later Lu and Zr (Luche et al. 1993) were found to enhance the 7¢ of
Dy films respectively to > 86K, > 160K and > 150K from 85K. The relative strains of
+1.6% and —2.6% associated with perfect pseudomorphism on Y and Lu, and the absence
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of such strain on LaF3, permit a clear identification of the Curie point suppression and
enhancements as consequences of the epitaxial expansion and compressions. It was found
that a metastable magnetized phase of Dy on Y could be induced by a 2.6kOe ficld at
low temperature only on films thicker than 76 A (Kwo et al. 1988).

A second important discovery (Beach et al. 1993b) was made using synchrotron
radiation to study the epitaxy of Dy on Lu. The driving force for Dy magnetostriction
turns out to remain sufficiently strong that it distorts both the Dy and the surrounding Lu
in the thin film. The main results were obtained by in-plane X-ray scans on superlattices
rather than epilayers, and are described in sect. 5 below. However, the magnetic behavior
in the films was so similar to that in superlattices that it permits the inference that the
same phenomena occur in the films. At temperatures below T the X-ray results show
that the entire basal plane distorts into in-plane orthorhombic domains oriented along
the three easy a directions. The distortion is not present above T¢. It can therefore be
associated unambiguously with the magnetization process.

Results for pseudomorphic films on Y, Lu and their alloys, together with films
partly relaxed on the pure templates, provide the “c-axis epitaxial phase diagram” for
Dy magnetism shown in fig. 7. There, the critical-field surface is seen as a function of
temperature and basal plane strain €. Clearly, the onset of helimagnetism at 178K is
relatively insensitive to £. In contrast the ferromagnetic transition, which by definition
takes place where H.(T)=0, incurs a large magnetostriction and is seen to be strongly
dependent on €. The phase diagram in fig. 7 connects the helimagnetic phase at £¢=1.6%
(Dy on Y) for which H; remains nonzero as T — 0, through to the enhanced T¢ ~ 160K
at £=-2.6% (Dy on Lu). T rises rapidly from zero at ¢ slightly positive, and approaches
T as € nears its value for the Lu template.

Results of the type shown in fig. 7 make it possible for the first time to separate
the effects of strain and clamping on the magnetic properties of the epitaxial crystal.
The entire diagram displays the dependence on the two principal state variables T and
€. The consequence of clamping alone may be seen by comparing the critical field of
bulk (unclamped) Dy with that of the epitaxial film with the same lattice spacing, namely
at £~ 0. The bulk behavior, shown by the thick line in fig. 7, lies surprisingly close to
the epitaxial results. This establishes that the effect of clamping on Dy magnetism is
relatively small. The result is unexpected because the elastic energy must have the same
order of magnitude as the exchange and magnetic energy changes at the transition, and
its clamping might reasonably cause larger changes of state.

A tentative explanation advanced for this result (Tsui and Flynn 1993) is that the thin
magnetic crystal breaks into magnetic domains having in-plane dimensions comparable
to the film thickness. The domains possess orthorhombic in-plane distortions along the
axes of easy magnetization, similar to the structure observed in Dy/Lu superlattices (see
sect. 5.2.1.5) such that the mean in-plane strain vanishes. Domains that have the smallest
possible lateral extent then incur the least strain energy of the surrounding Lu lattice.
Modeling of this type can be made quantitative by noting that the elastic strain field must
extend the Dy strain ¢ into the surrounding Lu over a distance comparable with the domain
size /. The strain energy per unit area is then E, = cl&, with ¢ an elastic constant. Figure 8a
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Fig. 8. (a) Schematic diagram of a magnetic domain in an epitaxial film. (b) Nonuniform elastic strain fields
extend over a region of dimension / that is larger than the magnetic-film thickness d. The resulting energy of
the film vs strain is sketched here.

is a sketch showing a domain in the thin film. The magnetoelastic coupling is linear
in strain, much as in the Jahn-Teller effect. This provides a leading e-dependent term
~ael?d per domain, proportional to the domain volume ~d/?. The magnetoelastic energy
per unit area is thus E,,.=—aed, with a a coupling constant. The energy is minimized
for the strain £y and energy Wy, =Ene + Es, given by

ad a*d?
€ = L Wenin = “ad )
as sketched in fig. 8b. Finally, the addition of a domain boundary energy per unit area
of film given by E4=>5bd/l, with b proportional to the energy per unit area of boundary,
makes the total energy of the distorted phase

a2dl d
W= [’" 747} 7 (12)

relative to the undistorted phase.

For sufficiently thick films the second term in the bracket always prevails; W, is then
negative and the total energy is least for the minimum /. The modeling breaks down
when /=~ d. It is nevertheless clear that no energetic gain can accrue from making the
domains much smaller than d, because the neighboring nonmagnetic lattice no longer
distorts. Hence the final prediction of a minimum energy when / = d does appear realistic
within this framework. When, on the other hand, 4 exceeds the second term in the
brackets, then W; is positive, and the energy is then least when the distortion is zero
and the domain size infinite. This means that the ferromagnetic phase of lowest energy
no longer exhibits magnetostriction. Whether or not this newly predicted phase is ever
preferred over the helimagnetic phase and can occur in practice remains to be determined
from the exchange energy J(q).

The simplified analysis outlined above pertains directly to the epitaxial phase diagram
of Dy in fig. 7. It suggests that the effect of clamping is not in fact negligible,
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despite the apparently weak perturbation of H, associated with epitaxy, but is associated
instead with magnetic microstructure. Specifically, the epitaxial phase diagram is almost
unchanged near =0 because the 50 A crystal breaks into magnetostrictive domains
that minimize the clamping perturbation of the surrounding Lu lattice. The explanation
is consistent with the observations but at the time of writing lacks independent
verification.

The behavior of still thinner epitaxial Dy crystals on nonmagnetic templates near £=0
remains of considerable interest, in view of the crossover of the two terms in W; with
decreasing thickness d, apparent in eq. (12). For the present there are no experimental
results that probe these phenomena in sufficient detail. Further reference to this matter is
made in sect. 4.3.

4.1.3. Erbium

Considerable interest is attached to the magnetism of erbium layers. Even when grown
on its basal plane, this lanthanide exhibits strong magnetic anisotropy that prefers
perpendicular spin polarization along ¢ rather than the in-plane polarization favored by
the demagnetizing field. As noted in sect. 2.3, magnetostriction causes a 0.32% expansion
along ¢ and a 0.16% contraction of the a-axis at the ferromagnetic transition of the
bulk crystal. The transition takes place when the energy gain achieved at T¢ in the
ferromagnetic phase from magnetoelastic terms in the free energy (1.01 J/cm®), equals
the exchange energy difference between the ferromagnetic and CAM phases. Thus, the
effects of epitaxy-induced strain in epitaxial Er are expected to be significant.

There is an important difference between Dy and Er in the way magnetic domains
can avoid the clamping constraint. The preferred perpendicular magnetization of c-
axis Er epilayers can accommodate only two distinguishable domain types, namely
up and down polarizations. By symmetry these must give identical magnetostrictions.
Therefore Er is not able to avoid the epitaxial clamping constraint by domain formation
in the way described above for Dy. These arguments lead to the expectation that both
strain and clamping may produce strong changes of the Er epitaxial phase diagram.
Careful investigations of the epitaxial phase diagram have not been completed at the
present time. However, in agreement with the general expectations, it is observed
that the ferromagnetic phase of Er thin films is suppressed both when stretched on
Y (Borchers et al. 1988a) and when compressed on Lu (Beach et al. 1991). The
magnitude of the effect is made clear by the observed critical fields for ferromagnetism
which decrease to zero (i.e. spontancous magnetism) only for film thicknesses exceeding
about 1um on Y (Borchers et al. 1991). This shows that substrate effects are indeed
much less easily relieved for Er than for Dy, as anticipated for the domain effects
outlined above.

Calculations of magnetic behavior have been performed using the assumption that the
elastic and magnetoelastic coupling constants in an epitaxial Er film are identical with
those of bulk Er (Borchers et al. 1991). The calculation is able to explain the suppression
of the ferromagnetic transition and to predict the critical magnetic field required to recover
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the ferromagnetic state. In the limit of a thick Y layer, the Er film is clamped at a strain
€9, and this reduces the magnetoelastic energy gain to

2 . K
AEp. = ¢35 — Keg — —2, (13)
2¢33
where
202 - 2c3K,
é=cnten-—2, K=K, +K,~ I (14)
c13 €33

The ¢;; and K; are the elastic and magnetoelastic constants, respectively (see sect. 2). The
coefficient K is negative for Er, and this causes the magnetoelastic energy to become less
negative for positive £y, which is the case for Er grown (0001) on Y. It is demonstrated
in sect. 5 that this simple formulation accurately predicts the critical fields for both
superlattices and films. The success of the calculation for Er relies on the assumption
that the epitaxial constraint cannot be avoided by domain formation, which is consistent
with the c-axis magnetization of Er grown on its basal plane, and provides an interesting
contrast with the behavior of Dy, as discussed above.

Systematic studies of the effect of epitaxy on spin slips and their lock-in states are in
their initial stages. Studies of Er on Y and Lu (Tanaka et al. 1995, Beach et al. 1991)
reveal strong changes of the bulk lock-in strengths, which differ markedly in the case of
stretched basal plane (Y) and compression (Lu). In the former case, several strong lock-
ins persist over extended temperature ranges, while the lock-ins of Er on the Lu substrate
are notably weakened. At the time of writing, these interesting changes remain still to be
interpreted.

4.1.4. Other systems
While a number of other lanthanide systems have been prepared as multilayers, few have
been examined systematically as epitaxial films. The Oxford group, Jehan et al. (1993),
report that 5000 A of Ho on Y exhibits clearer spin-slip structures than the bulk. They
also report that Ty is depressed by ~1 K, and the low-temperature ¢*/6 phase is absent.
Alloys offer important new insights into the effects of epitaxy. Results are available
(Everitt et al. 1995) for the magnetic behavior of thick Dy-Lu alloy films grown
epitaxially on Y (0001). When plotted against the de Gennes factor, the Néel temperatures
of these films are completely consistent with other alloys. Preliminary magnetic X-ray
scattering studies indicate the presence of lock-in (or spin-slip) structures in the alloys,
even though no such phases are evident in pure Dy films. Epitaxial Nd films have also
been grown on Y and as superlattices, but this work is still in its preliminary stages.

42. The thick-film limit

The properties of epitaxial systems must systematically approach those of the bulk
matetial as the thickness of the epitaxial layer is increased. The way this happens depends



26 C.P. FLYNN and M.B. SALAMON

on the particular property. With increasing film thickness the interfacial electronic and
vibrational behavior is simply overwhelmed by the volume dependence of the bulk; these
effects are one topic of sect. 4.3. On the other hand, the lattice parameter is strongly
influenced by elasticity constraints. It is a fact that the equations of elastic equilibrium
contain only uniform solutions (i.e. constant strain, independent of the position x,y, z)
when planar symmetry is required. This must be the case for idealized epitaxial films.
Given a particular atomic registry at the interface, the only elastically satisfactory lattice
configuration of an epitaxial system, regardless of its thickness, is the state of uniform
strain that is consistent with the given registry. In short, elasticity constraints make all
epitaxial systems into epitaxial crystals (in the sense defined above), however thick they
may be. Superlattices are subject to the same restrictions, provided that the interfaces are
transitive.

An understanding of strain effects in films is of critical importance for our subsequent
discussion of superlattices in sect. 5. The topic of strain relief through interfacial
accommodation began with Van der Merwe’s treatment of critical thickness for the
formation of interfacial dislocations (Van der Merwe 1950, 1962) and has been the subject
of reviews (Matthews 1979, Freund 1993). In the interest of brevity we present only a
sketch of strain relief phenomena in what follows, and illustrate the substance of the
discussion by relevant examples of magnetic behavior in thin rare-earth films.

4.2.1. Strain relaxation

The fact that real epitaxial layers of sufficient thickness tend towards bulk behavior
demonstrates that the elastic constraint described above is, in practice, relieved. Anelastic
processes therefore take place in the growing film, or in any event prior to examination,
for example during cooling. That this must necessarily happen is apparent upon energetic
grounds. Suppose that an epitaxial strain € originates at the interface between the
crystal and its template. The elastic strain energy per unit area is then c;£2d/2, for
a film of thickness d, in which c; is the appropriate elastic constant. Suppose also
that the strain € occurs at an interface for which the strain & would correspond to
perfect registry, so that £ — &; represents interfacial relaxation. Then the interfacial misfit
creates (£—&y)/|b| interfacial dislocations per unit length, with b the Burgers vector.
This introduces an interfacial energy per unit area of 2w|e—gy)]h|, with w the line
energy per unit length of dislocation. By minimizing the sum of the two energies
with respect to the strain one finds that the epilayer exists at a uniform equilibrium
strain £= gy when d <d.=2w/blc;€, and at the smaller value e=2w/bjc;d for d >d..
The critical thickness d., in this simple approach provides the upper bound on the
fully pseudomorphic epitaxial crystal of sect. 4.1. Thicker epilayers still remain uniform
epitaxial crystals in this approximation, but are less strained.

During the growth of real crystals the strain relief must take place continuously, and
some of the anelastic strain most probably remains in the epilayer rather than in the
interface. Furthermore, the final state of strain is observed to depend on the growth
temperature (Dodson and Tsao 1987, Tsui and Flynn 1995, Tsui 1992) which indicates
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that an activated component is present in the kinetics. While the mechanisms of plastic
relief themselves are of considerable interest and technical importance, the specific
inhomogeneous configurations that are created in this way have no special significance.
Nor are the detailed processes well understood.

This brief background in strain relief can serve to illuminate the resulting effects
on thin-film magnetism. The following point is of particular importance. Suppose that
the crystal does, as suggested above, achieve and maintain a specific state of uniform
strain € as a result of the growth procedure. Then, to a good approximation, the
temperature dependence of its magnetism must just be the section of the epitaxial phase
diagram that corresponds to the particular orientation and strain. Indeed the epitaxial
phase diagram is obtained precisely from measurements of this type, but for thin,
unrelaxed epilayers. A critical question is whether or not thicker, partly relaxed epilayers
exhibit identical behavior for the same actual strain . If this is the case it indicates that
the interfacial registry that defines the partly relaxed misfit strain € is independent of
any applied magnetic field. Otherwise the field dependence of the misfit would cause
the state to pass along a different path across the surface of state as the temperature
changes. This discussion has neglected differences of expansion coefficients and anelastic
evolution subsequent to growth, but these types of elaborations can be incorporated as
needed. The distinction identified here is important in connection with the possibility that
mechanical damage accompanies magnetic cycling. There is a further connection with the
metastable magnetized state that can be induced in Dy films more than 76 A thick grown
on Y substrates.

4.2.2. Effect on the phase diagram

Available results indicate that partial relaxation in fairly thin films does leave them in
reasonably uniform states of strain, and therefore must largely be interfacial. The solid
points in fig. 7, other than those for films unrelaxed on Lu and Y, actually were taken
from partially relaxed thin films (cf. fig. 4). The fact that they conform accurately to the
surface defined by unrelaxed systems indicated that their state of strain remains frozen at
the part-relaxed value specified by the location of the points along the g-axis. Thus, they
approximate epitaxial crystals but with modified interfacial registry.

Most revealing among available data for a wider range of behavior are the critical fields
of b-axis Dy grown epitaxially on Y (100) with various thicknesses (Tsui 1992). Figure 9
shows how the critical field depends on temperature and film thickness for Dy grown
along the b-axis. An approximate continuous surface is drawn through the scatter of the
data points. It indicates that the first 50 A has a special temperature-insensitive behavior
with a critical field near 10kOe that is relatively large. Films over 100 A thick have
critical fields that vary with temperature very much like sections of the c-axis epitaxial
surface (fig. 7), with ¢ positive. The results for the thinnest films suggest that relief of
the pseudomorphic strain sets in at about 50 A. An alternative explanation that interfacial
effects cause strong changes of magnetic state below 50 A can be discounted on the basis
of other results described in sect. 4.3. For the thicker b-axis films note that the a—c growth



28 C.P. FLYNN and M.B. SALAMON

S 20
= A\
o \ N
: PN
—_ \
3 10 N ]
= I,
5 a
g
AL/
/
<<39/O' = ) AFan
O \ 7
J«< > \ X 4
% X &
NN /
4/6‘ S, LD N
7%, 0 50 100 150
) T(K)

Fig. 9. Magnetic phase diagram for b-axis Dy/Y superlattices and b-axis films up to 1um thick. The lower
surface (solid lines) separates the helimagnetic and fan phases, the upper surface (dashed lines) marks the
saturation fields. The bulk limits are shown in the foreground.

plane is anisotropic and thus quite different from the isotropic in-plane strains of the
c-axis case. The existence of close similarities between c-axis and part-relieved b-axis
magnetic properties is in this respect remarkable. A straightforward explanation of the
data would be available if the b-axis films thicker than 50 A were relaxed to a strained
configuration sufficiently similar to that of the partly relaxed basal plane case that the
magnetic behaviors also became similar. Detailed exploration of these possibilities has
been hindered by the difficulty of determining the precise strain states of thin epilayers
on thick templates.

Similar but less complete results are available for Er films (Tsui 1992). The Néel
temperature changes at most by ~1K as the film thickness is reduced to 400 A.
Results showing the change of the ferromagnetic transition for Er on Y are presented
in fig. 10a. There, the critical fields as functions of temperature for two Er crystals
1750 A and 9500 A thick are compared with the bulk behavior. Neutron scattering
data for the 3950 A film is shown in fig. 4. Evidently ferromagnetism is never
recovered in these films for temperatures above 10K, although the precise behavior
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for films 1pum thick may be sensitive to details of the growth procedure. Figure 10b
shows the available results for c-axis films. Both Dy and Er exhibit a complete
suppression of ferromagnetism in the thinnest films, as detailed above. However, they
differ considerably in the film thickness required to restore bulk properties, as noted
in the discussion of domain effects above. As fig. 10 makes clear, a 3kOe field is
required to restore ferromagnetism at 10K in an Er film as thick as 1pum, while
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a comparable field induces ferromagnetism in a Dy film only 20nm thick at 30K
(Kwo et al. 1988).

4.2.3. Effects on the magnetic state

Thus far we have used the shift of phase equilibrium to monitor the influence of epitaxial
strain on the competing magnetic phases. Each phase undergoes changes of energy and
structure caused by the existing strain. These alter the balance of the free energies and
thereby shift the phase boundaries. The quantities of direct physical interest are of course
the individual free energy shifts themselves, and the structural changes of the phase from
which they arise. In certain cases it is possible to probe structural changes directly, in
order to obtain a direct relationship between epitaxy and structure. This is most readily
possible for the helimagnetic phases, for which neutron scattering provides a direct probe
of both the wavelength and amplitude as a function of temperature. Selected results for
Dy and Er are discussed in what follows to clarify the present understanding of the strain-
induced changes.

In the helimagnetic phase of bulk Dy the turn angle per layer is about 43° near the
Néel temperature of 178 K. With decreasing temperature it decreases smoothly to about
26° at the Curie point, where it falls immediately to zero in the ferromagnetic phase.
Epitaxy tends to increase the turn angle and to suppress its fall to zero. Even a 200 A
Dy film remains in the helimagnetic phase at 80 K (5 K below the bulk transition), with a
turn angle of 27°. In a more extensive study of Er films (Borchers et al. 1988a, 1991) the
phase angle in films as thick as 9600 A are always larger at a given temperature than in
bulk Er. Added evidence of the influence of epitaxial strain is that 600 A of Er grown on
c-axis Lu, which gives a basal plane compression, has turn angles systematically smaller
than the bulk at each temperature (Beach et al. 1991). Magnetic X-ray scattering confirms
these results and shows that Y enhances certain Er lock-in states while Lu suppresses them
(see below) (Tanaka et al. 1995).

Efforts have been made to reproduce the observed trends of structure modification
by epitaxy using models for the several terms in the free energy of the helimagnetic
phase. The main contributions are the exchange energy, the magnetoelastic energy and
the Zeeman energy. Of these, the last two can be represented reasonably well by means
of measured moments and magnetoelastic data. Unfortunately, the exchange energy is
not well known. It is often simulated by the simplest theoretical model that predicts
helimagnetic behavior, which employs three exchange constants: Jg, coupling nearest
neighbors within a plane, J;, nearest-neighbors on adjacent planes, and .J,, next-nearest
neighbor planes (Cooper 1972). When bulk turn angles are used to fit the model, the
exchange constants for the first and second planes turn out to be strongly temperature
dependent (Tsui 1992). Further, even within this 3-/ model, the turn angles vary from
plane to plane due to end effects in thin-film structures (Jensen and Mackintosh 1991,
Bohr et al. 1989). In reality the couplings predicted by the RKKY interaction have a
long range, and with the awkward feature of near-cancellation among many terms with
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opposing signs. A useful basis on which to build an analysis of the thin-film effects
remains as yet to be formulated.

Neutron scattering measurements such as shown in fig. 4, reveal similar modifications
of wave vector in the CAM phase of Er. As Q(T) changes with temperature in bulk
Er, as described in sect. 2.2, its magnitude passes through values that are commensurate
with the lattice periodicity itself, and lock-in occurs at various commensurate structures.
These are shown as a solid line in fig. 11. Each commensurate structure corresponds
to a specific magnetic wave in the lattice. These are longitudinally polarized at higher
temperatures, develop a helimagnetic component at intermediate temperatures, and have
a cone structure at low temperatures. The behavior of Q(T) in thin films and superlattices
gains added interest from the opportunity to examine the way epitaxy modifies these well
defined magnetic structures and changes their coupling to the lattice. Lock-in states of
a similar character can occur for spiral antiferromagnets such as Dy and Ho. They are,
however, weak for Dy because its small in-plane anisotropy blurs spin-slip structure, and
the stronger lock-in behavior of bulk Ho has not yet been traced into epitaxial films. The
present illustrative examples are therefore confined to the case of Er.

Results for the turn angle of two Er (0001) films on Y grown, respectively 860 A and
9500 A thick are described here. The strongly perturbed periodicities of (i) the (0002)
satellites from the c-axis modulation (CAM: open circles) and (ii) the superposed basal
plane spiral (solid circles) at low temperature, are shown for the 860 A crystal in fig. 11a.
For comparison the bulk behavior is indicated by the solid line. It is apparent that the
wavelength of the CAM is clamped in a narrower range of large g values by the epitaxial
constraint. A point of considerable interest is that the specific bulk spin configurations
marked 2/7 [4 up-spins and 3 down-spins per magnetic unit cell] and 4/15 [4]413[41]
for the bulk are greatly enhanced in the epitaxial film, although others appear to be
suppressed. In the c-axis field-dependent magnetizations, shown in fig. 11b, these two
states (which have net magnetic moments) are marked B1 and B2, coinciding with sharp
features. In thicker epitaxial films the periodicities are less perturbed from bulk values,
and the wavelengths of the CAM and basal plane spiral appear more nearly equal. This is
illustrated by the example of a 9500 A Er epilayer on Y in fig. 11c. The resulting magnetic
signature shown in fig. 11d consists of sharp features under conditions that correspond
to the 2/7 and 6/23 lock-in states.

Recent results by Tanaka et al. (1995) confirm the observations for Y substrates and
reveal interesting differences caused by basal plane compression on Lu substrates. The
lock-in states are much weaker and the turn angles are uniformly smaller. Lock-in to
0=0.25 c* takes place just below 30K.

Without question the results summarized here afford just a first glimpse of a rich
field in which the magnetism of epitaxial films responds in an interesting and sensitive
manner to the epitaxial constraint. The actual state of strain in this limit depends on both
the film thickness and the growth conditions. In turn the magnetic state must depend
on the state of strain and other factors that may influence, for example, the magnetic
domain structure, in addition to the natural variables of field and temperature. An eventual
complete description must include the statistical behavior of the spin-slip system.
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4.3. The thin-film limit

As the thickness of a film is reduced, the pseudomorphism is improved and the state
of strain generally becomes more uniform. At the same time, however, the definition
of magnetic phase structure may be complicated by boundary effects, and the sharp
symmetry distinctions among alternative phases is blurred. For a recent review of thin-
film magnetism see the article by Falicov et al. (1990), which deals mainly with transition
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metals. The theory of phase transitions and dimensionality is reviewed by Stanley (1971).
Here we are concerned instead with particular effects that are important for rare-earth thin
films.

As a specific example to clarify the effect of reduced film thickness consider the
helimagnetic phase of Dy, which has a c-axis wavelength of about 30 A. The structure
has a net moment, and is no longer clearly an antiferromagnet, when the film thickness
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falls below 30 A. It is reasonable to anticipate, in addition, that the end effects at the two
surfaces of the film change the turn angle and make it vary with depth. Still worse, the
distinction between a helical phase and a ferromagnet is almost entirely lost as the film
thickness is further reduced to about two layers in a typical lanthanide with a magnetic
period of 10 atomic layers. Finally, the reduced dimensionality has two profound effects
on magnetism by first confining the magnetic interactions to spins located in a thin
slice of material, and second by ensuring that all moments exist in an environment of
perturbed crystal field. In addition it is likely that continuity in monolayer films is broken
by the terrace structure of the original substrate template. These various independent
phenomena combine to determine the magnetic behavior in what we term the thin-film
limit. The behavior of films has obvious consequences for superlattices which comprise
films coupled through spacer layers. A further fundamental motivation is that couplings
among successive dilute layers at constant spacing offers the best hope for a future precise
probing of the magnetic response function.

Given the severity of the geometrical and physical constraints suffered by the thinnest
films, the effect on the magnetism appears remarkably mild down to monolayer film
thicknesses. This is the point made in sect. 1 that the magnetism is generally robust. In
reviewing these facts we first present relevant results for several metals, together with brief
assessments in the light of the available theoretical modeling. The connection between
these separate bodies of information is not fully formulated at the time of writing because
the development of the subject matter is in its infancy.

43.1. Gadolinium

This is an interesting metal for the way the thin film tends towards bulk behavior at large
thickness and to the two dimensional limit at dilute coverage. Bulk Gd has its axis of
easy magnetization along ¢ (see sect. 2) but the spin moment is canted from c by a large
and temperature-dependent angle. There is only short-range order on a 0.1 um scale in
the basal plane. No accepted explanation of this behavior is available, but d states that
couple to both the 4f moment and the lattice may be responsible.

In thin films the demagnetizing factor, which favors basal plane magnetization,
overcomes the c-axis bias of the bulk, and gives rise to easy alignment in the basal plane
rather than perpendicular along c. Neither the film thickness nor the way this crossover
takes place has ever been investigated. It may depend on the thickness d of the film
relative to the correlation length of the in-plane bulk order.

Further changes caused by interfacial effects and reduced dimensionality may be
anticipated as d is decreased to monolayer levels, even when the environment remains
nonmagnetic but lanthanide-like. The fact that the thinnest films have spins oriented
in the growth plane make them candidates for description by the XY model. Like the
Heisenberg model, theory predicts that no true long-range order exists even down to
0K for interacting systems of XY symmetry, although a Kosterlitz—Thouless transition
is expected (Kosterlitz and Thouless 1973). These predictions have been difficult to test
in practice because the magnetic dilution of 2D systems causes the signals to fall below
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Fig. 12. (a) Temperature dependence of the basal-plane magnetization of Gd films of various thickness. The
applied field is 50Oe in each case; (b) the thickness dependences of the Curie-Weiss temperature 7', and
spin-glass temperature T',. At low coverage, both temperatures increase as powers of the film thickness.

the detection level of steady state measurements (Falicov et al. 1990). The lanthanides
have localized moments and interactions that can be parameterized simply in a way that
resembles the simplified theoretical models. Also, MBE offers a means for preparing
materials with many high quality layers of tailored structure spaced by a distance that
exceeds the interaction range. Therefore the changes of magnetic behavior that occur
as the Gd in rare-earth multilayers is reduced to monolayer thickness is of fundamental
interest. From measurements of ac susceptibility Fahrle and Lewis (1994) have reported
that Gd grown on W(110) has lost its ferromagnetism at a thickness of 7ML, while Li
et al. (1993) find even a single Gd monolayer to be ordered.

The introduction by Tsui, Han, and Flynn of methods that allow the magnetism of rare
earths grown on artificial mica to be probed down to the submonolayer level provides
new opportunities for the study of 2D effects (Tsui et al. 1993b). Figure 12a from
Tsui, Park and Flynn (1995) shows the magnetization produced by a 50Oe field as a
function of Gd film thickness and temperature. Even in the 2ML thick film the Gd
magnetization approaches saturation at temperatures close to the bulk 7. of 290K.
This displays the robustness in a remarkable degree. Films 1ML and less in thickness
exhibit markedly reduced fractional magnetizations which pass through a maximum at
a lower temperature T',. It will become evident below that this is associated with the
spin glass behavior. Near IML coverage there is a well defined change from saturation
magnetization below a specific Curie temperature to much smaller and temperature
sensitive magnetizations.



36 C.P. FLYNN and M.B. SALAMON

In the light of theory (Stanley 1971) it is natural to interpret the behavior using scaling
arguments that lead to the following predictions for the dependence of M on H and T:

7\#
Mz<1—FC—> ; M=HTY (15)

Here the exponents 3 and § are model dependent and hence offer valuable interpretation.
Figure 12b shows how critical temperatures vary with Gd coverage down to 0.1ML.
Values of O obtained from the slopes of these curves may now be compared with
theoretical predictions for various models and dimensionality.

It will suffice here merely to summarize the information obtained from studies of 6 as
a function of temperature and coverage. The two conditions of particular interest for each
coverage are the ordering temperature and the temperature range well below it. Near the
ordering temperature the values of 6 at SML, 2ML and 1ML of Gd are about 3, 2.5 and
2, which correspond respectively to theoretical predictions for the 3D ferromagnet, the
3D random-axis magnet (RMA, to be described below) and the 2D RMA at 7. Below
T the values for the 2ML and 1ML coverages are about 6 and 3. These are again almost
identical with the 3D and 2D RMA values of 5 and 3, while for SML coverage 6 diverges
as expected for a 3D ferromagnet below 7'c. More detailed analysis reveals that the Gd
thin layers follow both the full scaling equation and the phase diagram of the RMA;
for details the reader is referred to the original paper (Tsui et al. 1995). In effect these
results give the following single, consistent description of the thin-film limit. Instead of
passing from 3D to 2D magnetic behavior with decreasing coverage, Gd transforms at
2ML coverage into a 3D random-axis magnet. The transition to 2D, which occurs between
2ML and 1ML takes the system to a 2D random-axis magnet. In this way the Gd avoids
any transition to a 2D system of purely interacting spins.

These formerly unexpected results for the Gd thin-film limit may be understood as
follows. The theory of the RMA (Aharony and Pytte 1980, 1983, Goldschmidt and
Aharony 1985) includes in the Hamiltonian a weak interaction that is site-dependent and
randomly oriented, in addition to the exchange interaction among spins. The model fits
the observations, and its physical basis therefore requires identification. In submonolayer
films the magnetic Gd and nonmagnetic Y atoms are laid down as an alloy and almost
randomly. In addition they have different sizes and the admixture therefore contributes a
geometrical anisotropy at Gd sites. While the Gd f’ core is an § state ion and therefore
isotropic, its magnetism nevertheless couples strongly to the axial crystal field in pure Gd
as described above, presumably through valence electrons. It is likely that this same
mechanism couples the Gd spins to the random alloy environment of the thin-film limit
in a similar way. This random coupling breaks the symmetry of the exchange coupling
and quenches the magnetism into a spin glass at low temperature.

4.3.2. Other lanthanides
The perturbation of bulk Dy and Er must be regarded as substantial whenever the film
thickness falls well below the helimagnetic wavelength of about 30 A. At that point the
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distinctions between oscillatory and ferromagnetic phases become progressively blurred,
and it vanishes altogether for c-axis monolayers. As a result, the role of magnetostriction
in distinguishing between the energetics of phases that possess the different types of
order must also be lost. It is thus of interest that the interactions among the spins of
the three metals Gd, Dy and Er, as measured by the upper ordering temperatures of the
three types of film, remain essentially unmodified as the film thickness is decreased to
2ML. Data for Er that establish this fact are shown in the inset of fig. 13. Without doubt
this points to the dominance of interactions within the basal plane in determining the
onset of order. Interplanar coupling is a weak interaction, although of critical importance
for phase structure.

Several factors enter into a complete description of the magnetic states of Dy and
Er as the film thickness is reduced through the few-monolayer regime. One can argue
that Dy is not ferromagnetic on any rigid substrate: stretching on Y suppresses the
ferromagnetic phase, while compression on Lu creates a domain structure that resembles
a spin glass as the film thickness approaches 1ML. Er is still less able to accommodate
the magnetostriction of the ferromagnetic phase, owing to its perpendicular polarization.
These factors must be set beside the progressive blurring of the symmetry distinction
between the competing phases as the thickness is reduced below the wavelength. A more
quantitative discussion of the magnetic state is provided by scaling theory, just as for the
case of Gd.

Their large magnetostrictions upon spin alignment indicate that the spins of Dy and
Er couple more strongly than Gd to an anisotropic environment. At the same time their
exchange couplings, as estimated from the ordering temperatures are, if anything, weaker
than that for Gd. Therefore it may be anticipated that Er and Dy in Y (or any other
host) must also’ conform to a RMA Hamiltonian in the limit when the thickness falls
below 1ML. The force of this result is strongest for Er. With perpendicular polarization
giving an Ising-like spin Hamiltonian, Er is predicted to remain ferromagnetic in the
2D limit. An added RMA coupling dramatically changes this prediction to a spin glass
rather than ferromagnetic phase. An XY model of Dy does not order even at 0K, and
the addition of random-axis fields produces a spin glass. The experimental observations
lend strong support to these interpretations. Figure 13b compares the magnetization
curves of Gd, Dy and Er thin layers in Y. The marked similarities among the S shaped
curves arise from the fact that they all conform to a power law form. Equally of
interest are the relative ordering temperatures Tp/T, shown in the inset for the three
systems as functions of coverage. The three systems exhibit remarkably similar behavior.
Furthermore the sharpness of the changes over the first 2ML of coverage suggests that
the structure of the films must be smooth, with equally abrupt interfaces. Much of
the data described here is as yet available only in the theses of Drs. F. Tsui (1992)
and B. Park (1994) and their permission to include these materials here is gratefully
acknowledged.

While the exploration of the thin-film limit of the lanthanides is in its early stages,
several points emerge as worthy of further note. First is that the available detailed results
are from films grown on mica. While the results are sharply structured on a monolayer
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Fig. 13. (a) Thickness dependence of the Curie-Weiss temperature 7T',, the extrapolated transition temperature 7',
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logarithmic coverage scale, and reveal the rapid change of magnetic behavior in the 1-3ML range of coverage;
(b) magnetic hysteresis for monolayer Gd, Dy, and Er grown on Y and Lu. Inset: normalized upper characteristic
temperature T, for Gd (circles) and Dy (diamonds) and 7, for Er (squares) shown as functions of rare-earth
coverage in ML.

thickness scale, and this lends credence to a belief that the structures are good, it is
nevertheless true that the films remain poorly characterized. Second, random-axis effects
appear in retrospect as a natural result of alloying at the lowest (submonolayer) coverages,
and as equally reasonable consequence of interfacial roughness and interdiffusion on the
monolayer scale in films of thickness say 1-3ML. Whether or not it will prove possible
to avoid these effects in films of precise 1ML and 2ML thickness grown on very wide
terraces without interdiffusion is a matter for future research. One thing already apparent
is that it will remain difficult to probe the exchange Hamiltonian by measuring the
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coupling between successive monolayer films until films lacking RMA effects can be
prepared. Similar difficulties may restrict future fundamental studies of the fluctuation
phenomena of coupled thin layers.

5. Superlattices

The rare-carth superlattices of interest here are composed of alternating blocks of two
elements, grown in the epitaxial crystal regime (see sect. 4.1). Most superlattices studied
to date are composed of alternating magnetic/nonmagnetic layers, although more complex
structures involving two lanthanides have been studied recently. To a large extent, the
magnetic properties of the superlattice mirror those of the epitaxial crystals of which
they are composed, with the same sensitivity to epitaxial strain and clamping, and the
same robustness of the lanthanide magnetic structures. One new aspect is the possibility
of coherent coupling between successive magnetic blocks through the mediation of the
intervening non-magnetic layers and the way the two band structures merge to define a
single Q. In the case of lanthanide/lanthanide superlattices, the coupling among spins at
opposite sides of an interface and its relation to the combined band structures adds further
novel features, as does the interplay of differing transition temperatures and different easy
magnetic axes.

The first observation of exchange coupling through non-magnetic spacers was reported
by Kwo and coworkers (Kwo et al. 1985a,b, Majkrzak et al. 1986) who reported that
epitaxial crystal layers of Gd, separated by varying thicknesses of Y, alternated between
parallel and antiparallel alignment of their magnetization as a function of the Y-layer
thickness. Such alternation has now been found in many cases, mostly involving transition
metals with various non-magnetic spacers (Griinberg et al. 1986, Parkin 1991). A richer
structure was discovered by the present authors and coworkers (Salamon et al. 1986) in
Dy/Y superlattices, in which helimagnetic order propagates through Y layers as thick as
100 A. Because the handedness, as well as the phase, of the helix is propagated, it follows
that a helical wave must be induced in the intervening Y layer. The next section describes
how the pitch of that induced helical wave can be deduced from neutron diffraction
data.

As in the case of isolated epitaxial crystals, long-range order in superlattice structures
occurs close to the bulk ordering temperature. One can thus infer that the exchange
coupling provided by the spacer layers does not determine the ordering of the individual
magnetic blocks, but serves rather to bring the magnetic order of individual epitaxial
crystals into coherence. For helimagnetic (and longitudinally modulated) order, it is the
coherence length of the ordered state that varies with the thickness of the spacer. This
length, which can be deduced from the neutron data, falls rapidly with spacer-layer
thickness, becoming equal to the magnetic-layer thickness in the limit of large separation.
We will return to the question of interlayer coupling and coherence in sect. 5.3, after
reviewing the properties of superlattices examined to date.
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5.1. Magnetic scattering from superlattices

As in the case of the lanthanide elements and their alloys, neutron scattering has
played a key role in determining the magnetic structures of rare-earth superlattices.
Here the situation is complicated considerably by the interplay of chemical modulation,
lattice strain, and magnetic order. Even the “rectangular wave model” of a superlattice,
with perfectly abrupt interfaces and no lattice mismatch, Erwin et al. (1987), yields
a complicated neutron scattering spectrum. In this simplified picture, the superlattice
consists of N bilayers, each composed of Ny atomic planes of the lanthanide element
with lattice spacing cr and neutron scattering length bg, and N 4 planes of a non-magnetic
element with lattice spacing ca and scattering length b4. The superlattice periodicity,
defined as A = (Nrcr + Naca), determines the spacing of allowed Bragg peaks, while
the content of the superlattice unit cell sets the amplitude of these peaks via the structure
factor Spyuc(x). The observed intensity due to nuclear (non-magnetic) scattering, for
scattering wavevector x along the growth direction, is given by

sin?(AN«k,A)
Inuc(Kz) X m‘snuc(’cz)5 (16)
where
Sunc() = B sin?(ANrk;cr) sin?(ANak;ca)
uc

sinz(% K>CR) A sin2(3x;ca) a7

sin(3N ak;ca) sin(3 Ny, cR)

+ 2babg cos(Lx,A
abr cos(zK:A) sin(1xc,cp) sin(xc,cr)

The nuclear scattering profile predicted by this model is given in fig. 14 (solid lines) for
30 bilayers with N =Na =3, ca=1, cg =1.1, and br/bs =1.5. The main peak is located
at K, =45T/c,y, Where ¢y =(Nrcr + Naca)/(Ngr +N ), corresponding to the (0004) peak
of a c-axis, hexagonal superlattice. Subsidiary peaks are separated from the main peak by
multiples of 277/A, and are termed “superlattice harmonics”. The “envelope” function (17)
is shown as a dashed line. The fine structure, due to the finite number of bilayers, has
never been observed in practice. The same form is expected for X-ray diffraction, with
the atomic form factors substituted for the scattering lengths. For comparison, we show
in fig. 15 X-ray diffraction scans near the (0004) peaks of two Dy/Lu superlattices taken
on the X14a beam line at NSLS. The broad peak just above 4.5 A~! arises from Lu base
and capping layers. A weak peak indexable as Lu,Os is visible in the lower curve. There
is a factor three difference in the lattice constant between the model of fig. 14 and the
data of fig. 15; A is also longer for both samples in fig. 15.

The fundamental issue for the magnetic structure of superlattices is the existence or
absence of long-range magnetic order. In sect. 2 we considered the case of transverse
helimagnetic order with wavevector Q,, for which satellites appear at positions separated
from the main Bragg peak by £(Q,. In superlattices exhibiting long-range order, even
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though the magnetic moments may be confined to a single component of the system (e.g.
the lanthanide element), the corresponding planes in successive rare-earth blocks maintain
a definite phase relationship. We denote the total phase advance across a single
bilayer (modulo 27) by @ and assume that N,, successive bilayers have the same phase
advance. Magnetic scattering peaks then appear not only as satellites of the main Bragg
peak, separated from it by +=®/A, but also as satellites of the superlattice harmonics. In
short, the magnetic scattering replicates the nuclear scattering peaks, but shifted by the
effective magnetic wavevector Qg = P/A. If the lanthanide atoms alone are magnetic,
the rectangular-wave model gives (Erwin et al. 1987)

2 i’ (AN Ak, £ Oerr))

+ ) R +
Imag(k2)™ o< (1=K2) (J3) S (LA & 0u) 8o (K, (18)
where
SE ()= F2(6) sin?(ANr(x; & Or)cr) (19)
mag\™ 2

sinz(%(xz + QR)CR) )

Here, (J®) is the amplitude of the lanthanide moment, Fr(k) is the magnetic form
factor, and Qg is the modulation wavevector in the lanthanide block. Note that the width
of the magnetic Bragg peaks, as in the structural case, is given by Ak, ~ 27/Ny A.
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Fig. 15. X-ray scans around the (0004) Bragg peak of two Dy/Lu superlattices.

Therefore, the width of the individual peaks is a measure of the number of bilayers
that scatter coherently, or equivalently, the magnetic coherence length 51 =NpA. In
fig. 16, the nuclear and superlattice intensities are superposed for the structure of
fig. 14, and with @=4.57x and Qgrcg =0.7971. The assumptions of the rectangular wave
model are summarized in fig. 17. Figure 18 shows the development of magnetic peaks
in an Er/Y superlattice (Borchers et al. 1991). In this case, the z-component of the
magnetization alternates in sign with a periodicity described by Q,. Because of the
polarization factors in the magnetic neutron scattering cross section, it is necessary to
observe these peaks in the vicinity of the (1010) refiection.

The rich structure of superlattice harmonics predicted by the rectangular model is
mirrored by the superlattice peaks observed in the Dy/Lu sample of fig. 15. At the
opposite extreme, when only a sinusoidal modulation of composition exists, a single
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Fig. 18. Neutron scattering data for an Er/Y superlattice showing the development of magnetic order as the
temperature decreases (cf. fig. 4 for a Er film).

superlattice harmonic can be observed. An analysis of the way the intensity varies
with the order of the harmonic provides a measure of the sharpness of the chemical,
structural, and magnetic changes at the interfaces (actually the Fourier transform). Two
approaches have been used to improve on the rectangular-wave model: (i) modelling the
rectangular waveforms of fig. 17 by means of error functions (Majkrzak et al. 1986)
and (ii) suppressing the mth Fourier component of the rectangular wave by the factor
exp(—am?), termed the “diffusion model” (Erwin et al. 1987). In each case, a separate
parameter (Gaussian width or exponential factor) is used to model the variation in
composition, lattice spacing, and magnetic phase angle at each lattice plane, and each
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X-ray data of fig. 15.

provides a continuum between the ideal rectangular wave and a homogeneous alloy. In the
diffusion model, for example, the magnetic phase angle at lattice plane j within a bilayer
block can be written in terms of the turn angles wg and w, of the two components, as

U PR

(20)

Jj=1 m=00

WR — Wa —ym? l . 27tmi o 2ﬂm(i —NR)
P PR O g; L [sm(N___R +NA) sm(__NR )|,

i=0 m=0

®

Expressions such as this interpolate between the perfect rectangular model (y=0) and
an alloy (y — o). Figure 19 shows the result of a diffusion model analysis (Beach et al.
1993b) for a Dy/Lu superlattice, using X-ray data to determine the Dy composition and
lattice spacing.
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Table 1
Superlattices characterized magnetically and by neutron diffraction. The entries in the element columns are the
number of atomic planes

Gd Dy Ho Er Y Lu Number of  References
bilayers
10 10 225 Majkrzak et al. 1986
10 6 189 Majkrzak et al. 1986
10 20 100 Majkrzak et al. 1986
5 5,10 Fib. Majkrzak et al. 1991
21 21 40 Vettier et al. 1986
5 5 11 225 Majkrzak et al. 1991
15 14 64 Salamon et al. 1986; Erwin et al. 1987
16 20 89 Rhyne et al. 1987; Borchers et al. 1987
16 9 100 Rhyne et al. 1987; Borchers et al. 1987
14 34 74 Rhyne et al. 1988
6 14 140 Salamon et al. 1992b
27 3 Majkrzak et al. 1988
15 3 Majkrzak et al. 1988
14 13 Majkrzak et al. 1988
20 15 McMorrow et al. 1993
40 15 McMorrow et al. 1993
23 19 100 Borchers et al. 1988a,b; Erwin et al. 1988a
32 21 Erwin et al. 1988a
13 26 Erwin et al. 1988a,b
14 5 80 Beach 1992
14 8 70 Beach 1992
14 20 80 Beach et al. 1992
14 30 40 Beach 1992
15 15 40 Beach 1992
16 20 60 Beach 1992
18 22 40 Beach 1992
21 11 70 Beach 1992
40 13 Simpson et al. 1994
10 23 Simpson et al. 1994
5 10 Majkrzak et al. 1988

5.2. Superlattice ordering

The synthesis of a perfectly coherent magnetic/nonmagnetic superlattice structure does
not, of course, guarantee that long-range magnetic ordering will occur. Yet, in a surpris-
ingly large number of cases, long-range order does in fact arise. As described above, two
basic types are observed: (i) parallel or antiparallel stacking of ferromagnetic lanthanide
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(and iron-group) blocks; and (ii) propagation of helimagnetic or sinusoidal magnetization
through many bilayers. Table 1 summarizes the structures that have been realized.

5.2.1. c-axis samples

Most rare-earth superlattice samples studied to date have been grown along the
(0001) direction, or c-axis (Flynn et al. 1989a, Falicov et al. 1990). While MBE growth
is more straightforward in this orientation, it is also convenient to have the chemical and
magnetic modulation in the same direction.

5.2.1.1. Gd/Y superlattices. The Gd/Y system was one of the first rare-earth superlattices
to be grown and studied, and was the first system in which alternation of the sign of
the coupling across a non-magnetic spacer layer was observed (Kwo et al. 1987). As
in the epitaxial crystal regime, the Gd magnetization lies in the basal plane, where the
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netization and saturation magnetic field Fig. 21. Neutron scattering data from an antiferromagnetically
for Gd/Y superlattices (from Kwo et al. aligned Gd/Y superlattice. Odd-numbered peaks arise from
1985a). magnetic scattering (from Majkrzak et al. 1986).
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demagnetization field overwhelms the weak c-axis anisotropy. This is made evident by the
oscillatory dependence of the coercive field on Y spacer-layer thickness, with a period of
seven Y layers (fig. 20). Note that the remanent magnetization is large when the coercive
field is small. The interplanar antiferromagnetic exchange energy may be estimated from
Jor = H Mt/4 (Parkin 1991) where ¢ is the Gd-layer thickness; the value J,; = 0.6 erg/cm is
similar to values obtained for the coupling or transition metal blocks across, e.g. Cu. The
conventional explanation (Yafet 1987a) is that the coupling arises from the same RKKY-
like mechanism, described in sect. 2.1, and predicts the 7-plane period (approximately
50° per Y layer) in agreement with the susceptibility peak in fig. 1. Neutron scattering
studies confirm that the magnetic structure of the superlattices that possess the maximal
coercive fields consists of ferromagnetic Gd blocks, with blocks in adjacent bilayers
oppositely aligned (Majkrzak et al. 1986). Additional magnetic peaks in neutron scattering
(indexed with odd integers in fig. 21) lie exactly between the superlattice harmonics (even
indices) as expected from doubling the superlattice periodicity. This was the first definitive
demonstration of oscillatory exchange coupling, which has subsequently been observed
in a wide range of magnetic/nonmagnetic superlattices and multilayers. Results on Gd/Y
have been extensively reviewed by Majkrzak et al. (1991).

5.2.1.2. Dy/Y superlattices. The first superlattice system to show non-trivial long-range
order was a sample denoted [Dyy7|Y14]64, consisting of 64 bilayers, each composed of
a Dy block of 17 atomic planes (8.5 hexagonal unit cells thick) and an Y block of
14 (7 hexagonal cells thick) (Salamon et al. 1986). Helimagnetic satellites, which first
appear at 160K, close to the ordering temperature of bulk Dy, persist down to the
lowest temperatures studied (~10K). As discussed in sect. 4.1, the suppression of the
ferromagnetic transition is a consequence of epitaxy, and does not originate uniquely
from the superlattice structure.

A number of similar c-axis samples were subsequently prepared and studied (Salamon
et al. 1991, 1992a, Erwin et al. 1987, Rhyne et al. 1989). Typical neutron scattering data
are shown in fig. 22. Note the constancy of both the main nuclear Bragg peak (~2.2 A™)
and the superlattice harmonic (~2.25 f\’l). Ferromagnetic order, were it to appear, would
add magnetic scattering intensity to those peaks. At 6K, the widths of the magnetic
peaks are comparable to those of the nuclear peaks, demonstrating that the magnetic
and structural coherence are comparable. The increasing intensity and changes in relative
intensity of the central and superlattice harmonic magnetic peaks result from the interplay
of the mismatch between cpy and cy with the changing value of Qpy. From data sets such
as these, it is possible to extract the temperature dependence of the turn angle for Dy
and (modulo 27/Ny) the effective turn angle in the Y. The result of such an analysis is
shown in fig. 23 (Rhyne et al. 1987). The general result is that the turn angles observed
in superlattice structures are larger than in elemental Dy at all temperatures below Ty,
and that the Y layers exhibit an effective turn angle of ~50°plane, which is close to
that observed in dilute YDy alloys. It is not surprising that the Dy turn angles are larger
in superlattices; atomic planes near the interfaces lack further-neighbor atomic planes
whose antiferromagnetic coupling determines the pitch of the helix. This justifies our
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Fig. 22. Neutron scattering data from a Dy/Y superlattice. The intensity of the main Bragg peak is constant to
6K, ruling out the development of ferromagnetic order.

assertion that interlayer coupling slightly perturbs the magnetic properties of the epitaxial
crystalline blocks of which the superlattice is composed.

The absence of further-neighbor planes also induces some residual ferromagnetic order
within each Dy block, but this is not coherent from bilayer to bilayer. Thus, in fig. 24
(Rhyne et al. 1989), the moment calculated from the coherent helical Bragg peaks falls
below the expected 10ug per Dy atom. The fact that the missing intensity appears as a
broad feature centered on the nuclear Bragg positions indicates the presence of short-
range, incoherent ferromagnetic order in each bilayer.
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The propagation of helimagnetic order through non-magnetic yttrium layers is a more
elaborate process than that which couples ferromagnetic Gd blocks in Gd/Y superlattices.
Not only must the yttrium transmit the relative orientation of spins at the interfaces,
but also the handedness (chirality) of the helix in each block. Consequently, the helical
coherence that develops within each Dy block must influence the handedness of its
neighbors. Yafet et al. (1988) superposed the RKK Y-like oscillations of pairs of Dy planes
to model helical coupling, arguing that due to band-matching only interfacial layers need
be considered. The situation is quite different from that in dilute alloys, where the ordering
temperature decreases with decreasing Dy concentration. We have seen in sect. 4.1 that
thin Dy layers order at the bulk Néel temperature. The issue for coherent order rests on
whether the indirect exchange coupling via the Y is sufficiently strong to induce the same
chirality in successive Dy blocks. Because some helical order is required, and because
anisotropy barriers grow as the order increases, there will be an increasing tendency to
develop “chiral stacking faults” as the exchange coupling is reduced. This is reflected
in a reduction in the number of bilayers that contribute coherently, and consequently to
a broadening of the magnetic peaks observed in neutron scattering. We can define the
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magnetic coherence x length in terms of a magnetic peak width through &, = 27/AK mag,
where Akmag = (AK2, ~ AK2,)2, Ak obs is the measured width of the magnetic peak,
and Ax 'y is the width of a nuclear Bragg peak. This definition is employed to deconvolute
the structural and magnetic coherence. A plot of the magnetic coherence length vs
the inverse of the thickness ¢ of the yttrium block is shown in fig. 25 (Rhyne et al.

1989). At an extrapolated thickness of 140 A, helimagnetic order is confined to single
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Dy blocks. We emphasize again that, unlike the case of alloys, the Néel temperature
remains high as the Y fraction increases; only the coherence in the growth direction
is lost.

The low-temperature ferromagnetic phase of Dy can be induced by relatively modest
magnetic fields applied along the easy axis in the basal plane. Neutron scattering
data (Rhyne et al. 1989, Salamon et al. 1992a) on [Dy;sY19]so in fig. 26 show at
10K that as the helimagnetic state collapses abruptly between 5kOe and 10kOe, the
magnetic scattering intensity reappears in the structural Bragg peak and its superlattice
harmonics; these are indicators of long-range ferromagnetism. At 130K, the transition
is more gradual, and it occurs through the loss of coherence of the spiral, and the
coexistence of helimagnetic and ferromagnetic states. When the field is reduced to
zero after saturation, the helical phase reappears at 130K in all samples, but not at
10K. Figure 27 shows the behavior of the c-axis lattice parameter of [Dyj5Y14]64 as a
function of applied field (Erwin et al. 1987). As the sample is magnetized, the c-axis
increases in length by 0.1%, approximately one-half of the change that accompanies
ferromagnetic order in the bulk. The larger lattice parameter persists when the field is
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Fig. 26. Evolution of the helimagnetic peaks in a field for a Dy/Y superlattice at 10K and at 130K. Note loss
of coherence at 130K.

subsequently reduced to zero at 10 K. On warming above 130K, the fully coherent helical
phase returns, and the lattice parameter returns to its original value. It is clear that a
substantial fraction of the magnetoelastic distortion that accompanies ferromagnetism in
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Dy is realized in the superlattices, despite the constraints imposed by epitaxy (Erwin
et al. 1989, 1990).

5.2.1.3. Ho/Y superiattices. Ho/Y superlattices have since been grown and studied
by necutron (Bohr et al. 1989) and magnetic X-ray diffraction (Majkrzak et al. 1991).
A coherent basal plane spiral forms, as in Dy/Y, with coherence extended over many
bilayers. Analysis of the turn angles of the separate blocks also yields 51°Y layer,
and a temperature-dependent turn angle in the Ho layer that is significantly larger and
less temperature dependent than that of bulk Ho. Unlike the Dy/Y case, higher-order
harmonics were observed in a [Hosg|Y15]50 superlattice, which indicates the existence of
spin-slip structures. Fifth and seventh order harmonics were observed with an average
turn angle of 40°Ho plane. Jehan et al. (1993) suggest that this is evidence for a
(2121) spin-slip sequence, a sequence not observed in bulk Ho, while Majkrzak et al.
(1991) assume a purely antiferromagnetic coupling through the Y layers, and obtain
stacking sequences similar to those observed in the bulk. To date, no field dependences
have been reported for these superlattices.

5.2.1.4. Er/Y superlattices. As discussed in sect. 4.1.3 above, epitaxial Er films order
in a sinusoidal, c-axis modulated (CAM) structure near 85K, as in the bulk, but do not
develop a conical phase. A helimagnetic component does appear, but only substantially
below the temperature (20 K) at which it appears in the bulk. Therefore, Et/Y superlattices
permit the study of longitudinal order propagating in the CAM phase, and with it the
possibility that long-range magnetic coherence might be more readily achieved. There
are two likely sources of long-range coupling: (i) the phase difference across an Y block
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is always an even or odd multiple of 7 — basically the same as Gd/Y or, (ii) the phase is
determined by the number of Y planes in the bilayer, and can take on any value. Neutron
scattering data, similar to those shown in fig. 18, have been collected for a number of
superlattices with Y spacer layers varying between 19 and 25 atomic planes (Borchers
et al. 1991). The phase shift, modulo 25, across the spacer layer ranges from 0.7 to
1.5, and is consistent in every case with a phase advance of 51° per yttrium layer. The
temperature independent intensity of the (1010) peak in fig. 18 demonstrates, as found for
Dy/Y superlattices and thin Er films, that the low-temperature ferromagnetic transition
of the bulk does not occur in the epitaxial system. Nonetheless, helimagnetic order does
occur near 20K, as is apparent in fig. 28. However, when it does appear, it is considerably
less coherent than the CAM structure; the helimagnetic peaks are barely resolvable, even
at 6K.
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We describe in sects. 2.2 and 4.1.3 how the magnetic structure of elemental Er, and
to a lesser extent of thin epitaxial films, passes through a sequence of commensurate



SINGLE-CRYSTAL NANOSTRUCTURES 57

250.0 T T T T

200.0

150.0

100.0

Magnetization (emu/g)

50.0

0.0 ! ! | 1
0.0 10.0 20.0 30.0 40.0

Internal Field (kOe)

Fig. 31. Magnetization curves for [Erj;s|Yjsli showing the appearance of a state of intermediate
magnetization.

lock-in states, separated by discrete transitions. As fig. 29 shows, the turn angle of
several Er/Y superlattices remains, to the contrary, nearly constant at 51-52° per layer
from 70K to 6 K. While both films and superlattices are strained, and neither exhibits
a spontaneous ferromagnetic phase, only the Néel temperature of the superlattices is
significantly modified by strain. This is shown in fig. 30, where films and superlattices
with the same c-axis lattice parameters (measured at room temperature) are seen to have
significantly different transition temperatures (Borchers et al. 1991). It appears that the
more two-dimensional nature of the superlattice components contributes to a lowering of
the Néel temperature.

The magnetization process of Er/Y superlattices is much more complicated than that
of Dy/Y owing to the sequence of commensurate lock-in states that are accessible. On
application of a field, the turn angle measure by neutron scattering shifts abruptly from
50.3° to 51.4° per layer. The latter represents a phase in which an alternation of the c-axis
modulated structure is completed in exactly 7 Er layers. This state, which has three down-
spin and four up-spin planes, has a net magnetic moment, and is stabilized by the applied
field (Borchers 1990). This same 2/7 state was found to be favored in thin epitaxial films
even in the absence of a field (cf. fig. 11). Other intermediate states have been observed in
superlattices with differing Er-block thicknesses (Beach et al. 1990). The full saturation
moment appears at a critical field H, that is approximately 17kOe at low temperatures,
increasing to 30kOe near 60K for all superlattices studied. Magnetization curves for
[Ery3.5[Y25]100, shown in fig. 31, reveal one such intermediate state, which appears at 40K
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with an internal magnetic field of ~ 23 kOe (Borchers et al. 1988a). The neutron scattering
patterns in fig. 32 for the same sample at 40K, and in various fields, reveal a transition
to a complex spin state near an applied field of 27kOe (Borchers 1990). A tentative
assignment of this structure to the alignment sequence 713/813] gives a moment 9/15
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of the saturation value and approximately the correct positions for the neutron scattering
intensity.

Figure 10 demonstrates that the field H,, required to drive epitaxial Er films into
the cone phase, increases as the film thickness decreases. This trend continues in the
superlattices. However, it is not layer thickness but rather the coherency strain g that
appears in eq. (12). This is apparent in fig. 33 where the extrapolated 7=0 value of
H, varies with the measured c-axis strain. The dashed line in that figure is obtained by
equating the magnetic energy gained in the cone state to the sum of the magnetoelastic
energy from eq. (11) and the exchange energy barrier. Values of the exchange energy,
elastic constants, and magnetoelastic constants are those of bulk Er (Rosen et al. 1973).

5.2.1.5. Lu-based superlattices. Section 4.1.2 describes in detail the dramatic increase
in the ferromagnetic transition temperature of thin Dy films (Beach et al. 1993b) grown
on Lu. Nearly identical effects are observed in superlattices where the process can be
studied in detail. Figure 34 shows how the magnetic order develops in [Dyi4{Lug]ls (Beach
et al. 1993a). Helimagnetic order appears near the bulk Néel temperature; the magnetic
peaks shown here at 160K persist down to about 120K. At lower temperatures, the
helimagnetic peaks gradually disappear and are replaced by increased intensity in the

20

sl [Dy.allugly

COUNT / 1000

Fig. 34. Neutron scattering data for a
Dy/Lu superlattice showing the appear-
ance of helimagnetic order below 170K,
19 20 21 22 23 24 25 which gives way to ferromagnetic order at
4 low temperatures, evidenced by increased

K (A intensity of the Bragg peak at 2.23 A,
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T,
Bragg peak and the superlattice harmonics, which indicates the formation of long-range
ferromagneric order. However, a sample with thicker Lu layers, [Dy s|Luis]ao, exhibits an
antiferromagnetic stacking of ferromagnetic blocks at low temperature (fig. 35), exactly
as in the Gd/Y superlattice shown in fig. 21 (Majkrzak et al. 1986). Unlike the Gd/Y case,
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however, samples with 9, 11, 15, 20, 22 and 30 Lu layers in the spacer block all
exhibit antiparallel stacking at low temperatures (Beach 1992). Only the 8 Lu-layer and
5 Lu-layer samples exhibit ferromagnetic stacking. A greatly enhanced ferromagnetic
transition temperature has also been reported recently for [Dy7|Zr1]a0, for which the
tensile mismatch is 10%, based on magnetization data (Luche et al. 1993).

As in the case of Dy/Y shown in fig. 23, there is a definite dependence of the turn angle
on relative layer thickness, and therefore on strain. Exploiting the thin-film result in fig. 7,
we plot in fig. 36 the turn angle in the Dy component vs T/T¢ and hence strain (Beach
1992). Interestingly, wpy for Dy/Lu superlattices and the 400 A film, scale with bulk Dy,
within experimental uncertainty. From these data we are able to construct the approximate
phase diagram for Dy/Lu superlattices shown in fig. 37 (Beach 1992). This is an extension
of the single-layer phase diagram of fig. 7.

Although it is not possible to follow the helical phase to low temperatures, we can still
make an estimate of the coherence lengths at 160 K. These are shown in fig. 38, along
with the coherence of the aligned and antialigned ferromagnetic phases as measured at
low temperature. The magnetic coherence in these superlattices is clearly much smaller
than in the Dy/Y system, which itself results from strains associated with the appearance
of ferromagnetic order in a superlattice system.

As described in sect. 2.3, the driving energy for ferromagnetism in Dy and Er is
magnetoelastic (Cooper 1972, Rhyne 1972). For Dy, the single-ion magnetoelastic energy
is minimized in the ferromagnetic state, which results in an orthorhombic distortion of
the hexagonal structure. How does this transition occur in a superlattice that remains
clamped to its substrate? Figure 39 provides the answer through high resolution X-ray
scans of the (2021) peak in the reciprocal lattice plane normal to the c*-axis. In bulk Dy,
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the unique g-axis increases in length by 0.2%, and this decreases the hexagonal angle by
0.2°. In a multidomain sample, each (k0/l) Bragg peak is split in three by the distortion.
The contour maps in fig. 39 show the room-temperature and low-temperature intensity
distribution (Beach et al. 1993a). The dashed curves in the left panel are calculated by
placing three identical asymmetrical Gaussians at positions expected for an orthorhombic
distortion. The splitting is approximately 60% of that for bulk Dy. The linewidths are
quite large, corresponding to domains approximately 400 A in diameter. At this size,
the maximum atomic displacement within a domain is less than one-half of the lattice
constant, which serves as a reasonable limit if no plastic deformation is to occur. The
formation of these magnetoelastic domains is reversible; however, samples warmed to
room temperature show some residual broadening that is not evident in samples that are
subsequently aged for long periods (months).
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Ho/Lu superlattices have been grown and studied by neutron diffraction (McMorrow
et al. 1993). Ho layers composed of 10 or 20 atomic planes, separated by 17 atomic
layers of Lu, order in a basal plane helix near 130K, which persists to approximately
30K. Below 30K, an unusual phase develops, with ferromagnetic alignment in the basal
plane, which is canted 30° out of the plane; the magnetization of successive Ho blocks
is antiparallel.

The helimagnetic phase of Dy/Lu superlattices exists only over a narrow temperature
range near Ty. On application of a relatively small magnetic field at 160K, the coherence
of the helix is lost; for [Dy21|Luy; J7, a field of 1kOe suffices to smear the helimagnetic
peaks and shift magnetic intensity into the ferromagnetic peaks. At low temperatures,
the antiparallel alignment of ferromagnetic Dy blocks is destroyed by an applied field.
Figure 40 shows the shifting of magnetic intensity from antiferromagnetic peaks (e.g. at
2.2 A‘l) to ferromagnetic positions (e.g. at 2.17 A™1). Note also that the antiparallel state
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does not recover after saturation at 10K (Beach 1992). The ferromagnetic remanence
evident in fig. 40 can be readily observed in hysteresis loops. Loops for both [Dy14|Lug]7o
(aligned blocks) and [Dy;e{Luo]so are shown in fig. 41. Similar data shown in fig. 42
for Dy/Zr, reveal analogous behavior but with much larger coercive fields (Luche et al.
1993).

5.2.1.6. Other superlattice structures. Recently, Dy/Sc and Nd/Y superlattices have been
grown (Tsui et al. 1993a). Long-range structural coherence is achieved despite the 8%
lattice mismatch in the former system. However, no magnetic order is observed at 160K,
and only short-range ferromagnetism can be detected at low temperatures. In a 60kOe
magnetic field at 10 K, the magnetic intensity appears on the Bragg peak and superlattice
harmonics, and the broad, short-range peak disappears. These results are visible in the
series of scans shown in fig. 43. The Nd/Y superlattices are the first to involve a light
rare-earth element, and the first to mix dhep (Nd) and hep (Y) lattice types. This work
is still in its early stage, and we defer further discussion (Everitt et al. 1995).

In addition to the simple superlattice structures described above, a number of more
complex structures have been fabricated. They include Fibonacci sequences of Gd
and Y (Majkrzak et al. 1991) and lanthanide/lanthanide superlattices with competing
anisotropics, such as Ho/Er (Simpson et al. 1994), Gd/Dy, and Dy/YDy (Camley et al.
1990). We refer the reader to the original sources for details.
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5.2.2. a- and b-axis samples

It is clear from the previous sections that insertion of non-magnetic ab-plane layers does
not preclude the appearance of long-range helimagnetic and c-axis modulated order. We
infer that this arises because nesting features in the Fermi surfaces of the non-magnetic
elements studied (Y and Lu) result in a magnetization wave surrounding substituted
lanthanide atoms that decays slowly along the c-axis. However, the predicted absence of
such features in the basal plane should tause a much more rapid decay of magnetization
in those directions. It is possible (Du et al. 1988) to explore such effects through the
fabrication of superlattice structures with the growth axis along either the crystalline a-
or b-axis, so that the helical axis lies in, rather than normal to, the growth plane.

5.2.2.1. a-axis and b-axis Dy/Y. As in the case of c-axis samples, magnetic neutron
reflections should be centered at [0002+7], where T=Qpycp,/27. For a superlattice
grown along b, the superlattice harmonics are located a distance 277/A from the principal
Bragg reflections in the a* direction (Flynn et al. 1989b, Tsui et al. 1991). However,
no magnetic satellites of the superlattice harmonics are present, as seen in fig. 44.
In these scans {=0 corresponds to the c*-axis. The sharp peaks are the superlattice
harmonics, and the broad magnetic satellite shows no superlattice modulation. Hence,
helical order appears with a well-defined turn-angle, but it is incoherent in successive
bilayers. Figure 45 summarizes the temperature dependence of the turn angle for various
a- and b-axis-grown samples, with c-axis-grown data plotted for comparison (Tsui
1992).
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The absence of coupling for a-axis and b-axis superlattices can be understood within the
RKKY model. The rapid rise and relatively flat-topped peak of the susceptibility xv(q.),
as shown in fig. 1, give rise to long tails in the real space response. Figure 46a shows
the exchange energy J(q) in the a’—* plane, assuming that the sharp peak in the
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susceptibility is independent of g,. The attenuation in the a* direction arises from the
form factor ji¢(g). The corresponding real space exchange interaction between two planes
separated by a distance R is shown in fig. 46b. The actual oscillating function is sketched
along the c-axis, while the envelope function J(R) is sketched in the b— plane, which
corresponds to the a*—* plane in reciprocal space. A slow decrease in coupling with
c-axis separation contrasts sharply with the rapid decrease in coupling along the b-axis.
Further, as pointed out by Tsui (1992), Dy layers with the c-axis in the growth plane
drive the Y layer at Opy, which is off the peak in the Y susceptibility, further reducing
the interaction.

5.2.2.2. b-axis Gd/Y. Gadolinium/yttrium superlattices were grown along the g-axis (Tsui
1992, Tsui et al. 1992) and are found to order as ferromagnetic blocks at ~ 290K,
somewhat below the Curie temperature of bulk Gd. Just below T¢, all superlattices
order with Gd blocks antiparallel; in b-axis [Gd;s[Y3]ss, the Gd blocks switch to parallel
alignment below 100 K. Figure 47 shows the dependence of the antiparallel (solid circles)
and parallel (open circles) neutron peaks on applied field for the above sample. Note that

500 T

(a) T=90K
400 |- .

300 .
s S s O i 5
S

200 | - g

= =

500{» B
i\ \ T=150 K

400 |\ .

|

300 \ N

Magnetic Intensity (counts/min)

=j_* T
600 | '\ T=200K A
\'k\‘
400 | \ -
%
200 st ?M '*' o '*' o) 4
o 0 Fig. 47. Neutron scattering intensities of the fer-
L romagnetic (open circles) and antiferromagnetic
0 100 200 (solid circles) peaks for b-[Gd,,|Y;]gs. The zero-

H (Oe) field state is ferromagnetic.



SINGLE-CRYSTAL NANOSTRUCTURES 69

the coercive fields are on the order of 50 Oe in the antiparallel alignment (at 200K), in
sharp contrast with the 5 kOe coercive field for Ny =8 for c-axis Gd/Y as seen in fig. 20.

5.3. Interlayer coupling and long-range coherence

Previous sections describe how magnetic layers first develop intralayer order at the Néel
temperature, and its insensitivity to film thickness and interfacial effects. Much interest,
in the case of superlattices, attaches to the way these rare earth nanostructures develop
and maintain long-range interlayer order. The process by which successive layers order
is a good deal more delicate than the behavior of a single layer, as it is mediated by
weak coupling through nonmagnetic spacers. Nonetheless, inter- and intraplane order
develop together at the Néel temperature, without obvious temperature dependence of
the coherence length either near or below the transition. It is interesting to compare the
magnetic properties of the superlattices with other layered magnets, such as the series
(CnHzn1NH3),CuCly (Steiger et al. 1983). In that system, ferromagnetic CuCly sheets
are separated by organic molecules of increasing size. Up to n= 10, the Curie temperature
remains close to that of the n=1 sample, while even for n=1, order is confined largely to
a single plane, as evidenced by neutron scattering data which show a “ridge” of magnetic
scattering rather than intensity localized near a Bragg peak. Many other “quasi-2D”
magnetic materials show two-dimensional correlations over a wide temperature range
before ordering three-dimensionally at the Néel or Curie point. Thus, the nature of
magnetic ordering in the superlattices is unique, and at present there is little understanding
of the energetics and kinetic processes by which quasi-long-range order is developed in
these structures.

As is the case in lanthanide metals themselves, interlayer coupling must involve the
polarization of conduction electrons within the non-magnetic spacers. To explain that
process, Yafet (1987a) extended the RKKY mechanism (see sect. 2.1 and Appendix)
by considering a pair of Gd monolayers embedded within an Y crystal. This treatment
correctly predicts the alternating ferromagnetic and antiferromagnetic exchange coupling,
but the inverse-square dependence of the coupling strength on the layer thickness (Yafet
1987b) is stronger than that observed (~t™!). Such ideas have been extended to other
systems, taking into account the detailed Fermi surface of the spacer element (Bruno
and Chappert 1991, Herman et al. 1992). Helimagnetic coupling requires, at a minimum,
the superposition of the RKKY oscillations of two monolayers in each of the coupled
lanthanide epitaxial crystals (Yafet et al. 1988). However, exchange coupling between
two metals is strongly affected by Fermi-surface matching conditions. If the interfaces are
perfect, electron states in the two metals are coupled only if they have the same transverse
crystal momenta; i.e, k2, =kZ,, where A and B refer to the two metals. Because of the
existence of interfacial potentials, the components parallel to the growth axes need not be
conserved; i.e. ké” ;tkl‘?”. Yafet et al. (1988) exploited this feature to justify considering
only the outer one or two atomic planes of each magnetic layer. The band structure
features of the lanthanides (and yttrium) that give rise to the peaks in fig. 1, are flat
sheets normal to the c*-axis located near the M-point. The separation between these sheets



70 C.P. FLYNN and M.B. SALAMON

o
1

Exchange energy (a.u.)
38 &
1 i

® 10 Gadolinium planes

-151 ® g Gadolinium planes

20 , . ; . T Fig. 48. Calculated exchange coupling
2 4 6 8 10 12 14 for Gd blocks of 10 .and 6 atomic
layers separated by varying numbers of

Number of yttrium layers Y layers.

determines @, and is obviously different for the different elements. In c-axis superlattices
involving Y or Lu, then, there is significant hybridization of those portions of the Fermi
surface between the polarized lanthanide and unmagnetized Y or Lu bands, inducing a
spin-density wave in these materials. This can occur because the flatness of the sheets
ensures that states of the same transverse momentum exist in each metal. However, in a-
and b-axis samples, the vector @ lies in the growth plane, and there is no hybridization of
these portions of the bands between the two metals, and consequently no induced spin-
density wave.

Calculations of interlayer exchange that take into account the complex band structures
of the constituents are only now appearing. Xia and Chang (1992) have parameterized
the bands of Gd and Y to obtain a superlattice tight-binding band. With this, they have
calculated the non-local susceptibility, with it, the exchange coupling J fg between Gd
atoms in layer 7; of block a and layer r, of an adjacent block . The net interlayer coupling
is then obtained by summing over all pairs of planes. The results for two Gd layers
are shown in fig. 48; although incomplete, the approximately 7 Y-layer period can be
discerned. Related arguments have been used by Mathon (1991) to explain the giant
magnetoresistance effect in transition-metal multilayers in terms of localization of spin-
subbands depending on the relative magnetization of neighboring ferromagnetic layers.

Even with a model for weak interlayer coupling there is, at present, no detailed
explanation for the decrease in coherence with spacer-layer thickness ¢, as observed in
superlattice structures (fig. 25), and also in the Er/Y system (Salamon et al. 1992b). To
proceed, we make an analogy with the theory of random anisotropy in ferromagnets
(Chudnovsky et al. 1986, Aharony and Pytte 1980, 1983, Goldschmidt and Aharony
1985). These models assume that the magnetic anisotropy field H, changes direction
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randomly over a distance R,, which can be either a microscopic distance or the size of a
crystalline grain. Here we take that distance to be of order A, the bilayer period. In the
limit where the anisotropy is weak compared with the exchange field Hx, the long-range
coherence length & can be approximated as

where d is the dimensionality. In this model, the local order makes a random walk in d-
directions, gradually losing coherence over the length &,. In this case, it occurs only in
the growth direction, so that d =1, making &, «x H' gﬁ. If H,, varies as the inverse square
of the non-magnetic layer thickness ¢ as expected for RKKY coupling (Yafet 1987b), the
model predicts &y, oc 43, If, on the other hand, H., oc ™2, as suggested for transition
metal systems (Mathon 1991), the coherence will decrease more gradually with layer
thickness, &m ox 3. These bracket the ™! decrease that is observed. However, the model
assumes that the local anisotropy direction is static and related to quenched-in disorder,
whereas in reality the local anisotropy is developed within each layer during the ordering
process. More complete models for the ordering process in rare-earth superlattices are
not yet available, and this remains an area for future research.

6. Conclusions

The understanding of rare-earth metal nanostructures has advanced significantly over the
decade since the first materials were grown. There can be no doubt that the present state of
development remains rudimentary, however, and that a number of the most fundamental
questions still remain unanswered. In writing this review we have nevertheless been
aware that the general context and relative interest of the field for future research has
become more clearly defined over the intervening years. It is therefore fair to ask whether
the research field remains vital relative to contemporary alternatives. The following
concluding comments attempt to address these questions.

It is undoubtedly true that the present capability for synthesizing new magnetic
nanostructures from the rare-earth metals greatly exceeds the limited range of materials
explored to date. In assessing the future opportunities we note that entire areas of
compelling interest are eliminated by the constrained selection of materials in current
use. Almost all completed studies have employed c-axis materials grown from a few
selected metals, specifically Gd, Dy, Er and Ho, mainly with Y or Lu, and occasionally
each other. Of these restrictions in scope, the limitation to (0001) growth perhaps
constrains conceptual advances the most. Only a single investigation has explored
magnetic properties of nanostructures grown along the a or b axes, and this with a view
to fundamental matters of the induced exchange between spins. This remains the case
despite the accessibility of growth procedures starting from sapphire for the controlled
growth of (1100), (1120) and (1102) materials, the latter at least with tunable vicinal
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tilts (see sect. 3.4). As an example note that for any crystal orientation other than c-
axis growth, magnetostriction in the helical phases is no longer fully constrained locally.
Instead the magnetic state must be dressed in frozen phonons that describe the oscillatory
state of strain, as indeed must also be the case for ferromagnetic states of superlattices
grown in these orientations, and to relative degrees that offer a probe of magnetostrictive
behavior on the atomic length scale. A perceptive application of such ideas surely offers
a broad latitude in the design and synthesis of novel ordered states that have previously
been inaccessible.

Rare-earth nanostructures also serve as tools to study fundamental problems in the
magnetism of materials in various restricted geometries. There remains the question as
to the possibility of creating 2D magnetic nanostructures that conform to an idealized
Hamiltonian for which the theory is tractable and interesting. Some distance has
been covered in the study of thin layers that approach the 2D limit, and a number
of investigations relate to the way magnetic coherence is established in rare-earth
superlattices at their antiferromagnetic and ferromagnetic transitions, but the connection
with the expectations of idealized theoretical models remains to be established. Given the
robust and predictable character of their magnetic moments and their interactions, these
lanthanide metal systems have much to offer in the area of 2D magnetic behavior. Much
the same can be said for the interlayer coupling; the way in which antiferromagnetic
coherence is established at the Néel temperature remains, as noted above, quite poorly
understood at the time of writing.

These nanostructures also offer an attractive approach to several fundamental problems
of epitaxy. Of particular interest is the interaction of epitaxial strain with magnetic
behavior, including stress relaxation during growth, and the relaxation at chosen
temperatures of magnetoelastic strains introduced and selected by means of a magnetic
field. The study of fluctuation, domain and surface processes in clamped magnetostrictive
phases, like the analogous processes in ferroelectrics, remain badly understood in the face
of considerable technical and scientific interest in connection with potential applications
to switching, transduction and manipulation.

It may be unnecessary to note in addition that attention to date has largely been confined
just to the magnetic properties of a few heavy lanthanides in simple nanostructures.
The remaining metals, including the light lanthanides, are at least of equal interest, and
promise still less conventional properties owing, for example, to the thermal excitation
of modified core configurations that may be expected with confidence when a single
4f subshell is only partly occupied. Striking behavior has begun to be reported also in the
electronic properties of rare-earth nanostructures where magnetotransport, for example,
has exhibited anomalies that point both to strong modifications of bandstructure and
important geometrical effects on interfacial scattering processes. As yet only few, isolated
facts are available to prompt further activity in these new directions.

With the investigation of so many phenomena scarcely begun it seems appropriate to
conclude this review by reminding the reader briefly of those features of the field that are
now well established.
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First, the means are available for synthesis of rare-earth nanostructures in a variety
of crystal orientations, and for a variety of materials choices, all with interfacial mixing
restricted to very few monolayers. The available methods are adapted to the preparation
of structures of order 1 um thick and lateral dimensions of inches, and the crystal quality
may be regarded as quite satisfactory for metals, at least in the sense that growth defects
play a limited role in the phenomena of most interest.

Second, the results available so far serve to confirm the role of induced exchange
through the conduction electrons as the primary interaction that determines the ordering
characteristics of the lanthanide moments. This has been most clearly established for the
Dy/Y system, for which the helical magnetic waves propagate through many layers of
nanostructures and so afford a precise determination of the periodicity and range of the
interaction along the c-axis. In this same system alone, the reduced interaction range in,
rather than normal to, the basal plane, has been established by experiments on b- and
c-axis samples.

Third, and finally, it has been established that the lanthanide magnetism is in general
remarkably robust, and in particular is insensitive to the interfaces, even in crystals only
a few atomic layers thick. A reservation of critical importance in this regard is the central
role of the state of strain in the description of the magnetic behavior. Specifically it
has been established for Dy that epitaxial strains ~+2% are sufficient to double the
Curie temperature or completely suppress the ferromagnetic phase. The twin assets of
robustness and strain sensitivity make these materials at one time both ideal systems
with which to explore epitaxial effects, and attractive models with which new states of
magnetic order may be designed and synthesized.
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Appendix: Self-energy and pair interactions in linear response

A common problem has two bodies simultaneously perturbing a linear medium. Examples
are two neighboring charges in a dielectric continuum, two bowling balls on a mattress,
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or two spins interacting through an electron liquid — the problem of interest here. The
term linear has a specific meaning. If bodies 1 and 2 at r; and r; separately cause linear
perturbations x(r —r1) and x2(r —r;), then acting together they cause a perturbation

x(r) = xi(r —ry) +xo(r — r2) (A1)

for all r; and r,. Here we are concerned with the self-energies E; and E; of interaction
between the separate bodies and the linear medium, and the total energy E; when the two
bodies interact with the medium simultaneously. The interaction energy is then defined
as

E12=Et—E1—E2. (A2)

Thus defined, the interaction energy is negative when the energy is lowered by the
interaction.

The calculations that follow employ a model in which an electronic medium is disturbed
by point charges ¢; and g,. Suppose that in response to a charge ¢ at r=0 the disturbed
medium produces a potential qu(r) proportional to g. Then the net electrostatic potential
is

y'= (;I +qu(r) + Vo, (A3)

with Vg the interior potential in the absence of perturbing charges. Because the energy of
the medium itself must depend on the square of the disturbance we may write it 150?(0),
and the net energy E associated with the interaction between the charge and the material
is

2 2
E = qu(0) + 1pv*(0) = 1B [0(0) + %] - -2-‘%. (A4)

This shows that the system minimizes its energy with v(0) = —¢q/f8 with a net energy
relaxation of

=9 _
E= "% 3Bu(0). (A5)
By differentiation the energy change when g — g+ 9q is
)
SE = —fﬁ—q = 0(0)8q. (A6)

The result is just the energy of the added charge 84 in the existing potential v(0), because
this relaxed state is an energy minimum.
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We need to calculate the relaxation energy when ¢, and ¢, are placed at r; and r,. For
convenience suppose first that fractions x of the charges are in place, and the system is
relaxed with a net potential

V(r) =xqiu(r —r1) + xq0(r — r3). (A7)

Because the relaxed system is at an energy minimum, the energy change dE, when added
charges dxq; and dxq, are placed at ry and r;, is Vidxq; + Vodxgy, with ¥y, ¥V, the
potentials at r; and r, due to external charges. Hence

dE = (q, [-‘iﬁ + q1u(0) + qzu(a)] i [% + g20(0) + qlv(a)]) xdx. (A8)

with a=|r; —r;|. By integrating from x=0 to x=1, the total relaxation energy for the
full charges is now found as

B =t - o)+ s (5 +0@). (49)

Here the first term is the sum of the two self-energies (eq. AS), and the second term is
the desired interaction energy:

B =i (5 40@). (A0

Note that the result is just the energy needed to place the second charge in the medium
with the material frozen in its relaxed configuration about the first charge (or vice versa).
It includes both the direct interaction and the material-mediated interaction.

This prescription is quite general in linear response and is readily adapted to other
cases. In the case of a medium of dielectric constant €, for example, the induced
polarization gives q;g2[¢ ™! — 1)/a and the interaction energy becomes g1g»/€a. When this
is augmented by the response of charged diffusing species, the induced term becomes
q192[€'e™*™% — 1)/a and the interaction energy is q1g,¢ **%/€a with xp' the Debye—
Hiickel screening radius. For charges in a simple electron liquid the required dielectric
response is the Lindhart function (see below).

These considerations are readily extended to obtain the interaction when two dis-
Jjoint distributed charges p;(r) and p,(r) interact. For linear response the energy (A10) is
merely summed over all 8-function pairs to find

En= [ [ &ndrpepe [n-n o -n]. (Al1)

In a system with many disjoint perturbations the excess of the energy over the sum of the
separate self-energies is just the sum ) E;; of pair terms like eq. (A11) over all pairs ij.
This is how the sum over pairs enter expressions for the RKKY energy.
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Our present interest is in the case of spins interacting through an electron liquid, for
which the direct term is just the dipolar interaction. The material-mediated term depends
on the interaction between the core spin § and the conduction electrons. It is usually
assigned the model form

E=/jg)s'55(r—f1)P("1)d3f1, (A12)

with s the conduction electron spin and p(r) the electron density. Suppose that p is
the uniform initial density of conduction states with s parallel to a core spin S;. From
eq. (A12) the density disturbance is

Spup(r) = 1jig S1pu(r), (A13)
in which u(r) is the disturbance for a perturbation of unit energy and the 1 is |s|. The
spin-down disturbance is the same but negative. From eqs. (A10), (A12) and (A13) the

induced interaction with a second spin §; having interaction jg) at a, and including the
contribution of both spin senses, is

1y .2 PPur)

Ep= 'zl'(sl < 82) st Jst (A14)

This is the RKKY result. It depends only on the interaction strengths S; jgpp at the two
sites and the fractional density disturbance u(r)/p per unit interaction energy, which is the
same for the full electron liquid as for either subband. As mentioned above, this energy

is supplemented by the direct term, which is just the dipolar interaction.
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List of symbols
Ap average atomic concentration of jth Jy average ferromagnetic exchange
constituent (j=1 and 2 referto Tand R A Jy exchange fluctuation
constituents, respectively) Jz Z component of R subnetwork angular
4; modulation amplitude of the jth momentum
constituent concentration (=1 and 2 Jen exchange constant between R and T
refer tq T and R constituents, subnetworks
. respectively) . . . K, intrinsic anisotropy
4 f:rystal-ﬁeld produced by its neighboring K, measured anisotropy including the
1ons . ) demagnetization anisotropy
BOA bond-orientational anisotropy X, interface anisotropy
CMF compositionally modulated film K, volume anisotropy
D crystal-field coefficient (Wang and Ky demagnetization anisotropy
Kleemann 1991) .
L . , Ky stress anisotropy
b average local uniaxial anisotropy in the K(i) intrinsic anisotropy of the ith slice of a
Hamiltonian of R and R-T alloys multilayer
dr, (de,)  Tb layer thlckfless (Co layer thickness) K Boltzmann constant
DCD DC demagnetizing remanence .
magnetization L orbital angltllar momentum
E, 2 measure of the “wall encrgy” M nonm.agnetlc metal, e.g. ?u, Ta, etc.
associated with magnetization reversal M magnitude of magnetization M
of small volume M, saturation magnetization
EXAFS  extended X-ray absorption fine structure My R subnetwork magnetization
gz (21) gyromagnetic factor of R atom (T atom) Mt T subnetwork magnetization
H applied magnetic field MCXD magnetic circular X-ray dichroism
Jed field in the film plane in the Tb/Fe N atomic concentration or the number of
multilayers produced by the Fe layers atoms per unit volume
(Wang and Kleemann 1991, 1992) #; local easy axes at i site
H, coercivity on, Stevens’ operator
H, coercivity measured as the applied field  PMA perpendicular magnetic anisotropy
is perpendicular to the film plane R lanthanide metal (e.g. Dy, Tb, etc.)
Hyy domain wall critical field in R rate of domain nucleation in
magnetization reversal magnetization reversal
Hy nucleation critical field in magnetization ~ R;(r) isotropic part of the distribution of
reversal constituent ions
H; fluctuation field in magnetization (rt) average radius squared of the 4f
reversal electrons
H f local demagnetizing field at the jth cell RMA random magnetic anisotropy
in the magnetization reversal model S, spin at i site in Hamiltonian of R and
H, Z component of the applied field R-T alloys
IRM isothermal remanence magnetization S(H) magnetic viscosity at the applied field H
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T transition metal (e.g. Fe, Co, etc.) W magnetic moment at { site
T temperature (K) wo) absorption coefficient for an antiparaliel
TEM transmission electron microscopy (parallel) orientation of photospin
UHV ultra-high vacuum relétive to the magnetization direction in
V. assumed cell volume of magnetization MCXD mea.surem.en.t .
reversal in the model proposed by Kirby £ charge density at / site or charge density
et al. (1994) of jth constlFuent (=1 am.l 2referto T
v, domain wall velocity and R constituents, respectively)
v activation volume in magnetization g magnefmatlon oo
reversal (e saturatllon fnagnetlzatmn or spontaneous
VSM vibrating sample magnetometer magnegzat%on .
Z Z axis along the film normal direction 1(op) magn.etlzatwn measured as the applied
" ] field is perpendicular (parallel) to the
Z coordination number of an ion film plane
ay Stevens’ factor ' o 0co(0ny)  Co (Dy) subnetwork magnetization
Bi(r) the lowest-o'rder afusotropw distribution g, magnetization of jth constituent (j =1
of jth constituent ions (f=1 and 2 refer and 2 refer to T and R constituents
to T and R constituents, respectively) respectively) ’
4 nitial radius of the domain in a, Z component of R subnetwork
magnetization reversal magnetization
n; atf)n1llc cgn;:ent;atlton ;f ]tél Iionstltuents T torque
g);stittr;nts r;:;e;ive;n) Kie () irreversible susceptibility measured at
’ the applied field H
i h T : . . .
A coupling strength between R and X (H) differential of the isothermal remanence
subnetworks curve (IRM)
A mean-field coupling coefficient 4 . . -
) i . X5(H) differential of the DC demagnetizing
A bilayer thickness of the multilayers

remanence curve (DCD)
Up Bohr magneton

1. Introduction

The goal of this chapter is to review recent advances in our understanding of the magnetic
structure, the interfacial magnetism, and the origin of perpendicular magnetic anisotropy
(PMA) of lanthanide—transition metal nanoscale multilayers, here denoted as R/T. We
do not intend to review all of the recent work on these subjects, but rather will focus on
discussing either newly understood phenomena by means of a few illustrative experiments,
or those aspects which are not yet understood and therefore require additional work.

In recent years, lanthanide—transition metal nanoscale multilayers have been the subject
of great interest and their properties have been studied intensively. The reasons for
this include pure physics of interfacial magnetism and low-dimensional effects and
also their promising magnetic propetties with possible applications for perpendicular-
magnetic and magneto-optical recording. Physically, such attractive properties come from
the controlled local atomic environments in the artificially layered structure. Modern
deposition systems increasingly have been used to produce multilayers with controlled
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ROTATING TABLE

SUBSTRATE _~

SHUTTER

SUBSTRATE

FERROFLUIDICS
FEEDTHROUGH

Fig. 1. Schematic of the sputtering appa-
ratus. Only one substrate at a time can
ZDIFFUSION accept the sputtering deposition through

PUMP a single window on the sputtering shutter
(after Shan and Sellmyer 1990a).

STEPPING
MOTOR

local atomic environments and microstructure which lead to physically interesting and
technologically useful properties. Much of the driving force for this research has come
from the hope that, with enough understanding and control of the microstructure and
its relationship to properties, it will become easy to design the recording media for
data storage or to create hard or semihard film magnets which can be coupled with
semiconducting integrated circuits, micromachines, microsensors, etc.

The multilayers discussed in this chapter were prepared by sputtering systems or
thermal evaporation in UHV, but mainly by using multiple-gun sputtering, such as shown
schematically in fig. 1. There are many controllable parameters available in a sputtering
system (e.g. sputtering pressure, rate, power, time, substrate temperature, etc.) to affect or
adjust the local atomic arrangements and a variety of multilayered structures can be grown
as illustrated in fig. 2. Figure 2a exhibits a coherent layered structure or, equivalently,
a single-crystal superlattice. A compositionally modulated alloy with disorder at the
interfaces is shown schematically in fig. 2b. Increasingly complex models of crystalline,
amorphous and mixed nonmagnetic and magnetic multilayers are shown in figs. 2c—f.
Particularly by employing either a light or a heavy lanthanide in combination with a
transition metal, it is possible to construct the ferromagnetic or ferrimagnetic structures
shown in figs. 2e and f which will be discussed often in the course of this chapter.
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In R/T multilayers, the PMA, which is produced by the interaction between 4f electrons
of R ions and the electric gradient field of the neighbor ions, is at the heart of the
interfacial magnetism. An additional desirable feature of the lanthanides is that their
chemical similarity leads to easy substitution of one for another. Furthermore, their Hund’s
rule interaction and the presence or absence of orbital angular momentum produces a
wide range of ferromagnetic or ferrimagnetic structures when combined with T ions, and
either very strong or rather weak magnetic anisotropies. It is seen that the interactions
among all the R and T atoms is the basis for understanding the magnetic properties of
multilayers. In the second section we give a brief overview of the magnetic interactions
and structures that are important for understanding amorphous R and R-T alloys. The
roles that random magnetic anisotropy and exchange interactions play in determining the
magnetic structure will be emphasized.

For the multilayered structure there are many interfaces, each of which is characterized
by reduced symmetry in the surrounding atoms, and this feature favors PMA as was first
pointed out by Néel (1954). Therefore one may expect that the multilayered structure
may exhibit more anisotropic magnetic properties compared with the homogeneous
films. However, this advantage of multilayers, i.e. the abundance of interfaces, also
introduces complications in understanding the magnetic properties analytically because
of the inhomogeneous atomic arrangements in the interface region. In sect. 3, the
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experimental results of R/T multilayers (R=Tb, Dy; T=Fe, Co) are summarized briefly.
The roles of interfacial magnetism in determining the effects of the layer thickness
and temperature-dependent magnetic properties are emphasized. Based on the abundant
results of experiments, a detailed physical model, which shows clearly the origin of PMA
and gives the possibility to determine the magnetization distribution, will be introduced
in sect. 4.

In sect. 5 the magnetization reversal, which is an interesting topic in physics and an
important aspect of very high density recording media, and some microscopic effects,
such as the R-T exchange coupling effects on the anisotropy near the compensation point,
will be discussed. Finally, we conclude with a summary and give some suggestions for
future work on unsolved problems.

2. Magnetic structure
2.1. Magnetic structure and interfacial magnetism

The magnetic structure of artificially deposited multilayers containing heavy R, which
couples antiferromagnetically with T in the interface region, is shown schematically in
fig. 3. In fig. 3a, which represents relatively thicker layers (say >50 A), the R will be
disordered at room temperature, the T (e.g. Fe) will be ordered ferromagnetically and there
will be an interface region with scattered R moments because of the disordered structure
and random magnetic anisotropy. In the interior T region, the magnetic moment is usually
parallel to the film plane. Thus multilayers with thick individual layer thicknesses will
show a two-phase characteristic of R and T because the interface contribution is negligibly
small. In the case of thinner individual layers (say 5-10 A) as shown in fig. 3b, because
of the mixing between R and T layers the X-ray diffraction data indicate an amorphous
structure with sinusoidal compositional modulation (fig. 3c). The interfaces may give
the major contribution to the magnetic moments as the nominal layer thicknesses of R
and T decrease until the interface dominates and then the net magnetic moment may be
perpendicular to the film plane.

The rest of this chapter will be focused on R/T multilayers with thin layers where the
interfacial magnetism plays a major role. Many of the outstanding properties, such as large
PMA, controlled coercivity and compensation point in multilayers, are associated with the
interfacial magnetism. The temperature dependence of magnetic properties is controlled
by the interfacial magnetism, which also is the key to obtain the desired properties for
practical applications.

The interfaces may be regarded as compositionally modulated disordered R-T alloys
because X-ray diffraction shows an amorphous structure in the interface region. In the
next subsection a brief overview of the interactions and structures of R and R-T alloys is
given, on the basis of which the magnetic structure of interfaces and the origin of PMA
may be well understood.
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2.2. Magnetic interactions in R and R-T alloys

In an amorphous R material it is important to account for the possibility of fluctuation and
randomness in both exchange interactions and directions of local single-ion anisotropy
and this leads to the Hamiltonian (Sellmyer and Nafis 1985)

H=->" (Jo+AJ)S;-S;~D> (@8, ()

i

in which the first term represents the exchange and the second term the random magnetic
anisotropy (RMA). The local easy axes (#;) are taken as random from site to site. §;
(§) is the atomic spin at i site (j site), J, is an average ferromagnetic exchange,
AJ; represents the exchange fluctuations, and D an average local uniaxial anisotropy
arising from electric field gradients of neighboring atoms. If AJ; are taken to be zero,
eq. (1) becomes the Harris—Plischke—Zuckermann Hamiltonian in which the effect of
the first term is to align the spins (if J, >0) while the RMA term tends to scatter
them. Figure 4 presents a schematic phase diagram in which t=kgT/Jy, a=D/Jy and
0=(AJ)/Jy. Clearly in the a=0 plane one has the possibility for ferromagnetism (F)
for small & values, a spin-glass-like phase (SG) for large § values and there also is
the possibility of a mixed phase (M) in the intermediate region. On the other hand in
the =0 case a speromagnetic (spin scattered) structure (SM) exists for large a values
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Fig. 4. Schematic phase diagram of possible magnetic
states in the presence of RMA and exchange fluctuations
(after Sellmyer and Nafis 1985). See the text for the
identification of the various symbols and acronmyms.
MCP = multi-critical point.

and a correlated speromagnetic structure (CSM) exists for small a values where there
is short-range ferromagnetic order. It can be seen that in the presence of all three
terms in the Hamiltonian there will be a complicated three-dimensional phase to be
considered.

Figure 5 shows some examples discussed above in which there are speromagnetic,
asperomagnetic and ferrimagnetic structures depending on the presence of RMA in the
first two cases and its absence in the third case. When there are both lanthanide and
transition metals such as Fe and Co present, i.e. R-T disordered alloys, one can obtain
even more complex structures as illustrated in the lower part of fig. 5. An important
point is that the heavy lanthanide moments tend to couple antiparallel whereas the light
lanthanides couple parallel to the T moments.

On the basis of the above consideration the magnetic structure of heavy R~T alloys
in the interface region may have sperimagnetic features with random orientation of the
local easy axes. For the material to show a macroscopic anisotropy, there must be an
orientational coherence to these local anisotropy axes. The interfaces in R/T multilayers
may have such desired structure to offer this orientational coherence. In sect. 3, the
experimental evidence is presented and in sect. 4 a detailed model, which clearly shows
such orientational coherence, is discussed.

% Al |
Fe
SPEROMAGNET ASPEROMAGNET FERRIMAGNET

HEAVY Fe ¢ LIGHT HEAVY

R S;Ié,‘d R R Fig. 5. Schematic diagram and definitions
. of phases possible in one- and two-
e

component RMA systems (after Sellmyer
SPERIMAGNET Fe "FANNING" and O’Shea 1983).
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3. Experimental properties of R/T multilayers

In this section we give a brief review of the experimental results including the layered
or compositionally modulated structure for R/T multilayers, the layer thickness and
temperature dependencies of magnetic properties for Dy/Fe, Dy/Co and Tb/Fe multilayers.
We will not provide a comprehensive review of all recent work in this field. Rather,
our aim is to focus on discussing the above fundamental properties, and only limited
references which are closely related to this discussion are cited. The role that the
interfacial magnetism plays in determining magnetic properties will be emphasized.

Mossbauer measurements, which are used to determine the local Fe moment and its
direction at different temperatures for Tb/Fe, Dy/Fe and Nd/Fe, are presented in this
section. Magnetic circular X-ray dichroism (MCXD) is a relatively new element-selective
technique, which can be used to obtain information on magnetic properties for both R
and T atoms; one example of MCXD studies of Tb/Fe multilayers is given.

3.1. Layered structure

The layered structure of R/T multilayers can be investigated by X-ray diffraction and
transmission electron microscopy (TEM). One example of small angle X-ray diffraction
for 3.7 A Tb/2.5 A Fe and 16 A Tb/30 A Fe multilayers prepared by Sato (1986) is shown
in figs. 6a and b with only first and up to fourth order of diffraction peaks, respectively.
Two TEM micrographs for 4.8 A Tb/10.5 A Fe and 16 A Tb/30 A Fe are shown in fig. 7
and the periodic distributions of Tb and Fe are observed (Sato 1986). A brief summary
of the small-angle X-ray diffraction peaks for R/T (R=Tb, Dy, Nd; T=Fe, Co, Ni) is
listed in Table 1.

100~ 100
80+ 80
a ]
& §
S g0 S sof
x x
2 3
> o
g 40} g 40}
g E \J
20 20
0 L ] 1 ] 0 1 ] ! —
0 5 10 15 20 0 5 10 1] 20
20 (deg.) 20(deg)

(a) (b)

Fig. 6. The small-angle X-ray diffraction patterns for (a) 3.7 ATb/2.5 A Fe and (b) 16 A Tb/30 A Fe (after Sato
1986).
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(a) (b)

Fig. 7. Transmission electron micrographs of the cross-section for (a) 4.8 ATb/10.5AFe and (b) 16 A Tb/
30 A Fe (after Sato 1986).

It is concluded from table 1 that for most of the samples only the first diffraction peak,
which implies sinusoidal composition modulation, is observed for the bilayer thicknesses
A <30A. This implies that R/T multilayers with thin layers have diffuse interfaces and

Table 1
A summary of the small X-ray diffraction peaks for various R/T multilayers. A is bilayer thickness and d is
the individual layer thickness

R/T 1st Peak 2nd Peak 3rd Peak 4th Peak Ref.
Tb/Fe 3.7ATb/2.5A Fe 16A Tb/30A Fe 1
Tb/Fe A< 12A 2
Tb/Fe A< 154 3
Tb/FeCo A=21A A=315A 4
Tb/Co dpprde, 2 15A 30A Tb/30A Co 5
Tb/Co A=37A A=T2A 6
Dy/Fe® 7
Dy/Fe A>10A 8
Dy/Fe 14A Dy/40A Fe 9
Nd/Fe Ax10A 10

* No peaks were observed for ~3A Dy/11-22A Fe and 17A Dy/~2A Fe.

References

(1) Sato (1986) (6) Honda et al. (1987)

(2) Yamauchi et al. (1988) (7) Yoden et al. (1988)

(3) Shan and Sellmyer (1990a) (8) Sato and Habu (1987)

(4) Shin et al. (1987) (9) Shan and Sellmyer (1990b)

(5) Ertl et al. (1992) (10) Mibu et al. (1989)
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Fig. 8. Small-angle X-ray diffraction patterns for 4.8 ATb/10.5 A Fe: (a) as deposited; (b) after annealing at
250°C for 5 hours (after Sato 1986).

these are sometimes called compositionally modulated films (CMF) instead of multilayers.
We notice that R/T CMFs have much more diffuse interfaces compared with the Co/Pt,
Pd and Au multilayers which usually show 3rd—4th order peaks (Shan et al. 1994) and
up to the 7th order peak for Co/Au multilayer (Zhang et al. 1993).

An example of the annealing effect on the small angle X-ray diffraction peak of
4.8 ATb/10.5 A Fe before and after annealing at 250°C for 5 hours is illustrated in fig. 8a
and b. The peak intensity decreases because of the intermixing between Tb and Fe atoms
at the interface boundaries; however, the layered structure still exists.

3.2. Magnetic properties of Dy/Fe, Dy/Co and Tb/Fe

3.2.1. Dy/Fe

3.2.1.1. Layer-thickness dependence of magnetic properties at room temperature.
Figure 9a (Shan and Sellmyer 1990b) shows a detailed Fe layer-thickness dependence of
hysteresis loops for 5 A Dy/X A Fe as the Fe layer thickness varies from 2.5 A to 40 A; pote
especially that the interval is only 1.25 A as X ranges from 2.5 to 10 A. The layer-thickness
dependences of magnetization and anisotropy determined from fig. 9a are summarized in
fig. 10.

Several results about the magnetization can be found from figs. 9a and 10. To
understand the layer-thickness dependence of magnetization, both the antiferromagnetic
coupling of Dy and Fe moments and the modulated distribution of composition have to
be taken into account. (i) Sample 5 ADy/6.25 AFe is in a state close to the compensation
point: the Dy moment dominates for X <6.5A and the Fe moment dominates for
X >6.5A. (ii) As X increases from 2.5 to 6.5 A, the magnetization magnitude of Dy/Fe,
| o], first increases, then decreases. This feature is due to the existence of two competitive
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processes: the enhancement of the Dy moments by the exchange interactions between Fe
and Dy subnetwork moments as the Fe atomic fraction increases in this range, and the
antiferromagnetic coupling between the Dy and Fe subnetwork moments. The former
dominates as X is close to 2.5 A and the latter prevails as X approaches 6.5 A. (iii) As
X increases from 12 to 20 A the magnetization of 0| and 0 changes very little, where
|| and L represent measurements parallel or perpendicular to the film plane. This may
be attributed to the fact that the pure amorphous Fe is disordered magnetically; as the Fe
layer thickness ranges between 10 A and 20 A, the Fe atomic fraction in the central region
of the Fe layer is close to unity and its structure is amorphous which gives no contribution
to the moments. Therefore the magnetization exhibits a “kink” there. Honda et al. (1991a)
also reported such behavior in Fe/DyFe multilayers. They found that when the Fe layer
thickness dy, decreases, the crystallographic structure of the Fe layer changes from body-
centered-cubic to amorphous at around 20 A. At this critical thickness, the spontaneous
magnetization and the Kerr rotation angle are nearly zero and the magnetization curve
does not show hysteresis or saturation indicating its spin-glass-like or superparamagnetic
nature. (iv) For X >20 A, the Fe has crystalline structure and its moment increases rapidly
as shown in the figs. 9a and 10. (v) It is noticed that the four samples of 5 A Dy/X A Fe
(X=2.5, 6.25, 15, 20) exhibit the character of smaller magnitude of magnetization and
this can be interpreted as follows. Sample 5 ADy/2.5 A Fe is just ordered weakly by the
exchange interactions between Dy and Fe moments and has an almost homogeneous
distribution of Fe and Dy constituents because both the Fe and Dy layers are very
thin. Sample 5 A Dy/6.25 A Fe displays almost zero magnetization since the Dy moment
dominates in the Dy region and the Fe moment dominates in the Fe region and they
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compensate each other to produce a nearly zero net magnetization. However, sample
5ADy/15 A Fe (or 5 A Dy/20 A Fe) has a much thicker Fe layer and the central Fe region
gives no magnetization contribution as mentioned above. (vi) As the Dy layer becomes
thicker (not shown in fig. 10) the compensation point will move toward larger Fe layer
thickness and this is understandable from the antiferromagnetic coupling of Dy and Fe
moments.

The layer-thickness dependence of the magnetic anisotropy, as shown in figs. 9a and
10, exhibits the following features. (i) Figure 9a shows that the hysteresis loops of
0| change their shapes very little as the Fe layer thickness varies from 5 to 20 A,
whereas the hysteresis loops of 0| change their characteristics noticeably in the same
range. When the Fe layer is thicker than 30 A, the hysteresis loops of 0 also change
noticeably. This implies that the magnetic properties in the direction perpendicular to the
film plane strongly depend on the “interface” which is characterized by the anisotropic
distribution of constituent atoms, but the magnetic properties in the parallel direction
are mainly determined by the “inner part” of the Fe layer. (ii) The samples with the
layer thickness thinner than about 12 A usually have perpendicular anisotropy for both
the 2.5 A <X <6.25 A region where the Dy moment dominates and the 6.25A <X <12A
region where the Fe moment dominates. This suggests that the source of the perpendicular
anisotropy is related to the anisotropic distribution and constituent magnetization rather
than their net magnetization. (iii) The behavior of the uniaxial anisotropy, Ky, at the
compensation point is uncertain. Sato and Habu (1987) reported that K,=0 at the
compensation point for Dy/Fe, Tb/Fe, and Gd/Fe CMFE. But in the case of nominally
homogeneous R-T films van Dover et al. (1985) and Egami et al. (1987) claimed that
K, changes smoothly through the compensation point. This problem will be discussed in
more detail in sect. 5.2.

Figure 9b (Shen 1994) shows the Dy layer-thickness dependence of hysteresis loops
of Y ADy/SAFe as the Dy layer thickness varies from 6.5A to 5A; note especially
(i) although the thickness interval is only 0.5 A, the coercivity and magnetization are
very strongly dependent on thickness as the Dy layer thickness ¥ approaches 5 A where
sample 5 A Dy/5 AFe is in a state close to the compensation point. (ii) Compared with
the loops in fig. 9a, the loops in fig. 9b illustrate much better squareness because these
samples were coated with a 500 A SiO layer to protect from oxidation.

3.2.1.2. Temperature dependence of magnetic properties. Figure 11 is an example of
the temperature dependence of the magnetic properties for ¥ ADy/6 AFe (Y =3, 5, 8,
and 14). The discussion is simplified as follows. (i) The magnetization at 4.2K is much
larger than at 300K since Dy is magnetically ordered at 4.2 K. (ii) At 4.2K the samples
usually possess a giant coercivity, e.g. H.; =59kOe for 5 A Dy/6 A Fe and H,; =37kOe
for 14 A Dy/6 A Fe which is very weakly magnetically ordered at 300K. The coercivity H,
of pure Dy film is about 10kOe at 4.2 K. Therefore all the samples in fig. 10 have a
coercivity larger than that of pure Dy films at 4.2K. (iii) For all four samples, although
H.| >H,) at 4.2K, the anisotropy value is difficult to measure by torque magnetometry
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Fig. 11. Hysteresis loops for Y ADy/6 AFe (¥ =3, 5, 8, and 14) at 300K and 4.2K (after Shan and Sellmyer
1990b).

because of the giant H, value and by the hysteresis loops because of the impossibility to
define an area between ¢ (H) and o7j(H) curves.

3.2.2. Dy/Co

3.2.2.1. Layer-thickness dependence of magnetic properties at room temperature. The
hysteresis loops of 5ADy/X ACo and 3.5ADy/X ACo are shown in fig. 12 (Shan
and Sellmyer 1990b). This figure shows that the magnetic anisotropy, magnetization,
coercivity, and remanence change regularly as the Co and Dy layer thicknesses are
changed, e.g. the coercivity H, is relatively small for both small and large layer
thicknesses, but it is large for intermediate values. Also the films possess perpendicular
anisotropy for intermediate values.
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Fig. 12. Co layer-thickness dependence of hysteresis loops for 5 A Dy/X A Co and 3.5A Dy/X A Co at 300K
(after Shan and Sellmyer 1990b).

Figure 13 summarizes the layer-thickness dependence of the magnetization ¢, . Based
on this systematic investigation, a three dimensional diagram is shown in fig. 14 which
displays the main behavior of the magnetization. Several features should be pointed
out. (i) The valley between the two peaks of magnetization, where | 0 | =0, originates
from the antiferromagnetic coupling of Co and Dy moments. Thus this valley traces the
compensation points of the films of different compositions. The relationship between
Dy and Co layer thicknesses for the compensation composition can be approximately
expressed as ¥ ~ ('%4)X. (ii) The bigger peak of | 0, | on the right-hand side of the
valley indicates a region where the Co magnetization dominates. The smaller hill of | o |
on the left-hand side of the valley is the region where the Dy magnetization dominates.
(iii) As the Co and Dy layers get very thin, the magnetization | o1 | approaches the
behavior of homogeneous Dy—Co alloys because the “layers” are so thin that an almost-
homogeneous amorphous alloy is formed.
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Fig. 13. Layer-thickness dependence of
magnetization for ¥ A Dy/X A Co at 8kOe
and 300K. o, means the magnetization
was measured with the applied field
perpendicular to the film plane (after Shan
and Sellmyer 1990b).

Fig. 14. Three-dimensional diagram of
layer-thickness dependence of magneti-
zation for Y ADy/X ACo at 8kOe and
300K (after Shan and Sellmyer 1990b).

Figure 15 presents, in three-dimensional form, the layer-thickness dependence of the
intrinsic anisotropy, K, =K! +2mM?, where K!, is the measured anisotropy (including
the demagnetization =w~-gy) and M, is the saturation magnetization. There are several
characteristics to be noticed: (i) The maximum value of X, where the sample exhibits
the strongest perpendicular anisotropy, occurs at X ~6A, Y~6A. (i) As the Co layer
gets thicker, K, becomes negative (not shown in this figure for clarity); therefore the
casy direction of magnetization becomes parallel to the film plane. (iii) The K, peak
becomes wider and lower as the Dy layer thickness increases, and K, decreases rapidly
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Fig. 15. Three-dimensional diagram of layer-thickness dependence of intrinsic anisotropy K, for ¥ A Dy/X A Co
at 300K (K, =K' +27M?) (after Shan and Sellmyer 1990b).
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Fig. 16. Hysteresis loops for 3.5A Dy/
2.5ACo, 525ADy/3.75ACo, TADy/
5ACo, 10.5ADy/7.5A Co and 21 ADy/
15ACo multilayers (afier Shan et al.
1989).
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and becomes negative (not shown in this figure for clarity) as the Dy layer gets very thin,
since the amorphous Co-rich alloy has in-plane anisotropy.

A brief discussion, which may help to understand the magnetic structure of the Dy/Co,
is given below. (i) Figures 12 and 15 show that the samples with intermediate layer
thicknesses of X and Y exhibit strong perpendicular magnetic anisotropy. For example,
(6 ADy)/(6 A Co) has (K ,)max for layer thicknesses of Dy and Co of about 2 atomic layers,
where the CMF has the maximum ratio of the “interface to volume”. This means the
“interfaces” of the CMF are responsible for the perpendicular magnetic anisotropy. The
main feature of the interface is the anisotropic distribution of atoms there. In sect. 4.2 we
will discuss the origin and calculation of the perpendicular magnetic anisotropy to put this
argument on a more clear and solid foundation. (ii) A set of samples, (¥ ADy)/(X A Co)
(Y/X=3.5/2.5,5.25/3.75, 7/5, and 21/15), was prepared. The shape of the hysteresis loops
changed regularly as the nominal layer thicknesses of Dy and Co increased, as shown in
fig. 16 (Shan et al. 1989). All five samples have the same chemical ratio of Dy and Co.
This means that the behavior is clearly controlled by the layer thickness, consequently
the distributions of Dy and Co atoms, rather than the chemical composition.

3.2.2.2. Temperature dependence of magnetic properties. Figure 17 shows the hysteresis
loops for ¥ ADy/6 A Co (Y=3.5, 5, 8, 11, and 14) at 4.2 K and 300K (Shan and Sellmyer
1990b). That the magnetic propertics depend on temperature is clearly seen. (i) The
magnetization of each sample at 4.2 K is larger than that at room temperature. Especially
for 14 A Dy/6 A Co this feature is shown distinctly. (ii) The coercivity of each sample in-
creases remarkably as the temperature decreases from 300K to 4.2 K if we notice that the
abscissa scale of fig. 17a is from —80 kOe to +80 kOe, which is ten times larger than that
of fig. 17b. (iii) Both at 4.2K and 300K, sample 5 A Dy/6 A Co, whose layer thicknesses
of Dy and Co are about 2-atomic diameter of each species, réspectively, has the maximum
values of anisotropy K. This also implies that the interface is the main source responsible
for the anisotropy. (iv) At 4.2K, the Dy moments are ordered and the coercivity H
(the coercivity for the applied field parallel to the film plane) increases as the Dy layer
becomes thicker. This implies that the Dy atomic density has an important influence
on the HC“ .

Figure 18 summarizes the Dy layer-thickness dependence of magnetization and
anisotropy at temperature 7=300K and 4.2 K. The features (i) and (iii) mentioned above
are found easily here and even more information can be obtained. (i) Antiferromagnetic
coupling between Dy and Co magnetization is exhibited both at 300K and 4.2 K, since the
magnetizations change their sign as the Dy layer becomes thicker, and the compensation
point moves from ¥ ~6A at 300K to ¥ ~4A at 42K. (ii) As the Dy layer thickness
increases, the saturation magnetization | 05| value gets larger at 42K because the
Dy moment becomes more dominant, but the | 05| value decreases slightly at 300K
since the increase of Dy layer thickness will lead to magnetic disorder in the central
part of the Dy region. (iii) The maximum value of K, is about 1.4x 107 erg/cm® at 42K
and 2x10% erg/cm® at 300K, correspondingly. The K, values at 42K are much larger
than those at 300 K. This feature suggests that the main origin of the anisotropy may be
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Fig. 17. Hysteresis loops for ¥ ADy/6 A Co at 42K and 300K (after Shan and Sellmyer 1990b).

0
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related to a parameter which strongly depends on temperature, for example, the single-
ion anisotropy energy of Dy, which is proportional to the Dy subnetwork magnetization
squared. A more detailed discussion of the origin of anisotropy will be given in sect. 4.2.

3.2.3. Tb/Fe

The magnetic properties of the Tb atom are similar to that of Dy: both have large
atomic moments and single-ion anisotropy, etc. Thus many similarities between Dy/Fe
and Tb/Fe CMF are expected. However, some differences also will be pointed out in the
following discussion.
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Fig. 18. Dy layer-thickness dependence of magnetization and anisotropy for ¥ A Dy/6 ACo at 300K and 4.2K
(after Shan and Sellmyer 1990b).

3.2.3.1. Layer-thickness dependence of magnetic properties at room temperature. An
example of the Fe layer-thickness dependence of hysteresis loops for (4.5 A Tb)/(X A Fe)
with fixed Tb layer thickness of 4.5 A is shown in fig. 19a and the corresponding Fe layer-
thickness dependencies of magnetic parameters, such as magnetization and anisotropy, are
given in fig. 20 (Shan and Sellmyer 1990b). The similarities between figs. 9a and 10 for
(5 ADy)/(X AFe) and figs. 192 and 20 for (4.5 A Tb)/(X A Fe) are obvious. For example,
sample (4.5 A Tb)/(3.3 A Fe) is close to the compensation point at room temperature, and
there is a magnetization “kink” around X = 12 A which is consistent qualitatively with the
result reported by Honda et al. (1991b). Compared with Dy/Fe, Tb/Fe usually exhibits
stronger perpendicular anisotropy and one example will be given in sect. 4.2.1.

Figure 19b (Shen 1994) shows the Dy layer-thickness dependence of hysteresis loops
of ¥ ATb/5 AFe with fixed Fe layer thickness of 5 A. We note the similarities between
fig. 19b and 9b. Because the net magnetization increases with increasing Tb layer
thickness, the Tb moments, which are induced by the Fe moments at room temperature,
are dominant compared with the Fe moments.

3.2.3.2. Temperature dependence of magnetic properties. The magnetization, anisotropy
and coercivity as functions of temperature for ¥ ATb/5AFe (Y=5, 5.5, 6, 6.5 and
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7A) samples are summarized in figs. 21, 22 and 23, respectively (Shen 1994). Since
the individual layer thicknesses of both Tb and Fe layers are only about 2 atomic
layers, it is reasonable to claim that the temperature dependent behavior exhibited in
figs. 21-23 originates mainly from the strongly alloyed or interfacial regions: (i) We
have pointed out before that Tb magnetization is dominant at room temperature for this

800 —————p——————————
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0 et e L L Fig. 21. Temperature dependence of magne-
0 56 100 150 200 250 300 yiaiion for Y ATb/SAFe (Y=5,5.5, 6, 6.5,
T (K) and 7) (after Shen 1994),
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0 — Fig. 22. Temperature dependence of intrinsic
0 50 100 150 200 250 300 anisotropy for YATb/5AFe (Y =5, 5.5, 6,
T(K) 6.5, and 7) (after Shen 1994),

series of samples. As temperature decreases, the Tb magnetization increases because of
the exchange interactions between Tb-Fe atoms and Tb-Tb atoms which implies that
Tb atoms are getting further ordered magnetically with decreasing temperature. This

60

L . Fig. 23. Temperature dependence of coerciv-
0 S0 100 150 200 280 300y ror Y ATB/SAFe (Y =5, 5.5, 6, 6.5, and
T (K 7) (after Shen 1994),
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behavior can be well interpreted with a mean-field model (Shan et al. 1990). (ii) The
anisotropy K, (K=K +27mM?) increases with decreasing temperature and the sample
with thinner Tb layer (¥ =5 A) shows stronger temperature dependence. This behavior is
also attributed to the enhancement of the Tb magnetization at lower temperature. (iii) As
temperature decreases, the coercivity first increases slowly and then rapidly when the
temperature is below ~100K. It is found from the magnetization reversal study that the
dominant mechanism of coercivity is domain wall pinning rather than nucleation; because
the thermal activation energy decreases with decreasing temperature a larger applied field
is required to cause magnetization reversal (Kirby et al. 1994). In sect. 5.1.3 this behavior
will be discussed in more detail.

3.2.4. Interface anisotropy

In this subsection we discuss the experimental determination of interface anisotropy and
show some typical results. For R/T multilayers, the R region is ordered magnetically at
low temperature and from the energy viewpoint, the anisotropy energy per unit area can
be written as

AK =2K(T) + 2K;(R) ®
+ [KV(T) + Kst(T) + Kde(T)]X + [KV(R) + Kst(R) + Kde(R)] Y,

where A=X +7 is the bilayer thickness, X and Y are the T and R layer thicknesses,
respectively. K, Ky, Ky, K 4e, represent the interface, volume, stress and demagnetization
anisotropy for R and T, respectively. This is a rather complicated expression; however, at
room temperature the R interior region is disordered magnetically which causes the fourth
term in square brackets in eq. (2) to vanish, and then this equation is often simplified
as

AK! = 2K; +[Ky - 2aMA] X, 3)

where K; =K;i(T)+K;(R) is the sum of the T interface anisotropy and induced interface
anisotropy of R layers; Ky=K(T)+Ku(T) and Kge=27wM?. Figure 24 shows an
example of AK] vs X for 8 ADy/8 ACo at room temperature. This plot is helpful
to discuss and understand the origin of PMA as follows: (i) It is often the case, for
large X (X >15A in this figure), that the AK’(X) data fall on a straight line with
the slope and intercept equal to [K,—2aM?2] and 2K;, respectively. (ii) The positive
intercept implies that the interface anisotropy favors PMA which is the essential feature
in multilayers, and the negative slope means that the demagnetization energy term
dominates the K, term, which may be positive at times. (iii) For small X (X <12A
in this case), there is a general tendency for a maximum (X ~6A in this case) to
be seen in AK/ and an approach to zero as X — 0. This is understandable because
this region corresponds to thicknesses less than a few monolayers, where it makes
no sense to consider a well-defined volume and interface anisotropy. Moreover, the
demagnetization energy will be ill defined. That AK[(X) goes to zero as X — 0 is
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reasonable because the structure approaches that of a homogeneous, isotropic disordered
alloy or glass. (iv) The reason that AK] maximum exists in the small X region
(X~6A in this case) is that the microstructure of such CMF is similar to the
interfaces in the CMF with large X, which shows positive interface anisotropy as
pointed out in (iii).

2 4 1 1 T I
'\,
g \ -
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N
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L
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X 84 oy/xACo
< -2( .
3k .
-4 1 1 1 1 1 Fig. 24. The measured anisotropy K’
0 10 20 30 40 50 60 multiplied by the bilayer-thickness A vs
i ° the Co layer-thickness for 8 A Dy/X AcCo
Layer thickness of Co (A) (after Shan and Sellmyer 1990b).

Figures 25 and 26 summarize the AK[;(X) for Dy/Co and Nd/Fe CMFs. In both of these
figures, the slopes of AK’(X) are negative and the intercepts are positive. Perera, O’Shea
and Fert have prepared DyNi/Mo (Perera et al. 1991) and R/Mo (R =Dy, Er) (Perera and
0’Shea 1991) multilayers and found similar AK}, curves with negative slopes and positive
intercepts as shown in fig. 27 for Er/Mo. This means that their PMA originates from
the interface anisotropy. It is the single-ion anisotropy of R atoms and the anisotropic
distribution of R and T atoms in the interface region which create the PMA.

Equation (3) can be rewritten as

X 2K
K =[K,—2aM¥ 5 + —. 4
A A
Ertl et al. (1992) employed this formula for Tb/Co multilayers with equal Tb and Co layer
thickness (i.e. 2X =1) and eq. (4) becomes
K! K;
Ky=="+ 3(— K, =[K,~-27M?] )
Therefore the curve of K/,(1/X) should be a straight line for small (1/X) (i.e. for large X)
and bent for large (1/X) (i.e. small X). The result is shown in fig. 28. It is seen clearly
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Fig. 25. Plot of AK’ vs Co layer-
thickness for samples with Dy layer-
thickness ¥=3.5, 5, 8, and 11A
at 300K (after Shan and Sellmyer
1990b).

Fig. 26. Plot of AK' vs Fe layer-
thickness for samples with Nd layer-
thickness ¥ =7, 14 and 28 A at 300K
(after Shan et al. 1988).
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that K/, is negative as determined from the intercept and X is positive determined from
the slope. These results are consistent with what we have obtained from Dy/Fe, Dy/Co,
Nd/Fe multilayers, as discussed above.

3.3. Mdssbauer measurements
Massbauer spectroscopy employing 3"Fe is a powerful tool to determine the magnetic

structure for the Fe based alloys or multilayers. Following are some results of Mossbauer
measurements for Tb/Fe, Dy/Fe and Nd/Fe multilayers.
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3.3.1. Th/Fe

3.3.1.1. Orientation of Fe moment. Determinations of the Fe moment orientation in
Tb/Fe multilayers have been reported by Cherifi et al. (1991) and Scholz et al. (1991).
Figures 29a,b show an example of Mossbauer spectra as a function of temperature

(a) (b)
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Fig. 29. (a) Méssbauer spectra collected at different temperatures T: (1) T=4.2K, (2) T=90K, (3) T=200K,
(4) T=300K from a sample 17 ATb/33 AFe fabricated at substrate temperature 7,=90K. (b) Mdssbauer
spectra collected at: (1) T=4.2K, (2) T=90K, (3) T=300K, (4) T=420K from a sample 39 A Tb/40 A Fe
fabricated at 7;=420K (after Cherifi et al. 1991).

for 17 ATb/33 AFe and 39 A Tb/40 A Fe which are fabricated at substrate temperature
T,=90K and 420K, respectively. As is well known, the orientation of Fe moment
can be determined from the intensities of peaks 2 and 5 of the Fe component in
the 3:X:1:1:X:3 ratio with X =4sin? ©/(1+cos? ®) where © is the angle between
the y-ray direction, which is perpendicular to the film plane, and direction of the Fe
magnetic moments. Therefore X =4 (©=m/2), 0 (©=0) and 2 (©=154.73°) correspond
to the cases where the Fe moments are in the plane, perpendicular to the plane
and in a random orientation, respectively. The temperature dependence of Fe moment
orientations is shown in fig. 30. It shows that as the temperature varies from 4.2K
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Fig. 30. Thermal evolution of the an-
gle between the average direction of
magnetic moments and the film normal:
(8) 17ATbA3AFe at T,=90K (solid
circle); (b) 39 ATb/40 A Fe at T,=420K
(solid diamond). The random orientation
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to 300K, the angle © between the Fe moments and the film normal increases from
30° to 80° for 17 A Tb/33 A Fe and is nearly independent of temperature below 300K
for 39 A Tb/40 AFe. If the temperature increases further to 420K, © approaches 90°
for 39 A Tb/40 A Fe as well.

3.3.1.2. Interfacial magnetism. Cherifi et al. (1991) concluded that the effect of
alloyed interfaces resulting from heated substrates enhances the perpendicular magnetic
anisotropy (PMA). This seems in conflict with the conventional concept that the film
fabricated at lower substrate temperatures possesses sharper interface boundaries and
consequently will show larger PMA. Our understanding is that the sharper boundaries
alone are not sufficient to generate larger PMA; both structural anisotropy (i.e., sharper
boundaries) and appropriate interactions are required to produce PMA. In this example
the enhancement of PMA from the increasing interaction due to the alloy effect overcomes
the reduction of PMA resulting from the more diffused boundaries. This feature will be
discussed in more detail in sect. 4.2.2.

Cherifi et al. (1991) pointed out that the Mossbauer spectra in fig. 29a cannot be
fitted by a unique sextuplet of bcc Fe absorption peaks, and a residual component
representing 40% of the area, which means 6 A of Fe at each interface, can be isolated
by subtracting the bee peaks as shown in fig. 31a, b. We notice: (i) the hyperfine field
distribution in fig. 31b is very asymmetrical with a tail on the low field side. (ii) The
residual spectra exhibit a similar temperature evolution as in fig. 29a. (iii) The residual
spectra do not show PMA at 7=200K and 300K as one might have expected. Our
understanding is that the interior layer of Fe, which possesses much larger Fe moments
compared to the Fe moments in the interface region and exhibits in-plane anisotropy,
forces the Fe moments in the interface to lie in the film plane because of the exchange
interaction.

Badia et al. (1991) have reported Mossbauer studies on Tb/Fe. These authors found:
(1) the thickness of interface deduced from the distribution of hyperfine fields is about
2 monolayers of Fe (i.e., ~5A) and this would mean that for sample 26 A Tb/10 A Fe
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Fig. 31. (a) Residual contributions to spectra of fig. 29a athjibuted to the interfaces, obtained after subtracting
the pure Fe components; (b) corresponding hyperfine field distribution (after Cherifi et al. 1991).

almost all of the Fe layers are alloyed with Tb. (ii) Three samples of 26 A Tb/X A Fe
(X =10, 20, 30), show PMA at 42K, but only 26 ATb/10 A Fe samples show PMA
at 300 K. This may be regarded as evidence that interfacial magnetism favors PMA.
(iii) Sample 7 ATb/40 AFe shows PMA, but 26 ATb/30 AFe does not. The most
important difference between them is that the former does not have single Tb layers and
thus the authors conclude that the single Tb layer is not the origin of the perpendicular
anisotropy but the presence of the alloying at the interfaces.

The antiferrimagnetic coupling between Tb and Fe moments has been studied by
Mdssbauer spectra measured in an external field (Scholz et al. 1991). As can be seen
from fig. 32, we obtain an increase of the effective hyperfine field with external field
independent of its orientation (Bp(4.2K, 5T)=3.27T, where B, is the peak value of
the hyperfine field); this means that Tb aligns preferentially along the external field
direction, and that Fe and Tb moments are on the average antiparallel, similar to Fe-Tb
alloys.
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Fig. 34. Mossbauer spectra at 300K (A) and 4.2K (B) for samples with fixed Fe layer thickness of 39 A:
() 46 ANd/39 A Fe, (b) 28 ANd/39 A Fe, (¢) 10 ANd/39 A Fe, and (d) 7 A Nd/39 A Fe (after Mibu et al. 1989).

3.3.2. Dy/Fe and Nd/Fe

M@ssbauer measurements for Dy/Fe and Nd/Fe have been performed by several authors.
Figure 33a shows an example of the temperature dependence of Mdssbauer spectra for
6 ADy/33 A Fe, and its © angle as a function of temperature is given in fig. 33b (Yoden
et al. 1988). It is seen that the Fe moment direction changes from more perpendicular
at 4.2K to more in plane at 300K. Figure 34 (Mibu et al. 1989) shows examples of
Méssbauer measurements for ¥ ANd/39 AFe (Y =46, 28, 10, 7) at 300K and 4.2K.
It is seen that at 4.2K all samples show PMA, but at 300K only two samples of
10ANd/39 AFe and 7ANd/39 A Fe have PMA, and the temperature dependences of
X (here X is the relative intensity of the 2nd and 5th peaks) and © are given in fig. 35 for
sample 28 ANd/39 A Fe. A further discussion of these results is given in the references
cited above.

3.4. Magnetic circular X-ray dichroism measurements

Magnetic circular X-ray dichroism (MCXD) allows one to deduce direct information of
local magnetic moments, anisotropy behavior, and characteristics of interface magnetism.
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Fig. 35. Temperature dependence of relative intensity X of the 2nd and 5th Mdssbauer absorption lines for
28 A Nd/39 A Fe. The corresponding angle @ between the direction of Fe moments and the film normal is also
indicated on the right side of the ordinate (after Mibu et al. 1989).

MCXD, unlike Mossbauer measurements which show only the Fe magnetic structure
directly (if the 37Fe source is used), can be used to investigate the magnetic structure
of almost all the elements. This is an important advantage.

MCXD studies on Tb/Fe and Nd/Fe multilayers have been reported. However, only the
results for the Tb/Fe multilayer (Attenkofer et al. 1993) are presented here because of
space limitations. The reader can find information for Nd/Fe in the article by Baudelet
et al. (1991).

The samples used for MCXD are 26 ATb/X AFe (X =10, 20, 30 and 35) and
examples of magnetic (lc/to) spectra for Tb and Fe are shown in figs. 36 and 37; here
U= —p , uo=p"+u~ and p*(u7) is the absorption coefficient for an antiparallel
(parallel) orientation of photospin relative to the magnetization direction of the sample.
The following results were obtained from the MCXD spectra.

(A) The magnetic moment of Tb and the anisotropy behavior for the different samples
are shown in table 2 where @ is the angle between film normal and the photon beam
direction. The sign (i.e., + or —) of ug reflects directly the orientation of the Tb moment
relative to the applied magnetic field. For an Fe layer thickness of 10 A the orientation is
parallel (+ sign) and changes sign for the multilayer with an Fe layer thickness of 35 A,
indicating that a compensation thickness is reached at ~25 A Fe.

(B) Compared with the magnetic (ic/to) spectra of Tb L3, the corresponding magnetic
(uc/uo) spectra of the Fe K-edge shows an opposite behavior, reflecting directly the
antiparallel coupling of the Fe and Tb layer as expected.
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Fig. 36. Magnetic u,/u, spectra at the Tb L, (upper panel) and L, (lower panel) of TbFe,, 26 A Tb/35 A Fe and
26 A Tb/10 A Fe multilayered structures, and Tb-metal (after Attenkofer et al. 1993).
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Fig. 37. Magnetic u./u, spectra at the Fe K of TbFe,, 26 A Tb/35A Fe and 26 A Tb/10 A Fe multilayered
structures, and Fe-metal (after Attenkofer et al. 1993).

Table 2
Magnetic moment of Tb for the different multilayer (ML) samples (for the definition of © see text)

ML sample tte =0 (Tb) (1p) o =30" (Tb) (p1p) P/t (TD)
26A Tb/10A Fe +1.40.1) +0.8(0.3) +0.57(0.22)
26A Tb/20A Fe +0.7(0.2) +0.6(0.2) +0.86(0.38)
26A Tb/30A Fe -1.3(0.8) -1.4(0.2) 1.08(0.68)

26A Tb/35A Fe ~2.1(0.6) ~2.6(0.5) 1.24(0.43)
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(C) From the ratio of (i3p+/tior) we find that the anisotropy changes from PMA for
samples with thinner Fe layers to in-plane anisotropy for samples with thicker Fe layers.

(D) Since the magnetic (tc/tto) spectra at the Tb Ly-edge and the Fe K-edge are
sensitive to the local chemical environment, one may use this feature to obtain information
on the magnetic structure of the interface region where the local chemical environment
of Tb (or Fe) atoms is significantly different from that of pure Tb (or Fe) metals. The
magnetic (Uc/to) spectra at the Tb L,-edge are shown in the lower part of fig. 36.
Comparing the 26 A Tb/35 A Fe, 26 A Tb/10 A Fe with the intermetallic compound TbFe;
and the pure Tb-metal, changes in the spectra can be observed. Comparing the labeled
features B, C, D (in fig. 36), in TbFe,, the multilayer, and the Tb-metal spectra, a
linear variation of the amplitudes, as indicated by the dotted lines, can be obtained.
A similar behavior is found for the maximum A in the Tb L; spectra. These changes
of the MXCD spectra indicate that significant contributions to the magnetism come
from the interface region whose chemical structure resembles that of the intermetallic
compound TbFe;.

4. Theoretical model for magnetization and anisotropy
4.1. Magnetization distribution

The existence of the compositional modulation of R and T constituent atoms offers an
extra degree of freedom to control the local atomic environments which permits the
tailoring of magnetic properties, such as PMA, in artificially structured CMF. However,
this also introduces a new problem in determining the magnetization distribution which
originates from the compositional modulation along the film-normal direction. The
magnetization distribution in CMF was determined in the following way.

The compositional dependence of magnetizations (the R-, T-subnetwork magnetization
and total magnetization) for homogeneous R-T alloys can be performed by using the
mean-field model (Hasegawa 1975, Shan and Sellmyer 1990b). Figure 38 shows an
example for Dy;_,Co, alloys. In addition to the total magnetization g, the Co- and Dy-
subnetwork magnetizations ¢, and Opy, are presented.

The method of determining the magnetization distribution in R/T CMF was discussed
by Shan et al. (1990). The R/T film is divided into thin slices, each of which can be
regarded as a two-dimensional amorphous film. A distribution of T (or R) concentration,
e.g. a sinusoidal function

T]j(Z) = Ajo =+ Ajsin (%7;:_2) (6)

is assumed for the thin layer-thickness CMF (for the purpose of this derivation we
assumed R and T have equal thickness for simplicity). Here j=1 and the + refer to T,
J=2 and the — refer to R and the Z axis is along the film normal. 4, is a constant and 4;
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Fig. 38. Co concentration dependence of spontaneous magnetization for Dy-Co alloys: the total
magnetization 0, Dy-subnetwork magnetization 0y, and Co-subnetwork magnetization 0, (after Shan et al.
1990).

the modulation amplitude of the jth constituent concentration. As we have pointed out in
sect. 3.1, the small angle X-ray diffraction for the multilayers with thin layers (A < 15 A)
shows only the first-order peaks; therefore it is reasonable to assume the sinusoidal
function of eq. (6) for the compositional modulation.

The T concentration of the ith slice with coordinates Z; is #,(Z;) determined from
eq. (6) and consequently its magnetization 0;, 0y;, 02; can be obtained from fig. 38 if we
assume R =Dy and T =Co. Thus, the average magnetization ¢ of the CMF is equal to

= }1; Z 0iAZ; = '/1{ Z(Uu - 0)AZ;. @)

The parameters of the distribution function, i.e. 4, and 4;, were adjusted until the ¢ value
calculated from eq. (7) fitted the experimental data within a certain error. We point out
that the constraints corresponding to the conservation of total number of R or T atoms
must be satisfied while adjusting the parameters 4;, and 4;.

Figures 39a,b show an example of the distributions of (a) Co concentration and
(b) magnetization for 6 A Dy/6 A Co. It is seen that Opy dominates in the Dy region and
Oco dominates in the Co region, as is reasonable.

Figure 40 shows the Co layer-thickness dependence of the average values of the total
magnetization 0, Co- and Dy-subnetwork magnetization 0c, and Opy (fig. 40a) and
the Co-atomic fraction modulation “4”, i.e. 4; in eq. (6) (fig. 40b). It is seen that the
calculated o value agrees with the experimental data quite well; the 4 value is only about
0.1 for the thinnest Co layer thickness of 3.5 A and its value increases as Co layer becomes
thicker. The data shown in fig. 40 will be used to illustrate the calculation of the magnetic
anisotropy.
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4.2. Perpendicular magnetic anisotropy (PMA)

4.2.1. The origin of PMA in R/T

Many efforts have been made to investigate the magnetic anisotropy and its origin in
thin films. Hellman and others have listed various sources of PMA (Hellman et al. 1989,
Hellman and Gyorgy 1992) including pair ordering, local clusters, bond-orientational-
anisotropy (BOA) (Yan et al. 1991), stress anisotropy, anisotropy due to columnar
microstructure, surface anisotropy due to magnetic dipolar origin and the growth-induced
anisotropy, etc. Suzuki et al. (1987) and Baczewski et al. (1989) suggested that the single-
ion anisotropy of the R atom contributes to PMA. After analyzing the function of various
sources carefully, it is necessary to specify both the details of the structural anisotropy and
the nature of the magnetic interactions.

(A) Structural anisotropy, i.e. the anisotropic distribution of the constituent atoms, is
generated by (i) the artificial multilayered structure which follows from the fabrication
procedure, (ii) the crystal structure for the crystalline R (or T) layers, or (iii) any other
sources of anisotropic pair correlations such as those listed in the previous paragraph.

Harris and coworkers (1992, 1993) have performed an important study on the structural
origin of PMA in sputtered amorphous Tb-Fe films. These authors performed extended
X-ray absorption fine structure (EXAFS) measurements to study the anisotropic short-
range structure. X-ray absorption spectra for both Fe K and Tb L3 absorption edges were
obtained with synchrotron radiation and fig. 41 (Harris et al. 1993) shows the Fourier
transformed EXAFS data for Fe and Tb. These data show a distinct difference in the
amplitudes for electric fields parallel and perpendicular to the film. The data show that
the coordination numbers are different for the two different orientations and in fact show
that there is an excess number of Fe—Fe and Tb-Tb pairs in the plane of the film and an
excess of Th-Fe pairs perpendicular to the plane of the film. This is shown qualitatively
in typical atomic arrangements in fig. 41. Moreover, Harris et al. heat treated one of their
samples, Tbq 26Feg.74, at 300°C for one hour and the resulting Fourier-transformed EXAFS
amplitude shows that the structural anisotropy seen in fig. 41 has been reduced by the
annealing. The authors thus suggest that the high temperature annealing has removed most
of the anisotropic pair correlations and the remaining anisotropy which is perhaps 20%
of the original is likely to be due to magneto-elastic interactions between the film and the
substrate. The work of Harris et al. can be regarded as direct evidence that the structural
anisotropy is one of the necessary conditions to create PMA. This work thus confirmed
that the structural anisotropy in the interface region of multilayers is an excellent method
for producing PMA.

(B) Magnetic interactions leading to anisotropy include mainly the following two:
(i) magnetic dipolar interactions and (ii) spin-orbit interactions which lead to single-
ion anisotropy associated with lanthanide atoms. Single-ion anisotropy arises from the
interaction between the 4f electrons of the R atoms and the local electric field created
by the neighboring ions. If the charge distribution of the 4f electrons is nonspherical,
ie. L=0, the electric field forces the 4f electrons, the orbital momentum of the
4f electrons and consequently the magnetic moment into a preferred orientation, i.e.
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the easy magnetizing direction, through the strong spin-orbit coupling. Therefore both
a structural anisotropy as discussed above and the interaction between the 4f electrons
of R atoms and the local crystal field are the major origins of magnetic anisotropy in
R/T multilayers for those R atoms with orbital angular momentum.

For Gd—-Co homogeneous films, Mizoguchi and Cargill (1979) have calculated the
magnetic anisotropy in terms of the dipolar interaction for the samples with a short-
range anisotropic microstructure. Fu et al. (1991) have shown that the magnetic dipolar
interaction in the surface layers contributes to the intrinsic PMA. The calculated PMA
based on dipolar interactions is of the order 10°~10* erg/cm® for amorphous Gd—Co films
which is much smaller than that of PMA in R/T (R=Tb, Dy; T=Fe, Co). However,
Hellman and Gyorgy (1992) argued reasonably that the surface dipolar interactions
considered by Fu et al. are not an important source of anisotropy in R-T films containing
heavy lanthanides with orbital angular momentum. Theoretical calculations of Jaswal
(1992) also came to the same conclusion.

Figure 42 illustrates our experimental results for the K, behavior of R/T (R=Tb, Dy,
Gd and T=Fe, Co). This figure demonstrates that the anisotropy K, for Dy/Fe, Dy/Co,
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Fig. 42. Anisotropy for 4.5 ATb/X A Fe, 5 ADy/X A Fe, 6 A Dy/X A Co, and Gd/Fe CMFs, The anisotropy data
of 2.3 AGd3AFe, 3AGd3 AFe, 3AGd/5AGd, etc., are in the shaded area (after Shan et al. 1990).

and Tb/Fe is roughly an order of magnitude larger than that of Gd/Fe. Since, to first order,
the Gd atoms have no single-ion anisotropy, it is reasonable to attribute the main origin
of the PMA of the Dy and Tb CMF to single-ion anisotropy of Dy and Tb atoms which
are located in the interface regions.

Mibu et al. (1993) prepared 30 AR/40 A Fe multilayers (R=Pr, Nd, Tb, Dy, etc.)
for Mdssbauer studies. The Mossbauer spectra indicate that the Fe moments lie in the
film plane at 300K but turn to the perpendicular direction at lower temperatures. Since
all these R atoms have similar 4f electron distribution, the authors concluded that the
4f electron of R atoms should be responsible for the PMA at lower temperatures.

As outlined above it is clear that for the R/T where R atoms have orbital angular
momentum, the PMA results from the single-ion anisotropy of R atoms and structural
anisotropy in the interface region. In the next subsection, a theoretical expression for PMA
is derived based on this concept. It is also essential to point out that the stress anisotropy
and BOA have been involved in the PMA induced by the distortion of the structure from
the strains in the films. Once the distorted structure is determined, this will then affect the
magnitude of both the structure anisotropy and the interactions among all R and T atoms
and consequently the PMA behavior.

4.2.2. PMA model for R/T

Shan et al. (1990) have developed a theoretical model of PMA in R/T. Figure 43 shows
the local environment of an R atom (Dy in this case) atom in the vicinity of an “interface”
of the CMF. For the ith slice of the CMF, the local single-ion anisotropy is given by

K(i) o a5 (r*) 0945, )
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where a; is Stevens’ factor; (r2) is the average radius squared of the 4f orbit, 0) is
Stevens” operator OF with n=2 and m=0. O is a factor proportional to J2 if Z is the
easy-axis direction. 49 is a crystal-field term given by

g;(3cos? ©; — 1)
AY Z A v A 3 / .
7 j

Upon substitution eq. (8) then becomes

K@) x ay <0§>i Z (b(i(lﬁi@j——l)’ €C)]
J

¥

where j is the index of the jth ion in the neighborhood of the R ion at the ith slice. The
summation is over the neighboring ions with charge g; and distance r; from the R ion and
©); is the angle with respect to the moment direction (see fig. 43). The average notation ();
means the statistical average of the R ion over the ith slice. In the above derivation, the
relation, 0z oc.Jz, has been used, where 0; and J; are the Z component of R subnetwork
magnetization and angular momentum, respectively.
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For the amorphous CMF structure the sum over j in eq. (9) must be replaced by
an integral weighted with an anisotropic probability function. This function for a CMF
structure may be expressed as

P,‘j(r)= anj(I‘) [1 +ﬂj(r)cos aj+---] , (10)

where 7; is the atomic fraction of the jth surrounding ion consisting of R and T ions
which have the sinusoidal form as shown in eq. (6). R;(r) gives the isotropic part of the
distribution, while B;(r) is the lowest-order anisotropic contribution. The parameter §;,
the anisotropy in the pair distribution function, is determined by the inherent structure
built into the multilayer, and also structural inhomogeneities produced by chemical short-
range order or stress at the interfaces. @; is the angle between r; and the film normal Z as
shown in fig. 43b.
In the CMF structure 7; varies along the film normal so that

P,j(r) ~ [ﬂj(Z,) + nj'-(Z,-)rcos aj] Rj(r) [1 + ﬂj(r) coS aj] R (1 1)

where the relation AZ; = rcos a; is adopted, i.e. the R ion at the ith slice is assumed to
be the origin of the spherical coordinate and the polar axis is along the Z direction, i.e.
the film normal direction. nj’- is the first derivative of 7.

Then the local anisotropy K (i) of a R ion at the ith slice is

K@ o 0 (2) (2), [ Geos’ 0= Dpip )
A 2 er (12)
x Ko <0§>i [Tj] cos[ J; i] ,
where
R R(r?
Ko—a, (%) [Pl (rr%l)ﬂl P2 (r"%)ﬂz} . (13)

In the above derivation, the integral is calculated over the neighboring atoms with charge
density p; and distance #; from R ion, usually nearest-neighbor atoms only, and p;, R(r;),
and f; are assumed to be different, but constant for the T(j=1) and R(j=2) ions.

The anisotropy K, of the R/T CMF can be obtained as the average of K(i) over all
the slices as shown in fig. 43b. If the magnetization oz changes smoothly along the film
normal, which is true for the sample with thin layer thickness, K,, can be written as

Ko =&(o?) [ﬂ . 14

Equation (12) shows that the local anisotropy K(i) is proportional to cos(2Z;/A): since
the cosine function has its peak value at Z;=0, i.e. the nominal boundary position, the
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interface region will give the main contribution to the anisotropy. Equation (14) shows
that the larger value of 4/A, which can be understood as the average of the compositional
modulation, favors a larger perpendicular magnetic anisotropy. Equation (14) also shows
that a larger average of R subnetwork magnetization squared, (02), favors a larger
PMA. Since pure R (Dy, Tb, Nd, etc.) is magnetically disordered at room temperature,
it is the exchange interaction between T and R in the interface region that makes R
magnetically ordered. Therefore the interface mixing, which may increase the nearest
T neighbors for the R atom and thus increases R subnetwork magnetization, will enhance
the PMA value. This feature has been observed in sect. 3.3.2 for Tb/Fe Méssbauer spectra.
Equation (13) shows that K, is associated with §;(j=1 or 2) which is related to the
short-range anisotropic distribution of R and T ions. Therefore the K, will depend on the
preparation conditions which give the effects on the short-range anisotropic distributions.

4.2.3. Analysis for Dy/Co and Tb/Fe
The intrinsic anisotropy K, which is expressed with eq. (14), is fitted to the K, data for
(6 ADy)/(X A Co) with & as an adjustable parameter and the results are shown in fig. 44a.
The agreement between the experimental data and calculated results is remarkable. The
fitted value of £=5.26x107%cm leads to an average value of the single-ion anisotropy
parameter D=2x 107! erg, which is reasonable in terms of the typical value of the single-
ion random-anisotropy parameter in amorphous alloys. The good agreement between
the calculated and experimental data further confirms the suggestion that the Dy ion
anisotropy plus the structural anisotropy in the interface region is the major source of
perpendicular anisotropy is reasonable. This also can be found intuitively from the fact
that the (opy) curve in fig. 40a is similar to the K curve in fig. 44a and the (0¢,) curve
in fig. 40a has a totally different shape which hints the Co subnetwork magnetization
cannot be the origin of PMA.

Figure 44b shows the Fe layer-thickness dependence of intrinsic anisotropy for Th/Fe.
The calculated data agree with the experiment fairly well. This result also implies that
the model developed in this section is reasonable.
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Fig. 44. Comparison between the calculated and experimental anisotropy for (a) 6 A Dy/X A Co (X =3.5, 6, 8,
10, and 11) and (b) 45 ATb/X AFe (X =2.5, 3.3, 3.75, 5, 6.25, 7.5, and 8.75) (after Shan et al. 1990).
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4.2.4. PMA for Gd/T (T =Co, Fe)

The fact that Gd-T alloys or Gd/T multilayers show PMA is well known. Since, to first
order, the Gd ion in its ground state has no orbital angular momentum (i.e. L= 0), it
has been considered that single-ion anisotropy is not the major source of PMA for Gd/T.
This would imply that dipolar interactions plus atomic short-range structural anisotropy
for Gd-T alloys or structural anisotropy in the interface region for Gd/T are the main
origins of PMA (Mizoguchi and Cargill 1979). However, the PMA in Gd/T is about 10*-
10° erg/cm® which is about 10-100 times smaller than that of R/T (R=Tb, Dy, Nd). In
this case the structural anisotropy plus the single-ion anisotropy from the unquenched Co-
orbital momentum (Y. Wu et al. 1992, Y.J. Wang and W. Kleemann 1992) or from the
mixing effect of Gd states with orbital angular momentum (O’Shea et al. 1983, Wybourne
1966) also may give an appreciable or even dominant contribution. This is a remaining
problem for further study. ‘

4.2.5. Magnetic anisotropy for Dy/M (M =Ta, Cu and Y)

Dy/M CMF where M is the nonmagnetic metals (M =Ta, Cu, Y), have been investigated,
and none of them show PMA at 5K (Shan et al. 1991). Such behavior may be interpreted
in terms of eq. (14). Since Ta, Cu and Y are nonmagnetic metals, the magnetization comes
wholly from the Dy subnetwork and their Dy-subnetwork magnetization gpy is smaller
than in the R/T case. In the case of Dy/Ta, even though 4/ is larger than that of Dy/T
(T=Co, Fe), gpy for Dy/Ta is much smaller compared to that of Dy/T. In the case of
Dy/Cu and Dy/Y, both op, and A/A are smaller compared with Dy/T. In consequence,
the Dy/M CMFs discussed here never show PMA.

In summary, a detailed model has been developed to understand the occurrence and
control of PMA in R/T CMFE. The single-ion anisotropy of the R ion, which has orbital
angular momentum, in the interface region gives the major contribution to PMA because
the structural anisotropy of interfaces offers a crystal field to force the R magnetic moment
preferably into the film normal direction through the spin—orbital coupling. The total and
constituent magnetizations are determined in this model as well. The experimental data
only show the magnetic properties resulting from a statistical average over the whole
sample; however, the modeling analysis permits the determination of more information
on the concentration and magnetization distributions.

5. Magnetization reversal and microscopic effects
5.1. Magnetization reversal

The most common experimental approach to study the magnetization reversal is to
measure the time dependence of the magnetization (or Kerr rotation angle) near the
coercivity field. We summarize here the results of such measurements for Tb/Fe and Dy/Fe
and discuss a newly developed model proposed by Kirby et al. (1994).
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Fig. 45. Time dependence data for 14.3 ATb/8.5A Fe of 32 bilayers at various applied fields (after O’Grady
et al. 1994).

5.1.1. Tb/Fe

A model first presented by Street and Woolley (1949) has been widely used to interpret
measurements of the time decay of magnetization. This model presumes that reversal
occurs by thermal activation over an energy barrier which has a broad distribution
of barrier heights. Street and Woolley showed that this assumption leads to a time
dependence of magnetization M(f) given by

M(t) = M(0) + S(H)In(r) for intermediate ¢, (15)

where S(H) is the magnetic viscosity and H is the applied field. Equation (15) is only valid
for a broad and uniform distribution of barrier heights. Other non-uniform distributions
lead to deviations from In() behavior.
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1994).

The magnetic viscosity is related to the irreversible susceptibility xi(H) by O’Grady
et al. (1993, 1994).

_ kT _ S(H)

UMS Xirr(H)’ (16)

f

where Hy is the fluctuation field, v is the activation volume for reversal and M, is the
saturation magnetization.

The magnetic viscosity S(H) can be determined from the slope of the M(f)-In(¢) curve
and is found to vary with the field, generally going through a maximum in the vicinity of
the coercivity. The activation volume v is also determined experimentally because both
S(H) and yi(H) can be obtained from the time decay curves and remanence curves,
respectively. O’Grady et al. (1994) used the above analysis to study the magnetization
reversal in (14.3 A Tb/85 A Fe) as a function of the number of bilayers. The time decay
curves for a sample with 32 bilayers is shown in fig. 45 and the activation volumes as a
function of bilayer number in fig. 46.

O’Grady et al. (1994) interpreted their results in terms of a two-coercivity model. The
main idea in this approach is that there are two fields Hy and Hpw, representing the
nucleation and domain wall critical fields, respectively. For a film in which Hy > Hpw,
the hysteresis loop will be square since a reversed domain will expand immediately
after the nucleation. If, however, Hpw > Hy, reversed domains will be formed and be
subject to wall pinning. This will lead to a rounded loop. O’Grady et al. (1994) also
pointed out that (i) the isothermal remanence magnetization (IRM) curve determines
the distribution of Hpw since it begins from a state in which domains are present in
both directions and (ii) the DC demagnetizing remanence magnetization (DCD) curve
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Fig. 47. (2) IRM and DCD differentials for 14 bilayer sample and (b) for 28 bilayer sample (after O’Grady
et al. 1994).

determines the distribution of Hy since it begins from a state previously saturated. The
differential of the IRM curve, x. (H), is the energy barrier distribution of the pinning
sites, while the DCD differentials, x3 (H), is the energy-barrier distribution associated
with nucleation. Figure 47 illustrates the IRM and DCD differentials for the samples
with 14 and 28 bilayers, respectively. The 14 bilayer sample showed a square loop,
suggesting that Hpw < Hy, while the 28 bilayer sample showed a rounded loop indicative
of H DW = Hy.

5.1.2. Dy/Fe

As mentioned above, eq. (15) is only valid in the case of a broad and uniform distribution
of energy barriers. If there is a narrow energy barrier or for small times, then other
approaches must be taken to interpret the time-decay behavior. Kirby et al. (1991)
studied the magnetization reversal through the Kerr rotation ©¢ in 5 A Dy/5 A Fe and
5ADy/4.5 A Fe using a model originally developed by Fatuzzo (1962) for dielectric
reversal in ferroelectrics. In this model, small reversed domains are presumed to nucleate
at a constant rate, and then expand with constant domain wall velocity. Note that this
approach is similar to the two-coercivity model present above. The Fatuzzo model predicts
that the fractional area not yet reversed has the form

A(t) = exp[—2k* + 2k*Rt + 2K — (kRt)* — 2kRt — Rt + 2K*(1 -k Yexp(-RD)].  (17)

Here, R is the rate of domain nucleation, and k is a parameter related to the average
velocity of domain wall motion, with k = V4, /Ry, where ¥y, is the domain wall velocity
and v, is the initial radius of the domains. The complex form of this expression arises
because overlap of the expanding domains must be taken into account. It should also be
noted that this model does not include effects due to the changing demagnetization field,
which could be of considerable importance.

There are two limiting cases in eq. (17). If the nucleation rate R is small and the
domain wall velocity is large, then nucleation is an infrequent event, but once it occurs,
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the domains expand rapidly. This case is appropriate for 5 ADy/S A Fe. Figure 48 shows
both the experimental decay curves (solid lines) and the fitting curves (dashed lines). The
agreement is quite remarkable considering the simplicity of the model.

In the k=0 limit, magnetization reversal in the Fatuzzo model occurs only by
nucleation, so that a purely exponential time decay is expected. The general form of
the magnetization reversal data for 5 ADy/45 AFe (see fig. 49) suggests that it falls in
this limit. However we find that the magnetization reversal data cannot be well fitted
by the Fatuzzo model over a wide range in time. This is due likely to the combination
of neglecting the change in the demagnetizing field during reversal and the presence
of a distribution of nucleation rates. The latter effect of course is equivalent to a
distribution of barrier heights to thermal activation. Both of these effects tend to lead to
approximately In(f) behavior at long times, as is observed experimentally. A model which
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can successfully describe the time decay behavior in both figs. 48 and 49 is described
below.

5.1.3. Magnetization reversal model

Kirby et al. (1994) developed a simple model which is particularly useful for describing
magnetization reversal in amorphous magnetic materials and multilayers with strong
perpendicular anisotropy. They assumed that magnetization reversal in the uniform thin
film occurs locally by thermal activation over the anisotropy barrier. They divided the
sample into identical small volumes (cells) V., assumed that reversal occurred by coherent
rotation, and proposed that the energy of the jth volume could be written as

E; =KV, sin® @~ MV(H, + Hj) cos @+ 1 (3~ 18 cos ©)) E,. (18)

The first term on the right is the anisotropy energy, where K, is the uniaxial anisotropy
constant and @; the polar angle of the magnetization of the volume. The second term
is the magnetostatic energy of the moments in volume V., where Hz is the component
of the applied field normal to the film, and H; is the local demagnetizing field. These
two terms alone can result in quasi-In(f) behavior at long time, as has been shown by
Lottis et al. (1991) and by Lyberatos et al. (1990). The third term, analogous to a “wall
energy”, takes into account the likelihood that it is easier to reverse a volume near one
that has already been reversed. Here, Sj’- =3 m;, where the sum is over nearest neighbors
of cell j and m;=+1 if the moment of cell i lies along +Z and m;=-1 if the moment
of cell i lies along —Z. E,, is a measure of the reduction in energy which occurs. The
third term is positive as an isolated cell reverses, and thus it tends to inhibit nucleation
of reversed domains. On the other hand, if some of the neighboring cells have already
reversed, the third term will be reduced or even be made negative and tend to enhance the
probability of reversal. If Ey, is large, eq. (18) predicts that nucleation will be followed
by a rapid expansion of the domain. Kirby et al. (1994) used the barrier heights derived
from eq. (18) to carry out Monte Carlo calculations of magnetization reversal in Dy/Fe
multilayers, and some of their results are summarized in figs. 50 and 51.

Simulated magnetization decay curves for a sample with K,=1x10°erg/cm® and
M;=90emu/cm?® are shown in fig. 50. The volumes were adjusted to keep the simulated
coercivity near 7kQe. The solid line shows a decay curve for E,, =8x1071 erg. The
rate of decay is initially slow, but it increases rapidly. Reversal goes to completion in
a smooth fashion. This type of decay curve is expected when reversal occurs by slow
nucleation followed by rapid domain expansion, as was illustrated in the discussion
of the Fatuzzo model earlier. In the simulations of Kirby et al. (1994), this behavior
occurs because thermal activated reversal, when E,, is large, is much more probable
for cells at the domain wall than for cells far from a wall. The dashed curve shows
a decay curve for a smaller value of Ey, 2x10713 erg. Note that the character of the
decay curve is quite different from that for Ey, =8x107'% erg. The slope of the decay
curve decreases monotonically, and complete reversal would take an extremely long
time. Indeed, the magnetization varies approximately as In(¢) at long time. In this case,
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b
( ) Fig. 51. Simulated reversed domain pat-
terns at 30% reversal for the same two

= -13 = -13 sets of parameters used to obtain fig. 50
Ew=2x10"" erg Ew=8x10""erg (after Kirby et al. 1994).

the quasi-In(#) behavior is due to the changing demagnetizing field as reversal occurs.
Initially, the demagnetizing field serves to enhance the rate of reversal. As reversal occurs,
the demagnetizing field reduces, and ultimately changes sign, so that it tends to inhibit
further reversal. In the E,, =2x 107!3 erg case, the effects of the local demagnetizing field
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tend to cancel the effects of the E,, term, so that there is only a small preference for
reversal near already reversed calls. These points are illustrated in fig. 51. Figure 51a,
for Ey, =2x 10713 erg, shows reversal primarily by nucleation, with little expansion of the
domains once nucleated. Figure 51b shows the simulated domain pattern which occurs
at 30% reversal for E,, =8x107'3erg. The domain structure in this case started with
nucleation at a few random sites, with subsequent expansion of the domains. This model
gives insights into the relationship between the macroscopic magnetic parameters and the
reversal behavior and demonstrates the important role that thermal activation plays in the
reversal process.

5.1.4. Micromagnetic calculations

The starting point for most micromagnetic calculations has been the Landau—Lifshiftz—
Gilbert equation, which relates the time rate of change of angular momentum of the
moments in the sample to the applied torque resulting from external magnetic fields and
internal interactions (demagnetizing fields, anisotropy, and exchange). Usually a viscous
damping term is also included. The micromagnetics approach is deterministic, in that
coupled equations of motion are solved to follow the moment orientations as a function
of time. While a detailed discussion of these techniques is beyond the scope of this
review, we will summarize some of the results which have been obtained. It is important
to note that such calculations require considerable computational power if they are to be
carried out on a large scale, especially if long-range magnetic dipole interactions are to be
properly included. For more details of the calculations, the reader is referred to the review
article by Bertram and Zhu (1992) and a series of papers by Mansuripur and coworkers
(Mansuripur 1987a,b, Mansuripur and McDaniel 1988, Mansuripur et al. 1991). It should
be noted that these calculations are almost always equilibrium calculations carried out
for T=0, and thus will not be directly comparable to experimental results at finite
temperatures, where thermal activation can play an important role in the reversal process.

Mansuripur and McDaniel (1988) solved the Landau-Lifshitz-Gilbert equations for a
two-dimensional square lattice of dipoles. They divided the thin film into 10A x 10 A
cells and chose values of M, and K, appropriate for an a-R-T magneto-optic material.
Assuming a perfectly anisotropic crystal (every cell has the same magnitude and direction
for K ), they start their simulations with an abrupt switch from up to down magnetization.
They find that in zero applied field, the narrow wall relaxes to a finite width wall in
times on the order of nanoseconds. When they apply an external field, they find that
the wall moves with constant speed. To make the calculation more realistic they chose
the direction of the local anisotropy in different cells to be randomly distributed. Their
simulations for this case showed that Bloch lines appeared in the domain wall, and
the presence of the random axis anisotropy led to a non-zero wall coercivity. Thus this
approach may lead to detailed pictures of the nucleation energy and domain wall pinning
mechanisms responsible for the coercivity at 7=0.

In a more recent calculation, Mansuripur et al. (1991) and Giles and Mansuripur
(1991) used simulations to investigate domain-wall coercivity on the submicron scale
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in the presence of a variety of simulated defects and inhomogeneities. They found that
in homogeneous samples the experimental nucleation fields were smaller than those
necessary in the simulations, but if they introduced reversed magnetized seeds in regions
of large local anisotropy, the experimental and simulated nucleation fields were brought
much closer together. They mainly addressed the problem of wall coercivity in these
materials, where the problem is that the simulated wall coercivity for homogeneous
samples was smaller than the experimental values for homogeneous samples. In this case,
they find that the inclusion of spatial fluctuations in the anisotropy and other structural and
magnetic defects could increase the wall coercivity in the simulations. Thus it is suggested
that the fluctuations in the local magnetic and structural parameters are responsible for
many of the macroscopic magnetic properties of a-R-T materials.

5.2. Demagnetization anisotropy in CMF

The dipole—dipole contribution to anisotropy K, in the macroscopic limit is known
as the demagnetization anisotropy Kg4.. The value of K4 for a homogeneous film
is Kg4o=-27TM? where M, is the saturation magnetization. In multilayered films one
normally use the same expression for K 4. with M2 replaced by its average value, (M;)2.
Kusov et al. (1992) derive the correct expression for the K4 valid for a multilayer
film where the magnetization depends only on the Z coordinate. The derivation in the
framework of a continuum approach gives

Ko =27 (M?). (19)
For a homogeneous film eq. (19) reduces to the standard form, i.e.
Kae = —2m (M?) = =27 (M)’

However, in a CMF structure with larger fluctuations of magnetization these two results
are quite different. Assume that the magnetization may be expressed approximately as

M(Z)= Mo + AM sin (?) , (20)

where My is the mean value of magnetization M (Z), AM is the modulation amplitude
and A is the bilayer thickness. Then

1t 2mz)\? AM?
Kde=21'[-}—'/0 (Mo +AMSIHT) de—ZT[M% <1+2_A4(2)) (21)

One can see that the introduced error becomes large when AM is comparable with M.
Therefore one must use eq. (19) for calculating K4, to avoid error. The error introduced
for multilayers with square-wave concentration distributions has also been discussed by
Kusov et al. (1992).
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5.3. Measurements of anisotropy and the R-T exchange coupling

The anisotropy of R-T alloys or R/T multilayers is usually measured with torque
magnetometry (or VSM), Kerr effect, and extraordinary Hall effect. Wu et al. (1993) have
done systematic measurements of K, for Th,(FeCo),_, alloys with different techniques
and found that K, measured by Hall effect and Kerr effect is always larger (by up to
a factor of 3) than that from the torque techniques. The authors pointed out that the
main difference among the techniques comes from the fact that different techniques
measure different combinations of the R- and T-subnetwork magnetizations, e.g., the
measured torque is associated with the net magnetization of the R and T subnetworks;
the Hall effect is contributed by the T subnetwork magnetization; and the Kerr effect is
mainly contributed by the T subnetwork, but a small part of the signal also comes from
the R subnetwork, depending on the laser wavelength. It is necessary to have a clear
physical idea about the effects of measurement technique on the measured K, value, and
to interpret the magnetic behavior correctly.

The anisotropy behavior near the compensation point has received considerable
attention for the R-T alloys and R/T multilayers. It is usually considered that the heavy R
and T are coupled ferrimagnetically like a rigid body, i.e. the coupling strength A is
infinity. Based on this assumption, the magnetic energy of a thin-film sample is written
as (Hellman 1991):

E =—HM cos(a — ©)+ (K, — 2ntM?*)sin O, (22)

where © and a are the angles of M and H relative to the film normal. Minimizing E with
respect to @ for a=s/4 gives an expression

2

T\? 1242
Y M iy 3
<H> WK —2mhz)’ M 23)

where T =M x H is the torque. Measuring 7 as a function of H and then making a
(t/H)? vs 1 plot, one can find M and K, simultaneously from the intercept and slope of
the straight line passing through the experimental data. This analysis breaks down near
the compensation point, where M = 0.

It appears from experiment that K,, drops for R-T alloys or R/T near the compensation
point (Sato and Habu 1987, Shan and Sellmyer 1990b, Hellman 1991). This behavior was
discussed by Hellman (1991) and Wu et al. (1993) in terms of a canting model, i.e. they
considered the canting between the R and T subnetwork magnetizations, and the R-T
coupling is not regarded as a rigid body.

In the canting model the magnetic energy of a thin film is (Hellman 1991)

E=H My —H -Mr+AMry Mg +K,sin? Og + 2m(Myg cos Og — M cos Or)?,
(24)

where A is the coupling strength between R and T subnetworks, My and Mt are the
magnetizations for R and T subnetworks, and &g and Oy are the angles of Mg and M1
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measured from the normal (fig. 52). Minimizing E with respect to @y and @t for a=7/4
gives

T V2 ((Mr-M1)? My ) H 25)

Y = (Mn — M) 22 —
(H) (Mr M) = ( aK, | 2MgA

where K! = K, — 2n(Mg — M1)*.

In the limit A - oo, values for the net magnetization (Mg —M7t) and K| = K,—
27(MRr — M1)? may be found from the intercept and slope of (7/H) vs. H. These values
are identical to those found in eq. (23). For finite A, however, the term (M1/2MgA)
in eq. (25) will cause an increased absolute value, and hence, if ignored, an artificially
low value for K, as (Mr—Mrt) is small. As (Mgr—M7t) approaches zero (i.e. near
compensation), this term becomes increasingly large compared with (Mg — M1)?/4K"),
and hence K, will appear to go zero at the compensation point. Also, as the real
value of K, increases, this reduction becomes significant at increasingly large values
of (M R— M T)-

Wu et al. (1993) have studied the canting model in more detail and have given both
the calculated and experimental data as shown in fig. 53 for Th,(FeCo);-, alloys with
A=1800. It is seen clearly that there is an anomalous drop near the compensation
point when using torque magnetometry with the field at 45°. The figure also shows the
experimental data and calculated K, curve in terms of the extraordinary Hall effect. We
notice that the torque technique produces a wider and deeper apparent dip and the Hall
effect techniques produce a much narrower dip for the T-dominant case and a narrow
peak for the R-dominant case.

The exchange-coupling strength A can be expressed and estimated as

27 | Jro
A= 22| R

~ 1800 (26)
Ngrgrud

for Tb(FeCo) with Z=12, Jg_1=-10"erg, g =1.5, gr=2 and N =5x10?? cm™> (Wu
et al. 1993). A may be determined experimentally in terms of the so-called “free-powder
magnetization” approach which was analyzed in detail by Verhoef et al. (1990) and Zhao
et al. (1993).
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Fig. 53. Calculated K, as a function of (Mz—M7y). The solid line is the subnetwork (physical) anisotropy
constant K. The dashed—dotted curve is for K (45°T) i.e. K, was measured by torque magnetometry with the
field at 45°. The dashed and dotted curves correspond to K, (Rot/H) and K ,(90%H), i.e. K, was measured by
Hall effect with rotating and in-plane field, respectively. The corresponding experimental data are also given
(after Wu et al. 1993).

5.4. Orientation of magnetic moments in CMF

As discussed in sect. 3.3, the orientation of Fe-based R-T alloy or R/T CMF can be
determined in terms of Mossbauer measurements. However, Wang and Kleemann (1991,
1992) proposed an analytical approach to determine the orientation of magnetic moments
in Tb/Fe. As illustrated in fig. 54, © is the angle between the magnetic moment g; and the
film normal Z, and & is the angle between Z and the local easy axis #. For multilayers,
the total energies for the ith moment u; at the coordinate Z is expressed as

E{(z) = —u(H + A\M) cos © — D’ cos*(6 — @) — u;H' sin O, 2N

where H is the applied field, A is the mean-field coupling coefficient, D’ is referred to
the crystal-field coefficient (Wang and Kleemann 1991), and magnetization M is equal
to u;Nm;, with N the number of moments per unit volume and

m; = {cos O) (28)

which accounts for the deviation of the local moment y; from the Z direction. In eq. (27),
there are a Zeeman energy, an anisotropic exchange energy, a single-ion anisotropy energy
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0 applied field H is along the film normal Z direction and H’

H(z) is the in-plane field (after Wang and Kleemann 1991).

and the energy induced by an in-plane field H’. H' is the field in the x~y plane which has
to be accounted for owing to the existence of the in-plane magnetic vector in the pure Fe
layers.

Classically the equilibrium position @ of the moment is given by

OEi(z) _
0e

ui(H + AM)sin © — D' sin[2(6 — ©)] — u;H' cos © = (. (29)

Then we obtain

{(H+ \M) . H' -
BEID ino - B cos 0 =sinf2(5- ) G0
or
) 7
) tzm’) sin @ — hg cos @ = sin[2(5 - O)], G

where d=D’'/N Au? is the ratio of the energy of the single-ion anisotropy to the exchange
energy Eex=NAp?. h=p;H/N A\p? is a reduced applied field and A’ =p;H'/N \u? is a
reduced field of H'. We let A’=0.1 in the fitting procedure, because the in-plane field
is much smaller than the exchange coupling and it appears reasonable from the fitting
process. Following the treatment of Callen et al. (1977), where the reduced magnetization
is taken as the spherical average,

_ [ cos ©sinddd

m; = (cos ©) = J sinéddé ’ (32)

assuming 0 < 6 < /2. We obtain the following expressions under the approximation of
small and larger angle ©,

4 30N ,
el — 4+ — fi 1l
m; =1 (15 + 2 ) d“ for small O, (33)
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(1-#")
6d

From egs. (34) and (35) we can see that there is a corresponding value of m;= (cos ©)
for each value of d. As mentioned above, d is expressed as

m; =~ 0.5+

for larger ©. (34)

Dl
d = e
NAp;
Callen et al. (1977) pointed out that D' and A can be determined by a fitting approach
which is described in detail by Wang and Kleemann (1991). In sect. 4.1 the determination

of magnetization distribution M(Z) has been discussed. If the applied field H is large
enough to saturate magnetization, then

(35

M(Z)= Nu;m; = Nu;, (36)

where m; = (cos @) =1 because g; is along Z direction at saturated field. The conclusion
is that g, is determined since M(Z) is known, d =(D'/N Au?), and m; is obtained from
eq. (33) or (34), i.e. the orientation of y; at coordinate Z is obtained. Taking the average
over the whole CMF along the Z direction, i.e.

(cos@)=%/mdz=%/cos@dz, 37

where A is the bilayer thickness, the average orientation of (cos ®) is found. Figure 55
shows the calculated result of {cos @) vs A for Tb/Fe CMF. It shows strong PMA for
A <10A, which agrees with the experiments fairly well.
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Fig. 55. (cos @) vs L in Tb/Fe multilayers obtained by fitting of experimental data. Inset: (cos ©) vs d according
to egs. (33), (34), where L is the bilayer thickness (Wang and Kleemann 1991).
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6. Summary and conclusion

As stated at the outset, this review has focused on the fundamental aspects on which either
(1) significant new understanding has emerged recently, or (ii) the level of understanding
is so rudimentary that much work remains to be done. After thorough discussion through
the above sections our understanding of the magnetic properties in R/T CMF has been
improved in several ways. The interfacial magnetism is at the heart of the desired behavior
such as large PMA and coercivity. Only the R/T CMF with nanoscale layer thickness
may exhibit these properties because the interfacial magnetism dominates in this case.
The interfaces can be regarded as compositionally modulated disordered R-T alloys, in
which the composition and temperature dependences of magnetization can be calculated
in terms of the mean-field model. Therefore the systematic studies of experimental results
for layer thickness and temperature dependences of magnetization for R/T CMF can be
understood. The interfacial magnetism is controlled by the interactions among R and T
atoms and the local atomic arrangement or the structural anisotropy of constituent atoms.
The layered or compositionally modulated structure in R/T offers an extra degree of
freedom to control the local atomic arrangement and in consequence to tailor the CMF’s
magnetic properties. For the interactions among R and T atoms, we have seen that our
understanding is limited to those situations where either random magnetic anisotropy
or exchange fluctuations seem to operate nearly exclusively. Mean-field models of the
two-subnetwork magnetic alloy are about the only available means of parameterizing the
properties as a function of composition and temperature. Such models, for the most part,
ignore local environment effects which are known to be important in certain cases where
the T moments are unstable. Basic aspects of the phase transitions in the presence of
both random anisotropy and exchange fluctuations are largely unexplored.

Our understanding of the origins of perpendicular magnetic anisotropy in a-R-T films
has seen significant improvement recently. There has been a tendency in this field fo
speak imprecisely about different mechanisms which are not comparable, for example, in
contrasting “pair ordering” with “single-ion” sources. It should be strongly emphasized
that an understanding of PMA must include both (i) the nature of the anisotropic atomic
arrangements, and (ii) the fundamental physical interactions which render the energy
of one direction of magnetization lower than the other. In the case of a-R/T containing
R atoms with orbital angular momentum, it now seems clear that growth-induced
anisotropic pair correlations plus single-ion interactions caused by electric field gradients
due to the non-isotropic R environments are the major sources of PMA. It has been shown
that the anisotropic pair correlations in the typical sputtering situation can be controlled
and enhanced by multilayering with characteristic individual layer thicknesses of about
two monolayers. To create large PMA, besides the sharp boundaries of interfaces, i.e. the
large average of the compositional modulation, the large magnetization of R subnetwork
and short range anisotropic structure are necessary conditions as well.

For those a-R-T films containing Gd or other S-state ions, usually the magnitude of
the PMA is rather small if present at all. In such cases the structural anisotropy plus
spin—orbit interactions involving the Gd- or T-subnetwork or dipole—dipole interactions
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are the source of the anisotropy. In certain cases of Gd-T films where the value of K,
has been measured to be fairly large, the nature of both the anisotropic structure and the
interactions are not entirely clear. This remains a topic for further research.

It is essential to determine the micromagnetic structure and compositional profile
in the interface region experimentally. So far the magnetization distribution including
the net, R and T subnetwork magnetizations and the composition distribution were
obtained only by fitting approach based on the modified mean-field model. The MCXD
technique has element specificity and can be used to deduce both of R- and T-subnetwork
magnetic moment distributions as has been done for the Co/Pt multilayer by Schiitz et al.
(1992). The EXAFS technique by which Harris et al. (1992, 1993) determined local
arrangement of Tb and Fe atoms may be used to determine the composition profile of
the interface region.

We have given a brief review of studies of the magnetization reversal in R/T CMFs.
Early models such as those of Street and Woolley (1949) and Fatuzzo (1962) are still
widely used, but they show some limitations. Recent simulational studies have shown
how semiquantitative understanding can be obtained based on fundamental magnetic
parameters such as M and K, plus a small number of other parameters which must be
determined by fitting to experimental data. These parameters, including cell volume and a
domain-wall energy, must in future work be related to the fundamental atomic properties
such as magnetic moments, local anisotropy, structural defects, and fluctuations in these
quantities. This work has shown the importance of thermally activated processes in the
magnetization decay and reversal processes.

In this review we have dealt only peripherally with the magneto-optic properties of
R/T films. In general, these properties are rather similar to those of corresponding
amorphous R-T alloys, particularly in the interesting limit where the R/T films have
perpendicular anisotropy. A detailed discussion of such properties has been given in a
review by Sellmyer et al. (1994).
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List of symbols and abbreviations

AF antiferromagnetism, Heer Hamiltonian describing CEF effect
antiferromagnetic Ho Hamiltonian describing the exchange

A7 crystal-field potentials interactions

ASA atomic sphere approximation He Hamiltonian describing molecular

Br crystal-field parameters field (MF) interactions

B, remanence INS inelastic neutron scattering

(BH ) max maximal energy product J total angular momentum

C specific heat Jrere R-Fe coupling parameter

CAF canted antiferromagnetic Jam exchange integral between R and M

CEF crystalline electric field JJ intermediate coupling

CW,C-W  Curie-Weiss Ji®) Bessel function

D diamagnetism, diamagnetic ky Boltzmarnn constant

d average distance of nearest neighbors ~ Ki anisotropy constant

DOS density of states L orbital angular momentum

E,, E, anisotropy energy LHe liquid helium (temperature)

E® energy of resonance without LMTO linear-muffin-tin-orbital (method)
exchange LN, liquid nitrogen (temperature)

Epw energy of domain walls LRO long-range order

Ey 1 free energy of rare earth (R) or LSD local spin density (approximation)
transition metal (T) sublattices LT low temperature

E, parallel anisotropy energy MM magnetization

E, perpendicular anisotropy energy MCW modified Curie-Weiss

F ferromagnetism, ferromagnetic ME Mossbauer effect

FC field cooled MF molecular field

Fi ferrimagnetism, ferrimagnetic MFA molecular field approximation (mean

FOMP first-order magnetization process field approximation)

FMR ferromagnetic resonance MV mixed valence

fu formula unit MVM magnetic valence model

28 Landé factor M, saturation magnetization

guat) interaction of R spin moment with M, magnetization perpendicular to easy
molecular field, H,, (MF) axis

HF heavy fermion(s) M, magnetization parallel to easy axis

HT high temperature ND neutron diffraction

H, H, anisotropy field NMR nuclear magnetic resonance

H, coercivity field nn nearest neighbor

Hey critical field nnn next-nearest neighbor

H,, hyperfine field Ny number of d electrons

H, molecular field (MF) n,(x) Neumann function

H, remanence P paramagnetism, paramagnetic

H total Hamiltonian PCM point charge mode!
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effective magnetic moment

ordered magnetic moment determined
in ME or ND experiments

saturation magnetic moment
distribution function

Ruderman—Kittel-Kasuya—Yosida
(interactions)

Russel-Saunders coupling

room temperature

Hartree—Fock radial integrals
intrinsic (spin) angular momentum
superconductivity, superconductor
single crystal

spin fluctuation

spin glass

singular point detection (method)
short-range order

spin reorientation temperature
(transition)

spin of M atom

temperature

Curie point

temperature of frustration
high-temperature magnetic phase
transition temperature

Néetl point

temperature separating two regions at
which a Curie-Weiss law is followed
with different p.; and 6 values

transition temperature from the
aligned to random SG state

temperature of the SG state formation
spin reorientation transition
(temperature)
temperature-independent
paramagnetism

Ux

vV
WF
Wy
XPS
XRD
ZFC

Z,

Z,

Z(6, T)
(Zn)
oT)

exchange interactions for each pair of
d electrons of the same spin on the
same atom

volume of chemical cell
weak ferromagnetism
bandwidth

X-ray photoemission

X-ray diffraction

zero-field cooled

number of valence electrons

number of M neighbors of the
R atom

number of next-nearest neighbors
partition function

magnetic valence

average magnetic valence

thermal expansion

critical exponent

resonance width

coefficient of electronic specific heat

Hartree-Fock energy of the atomic
d state

paramagnetic Curie temperature,
Weiss constant

Debye temperature

Stevens factors (ay, By, v; for n=2,4
and 6, respectively)

Bohr magneton
valence

electric resistivity

spin disorder resistivity
specific magnetization
magnetic susceptibility

1. Introduction

The ThMnj;-type of tetragonal structure was described for the first time by Florio et al.
(1952). However, it turned out that the binary compounds MM}, of the f-electron elements
exist for only a few metals as the second component, i.e. Mn (Wang and Gilfrich 1966,
Kirchmayr 1969, Deportes et al. 1977, Okamoto et al. 1987) or Zn (where M = Sm-Lu)
(Tandelli and Palenzona 1967, Stewart and Coles 1974). In turn, as far as we know only
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SmFe;; has been synthesized in the form of thin films (Hegde et al. 1991). MBe,-type
compounds are also known but in this case M represents only the 3d metals: Ti—Co.

In the study of the formation of ternary rare-earth compounds Zarechnyuk and
Kripyakevich (1963) showed that for the ThMnj,-type of structure the occurrence of a
third component has a strongly stabilizing effect, extending this family enormously.

There are two distinct subgroups in this family of compounds: (1) those with a relatively
low content of transition element, (2) those with a high concentration of the iron-group
elements, mostly Fe, Co and Ni. For the first subgroup, the transition elements belong
to the iron group except for Co and Ni, and the most popular stabilizing element is Al;
however, Ga can also be used as a stabilizing component (Gladyshevsky et al. 1990,
Weitzer et al. 1990, Burzo et al. 1992), or In (Sysa et al. 1989). Indium enters into
LnAgs 4Ing ¢ systems, too (Sysa 1991). Ga stabilizes the ternaries with the same transition
elements as Al, and additionally ThiMn,,-type phases were found in the Dy-Co—Ga and
Yb-Co-Ga systems (see Gladyshevsky et al. 1990). Contrary to other gallides, those with
Co are reported to exhibit strictly limited compositions. For the actinides, only compounds
with Al were found.

For the second subgroup, Si, Ti, V, Cr, Mn, Mo and Re are most frequently found as the
stabilizing component for the rare-earth compounds, whereas only compounds with Si,
and exceptionally with Mo and Re, are formed by uranium. The alloys of other actinides
have not yet been obtained.

The phase equilibria in the ternary systems in which the ThMn,,-type structure
is observed, were studied for numerous aluminides (see Gladyshevsky et al. 1990,
Stelmakhovich 1991, Kuz’ma et al. 1992, Stelmakhovich et al. 1993) and for gallides
(see Gladyshevsky et al. 1990). Also the equilibria in the many systems with higher
content of the iron group elements were examined, e.g. Ce—~Co-Mn, Ce-Fe-Mn, Ce—-
Fe-Mo, Ce-Fe-Re (see Gladyshevsky et al. 1990), Nd-Fe-Mo (Miiller 1988), Sm~Fe-Ti
(Neiva et al. 1991), Ln—Fe—(Co, Mo) (Miiller 1988) and Ln-Fe-Ti (Sakurada et al. 1992),
and numerous Y systems (Gladyshevsky et al. 1990). One can notice that the ThMn,-
type phase is one of the most frequently observed in the R-M-M’ systems.

Figures 1 and 2 show the Nd—Cu-Al (Zarechnyuk et al. 1975) and Nd-Fe-Mo (Miiller
1988) systems, respectively, as examples of the phase relationships in the aluminides and
alloys with higher Fe content. In both cases the Nd alloys are presented, because one hopes
that this element exhibits some similarity to uranium and that therefore the conclusions
concerning these systems can be extended to the uranium alloys. It follows from fig. 1 that
the closest neighbors of the NdCuyAlg phase are the ThyZn;; and BaAls-type ternaries
and some binary phases, and the ThMn;, phase has a narrow range of existence. The
same situation as concerns the neighborhood is true for the Pr—Cu—Al system, however,
the ThMn;; phase exists over a broader composition range: PrCuy ¢-4Alg 4-g (Zarechnyuk
and Rykhal 1978). The existence range is variable in different ternaries and we return to
this problem in discussing the crystal structure. The majority of gallides exists in a broad
range.

As mentioned above, figure 2 shows the iron-rich corner of the Nd-Fe—-Mo system
(Miiller 1988). The closest neighbor of the ThMn;, phase is the ThyZn;;-type phase in this
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Fig. 1. The aluminum-rich comer of
the Nd-Cu-Al ternary system at room
temperature (Zarechnyuk et al. 1975).

structure

Fe
7 Y 0
80 90 100 Fig. 2. The iron-rich corner of the Nd—Fe—
Fe,at.%

Mo ternary system (Miiller 1988).

system and also the ThyNi;7-type phase in other systems (see Gladyshevsky et al. 1990),
whereas the study of the Sm—Fe-Ti system (Neiva et al. 1991) revealed 1:9 TbCuj-type
structure/Sm(Fe, Ti)s phase and 2:17 ThyZn,;-type structure/Sm,Fe 7 phase. Therefore,
one can expect these phases to be found as impurities in technological processes. The
above considerations do not cover all the possibilities; e.g., magnetic investigations of
CegoFessMoyy (Berezyuk et al. 1994) suggest that Ce,_.Fe, exists in this compound as
an impurity.
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As mentioned above, the first crystallographic investigations of the aluminides
with lower concentration of transition element has been reported by Zarechnyuk and
Kripyakevich (1963); this research has been followed up in the seventies (Buschow et al.
1976, van der Kraan and Buschow 1977, Buschow and van der Kraan 1978, Felner
and Nowik 1978, 1979, Felner 1980), and magnetic examinations were then started
almost simultaneously (see e.g. van der Kraan and Buschow 1977, Buschow and van
der Kraan 1978, Felner and Nowik 1978, 1979). The same research on the materials
with higher iron concentration was begun intensively much later, in the late eighties,
motivated by the search for hard magnetic materials (de Mooij and Buschow 1987, Ohashi
et al. 1987). Some results suggested potential application, e.g. a high Curie point and a
high magnetization. The general disadvantage of these materials is their relatively low
remanence. Some information had been available earlier, but in sources with narrower
circulation (Yang 1981, Berezyuk et al. 1986).

The investigation of structure and physical properties of the actinide compounds
with aluminum has been initiated in the eighties (Baran et al. 1984). In fact, the first
examination of ThFesAlg was performed in 1978 (Buschow and van der Kraan 1978) but
it has had an incidental character in the whole series of the lanthanide compounds. The
actinide compounds with higher concentration of transition metals are under intensive
examination since the end of the eighties (see e.g. Suski et al. 1989).

Paramount information on structure and phase equilibria of the ThMnj;-type com-
pounds was collected by Gladyshevsky et al. (1990), while the structure and magnetic
properties have been reviewed several times for rare-earth aluminides (Nowik and Felner
1983), rare-earth and actinide aluminides (Suski 1985), actinide aluminides (Sechovsky
and Havela 1988), intermetallics with higher content of the iron-group metals for the
rare earths (Buschow 1991, H.-S. Li and Coey 1991), and uranium (Suski 1992).

The vast majority of these studies were performed on the polycrystalline samples, as
single crystals are rarely available (see e.g. Chetkowski et al. 1991, Fujiwara et al. 1987,
Andreev et al. 1988, B.-P. Hu et al. 1990, Andreev et al. 1990, Drzazga et al. 1994); some
of them are useful only for X-ray examination (see Ohashi et al. 1988a, Stepien-Damm
et al. 1984, Gongalves et al. 1992, etc.).

In the present review, we are going to discuss the structure, magnetic and related
properties of the ThMn;-type phases of the rare earths and actinides with the main goal
to compare their behaviors.

However, the comparison is extremely difficult due to pronounced differences between
the electronic structure of lanthanides and actinides, particularly the light actinides and the
normal lanthanides. One should remember that the f electrons in lanthanides are nicely lo-
calized, and magnetic ordering results from exchange interactions mediated by the RKKY
interactions. Their interactions with the 3d electrons are set up according to clear-cut reg-
ulations, namely the total magnetic moment according to Hund’s rules is a difference be-
tween or sum of the spin and orbital part for light and heavy lanthanides, respectively,
and J is a good quantum number. Then the total lanthanide moment couples parallel to
the 3d-metal magnetic moment for light lanthanides and antiparallel for heavy ones. The
coupling is mediated by the orbital part. Sometimes the lanthanide magnetic moment is
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Table 1

The saturation magnetization M and magnetic moment of the iron sublattice pg,
Compound M (ug/fu) Pr. (4/Fe atom)
YFe,;Ti,, 19.12 1.77
YFe, ;s W, , 20.82 1.93
YFe,Cr, 16.67 1.67
YFey04V )6 17.93 1.72
YFe, Vv, 16.15 1.61

17.3%

YFeg sV, 5 9.64 1.13
GdFe o, Ti, , 13.36 1.88
GdFe W, 15.32 2.07
GdFe;;Mo, 9.79 1.68
2 Data from Verhoef et al. (1988). b Data from Helmholdt et al. (1988a).

lower than would follow from simple addition, usually due to crystal-field effects. For the
ThMn;>-type compounds this scheme is experimentally confirmed when the concentration
of iron-group element is high (see e.g. Haije et al. 1990, Helmholdt et al. 1988a, J. Hu
et al. 1988). However, this is not true generally, and in GdMn;, (Okamoto et al. 1987) the
mutual orientation of magnetic moments of Gd and Mn is complex (see fig. 9, below). The
Gd moment along the {100) direction is parallel to the moments of the Mn atom located
in part on the 8(j) positions, referred to by authors as “D”, and antiparallel to the moment
of the Mn atoms located in part on the 8(i) positions, referred to as “A”. Their “B” symbol
corresponds to the Mn atoms located on the residual 8(i) and 8(j) sites having magnetic
moments perpendicular to that of the Gd atoms and mutually antiparallel. The Mn atoms
located on the 8(f) positions have very small magnetic moment. As mentioned above even
in these compounds in which the magnetic moment of the lanthanide and iron sublattice
are parallel or antiparallel their values do not correspond to the sum of magnetic-moment
values. Table 1 lists the values of saturation magnetization and the iron magnetic moment
estimated for Y and Gd compounds with various stabilizing elements and stoichiometry.

One can see that it is difficult to analyze the Fe sublattice moment listed in table 1. The
moments evaluated for the Y compounds are supposed to be free from the influence of
the magnetic lanthanides but the values are apparently strongly affected by the stabilizing
element. The magnetic moments for the Y-Fe—V system for different concentrations, as
presented in table 1, allow to estimate pr, for the hypothetical YFe,,, which amounts to
2.07ug/Fe. Malozemoff et al. (1984) claimed that the difference between the magnetic
moment of a-Fe (2.24p) and its binary alloys with nonmagnetic component T depends on
the valence difference between Fe and T element. Results of Verhoef et al. (1988) prove
that the same reasoning can be applied to the ternaries.

As concerns the light actinides (only the compounds of these elements with the
ThMn,-type structure are known) the pronounced difference from lanthanide electronic
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structure is obvious. The former elements develop a 5f-electron shell close to the Fermi
surface, and the radius of the 5f-electron orbit is expanded and comparable to the radii of
other outermost electronic orbits. For this reason, the 5f electrons are more sensitive to
external factors than the 4f electrons and also enter into the interactions with band states.
As a result, broadened 5f bands exist instead of discrete electronic levels. These bands
are responsible for many unusual physical properties. Many phenomena follow from
this behavior, e.g. heavy-fermion behavior, spin fluctuations, Kondo effect, hybridization,
strong magnetocrystalline anisotropy, and complicated magnetic structures. Additional
problems for the discussion of the electronic structure of the 5f-electron materials arise
from the mutual ratio of the bandwidth and the magnitude of the spin—orbit coupling
(Lander et al. 1991). For light actinides, the bandwidth is comparable with the L-
S coupling and in individual cases this coupling can be broken so that the intermediate
J—7 coupling is observed. Therefore, coupling of the f electrons with 3d electrons mediated
by the orbital part of the magnetic moment as in the case of lanthanides is excluded. Thus,
one should look for another coupling mechanism (if any) in the 5f~3d materials.

In fact, the magnetic coupling for the ThMn,,-type compounds was determined only
for the AnFe4Als series (see Gal et al. 1990) in a neutron diffraction (ND) experiment.
Neutron investigations have been performed for other compounds as well, although
for these either the transition-metal sublattice (Ptasiewicz-Bak et al. 1988, Krimmel
et al.1992) or both the actinide and transition-metal sublattices are nonmagnetic (Bourée-
Vigneron et al. 1990). But this case is not interesting from the point of view of searching
for rules on the 5f-3d coupling. If the coupling in AnFesAls compounds corresponds to
the scheme for light-lanthanide—transition-metal compounds the actinide sublattice should
be coupled ferromagnetically to the transition-metal system. But that is not the case
because the iron sublattice, 8(f), is antiferromagnetic; therefore some atoms are coupled
ferromagnetically, and the others antiferromagnetically.

An additional complication is the possibility of spin-glass behavior which has been
detected in these alloys.

As mentioned above, the extensive examination of the ThMn;,-type compounds of the
lanthanides with a high concentration of transition element has been motivated by their
uniaxial (tetragonal) structure being promising for anisotropy (which should be enhanced
by the presence of the f-electron elements) or high magnetization and high Curie point
(provided by a high concentration of iron or cobalt). One cannot expect, of course, any
large-scale application of the actinide intermetallics; nevertheless, the high anisotropy of
some of the uranium compounds (K; = 10'® erg/cm® for US as reported by Lander et al.
1991; for reviews see Fournier and Tro¢ 1985, Sechovsky and Havela 1988) suggested
interesting behavior for this class of compounds and motivated us to start this type of
research.

The majority of results for the ThMn;,-type compounds has been obtained from mag-
netometric, neutron diffraction and >’Fe M&ssbauer effect examinations, predominantly
because of the iron sublattice. As far as we know there are only a few magneto-optical
examinations (Briande et al. 1990, van Engelen and Buschow 1990, Beznosov et al.
1992), one 2*Si NMR study (Suski et al. 1993c), one high-resolution electron microscopy
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(Kepiniski et al. 1994), one point charge spectroscopy examination (Naydyuk et al. 1993),
and some X-ray spectroscopy experiments (¢.g. Shcherba et al. 1992).

This chapter is organized as follows. After a short description of the ThMn;;-type
structure, the magnetic properties of the rare-earth and actinide compounds are discussed.
These properties are determined by the methods mentioned above, and presented in
sequence for the rare-earth and actinide aluminides and then for the compounds with
higher concentration of the 3d metals. Some space will be devoted to the anisotropy
and its sources in the investigated materials. There will be no discussion of interstitial
pseudoternaries, because the huge amount of results there deserves a separate review.
Next, the phenomenon of spin-rotation transition will be presented, followed by a short
summary of theoretical problems: band structure and crystal-field interactions. Then, the
technological processes applied for improving magnetic parameters will be reviewed.
A special subsection will be devoted to the actinide compounds because of various main
problems which are important for this family of compounds. Finally, a short résumé as
well as some proposals for the further development of this research will be presented.

2. ThMn;,-type structure

The tetragonal ThMn;,-type of structure corresponds to the space group I4/mmm. This
structure is presented in fig. 3. The 2(a) position is occupied by the f-electron element
whereas in the 8(f), 8(i) and 8(j) positions other atoms are distributed. This distribution
strongly depends on stoichiometry but also on the elements constituting the system. As
far as magnetic properties are concerned special attention is due to the 8(1) position. The
importance of this position was recognized for the first time by Melamud et al. (1987) who
claimed that the 8(i) site is responsible for a “substantial” magnetic moment if occupied
by the Fe atoms, whereas iron in the 8(f) and 8(j) sites does not carry a large moment.
The cause of this behavior is that the Fe atom located in this position has the largest

o7 \//é’ Vs
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Fig. 3. The ThMn,,-type structure. See
2(0)@ B(f)® 8ilo  8lile text for the distribution of the various
kinds of atoms on the different sites.
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Table 2

x-coordinates at 8(i) and 8(j) at room temperature
Compound R atom x(@) x(j) Remarks Ref.
UCr, Al 0.3444(4) 0.2816(4) identified by ND 1
UMn, Al, 0.3439(4) 0.2828(5) identified by ND 1
UFe,Alg 0.34399(46) 0.28054(46) identified by XRD 2
UCu, ;5AlL; 55 0.351(2) 0.282(3) identified by ND at 1.6 K 3
RFe,V, Nd 0.3634(4) 0.2722(2) identified by ND at RT 4
RFe,V, Tb 0.3613(6) 0.2755(4) identified by ND at RT 4
RFe,,V, Dy 0.3612(8) 0.2781(4) identified by ND at RT 4
RFe,V, Ho 0.3627(6) 0.2765(4) identified by ND at RT 4
RFe,,V, Er 0.3607(9) 0.2831(5) identified by ND at 4.2 K 4
RFe, V, Y 0.3574(4) 0.2783(2) identified by ND at 4.2 K 4
References
(1) Bourée-Vigneron et al. (1990) (3) Krimmel et al. (1992)
(2) Stepien-Damm et al. (1984) (4) Haije et al. 1990

number of nearest-neighbor (nn) Fe atoms and the largest average Fe—Fe separation. This
last statement concerns compounds with high Fe concentration. In the aluminides the
transition elements occupy primarily the 8(f) position, whereas for compounds with larger
concentration of the transition element the latter enters primarily the 8(j) and then the
8(1) positions.

Pearson (1984) noticed that the ThMn;, structure contains two interpenetrating
kagomeé nets of Mn atoms that lie in the (100) and (010) planes. The nets are not planar
since atoms located in the 8(i) and 8(j) positions have x-parameters of 0.275-0.284 (see
table 2 for the uranium aluminides and the RFe gV, compounds) instead of 0.250 for the
ideal planar case.

Such arrangement results in interatomic distances that are generally shorter, or not
much longer, than the appropriate atomic-radius sums. A compression of the atoms in
the ThMn;, structure compared with their elemental sizes is a condition that is common
in the structures of most intermetallic phases.

Figure 4 presents the change of the crystallographic unit cell volume for the
(R, An)T4Alg-type compounds for different T elements (Buschow et al. 1976, Baran et al.
1987). This change is a monotonically decreasing function of increasing atomic number
for actinides (only light ones); but for lanthanides the known lanthanide contraction has
some exceptions, which is most pronounced for cerium compounds, and is probably due
to the valence of cerium being different from 3+, as has been documented by X-ray
spectroscopy experiments (Shcherba et al. 1992); table 3 lists the valence values.

The data presented in fig. 4 and table 3 are surprisingly in nice agreement. For cerium
compounds the largest deviation from the 3+ valence is observed for the Fe compound
which corresponds to the strongest deviation from a smooth curve for the unit cell volume,
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Fig. 4. Unit cell volume for (R, An)T,Al,
L ternaries (solid line, R, Buschow et al.
ta Pr Pm_ Eu Tb Ho. Tm Lu 1976; dashed line, An, Baran et al.
Ce Nd Sm Gd Dy Er Yb 1987).
Table 3
Valence of the (Ce, Yb)T,Al; compounds?®
Compound Valence
CeMn,Alg 3.18(5)
CeFe,Alg 3.28(5)
CeCu,Alg 3.00(5)
YbCr,Alg mixed valence(?)
YbFe,Alg 3.00(5)
YbCu,Alg 2.47(5)

3 Data from Shcherba et al. (1992).

but for the Cu compound the valence is 3 and there is no anomaly in fig. 4. For the
Yb compounds a similar agreement is observed. Only the Fe compound does not exhibit
such a nice correspondence because the small increase of the unit cell volume is not
related to any valence deviation. Some space is devoted to the valence problem here
because as far as we know this review is the only report dealing with that problem
in the ThMn,,-type compounds. Buschow et al. (1976) have claimed that it does not
make much difference whether one uses for R one of the (mostly trivalent) lanthanides
or (tetravalent) thorium. However, at 1.8 A the atomic radius of Th is close to those of the
lanthanides and evidently, for creation of the ThMn,,-type of structure, size considerations
are more important than the conduction-electron concentration or the relative difference
in electronegativity between the components.
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In the actinide aluminides a broad existence range has been reported for UFey  Alg_,
(Baran et al. 1985, Andreev et al. 1992a), UCu44,Alg, (Geibel et al. 1990) and
UMny,;Alg-, (Suski et al. 1995). However, information concerning the site occupation is
available for copper compounds from neutron scattering (Krimmel et al. 1992) and for iron
compounds from 3’Fe Mdssbauer effect (ME) (Vagizov et al. 1995), and in these cases
the excess Cu and Fe is substituted at the 8(j) sites. AnFe4,,Als.x compounds additionally
exhibit a deficiency in the Al sublattice, which seems to be the cause of additional
complications in the magnetic properties of these materials; this will be discussed below
(Gal et al. 1990).

As concerns the rare-earth compounds, according to Gladyshevsky et al. (1990),
the broad range of existence was detected for the following aluminide systems: La—
Mn-Al, Ce-Cr-Al, Pr—Cu-Al, Nd-Fe-Al, Sm-Fe-Al, Eu-Mn-Al, Dy-Fe-Al, Ho-Fe-
Al and Er-Fe-Al. Recently, some other systems were reported to exhibit an existence
range: Ho—Cu—Al (Stelmakhovich 1991), Yb—Cu-Al (Stelmakhovich et al. 1993) and
Lu-Cu~Al (Kuz’ma et al. 1992). Neutron diffraction experiment showed that in the
RFesAl; compounds with R = Tb, Ho, Er and Tm the excess Fe atoms enter the
8(j) positions (Kockelmann et al. 1994). The >’Fe ME examinations show that for the
RFesAls compounds the 8(f) sites are occupied by the 8 Fe atoms, the 8(j) sites by the
the 8 Al atoms and the remaining Fe and Al atoms enter the 8(i) sites statistically (Nowik
and Felner 1983).

For the gallides, according to Gladyshevsky et al. (1990) existence ranges have been
observed for the Y-Fe-Ga, Pr-Fe-Ga, Pr-Cu-Ga, Nd-Fe-Ga, Sm-Fe-Ga, Sm—Cu-
Ga, Tb-Fe-Ga, Dy-Fe-Ga, Dy-Co-Ga, Ho—Fe—Ga, Ho-Cu-Ga, Er-Mn-Ga, Er-Fe—
Ga, Tm—Fe-Ga and Yb-Fe—Ga systems. In some systems there exist compounds with
a stoichiometry which is different from superstructure CeMnyAlg, but with a limited
composition close to RTs5sGags where R = Sm, Dy, Yb and Lu. Additionally, one
should notice that gallides are formed also with Co, particularly, that with the special
stoichiometry.

Figures 5—7 present the lattice parameters of the RFe;pM; compounds versus atomic
number of the lanthanides or the ionic radius (fig. 5, Si: Buschow 1988a; fig. 6, Mo:
Ermolenko et al. 1990; fig. 7, Re: Gueramian et al. 1991). For comparison, the
lattice parameters of the respective uranium compounds are included (Suski et al.
1989, Gueramian et al. 1991). We do not know whether the U ion corresponds to
Pr(U*") or to Nd(U?"), so for the sake of the argument, following the precedent
set in fig. 4, its compounds are located at the position of Nd. One can see that
as a rule the lattice parameters of the uranium compounds are smaller than those
of respective Nd or Pr compounds and this difference is more pronounced for a-
parameters. The difference probably results mainly from the smaller atomic radius of
the uranium (1.38 A). The observation is general, but one cannot discuss the absolute
values because they strongly depend on the details of the preparation process and the
small differences in stoichiometry. The lattice parameters presented in figs. 57 decrease
monotonously with increasing of the atomic number in accord with the lanthanide
contraction.
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Fig. 5. Lattice parameters a (lower curve,
left-hand scale) and ¢ (upper curve,
right-hand scale) for RFe,(Si, (Buschow
1988a). The parameters for UFe,,Si, are
indicated by crosses (Suski et al. 1989).

Fig. 6. Lattice parameters a (lower panel)
and ¢ (upper panel) for RFe;,Mo, com-
pounds (Ermolenko et al. 1990). The
results for UFe,gMo, were obtained by
Suski et al. (1989).

The decrease of the a-parameters is stronger than that of the c-parameters, except for
the Ce compounds, most probably resulting from the valence state of this element being
different from 3. However, this is not generally true because J. Hu et al. (1988) reported for
the RFe;,9Ti) | series a pronounced minimum for the compound of Ho and strong increase
for the Er compound. The authors do not propose any explanation of this anomaly.

The stoichiometry of the compounds with a high concentration of the 3d transition
element does not necessary correspond to the RM;oM) formula and a deviation is
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observed when M = Fe and M’ = Ti (J. Hu et al. 1988), Mo and W (Buschow 1988a,b),
V (Verhoef et al. 1988) and Re (Jurczyk 1990a); and for M = Co and M’ = Ti (Solzi
et al. 1988). It could be that the stoichiometry of these materials results from the broad
existence range which was reported for many Y systems: Y-Fe-Ti (B.-P. Hu et al. 1989a),
Y-Fe-V (Verhoef et al. 1988), Y-Fe—Cr (Buschow 1988a), Y-Fe-Mo and Y-Co-Mo
(Gladyshevsky et al. 1990), and by Gladyshevsky et al. (1990) for numerous lanthanide
systems: Ce-Fe-Mn, Ce—Co—Mn, Ce-Fe-Re, Ce-Mn-Ni, Pr-Co-Mn, Pr—Mn-Ni, Nd-
Co-Mn, Nd-Mn—Ni, Sm—Co-Mn, Sm—Mn-Ni, Dy—Co—Re and R—Fe-Mo systems where
R=Gd-Lu but not Yb alloys. Also the extended existence range has been reported by
Andreev et al. (1991) for UFe;,—Si, where 1.3 < x < 3.

As mentioned above for the (R, An)Mi,_,M.-type compounds, the R atom enters in
principle into the 2(a) sites, and the other three sites are available for the M and M’ atoms.
The Fe, Co and Ni atoms, because of their large number in unit cell, occupy all types
of sites, but there are strong preferences for the occupation of the remaining free sites.
According to many authors the Mo, Ti, V and Cr atoms demonstrate the preference to
enter the 8(i) sites, suggesting that the size effect does not substantially contribute in the
formation of these compounds (de Mooij and Buschow 1988, Helmholdt et al. 1988a).
The real mechanism for the distribution of the individual atoms is difficult to understand
in terms of the formation enthalpies of R(Fe,M);, alone. An estimate of the relative
enthalpies associated with the formation of a bond between the pairs of atoms involved
can be obtained from the solution enthalpies. It follows from these data that, except for
Si, the formation of the R—M bond is not advantageously energetic and therefore, the
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M atoms enter the sites which have a minimal contact with the R-sublattice 2(a) sites
(Zarechnyuk and Kripyakevich 1963). This is confirmed by the occupation of the 8(f) and
8(j) and not 8(i) positions by the Si atoms in GdFe,,Si, (Dirken et al. 1989), in SmFe;,Si,
(Buschow 1988a) and in UFeoSi; (Berlureau et al. 1991); Si enters the 8(f) sites in
UCo10Si; (Berlureau et al. 1991) and the 8(j) sites in UNijoSiy (Suski et al. 1993a).
Finally, in YNi;oSi» (Moze et al. 1991) the Si atoms preferentially occupy the 8(f) sites,
with some small occupancy also for both the 8(i) and 8(j) positions. However, in SmFe;; Ti
the Ti atoms enter both the 8(i) and 8(j) sites (Ohashi et al. 1988b).

The statement about the rare-earth atoms exclusively occupying the 2(a) position is not
true exactly: Bodak and -coworkers reported some admixture of the lanthanide atom in
other positions in the following systems: Ce—Co—Mn (Bodak et al. 1981), alloys of Fe and
W with Ce, Pr, Nd and Sm (Bodak and Berezyuk 1983), alloys of Fe and Mo with the
same lanthanides (Bodak and Berezyuk 1985), and the Dy—Fe-Re system (Sokolovskaya
et al. 1985). Moreover, the Ce-Fe—Mo phase exists over a broad composition range of
Fe and Mo, and the fraction of Ce entering other than 2(a) positions amounts to 0.025
(Bodak and Berezyuk 1985). This fraction is typical for other lanthanides and does not
reach a value higher than 0.05. Unfortunately, the location of these excess lanthanide
atoms has not been determined.

From the above discussion one can see that the ThMnj,-type structure is complex,
and it is impossible to formulate any clear-cut general rules of formation for the
respective compounds. For the sake of simplicity pseudoternaries are omitted in the above
considerations; some attention to their structure will be devoted in the description of their
magnetic properties, for which the location of the individual components is of paramount
importance.

3. Magnetic properties

In this section we present the magnetic and related properties of the various groups of
the ThMn;,-type compounds (R, An)M;; and (R, An)T;,_ .M, with 6 <x <8 and with
1 <x <3. Special attention will be devoted to improvement of magnetic parameters
through substitution by other elements or, to lesser extent, by special preparation
processes, to problems of anisotropy and their sources, spin-reorientation transitions, and
the contribution of the f-electron atom to the magnetism of the compounds discussed. The
influence of distribution of atoms over available crystallographic sites will be addressed
mostly on the basis of Mossbauer-effect (ME) and neutron-diffraction (ND) measurements
and occasionally X-ray diffraction (XRD). As mentioned above, the strong influence of
the occupation of the 8(i) site by the Fe atoms (Melamud et al. 1987) is also considered in
ab initio calculation of the magnetism of GdFe;; by Trygg et al. (1992) who note that the
8(i) position has only one Fe atom at relatively close distance and 4 Fe atoms at a consid-
erable larger distance. Due to this relative deficiency of close iron atoms, the associated
magnetic moments become particularly large. However, this is not always true: neutron
diffraction experiments performed on RFe;3V, compounds by Haije et al. (1990) show
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that the moment values of the 8(i) iron exceed those of the 8(j) and 8(f) iron atoms only
in compounds in which R=Nd, Tb, Er or Y, but the iron moments at the 8(i) sites are sub-
stantially lower than those in the remaining sites in the compounds where R =Ho and Dy.
The authors have no explanation for this nonsystematic variation of the iron moments.

3.1. (R, An)M;;-type compounds

3.1.1. Compounds with M = Mn
Magnetic properties of binary M=Mn compounds are listed in table 4. They exist for
heavier rare earths including Y and for Th. Preparation is difficult due to the high vapor
pressure of Mn. For this reason the starting composition is usually RMnjs5-13¢ and
therefore the resultant alloys always contain some amount of the neighboring phases as
impurities. After prolonged annealing these impurities are not observed by XRD.
Unfortunately, we could not find any magnetic data concerning ThMn;,. Attempts
to obtain UMn,;, turned out to be unsuccessful. The parameters presented in table 4
prove that AF-type magnetic ordering exists in the Mn sublattice below 87K (Er) and

Table 4
Binary compounds of the ThMn,,-type with Mn
Compound p, T T Ty Do 2] Easy Remarks Ref.
) K K K () (K)o direct.

GdMn,, 42 50 36 160 792 -80 Mn NMR, peculiar magn. str, 1
55 94(5° magn. struct. 4

spin echo 3

~120 electr. resist. vs. temperature 5

TbMn,, 44 47 3.0 108 1026 -7 SMn NMR 1
6.0 83(3)° spin echo 3

1lc  magn. str.. Mn at 2 diff. 4

magn. sites, Tb moment in basal

plane
~120 electr. resist. vs. temperature 5
DyMn,, 505 22 100 1025 -11 55Mn NMR 1
le 4
HoMn,, 64 1.7 9 104 -8 SMn NMR 1
lle 4
EtMn,, 65 19 87 98 Ile 4
YMn,, 042° 120 a=0.859nm, ¢=0.479nm; 2
ND: magn. str. fig. 8
Gdx fx) 7 Gd,_, Y, Mn,, 3
* Variable composition; see Remarks column. b Arrott plot.
* Magnetic moment canted from the g-axis by an ° po.
angle of 56.6°.
References
(1) Okamoto et al. (1987) (3) Amako et al. (1992) (5) Amako et al. (1993)

(2) Deportes and Givord (1976) (4) Deportes and Givord (1977)



ThMn-TYPE COMPOUNDS OF RARE EARTHS AND ACTINIDES 159

Fig. 8. Magnetic structure of YMn,, determined
using neutron diffraction by Deportes and Givord
(1976). Y atoms at the 2(a) sites and Mn atoms at
the 8(i) and 8(j) sites lie in the planes z = 0 (full
circles) and z = 1/2 (dashed circles). Mn atoms on
the 8(f) sites are located at z = 1/4 and z = 3/4.

160K (Gd) as the lowest and highest T temperature, whereas for the compounds
containing magnetic lanthanides, ferromagnetic ordering is observed in the sublattice of
these elements below 10 K. This low temperature obviously stems from the strong dilution
of the lanthanide atoms (1:12). The various values of Ty for the Mn sublattice in other
compounds than YMn,; indicate a strong influence of the lanthanide atoms on magnetic
properties, most probably through the band structure, i.e. the transfer of the rare-earth
conduction electrons to the 3d band.

The magnetic structure of the Mn sublattice determined by neutron diffraction in
YMn;; by Deportes and Givord (1976) is presented in fig. 8. The Shubnikov group of
the magnetic structure is I;4/m’mm. As the mirror planes contain atoms of the magnetic
group, a given magnetic moment must transform into itself through the associated mirror
plane. Although the magnetic structure is not collinear, the arrangements of magnetic
moments between first neighboring atoms are nearly collinear. The magnetic structure of
GdMn,; has been proposed on the basis of the magnetic and NMR measurements (see
sect. 1). This structure is presented schematically in fig. 9 (Okamoto et al. 1987); it has
been described in sect. 1 and shows that the coupling between the lanthanide and transition
metals is not necessarily parallel. Additionally, we should note that the Gd moments cant
from the a-axis by an angle of 56.6° in the a— plane.

In a discussion of the influence of the magnetic lanthanide atom on electronic
structure of the ThMn;,-type Amako et al. 1992 drew an interesting conclusion from
the concentration dependence of the saturation magnetic moment in the Gdi_Y.Mn;,
system. They showed that the magnetic moment of Gd gets closer to the free-ion value
(7ug) when the Gd is more diluted. At the same time the Néel point decreases from 160K
to 120K for the Gd and Y compounds, respectively. This difference suggests that the
Gd atom induces an additional positive magnetic interactions in the Mn sublattice whereas
the other lanthanide atoms seem to induce negative interaction resulting in lower T'.
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Mn | Gd g _
2|
< Fig. 9. Magnetic structure of GdMn,, proposed by Okamoto et al.
(1987) on the basis of magnetic and *Mn NMR examination.
> @ Atoms located at 8(f) have negligible magnetic moment and are
not shown.

The electric resistivity of YMnjy, GdMn;; and TbMn;, has been measured by Amako
et al. (1993). The temperature dependence of the electric resistivity exhibits a Néel point
about 120K for all compounds with a remarkable anomaly below this temperature. It has
been suggested that the anomaly is due to an AF band gap.

3.1.2. Compounds with M =Fe
Only the SmFe;, binary compound has been synthesized (Hegde et al. 1991) as an
oriented sputtered thin film with a slight iron deficiency. The crystallographic and
magnetic data are listed in table 5. This film is strongly (002) textured and the anisotropy
field is estimated to be about 13 T. Navarathna et al. (1992) have shown that the texturing
can be switched from (002) to (200) and the SmFe;, (222)-textured films could be
synthesized with higher coercivities than (002)-textured films. For (222)-textured films
the crystallite c-axes make an angle of 51° with respect to the film plane, versus 90° for
(002)-textured films. Consequently, their hysteresis loop is less square for this texture than
for an ideal (002)-textured films. The H, values necessary to switch the texture direction,
perpendicular and in-plane for the (222) sample, were 2.5 and 3.2 kOe, respectively.
GdFe,, does not exist as a stable compound but electronic structure calculations using
the LMTO-ASA method by Trygg et al. (1992) have been performed. As was observed
in the experiment on the RMn;, systems there is a pronounced influence of localized
4f magnetism on the conduction-band magnetism (transition-metal sublattice) which gives
noticeable changes in the local moment of the iron (transition element). The presence of
the 4f spin moment is found to induce a redistribution of the spin moment between the
rare-carth and iron sites, while the total conduction-electron moment remains constant. It
seems that these conclusions have also some importance for the ternary materials.

3.1.3. Compounds with M =Zn

The lattice parameters and magnetic properties of compounds with M=Zn are listed in
table 5. According to landelli and Palenzona (1967) only the compounds of the heavy
lanthanides exist. Since the Zn sublattice is nonmagnetic the magnetic properties of these
alloys are related exclusively to the lanthanide atoms. The lattice parameters reported by
Iandelli and Palenzona (1967) follow the lanthanide contraction, however, the data of
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Table 5
Binary compounds of the ThMn,,-type with Fe and Zn

Compound a c ™2 TE*  pe © Remarks Ref.
(nm) (nm) K K @ ®

YFe,, 5'Fe ME, HY =37.7T

SmFe,, 0.8438(5) 0.4805(5) crystalline thin film, 2
py=1.8ug/Fe atom,
H.=0.6 T?; c-axis
perpendicular to the film plane

GdFe,, does not exist as a stable 3
compound;
ab initio calculation of
magnetism
YZn,, 0.8861 0.5205 4
SmZn,, 0.8927 0.5215 15 14 074 -27.8 5,6¢
GdZn,, 0.8898 0.5210 16 1525 840 -58 5,6¢
TbZn,, 0.8856 0.5199 4
0.8884 0.5200 14 13 10.14 -38 5,6¢
DyZn,, 0.8872 0.5204 4
0.8877 0.5198 6
HoZn,, 0.8868 0.5195 6
ErZn,, 0.8850 0.5195 4
0.8863 0.5195 28 276 9.67 43 5,6¢
TmZn,, 0.8863 0.5190 0 0 5,6¢
YbZn,, 0 0 5
LuZn,, 0.8848 0.5186 0 0 5,6¢

@ TM determined in magnetometric measurements; 75 determined in resistivity measurements.
b For the onset of ferromagnetic order.
¢ Lattice parameters.

References

(1) Denissen et al. (1990) (4) Kuz’ma et al. (1965)

(2) Hegde et al. (1991) (5) Stewart and Coles (1974)

(3) Trygg et al. (1992) (6) Iandelli and Palenzona (1967)

Kuz'ma et al. (1965) exhibit some irregularity for Dy and Er compounds. Contrary to
the Mn compounds, magnetic order in the lanthanide sublattice has antiferromagnetic
character. The Néel points determined in magnetic measurements are close to that
obtained from examination of the resistivity by Stewart and Coles (1974). The magnetic
susceptibility of these materials follows a Curie-Weiss law above 100K and effective
magnetic moment values are close to that expected for the trivalent lanthanide free ions.
Because the AF ordering temperatures of the RZnj; compounds are low, the phonon
resistivity is small compared to the spin-disorder resistivity, ps, even at Tn. Therefore,
the disorder contribution can be determined with good accuracy and the dependence of p;
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//’./ Fig. 10. Total spin disorder resistivity,
z L L L P, versus (g—12J(J +1); p, has been
0 5 , 10 15 corrected by a small phonon contribution
(g-11JU+1) at T,y (Stewart and Coles 1974).

on temperature T is ps ~ T1* for GdZny,, ps ~ T4 for TbZnyy, ps ~ T>° for SmZn,,
and ps ~ T%° for ErZn, (Stewart and Coles 1974). These results cannot be related to
any existing theories of electron-magnon scattering. In fig. 10 the total spin-disorder
resistivity, ps, normalized to that of GdZn,; after correcting for the small phonon
contribution at Ty, is presented versus (g — 1)2J(J + 1), where g is the Landé factor and
J is the angular momentum of the rare earth. The ps values of Tb and Er compounds
are smaller than expected from the linear plot. This might result from a non-§ ground
state. Specific-heat measurements (Stewart 1973) demonstrate that in ErZn;, probably
only one CEF doublet (the ground state) is involved in the magnetic transition. In turn, p,
for SmZn;, is slightly larger than expected, suggesting a contribution other than exchange
scattering.

3.2. (R An)T . M;,_5-type compounds

3.2.1. Aluminides

The magnetic and some related properties of the ThMn;;-type aluminides will be
presented below. The authors usually distinguish three types within these materials:
(R, An)T,Aly5,, with x=4, 5 and 6. However, this is only a simplification for easier
presentation of the results, and in reality solid solutions with 3 <x <6 or sometimes even
higher x were reported (see e.g. Kamimori et al. 1988, Zeleny et al. 1991). Nevertheless,
we present in principle the results according to stoichiometry with x=4, 5 and 6. At the
end of this subsection we will describe the systems which are explicitly determined as a
solid solutions.

X-ray and ME investigations show that for the materials with x =4 the transition metal
occupies mostly the 8(f) crystallographic position, and with increasing x the 8(j) site is
populated, sometimes exclusively as reported for the UCuy4,, Alg_, system (Krimmel et al.
1992) or with a strong preference over the 8(i) position. It might be that in the case of
T =Fe this discrimination of the 8(i) position is a reason for the relatively low Curie point,
below about 300K in these materials.
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3.2.1.1. (R, An)MAls-type compounds. These compounds form a kind of superstructure
because the transition element enters exclusively the 8(f) position as has been shown in
numerous ND and ME experiments. The results of different examinations are collected
in tables 6 — 12 below.

3.2.1.1.1. M=Cr compounds. As follows from table 6 these compounds exhibit AF
ordering with the exception of La, Ce, Nd, Yb, Lu, Y, Th and U compounds.
The ordering exists only in the lanthanide sublattice, and that is the reason for the
relatively low Néel points (below 20K). Among the actinides, the magnetic ordering in
NpCryAls_, is observed in the Np as well as Cr sublattices but the ordering temperatures
are quite close (~55K) and cannot be distinquished (Gal et al. 1987). The angle
between hyperfine field and c-axis observed in the 3*Gd Mdssbauer experiment in
GdCrsAlg by Felner and Nowik (1979) suggests a possibility that the AF structure
in these materials is not necessarily collinear. Also the temperature dependence of
magnetization reported by Felner and Nowik (1979) is not typical for AF. In most of
the compounds a sharp rise of the magnetization is clearly seen at low temperature.
On the one hand the magnetic moments determined at 1.1 K under an applied field
of 1.7T are low compared to their free-ion value. Only the temperature dependence
of magnetization of GdCrsAlg is typical for an antiferromagnet. On the other hand,
the paramagnetic Curie temperatures @ are negative for all magnetic RCryAlg type
compounds, hence Felner and Nowik (1979) concluded that all these compounds order
antiferromagnetically. The lack of magnetic order in the compounds of La, Ce, Lu,
Y, Th and U is clear evidence that the Cr ions do not carry any localized magnetic
moment. However, the enhanced Curie constants determined for magnetic compounds
indicate that magnetic R ions induce small magnetic moment (about 0.1ug) in the
Cr sublattice. For SmCrsAlg there is evidence of a contribution of the ionic excited
states into the 6Hs/, ground state, and thus it is not justified to compare the results for
this compound to the free-ion value for peg. The positive Curie~Weiss temperature as
well as the value of the magnetic moment for YbCryAlg may suggest a mixed-valence
state. ME provides evidence of ~10% admixture of Yb** in the predominantly Yb®*
(Felner and Nowik 1979). The mixed-valence state is also confirmed by unit cell volume
results (Felner and Nowik 1979) and an X-ray spectroscopy experiment by Shcherba
et al. (1992).

At present we do not know why UCrsAlg does not follow the Curie—~Weiss law (Baran
et al. 1987). Magnetic order as the cause of this behavior is excluded by a neutron
diffraction study (Bourée-Vigneron et al. 1990). Therefore, the cause could be a partial
delocalization of the uranium 5f electrons.
3.2.1.1.2. M=Mn compounds. The results concerning magnetic and related properties
of the (R, An)Mny Alg-type compounds are collected in table 7. In these compounds only
the lanthanide sublattice seems to order magnetically (AF) except for the compounds
of La, Ce, Yb and Lu. The compounds of Y, Th and U are also nonmagnetic. This
observation is strange because in the ThCr,Si;-type compounds the exchanges in the
Mn sublattice are strong and magnetic order is observed above room temperature (see
Szytuta 1991). It is, however, possible that in the compounds containing a magnetic
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lanthanide atom, the lanthanide element induces magnetic order in the Mn sublattice and
the R and Mn sublattices order antiferromagnetically.

Coldea et al. (1994a,b) claim that the occurrence of a magnetic moment, at least
in YMn4Alg and GdMnyAlg is strongly correlated with the critical value of the Mn—
Mn distance d ~0.26nm, below which the Mn moment is not stable. This value had
been postulated for the first time for the Laves phases with manganese by Wada et al.
(1987) and has recently been confirmed by Kim-Ngan et al. (1994) who gave a more
precise value of 0.267 nm. However, as mentioned above, the magnetic properties of
the ThCr,Si; phases as well as the UMn,Alj,, alloys suggest that the band structure
and geometry of the close environment of the Mn atom also have substantial influence.
Moreover, the partial structural disorder in UMn4Alg resulting from the permutation of the
Mn and Al atoms between 8(f) and 8(j) sites reported by Bourée-Vigneron et al. (1990)
could be the cause of the disappearance of the ordered magnetic moment. Although the
Mn-Mn distance is just below the critical value (d=0.255nm), likely as in YMnyAlg
(d=0.256nm) (Coldea et al. 1994b), the geometrical condition can prevent formation
of a magnetic order. These authors claim that an increase in Mn concentration results
in appearance of localized moment in the Mn sublattice. Their additional statement
that the degree of localization changes with temperature is based on rather speculative
arguments. On the contrary, an increase in x in the uranium alloys does not cause any
remarkable change of character of magnetic behavior, although for UMn;Alg there is an
indication of magnetic ordering below 50 K (Suski et al. 1995). The 3’Fe Méssbauer probe
studies of rare-earth compounds indicate that at 4.1 K the Mn sublattice is magnetically
ordered. The low magnetic moment at 4.1K and in 1.7 T (see table 7) and the shape
of the magnetization curves show that both the R and the Mn subsystem transform to
antiferromagnetic state.

The Méssbauer experiments carried out by Felner and Nowik (1979) on the lanthanide
nuclei (13°Gd, 1%°Er, ¢! Dy and 17Yb) show that the hyperfine field is directed at an angle
to the c-axis, and this observation suggests that the AF structure is not simple, collinear.
Inelastic neutron diffraction experiments performed by Moze et al. (1990a) revealed a
substantial influence of CEF on the properties of the Tb and Ho compounds. Elastic
neutron examination of several lanthanide compounds shows that the 8(f) site is the
majority site (93%) for the Mn atoms but 7% is occupied by Al atoms. The remaining
7% of the Mn atoms is not distributed statistically over the 8(j) and 8&(i) sites but 5%
of them enter into 8(j) sites while only 2% enter into 8(i) sites (Moze et al. 1990b).
The unit cell volume of the RMnyAlg compounds suggests that the compounds of Ce,
Eu and Yb could be in a mixed-valence state (Felner and Nowik 1979). For the first
compound this conclusion is confirmed by X-ray spectroscopy, where v=3.18, see table 3
(Shcherba et al. 1992). The experimental observation of '*!Eu ME and the susceptibility
curve above T’y indicate a mixed-valence state in EuMn4Alg (Felner and Nowik 1979). In
YbMnyAlg Yb is predominantly divalent (Felner and Nowik 1979). The susceptibility of
ThMnyAlg follows a modified Curie~Weiss law resulting from pronounced contribution
of the Pauli paramagnetism of the Mn sublattice. The susceptibility of UMnyAlg does not
follow a Curie—Weiss law and this behavior most probably is due to the competition of
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the itinerant conduction electrons of the U and Mn sublattices, and partly localized and
partly hybridized 5f and 3d electrons, respectively. Elastic neutron diffraction excluded
magnetic order in the uranium compound above 1.5K (Bourée-Vigneron et al. 1990) as
mentioned above.

3.2.1.1.3. M=Fe compounds. The compounds of the (R, An)Fe;Alg-type have been
investigated most frequently of all (R, An)MsAlg-type compounds. The results are
collected in tables 8 and 9. One should note that this is the group of compounds in
which several examples of single crystals are available (GdFe;Alg, Fujiwara et al. 1987;
YFesAlg, Chetkowski et al. 1991, Drzazga et al. 1994; DyFe,Alg and HoFesAlg, Drzazga
et al. 1994; UFesAlg, Stepien-Damm et al. 1984, Gongalves et al. 1992). Some of the
(R, An)Fe;Alg compounds offer the unique possibility to perform ME examination on
both the 57Fe and the R or Np nuclei. These compounds can be divided into two distinct
groups: In the first group, where R=La, Ce, Y, Lu and An=Th, only the Fe atoms carry
a magnetic moment. According to a preliminary examination of these compounds the
more or less sharp maxima in the temperature dependence of the magnetic susceptibility
are interpreted as being due to AF ordering with the Fe moment oriented along the c-
axis (La, Ce, Buschow and van der Kraan 1978). In the second group (R = Eu, Gd, Yb),
however, an angle is observed between the hyperfine field direction and c-axis (Felner and
Nowik 1978). The conclusion about simple AF order for the first group is not valid here
because the magnetic susceptibility of these alloys below Ty is markedly field dependent
(Buschow and van der Kraan 1978), and even a tiny remanence at 4.2 K was observed
for the Th compound (Suski 1989). In the paramagnetic region the susceptibility curves
obey a modified Curie—Weiss law.

The compounds of the second group have two independent magnetic sublattices:
one has Fe atoms ordered AF with magnetic moment oriented, according to ’Fe ME
(Buschow and van der Kraan 1978), along the c-axis at 4.2 K (Nd, Gd and Tb), and the
second has R or An atoms where the R atoms order at a 7y which does not exceed
20K (Felner and Nowik 1978). The low magnetic moments at 42K and 1.7T (see
table 8) in all the RFe4Alg compounds indicate that both the Fe and R sublattices are
initially AF coupled. In the majority of these compounds the temperature dependence of
magnetization gives rise to a maximum at low temperature, with magnitude and location
strongly dependent on the applied field strength. However, these maxima are absent if the
samples are cooled down in the presence of a magnetic field prior to the magnetization
measurements. In the high-temperature regime the susceptibility can be described by a
Curie—Weiss law with the @ and p.g values collected in table 8. Single-crystal studies
of the Dy, Ho and Y compounds (Drzazga et al. 1994) have revealed that at RT all
investigated samples exhibit a small but nonnegligible torque of the sin260-type, which
is strongly influenced by the external field. It follows that a slight preference of easy
magnetization direction (observed below T¢) occurs in the temperature range treated as
paramagnetic (above T¢). This phenomenon may be associated with partial disorder of Fe
and Al atoms. For R=Gd, Tb, Dy, Ho and Er there is another region below T, where the
x~1(T) plot is linear (but T is higher than the temperature of magnetic order), although
the @ and p.g values are different from those found above Ty. The effective moments
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are slightly below the corresponding free-R-ion values. At temperatures below T the
susceptibility shows no or only a weak field dependence. For R=Pr, Nd, Sm, Tm and
YD, the x~(T) plot also changes its slope below T, however, this plot is nonlinear and
exhibits an apparent sensitivity to the annealing of samples. In all RFesAls systems the
effective moments of the Fe atoms in the paramagnetic region are larger than the value
resulting from the saturation moment of Fe. Buschow and van der Kraan (1978) took this
as an indication that the 3d electrons in these compounds have a fairly large degree of
itineracy. The same authors reported that for all RFe;Alg the temperature dependence of
the magnetic susceptibility can be described by a modified Curie-Weiss law (MCW).

Experimental observation of the '*!Eu Méssbauer spectra in EuFesAlg and the unit
cell size indicate that the Eu ion is in the mixed-valence (MV) state. However, at low
temperature it behaves like an Eu** ion due to the hyperfine field of the Fe sublattice
acting below ordeting temperature (Felner and Nowik 1978). Also, XPS-3d core level
spectroscopy (Malik et al. 1981) and X-ray absorption near edge structure (XANES)
results (Darshan and Padalia 1984) showed the Eu ion to be in the MV state with
v=2.80 at 300K. In turn, both unit cell size volume (Felner and Nowik 1978) and X-ray
spectroscopy show that the Ce ion is in the MV state as well, and the valence v amounts
to 3.28 (Shcherba et al. 1992). ,

More advanced methods have been used in investigations of the (R, An)FesAlz-type
compounds, particularly in single-crystal form (see e.g. Fujiwara et al. 1987, Chetkowski
et al. 1991, Drzazga et al. 1994). These methods show some new details of the magnetic
properties of these materials; for example, a spin reorientation has been discovered in
GdFe;Alg single crystals. As one can see from fig. 11, at 4.2K the a-axis is the easy
axis. Above the spin-reorientation temperature Tsg =20K the easy axis tilts away from
the g-axis, up to the Curie point 7c=28 K (Fujiwara et al. 1987). A similar conclusion
has been drawn by Drzazga et al. (1994) from the investigation of YFe;Alg single

Lo
@ Tse I
e oot
0130 -
@
z
@
201 Fig. 11. Magnetic (6, T) phase diagram
1 of GdFe,Al;. € is the tilting angle of
: the easy axis with respect to the a-
10+ E axis in the a—c plane. Closed and open
:5 circles are experimental points obtained
: : under applied fields (H,) of 0.46 and
L qolo o oigl &1 L )

: 1.83T, respectively. The dotted curve
0 10 on 30 40 50 60 represents “spontaneous” tilting under
emperature (K) H,=0 (Fujiwara et al. 1987).
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crystals by torque magnetometry. They claim that the easy direction of magnetization
changes from the (101) plane to the direction perpendicular to this plane at about 160K
under a magnetic field of 1.6 T. The temperature range of spin reorientation corresponds
to a flat maximum of the x(7) plot interpreted as the AF transition by Moze et al.
(1990c).

For DyFe,Alg and HoFesAlg, neutron diffraction experiments exclude the possibility
of a magnetic ordering in the lanthanide sublattice, and for both compounds only one
magnetic phase transition, at about 7'=25K, is found, below which the iron moments
form a conical spin structure with the propagation vector of the spiral along [110] and
the rotation angle of the Fe moments about 45° and 35° for the Dy and Ho compounds,
respectively. The magnitude of the ordered Fe moment is 3.6up/Fe atom at 4.2K (Schifer
and Will 1983). It might be that the cause of the high-temperature anomaly observed in
magnetic measurements is the formation of a spin-glass state (SG) which coexists with
magnetic order at low temperature (Schéfer et al. 1989, Gal et al. 1989). A single-crystal
examination of these compounds by Drzazga et al. (1994) confirms the formation of the
SG state in both the R and the Fe sublattices, and at the same time indicates that the a-
axis is the easy magnetization direction. For DyFe4Alg single crystals a thermomagnetic
effect was found below 30K (Talik et al. 1993). A strong anisotropy of the magnetic
susceptibility occurs over the whole temperature range and is especially pronounced at
low temperatures. A T? dependence of the electric resistivity in the temperature range 4.2—
100K and an AF transition at 185 K were found. A cusp in the x,.(T) plot was observed
below 100K with a maximum at 30K. Schifer et al. (1989) claim that in HoFesAlg
the SG state is also established below 180K. Moreover, a transition from aligned to
random SG state is reported at Tog =40-70K, depending on the applied magnetic field.
However, the most unusual feature is the lack of cusp (or an extremely broad cusp) in the
ac susceptibility in the vicinity of T'sg (Gal et al. 1989). The SG state in this compound as
well as in compounds with R =Tb, Er and Dy exists as a result of competition of different
types of magnetic interactions in these compounds. The same reasoning is applied to
UFesAlg (Gal et al. 1990), although the deficiency in the Al sublattice (AnFe;Alg )
is also considered as the cause of the SG state both in UFe4Alg and in ThFeyAlg (Gal
et al. 1990).

A high Néel point (~195K) was reported by Chetkowski et al. (1991) for single
crystals of YFesAlg, together with weak ferromagnetism below 100 K. These two singular
points were confirmed by anomalies in the temperature dependence of the electric
resistivity (Chelkowski et al. 1991). Since neither neutron diffraction nor Mossbauer
effect examination were performed on this material we are reluctant to draw a final
conclusion here.

In actinide compounds (see table 9), ThFesAls is considered as the nonmagnetic
standard for the actinide sublattice because the Th sublattice is nonmagnetic. The
magnetic transition temperature reported by Buschow and van der Kraan (1978) was also
confirmed by neutron diffraction (temperature dependence of the [110]-peak intensity)
(Ptasiewicz-Bak et al. 1988). However, other neutron diffraction examinations along
with magnetic ac and dc susceptibility and Mdssbauer effect investigations (Gal et al.
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1990) have suggested a SG state below 110K. The difference in reported transition
temperature can result from the number and distribution of vacancies caused by different
thermal histories.

Neutron diffraction shows that below ~145 K UFe4Alg exhibits a complicated magnetic
structure in which there is AF ordering in the Fe-8(f) sublattice and ferromagnetic order-
ing in the U-2(a) sublattice (Gal et al. 1990). The Fe sublattice exhibits a configuration
with the spin orientation along the c-axis and moment values of 1.0ug/Fe atom, whereas
the ferromagnetic U sublattice contributes with a magnetic moment of 0.8ug/U atom
(Schifer et al. 1989). Neutron diffraction studies show that magnetic reflections are
not enhanced significantly under magnetic field below 7T (Schifer et al. 1991). The
ordered 5f moments are so small that a variation in magnitude or orientation cannot
be seen on polycrystalline material (Schifer et al. 1991). The conclusion about the
small influence of magnetic field on the neutron diffraction pattern does not agree with
the high-field magnetic measurements (Suski 1989). Neutron diffraction experiments
performed on a single-crystal sample of UFesAlg (Paixdo et al. 1994) did not confirm
the SG state but showed AF +—+— type arrangements of the Fe moments propagating
along the a and b axes with a ferromagnetic component on the U sublattice. Two
polarized neutron scattering experiments performed under a field parallel to the c-
axis and along the b-axis showed an induced magnetic moment of ~0.18ug in the
Fe atom and less that 0.04ug in the U atom for the first experiment and 0.25up for
both the U and Fe atoms in the second. Magnetization measurements on the same
sample have shown an easy a—b-plane magnetization. A remanent magnetization of
1.8ug/fu is found at 4.2K for a field parallel to the g-axis whereas no significant
remanent magnetization is found for a field parallel to the c-axis. The above results
suggest that the anisotropy type (easy direction) strongly depends on the f-electron
metal. For UFe;Alg and NpFesAlg the SG state has been reported by Gal et al. (1990)
to coexist at low temperatures with ferromagnetic order in the actinide sublattice and
AF order in the Fe sublattice. This coexistence of both types of magnetic ordering,
as well as the vacancies in the Al sublattices, can be the origin of the SG state. The
ordered magnetic moment for Np is po=0.6(6)us/Np atom (Gal et al. 1990). The
susceptibility of ThFesAlg follows a modified Curie~Weiss law (Buschow and van der
Kraan 1978) with effective magnetic moment pes =3.5up (Baran et al. 1985), while the
temperature dependence of the magnetic susceptibility of UFesAls obeys a Curie—Weiss
law above ~200K.
3.2.1.1.4. M =Cu compounds. The magnetic properties of the (R, An)CuyAlg systems are
collected in table 10a. These compounds, except for those with Ce, Eu, Yb, Lu, Y, Th and
Np, exhibit AF character (Felner and Nowik 1979). In CeCuyAlg the Ce ion is trivalent
and the compound exhibits paramagnetic behavior, and no sign of superconductivity
or of magnetic ordering could be detected down to the lowest accessible temperature
(Rauchschwalbe et al. 1985). However, the temperature dependence of the resistivity has
a peak at 6K corresponding to a positive peak at 8K in the thermoelectric power and a
single peak in C/T versus T near T =0.4K with y amounting to 300 mJ/K? mol. This
value suggests that this material could be a Kondo system (Rauchschwalbe et al. 1985).
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Tn(K)
30
20
10+ Fig. 12. Néel points, Ty, of RCu,Al,
compounds, versus lanthanide element, R.
The solid line is proportional to the
—— de Gennes factor (g; — 1)? J(J + 1) (Felner

7 | L 1 L 1 1
Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm .4 Nowik 1979).

The magnetic susceptibility of YbCuyAlg and LuCuyAlg is low and almost independent of
temperature (Felner and Nowik 1979), however, some anomalies have been detected in the
x(T) plot by Koterlin et al. (1993) for the former compound, for which XPS experiment
revealed mixed valence with v=2.47 (Shcherba et al. 1992). In turn, as mentioned
above, Ce in CeCu4Alg is trivalent (Felner and Nowik 1979, Shcherba et al. 1992) and
Eu in EuCuyAlg is divalent (Felner and Nowik 1979). As mentioned at the beginning
of this section the AF structure is not necessarily simple, because for GdCuuAls a
155Gd ME experiment revealed an angle between the direction of hyperfine field and c-axis
{6=60(0)°, Felner and Nowik 1979). The magnetic susceptibilities of the antiferromagnets
are described above T by modified Curie—Weiss laws, and the Weiss constants @, turn
out to be negative, which is consistent with the AF order. Since the magnetic order in
RCuyAlg compounds is due to the f-electron element interactions it seems reasonable to
look for a correlation between Ty and the de Gennes factor (gy—1)?J(J +1). As one
can see from fig. 12 (Felner and Nowik 1979) this correlation holds reasonably well for
the heavier lanthanides, whereas for lighter ones there is a pronounced discrepancy. This
discrepancy results probably from CEF effects and from the stronger contribution of the
conduction electrons and magnetocrystalline anisotropy than accounted for in a simple
RKKY approach.

As concerns the actinide compounds, ThCuyAlg is nonmagnetic while UCuyAlg is
antiferromagnetic below ~40K and with ordered magnetic moment ~1.3ug (Ptasiewicz-
Bak et al. 1988). This Néel point is the highest in the whole series of (R, An)Cu4Alg
compounds and this phenomenon is normal because the exchange interactions in the
uranium compounds are much stronger than in the corresponding lanthanide compounds.
The value of the ordered magnetic moment is also high in relation to other uranium
intermetallics and could result from weak CEF or hybridization interactions.

The system UCuq,,Alg, is generally puzzling and will be discussed below.

NpCuyAlg is paramagnetic down to 2K as has been shown in ME (Gal et al. 1985)
and ND (Gal et al. 1987) examinations.

As mentioned above, CeCusAlg exhibits strongly enhanced y (Rauchschwalbe et al.
1985), although this value is still higher in the UCuy,,Alg_, alloys. Also other systems
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seem to exist in broad composition range but the Fe alloys will be discussed in a separate
subsection because their properties were examined for few systems containing Y or f-
electron elements. We have at present also some indication that the UMny,,Als_, system
exhibits a range of homogeneity for —1.0 <x <3 in which paramagnetic properties are
observed for x >—1 (Suski et al. 1995). For UCuy,,Als_ a neutron diffraction experiment
(Ptasiewicz-Bak et al. 1988, Krimmel et al. 1992) revealed simple AF ordering in the
U sublattice for x not far from 0, but the temperature dependence of specific heat
did not demonstrate the A-type anomaly typical for magnetic ordering (Drulis et al.
1989). The electronic specific heat coefficient y obtained in this experiment amounts
to about 120 mJ/K? mol for x ~ 0.5. However, for x =~ 1.5 the magnetism disappears
and v increases to 800 mJ/K? mol, suggesting heavy-fermion like behavior (Geibel et al.
1990). The Néel points and y values versus concentration x, are shown in fig. 13. The
reason for such a high y value is a mystery since the material does not transform
to the superconducting state at low temperature (Rauchschwalbe et al. 1985). Point-
contact spectroscopy does not provide any indication of HF-state (Naydyuk et al. 1993).
Structural disorder as the reason for both a high y and the absence of magnetic ordering
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Table 10b

Magnetic data for UFe,Cu,_ Alg*®
X e DPer
) (p/f0)

0.5 -278 3.63
1.0 —149 3.59
2.0 -399 729
3.0 -352 572

2 Data from Suski et al. (1992a); see also table 10a.
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Fig. 14. Magnetic susceptibility of UFe, Cu,_ Al,
alloys: ) versus temperature T < 100K mea-
sured in a magnetic field of 0.7 T (Suski et al.
1992a).

and superconductivity has been excluded by a recent neutron diffraction experiment
(Krimmel et al. 1992). It might be that the increase of Cu concentration causes a volume
compression, which is not large enough to decrease the U-U separation below the Hill
limit necessary for superconducting state, but which might result in an enhanced 5f-ligand
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hybridization, and in the spirit of the Doniach (1977) phase diagram the 5f conduction-
electron exchange coupling constant is shifted from below to above the critical value
at which AF order vanishes. At this point we should mention that UNi;¢Si;, which
will be discussed in detail later, also exhibits an enhanced y =~ 100 mJ/K?mol (Suski
et al. 1993d).

The UCuy,,Alg . system has been obtained in the form of amorphous thin film. From
ac resistivity measurements it follows that compared to the results in the crystalline bulk
alloys, the onset of magnetic order is suppressed at low Cu concentrations, while the onset
of a coherent heavy-fermion state is suppressed at high x. The system reveals a single-ion
Kondo behavior down to the lowest temperatures, but significant deviations were detected
from the behavior of dipolar Kondo system (Lunkenheimer et al. 1994).

Finally we discuss the UFe,Cuy_,Alg system (Suski et al. 1992a). A ThMn,-type phase
has been observed for all values of x. At temperatures above 400K the susceptibility
follows a Curie~Weiss law. The respective magnetic data are listed in table 10b.

One can see that for low Fe concentration these parameters look reasonable, but for
x > 1.0 they are strongly enhanced. Most probably, their magnitude reflects the presence of
iron. The temperature dependence of the susceptibility below 100K is presented in fig. 14.
One can see that it is difficult to determine which type of magnetic ordering, if any, exists
in this temperature range. The SG state reported for UFesAlg (Gal et al. 1990) can be
enhanced in the UFe, Cuy_,Alg solid solutions, and the difference in behavior between FC
and ZFC samples (see fig. 4 in Suski et al. 1992a) seems to indicate such a possibility.
Also, magnetic ordering of both UCusAlg and UFe4Alg complicates the establishment of
the low-temperature properties of their solid solutions. This system seems to be extremely
interesting, however, it needs still careful examination.

3.2.1.2. (R, An)FesAl;-type compounds. As mentioned above, the 1:5:7 stoichiometry is
observed in the rare-earth compounds with Fe. Moreover, it is obtained only for heavier
lanthanides (from Sm to Lu), Y and U. Tables 11a,b list the results of crystallographic
and magnetic investigations (table 11a) and of Mdssbauer effect and neutron diffraction
examination (table 11b). Both sets of experiments indicate that the excess iron atoms
enter predominantly the 8(j) position (Felner et al. 1983, Kockelmann et al. 1994).
Moreover, Schifer et al. (1994) also report indications for clustering of the Fe atoms
on 8(j) positions. Magnetic investigations indicated a single transition of the Fe and R
sublattices for these compounds at a temperature between 200 and 250K (Felner et al.
1983). A ferrimagnetic structure has been proposed on the basis of the observed minimum
in the temperature dependence of the magnetization (a compensation point?) for Sm, Tb,
Dy, Ho and Er compounds. This structure has been confirmed for the compounds of Tb,
Dy, Ho, Er and Tm in the ND experiment by Kockelmann et al. (1994), but at the same
time the Néel points for the Ho and Er compounds were found to be lower, 61(1) and
62(1) respectively, than that determined in magnetometric examination; also, in the case
of ErFesAl;, T is lower than the compensation point (see tables 11a,b).

According to magnetic measurements (Felner et al. 1983) the low-temperature behavior
of some of these compounds is very strange. SmFesAl; exhibits large magnetic and
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thermal hysteresis and time-dependent effects. The temperature dependence of GdFesAl;
magnetization displays a broad maximum. A negative magnetization is also observed for
compounds of Tb, Dy, Ho and Er at low temperatures when the sample is cooled down in
a magnetic field. In addition, magnetization curves with compensation (?) points, sharp
maxima, and strong hysteresis phenomena are detected. Time-dependent effects are also
observed for the Dy and Er compounds (Felner et al. 1983). 5"Fe Méssbauer studies reveal
at least three magnetically nonequivalent sites. Felner et al. (1983) propose the following
magnetic structure for the investigated compounds: the Fe atoms at the 8(f) site, the
majority iron site, form a canted AF structure with a ferromagnetic component antiparallel
to the rare-earth sublattice magnetization. The Fe atom at the 8(j) site also has its moment
antiparallel to the rare-earth moment. Iron at the 8(i) site stays nonmagnetic even at 4.2 K.
In compounds with a nonmagnetic R the 8(j)-sublattice magnetization is antiparallel to
the 8(f)-site ferromagnetic moment. Felner et al. (1983) claim that within this assumed
spin structure the features of observed magnetization curves can be explained. One can
accept this explanation for the zero-field state, but the processes observed under nonzero
field need further elucidation and the time-dependent effects might be related to the spin
glass state.

Neutron diffraction (Kockelmann et al. 1994) provides a slightly different picture of
magnetic structure. At lower temperatures there is ferrimagnetic long-range order with
the magnetic moments of the R sublattice antiparallel to the Fe moment at site 8(f).
Ordered magnetic Fe moments at the 8(j) site oriented parallel to those on &(f) sites can be
considered seriously. Moreover, TbFesAl; exhibits weak satellite reflection below 100K
in addition to the ferrimagnetic order; these satellites result from a modulation of
the ferrimagnetic structure along a basal-plane direction with a modulation length
of about 20 unit cells. All compounds exhibit broad peaks due to diffuse magnetic
scattering at a position near the Bragg reflections. These diffuse peaks can be attributed
to short-range ferrimagnetic ordering which occurs well above the Curie points. The
short-range order may result from a clustering of the Fe atoms in 8(j) positions.
The critical exponents 8 presented in table 11b exhibit a large scatter and cannot be
attributed to any universal mechanism of exchange interactions (Kockelmann et al. 1994).
Coexistence of short- (SRO) and long-range magnetic order (LRO) below 200K was also
proposed by Halevy et al. (1994) to exist in HoFesAly; this is transformed in only LRO
at about 60 K.

As concerns UFe;Al;, magnetic measurements by Baran et al. (1985) (table 11c)
suggest it to be ferromagnetic below 268K. This conclusion has been confirmed by
recent 'Fe ME experiments (Vagizov et al. 1995). However, the low value of saturation
magnetic moment calculated per Fe atom, ps=1.23up, hints at a possibly complex
ferromagnetic structure (table 11b). ’Fe ME examination revealed that Fe atoms occupy
mostly 8(f) (54%) and 8(j) sites, whereas the 8(i) position is populated only by a small
fraction (3%) (Vagizov et al. 1995). The total magnetic moment determined in this
experiment amounts to 0.814ug. The difference between the latter value and the saturation
magnetic moment obtained from magnetic measurements (Baran et al. 1985) suggests the
possibility that the uranium sublattice contributes to the magnetic ordering.
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The (R, An)FesAl; compounds seem to be the most mysterious group of materials
among those being discussed in this review, and many experiments are still needed for
further explanation of their properties.

3.2.1.3. (R, An)MsAls-type compounds.

3.2.1.3.1. M=Cr compounds. In table 12a (Felner et al. 1981b) we present the results
of magnetic and ME investigations on compounds of Gd, Dy, Er and Lu. The Cr atom
(ion) exhibits a local moment in ErCrsAls and not in GdCrgAlg, although the Curie point
of the latter compound is one order of magnitude higher than for other ferromagnets
from this family of compounds. The magnetic structure of RCrgAls compounds is
ferromagnetic, but a strong decline of the Curie point going from GdCrsAls (Tc=170K)
to DyCrsAls (Tc =20K) and the low Curie constant of the latter compound might indicate
strong CEF effects. Strangely enough, ME studies of >*Gd (Felner et al. 1981b) at 77K
yield the pure quadrupole parameters. The hyperfine field direction is at an angle to the
c-axis, which suggests that the magnetic structure is not necessarily simple. ME studies
of 191Dy and !%°Er confirm magnetic ordering, and for DyCrsAlg the hyperfine field has
been determined.

3.2.1.3.2. M =Mn compounds. The results of magnetic and ME investigations for heavy
lanthanides and Y are presented in table 12a according to Felner et al. (1981b). These
results suggest that the Mn ion probably carries a local moment (~1.4up) as observed
for YMngAlg. However, since CEF reduces the rare-earth contribution to the effective
moment, it is difficult to determine the Mn contribution, which seems to increase as
the rare earths become heavier. In GdMngAlg there is no Mn contribution. The low
Curie/Néel point is an indication of ordering in the lanthanide sublattice, but its character
is unclear. On the one hand the paramagnetic temperature is negative, but on the other
hand there are no maxima in the susceptibility curves. These facts, as well as the low
value of the saturation moments, suggest a weak ferromagnetic (WF) structure. This
last observation indicates that polarized conduction electrons contribute strongly to the
magnetic properties of this class of materials. This idea is supported by the angle between
the hyperfine field direction and the c-axis observed in >Gd ME (Felner et al. 1981b).
The magnetic moment determined from the hyperfine field for GdMngAlg (1.3ug) is a
further confirmation of WF structure. The value of the hyperfine field for DyMngAlg
is high, and likely also for DyCrsAls (Felner et al. 1981b). The Méssbauer spectra of
compounds of Er and Yb are explained by spin-relaxation theory, and the observed spin-
relaxation rates (~2x 10° s™! for Er and 2x 108 s™! for Yb) are slow. CEF effects are most
probably the cause of these slow spin-relaxation rates (Felner et al. 1981b).

3.2.1.3.3. M=Fe compounds. The results of various types of physical examinations
are listed in table 12b. These compounds also exist only for heavier lanthanides, Y and
U. Compounds of magnetic lanthanides are ferrimagnetic (Felner et al. 1981a), whereas
compounds of Y (Felner et al. 1981a) and U (Baran et al. 1985, Ptasiewicz-Bak et al.
1988) are ferromagnetic. ME studies on *'Eu and 7°Yb show that in EuFesAls and
YbFesAls a mixed-valence state exists and moreover, that there is a strong admixture of
EuAl, and YbAl,, respectively (Felner et al. 1981a). ME on the 3'Fe nucleus revealed
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that the Fe atom predominantly occupies the 8(f) position, with a second preference for
the 8(j) site (Felner et al. 1981a). The same has been reported by Vagizov et al. (1995)
for UFesAls. Only for YbFegAls are the 8(j) and 8(i) positions reported to be statistically
occupied (Felner et al. 1981a, Popiel et al. 1989). For this compound magnetic structure
disorder was observed (Popiel et al. 1989, 1990).

Apart from dc magnetic susceptibility and ME for these compounds, examinations have
been reported of electric resistivity (Chetkowski and Chetkowska 1988) and ac magnetic
susceptibility and magnetostriction (Jelonek et al. 1990). Some of these experiments
revealed a strong influence of thermal history and the form of the sample on the physical
properties. These differences are particularly pronounced for the compounds of Tb, Ho
and Er (Chetkowska et al. 1988). The general feature of the temperature dependences
of magnetization are: maxima at temperatures close to ~220K, lack of saturation for the
majority of compounds, and a small value the of saturation moment at lower temperature.
The Curie points determined by means of ME examinations are close to 320-350K
(except for EuFegAlg and YbFegAlg, see Felner et al. 1981a, Chetkowski and Chetkowska
1988). UFesAlg exhibits a similar value for T (355 K), (Baran et al. 1985, Ptasiewicz-
Bak et al. 1988, Vagizov et al. 1995). This fact indicates a lack of difference between
the compounds of magnetic and nonmagnetic f-electron elements and makes it difficult
to determine the contribution of the f-electron element to magnetism from magnetic
measurements alone. Even ND experiments performed on UFesAlg (Ptasiewicz-Bak et al.
1988) cannot give any final conclusions, due to the rather limited accuracy of the results,
regarding the contribution of the uranium atom to the magnetic order.
3.2.13.4. M=Cu compounds. The data obtained in magnetic and ME investigations
are collected in table 12c. Felner et al. 1981b claim that the slope of the magnetization
curves as well as the negative value of © suggest that the RCugAlg compounds (where
R are heavy lanthanides) order antiferromagnetically due to R-R exchange, and that this
is confirmed by the low Néel temperature. However, the maximum in the M(T) curve is
diffuse and '>*Gd ME examination reveals an angle between the hyperfine field direction
and c-axis for GdCugAls (Felner et al. 1981a). Moreover, ME on '$!Dy in DyCugAlg
does not show any magnetic ordering (Felner et al. 1981a). Therefore, the conclusion
about AF ordering in these materials is on a weak footing and still needs confirmation by
neutron diffraction. Diamagnetic properties of YbCugAls and !"°Yb ME prove that the
Yb ion is divalent in this compound.
3.2.1.3.5. The aluminides with other elements. Up to now two such compounds and their
properties have been reported: CeAgysAlg (Rauchschwalbe et al. 1985), which is neither
magnetic nor superconducting; and GdRhgAlg (table 12d), which is ferromagnetic below
30K (Felner et al. 1981a,b) with an angle between the hyperfine field direction and the
c-axis as determined in *Gd ME (Felner et al. 1981b).

3.2.1.4. (R An)Fe,Al;;_, solid solutions. As mentioned above, it appears that for the
majority of the discussed materials solid solutions exist over a broad concentration range;
the most systematic study has been carried out for iron as the transition metal. Previously,
the UCuy44,Alg—, system has been described and the existence of the UMny,,Alg., alloys
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Table 12d
Ternary RRhgAl-type aluminide
R a [4 magn. T O Ds Hy; @° Remarks Ref.
(m) (mm) state (K) (K) (/) (D ")
+*5
Gd F 302) 47 42 at 41K, under 1.8 T 1
18.6(4) 60(2) 'SGd ME 2

2 Angle between Hy; and c-axis.
References
(1) Felner et al. (1981b) (2) Felner et al. (1981a)
Te (K)

600 y

V4
V4
’
400 -
200
)
!
|
0 11 |
0 4 8 12 Fig, 15. Curie temperature, T, of the

GdFe,Al,,_, alloys versus Fe concentra-

x-——-———

tion x (Xian-zhong Wang et al. 1988).

is known (Suski et al. 1995). Below we are going to describe the properties of the
(R, An)Fe,Aly_, systems, where R = Gd, Tb, Erand Y and An = U. The existence range

differs for the various f-electron metals.

For Gd compounds Xian-zhong Wang et al. (1988) reported that in addition to the
materials previously obtained (and described) in this system, species with x=8 and 10
exist, and these were prepared by melt spinning. Unfortunately, these samples contain an
amount of free a-Fe. Similar results have been obtained for R=Dy (Xian-zhong Wang
et al. 1988). In fig. 15 (Xian-zhong Wang et al. 1988) the Curie points of the GdFe;Ali,«
alloys are plotted versus Fe concentration x. One can sce that the extrapolated Tc for
the ideal GdFe;, would be about 600K, but T¢ for x=10 is already interesting from the
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Fe at(f)/fu.

Fe at(ij)/fu.

Fig. 16. Distribution of the Fe atoms in
8(f) site (upper panel) and 8(i) + 8(j)
sites (lower panel) versus x in the
RFe, Al,,_, alloys, determined by ’Fe ME
examination: circles, R=Gd (Liu et al.
1987); squares, R=Er (Kamimori et al.

. 1988); triangles, R=Y (Felner and Nowik
x in RFexAli2x 1986b).

applications point of view. The saturation magnetizations at 300K are 6.07 and 10.6up/fu
for x=8 and x =10, respectively, which is considerably lower than those for compounds
of Si, V, Ti, etc. The average Fe moment at room temperature deduced from the average
hyperfine field (*’Fe ME) amounts to 1.5up. Therefore, the deduced Gd moment for x = 10
is 4.5up, assuming a ferrimagnetic structure in which the Gd sublattice is antiparallel
to the iron sublattices. The fit to the Mossbauer spectrum of GdFe oAl shows that the
8(i) and 8(f) sites are fully occupied by iron, while the 8(j) site is equally occupied
by Fe and Al. Figure 16 demonstrates the site occupancy of Fe atoms for alloys with
x<6 for R=Gd (Liu et al. 1987), R=Er (Kamimori et al. 1988) and R=Y (Felner
and Nowik 1986b). As was shown before for x=4, the 8(f) site is completely filled
with Fe atoms for R=Gd but not for R=Er and Y. For x=6, 60% of the Fe atoms
remain at 8(f) for R=Gd, but only 33% for R=Er and almost no Fe atoms for R=Y.
These facts show that occupancy of the 8(f) site by Fe atoms strongly depends on
the R atom, and the number of Fe atoms at the 8(f) site decreases remarkably as
x increases. The last tendency is also observed in the TbFe,Al;, , system (Felner and
Nowik 1988) where the occupation of 8(f) sites by Fe atoms amounts to zero as shown
in fig. 17. The contribution of the Tb sublattice to the magnetization and associated
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Fig. 17. Distribution of the Fe atoms
in individual crystallographic positions
0 i) O in TbFe Al;, , alloys versus Fe concen-
3.0 35 4.0 4.5 50 55 6.0 tration, x, as determined by *’Fe ME

x in ThFexAly,., examination (Felner and Nowik 1988).

high magnetic anisotropy and the SG structure below a relatively high 7c lead to a
wide variety on unusual phenomena. This includes observed negative magnetization,
wide hysteresis loops and double-peaked magnetization—temperature curves which are the
results of high magnetic anisotropy with a step temperature dependence of the rare-earth
sublattice.

The magnetic properties of the ErFe,Alj;_, system obtained from measurements of
the temperature dependence of the ac susceptibility are presented in fig. 18. At x=4 the
magnetic couplings of Er-Er and Fe-Fe are ferromagnetic; Er-Fe is antiferromagnetic
below T¢; (AF in fig. 18) and Fe-Fe is AF between Tc; and T (A in fig. 18) (Felner
and Nowik 1978, Felner et al. 1983). Another transition T, was observed at x=4.25 and
x=4.5. Small spontaneous magnetization and large high-field susceptibility were observed
between Tcy and T (FR/, fig. 18). In this phase ferromagnetic clusters may exist in the
AF matrix. One can see that the FR region expands with increasing x. This is due to
the increment of the Fe(f)-Fe(i,j) and Fe(i,j)}-Fe(i,j) pairs and decrement of the Fe(f)-
Fe(f) pairs. Therefore, Fe(f)-Fe(i,j) and Fe(i,j)-Fe(i,j) couplings are assumed to be
ferromagnetic. The magnetic coupling of Fe(f)-Fe(f) is AF at x =4. The above-mentioned
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Fig. 18. Magnetic phase diagram (7,x)
of the ErFe Al;, . alloys determined by
the measurements of ac susceptibility
(Kamimori et al. 1988). The symbols are
explained in the text.

x in ErFexAlipx

ferromagnetic cluster is considered as a mixed state of AF coupling of Fe—Fe pairs at x=4
and ferromagnetic above x =4.75.

A transition from ferrimagnetism to spin-glass (SG) behavior has been reported by
Felner and Nowik (1986a,b) for YFe,Alp_, and 4 <x < 6. As mentioned in previous
paragraphs, YFe4Aly is an antiferromagnet and YFe¢Alg is ferrimagnetic, whereas
the alloys with x=4.5, 5.0 and 5.5 exhibit phenomena associated with SG behavior
below T, yet they order ferrimagnetically at a higher temperature as evidenced by
the >’Fe Mossbauer spectra. Both temperatures are shown in fig. 19a, while fig. 19b
demonstrates the occupation of the crystallographic sites by the Fe atoms. This is in
fair agreement with fig. 17, but additionally the occupancy of the 8(i) and 8(j) positions
is shown separately in fig. 19. In the SG state large field-cooled (FC) and zero-
field-cooled (ZFC) remanences are observed and the remanent magnetization is time
dependent. The magnetization curves strongly depend on cooling rates and the hysteresis
loops have unusual slopes. The SG transition temperature T decreases as the external
magnetic field increases, accurately following a “2/3 power law”.

Among the actinides only the UFe,Alj>_; system has been investigated over a broad
composition range. In fig. 20 we present the saturation magnetization, magnetic moment
of the iron sublattice and Néel/Curie points of these alloys for Fe concentration 3 <x < 6
(Vagizov et al. 1995). One should note that the Curie point of 478 K for x=8 reported
by Zeleny et al. (1991) is also roughly located on the Tc(x) curve. This curve is linear
and can be used as a characteristic of the concentration. On the contrary, a plot of the
satyration magnetization M vs. x exhibits pronounced a minimum for x =4. The value
of M observed at this concentration is the value of the magnetic moment of the uranium
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Fig. 19. (a) Curie/Néel points, Ty
(circles) and the temperature of transition
to SG state, Tg; (diamonds). (b) Dis-
tribution of Fe atoms in the following
crystallographic positions: 8(f), circles;
8(i), triangles; 8(j), squares, versus Fe
concentration x in YFe Al,, , alloys (Fel-
ner and Nowik 1986b).

Fig. 20. Saturation magnetization, M (cir-
cles) at 4.2K, magnetic moments of
the Fe sublattice (triangles) and ordering
temperature T, y (crosses) versus Fe con-
centration x in UFe Al;,_, alloys (Vagizov
et al. 1995). The diamond corresponds
to the neutron diffraction data (Gal et al.
1990).

sublattice (~1ug) and is close to the value of the uranium magnetic moment determined
in a neutron-diffraction experiment reported by Gal et al. (1990). For the understanding
of this statement we should remind ourselves that the magnetic structure of this material
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consists of an AF iron sublattice and a ferromagnetic uranium sublattice (see Paixio et al.
1994).

The jump for x =4.2-4.4 corresponds to the transition from the AF to the ferri- or
ferromagnetic state. As has been shown by ME experiments this jump is related to the
Fe atoms beginning to enter into 8(j) crystallographic positions. Andreev et al. (1992a)
claim that with the increasing x and consequently increasing number of Fe atoms at
the 8(j) sites, the uniaxial contribution to the anisotropy becomes larger, leading to a
decrease of the total anisotropy. The increase of M for x <4 results from noncompensated
AF structure of the Fe sublattice. ’Fe ME experiments (Vagizov et al. 1995) show that
as x increases above x=4 only few Fe atoms enter the 8(i) sites and there is only a
tiny difference in occupation of two other positions for x=5 and 6. This observation
cannot explain the apparent increase of the Curie point from x =5 to x =6. However, the
total Fe magnetic moment increases linearly with x. The observed asymmetry in the ME
spectrum of UFesAl; at RT might be related to a small admixture of Fe-Al nonmagnetic
alloy (Gal and Halevy, private communication). The Curie point of this compound is
confirmed by the results of Halevy et al. (1994) who reported Tc=250K for NpFesAl;.
2"Np ME for this compound gives the hyperfine field at 4.2 K amounting to 286(10) T,
which corresponds to a magnetic moment of ~1.3ugp.

3.2.2. Gallides

ThMny,-type gallides have been reported only for the rare earths (Weitzer et al. 1990,
Burzo et al. 1992, Morariu et al. 1993, Rogalski et al. 1993). Weitzer et al. (1990) claimed
that the RFe,Ga,,., alloys exist with x = 6 and that for heavier lanthanides the ThMn,,-
type structure is stable only at higher temperatures. The temperature range of existence of
these materials is shown in fig. 21a. From this figure it follows that for heavier lanthanides
LT modification exhibits orthorhombic ScFesGas-type (Immm) structure (Weitzer et al.
1990). In turn, the chemical cell volume (fig. 21b) yields a smooth curve, except for
that of Ce and Yb gallides; this can suggest a mixed-valence state of Ce in this alloy.
However, the Yb point falls below the line for unknown reasons. Both crystallographic
modifications do not exhibit a difference in the volume of chemical cell.

The lattice parameters and magnetic data of these materials are presented in table 13.
They exhibit ferromagnetic character below T =560 K (for Lu compound at maximum)
and 340K (for Pr compound at minimum) at which all magnetic sublattices order simul-
taneously. The compounds of light lanthanides are considered to be collinear or canted
ferromagnets, and the magnetization vector is supposed to be close to the a—b plane. In
addition, strong hysteresis effects are visible in all alloys. Energy products are the highest
for (Pr, Sm)Fe.sGa-¢. Ferrimagnetic behavior is observed for the heavy-rare-earth com-
pounds and both Fe and R sublattices couple antiparallel, exhibiting easy-plane anisotropy.
Magnetic properties are apparently not related to the crystallographic modification of
these materials. In turn, Burzo et al. (1992) have reported the existence of gallides for
Gd and Y with concentrations 10 < x < 11. Therefore, these materials should be discussed
in subsequent sections but for the sake of simplicity we will present them here.
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0368 —  (Weitzer et al. 1990).

The magnetic properties are presented in fig. 22 and in table 13. It follows from fig. 22
that when the Fe atom is substituted by the Ga atom the Curie points increase while the
saturation magnetization and anisotropy fields decrease and the easy axis of magnetization
is the c¢-axis. Since Gd is in the S-state and Y is nonmagnetic the anisotropy is mainly
determined by the iron sublattices. Assuming that the Gd moment amounts to 7ug,
the average iron moments were determined as shown in fig. 22¢ (MEg.). The difference
between M, for Gd and Y compounds shows the contribution of the induced iron moment
resulting from the presence of the magnetic lanthanide. Extrapolation of M to x=0
determined from magnetic measurements gives 1.96ug/Fe atom for the Y alloy and
2.10up/Fe atom for the Gd alloy (Burzo et al. 1992), while 37 Fe Mossbauer effect provides
2.15 and 2.31up/Fe atom for the Y and Gd alloys, respectively (Morariu et al. 1993).
Both these last values are about 10% larger than those determined by Burzo et al. (1992).
Contrary to these reports, Cadogan et al. (1993) have observed for the YFe ,_,Ga, system
with 1<x <2 the formation of either hexagonal Th;Ni;; or rhombohedral Th;Zny,
structures plus a-Fe(Ga).

In order to improve the magnetic properties, Fe was substituted by Co in the Pr
compound (Weitzer et al. 1990). However, this substitution markedly diminishes M and
T, and therefore we will not devote more space to these alloys.
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650 + Fig. 22. (a) Curie points, T, (b) spontaneous
- /o a magnetization, (c) Fe moment determined at 4.2K,
550+ My, (d) anisotropy field H,, at 77K (circles)
- / and 300K (triangles), versus Fe concentration x in
450 + GdFe,Ga,,_, (open symbols) and YFe, Ga,,_, (solid
0 R 12 X symbols) (Burzo et al. 1992).

One should also note that for expected technical application an alloy has been studied
in which ‘mischmetal’ is utilized instead of a pure rare-earth element (Weitzer et al.
1990). (The nominal composition of ‘mischmetal’ is about 50% Ce, 30% La, 16% Nd
and 4% Pr; it can vary somewhat depending upon the ore source but the relative amounts
Ce>>La>>» Nd >Pr always hold). It follows from table 13 that the ‘mischmetal’ alloy
behaves more like CeFes 4Gag, s than like PrFes sGag s, so that it does not have particularly
favorable magnetic parameters. Therefore, in spite of its relative low price, this alloy
cannot be recommended as a new magnetic material.

Finally, it is noted that gallides also exist in the Dy—Co-Ga and Yb—Co-Ga systems
(see Gladyshevsky et al. 1990), and that In compounds of the LnAgs 4Ing ¢-type have been
reported (Sysa 1991), although their properties have not been investigated.

3.3. Compounds of the rare earths with high concentration of transition elements
The rare-earth compounds and the actinide compounds will now be treated separately,

in the present sect. 3.3 and in sect. 3.4, respectively. The reasons are that: (1) the
rare-earth compounds form a huge class of materials, much bigger than that of the
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actinides, with a vast amount of information available, and (2) the research on these
materials was apparently motivated by their potential commercial applications. In fact,
the high Curie points and magnetizations justified the interest in these alloys as useful
for some technological purposes; sometimes they are superior to the Nd—Fe-B derivatives.
However, their remanence and coercivity are rather low and the desire to improve these
parameters motivated much of this extensive research. Below, particular attention will be
devoted to the following topics: bulk magnetic properties of polycrystals, single crystals
and thin films; anisotropy; spin-reorientation transition temperature; theoretical attempts
to explain observed behavior; and finally technological processes proposed for improving
magnetic parameters.

3.3.1. Bulk magnetic properties of the rare-earth compounds

The bulk magnetic properties of the compounds with Fe, Co and Ni as transition elements,
and with Si, Ti, V, Cr, Mn, Mo, W, and Re as structure-stabilizing components, will
be discussed. The pseudoternaries will also be presented because a substitution of one
component by another may improve materials parameters.

Generally, among the compounds presented only a small number contain La, Ce, Eu,
Yb or Lu; one can assume that many possible compounds with these elements were
not synthesized because of their apparently weak magnetic character. On the other hand,
Y compounds are frequently investigated not only because these materials are convenient
standards for the lanthanide compounds (because the magnetism is located only in the
transition-metal sublattice), but also because some of these alloys exhibit reasonable
magnetic behavior. The best magnetic parameters seem to indicate that compounds
containing Ti and V as stabilizing elements are better than those utilizing the 4d and
5d elements. This observation can be related to the crystallographic position occupied
by the stabilizing component, e.g., Mo seems to substitute Fe in the 8(i) position and
this substitution decreases the Curie point relative to compounds with other stabilizing
elements (see e.g. Ermolenko et al. 1990). Frequently, the composition of these alloys,
RM;, . T,, does not correspond to the stoichiometry with x=2, and the index of the
stabilizing component is usually 1< x<3. In order to obtain more favorable magnetic
parameters the whole existence range is investigated and the best results are obtained for
different values of x.

Almost all of these compounds exhibit an admixture of a-Fe, which surely improves
magnetic parameters, but makes it difficult to determine precise intrinsic numerical
values.

3.3.1.1. Compounds with Si. Compounds with Si are obtained with Fe and Ni, and
with Fe partially substituted by Co (Buschow 1988a, Solzi et al. 1990); however, pure
compounds with Co do not exist. The silicides are one of the few groups exhibiting the
stoichiometry RFe;Si,. Their properties are collected in table 14. In this family PrFe;,Sis
is exceptional because it has a cubic, NaZn;3-type of structure (Sakurada et al. 1992). The
magnetic moments of YFe;Si, and LuFe (Si, are close to each other, M=18.3up/fu
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T K]
800
700 |
600 -
Y(Fe, ,Lo,), ¢S,
500 1 ! ! i Fig. 23. Curie points versus Co concentra-
0 0.2 0.4 0.6 0.8 1.0 tion x in Y(Fe,_Co,),,Si, alloys (Buschow
X —= 1988a, Q. Li et al. 1991).

(Q. Li et al. 1991), which corresponds to the magnetic moment of the iron sublattice. This
value is higher than for any other silicide, suggesting antiferromagnetic coupling between
the Fe and R (heavy) sublattices. The magnetic moment for the rare-earth sublattice equals
6.4, 8.0, 8.6, 8.3 and 7.5up/R atom for Gd, Tb, Dy, Ho, and Er, respectively. These values
are different from the free-ion values, and the discrepancy most probably results from a
contribution of the conduction electrons to magnetism. The compounds of Ni exhibit weak
magnetic properties (Moze et al. 1992). This seems to result not only from geometric
factors (distribution of the atoms in the crystallographic positions) but predominantly
from a band structure with a filled 3d Ni band.

As mentioned above, no RCo(Si; compound has been reported, but SmFe;q,Co,Si,
(Buschow et al. 1988, Solzi et al. 1990) and YFe;¢_,Co,Si; (Buschow 1988a) are formed
over a limited composition range. Figure 23 shows that, for the Y silicides, as the Co
concentration x increases, I¢ increases from 569K for x=0 (Q. Li et al. 1991) to above
800K (Buschow 1988a) with further diminution of T¢ up to the solubility limit (x=8).

Buschow et al. (1988) and Solzi et al. (1990) have reported the existence of Sm
pseudoternaries up to x =5 with an increase of 7¢ from 606 K (Buschow 1988a) to above
800K (Solzi et al. 1990). The temperature dependences of anisotropy and critical field
for the first-order magnetization process (FOMP) both exhibit a flattening with increasing
Co content. Unfortunately, the alloys investigated by Solzi et al. (1990) are reported to
exhibit about 20% of second phases: a-Fe—Co(-Si) alloy, SmyFe;7_,Co,, and free cobalt.

3.3.1.2. Compounds with Ti. The lattice parameters and magnetic data for compounds
with Ti are listed in tables 15a—d. Their stoichiometry only exceptionally corresponds
to the RM;(Ti, formula and the index for Ti is usually <2. The compounds are formed
with Fe, Co, and solid solutions in which Fe is substituted by Co or Ni. As mentioned
above, the compounds with Ti and V seem to be the most promising magnetic materials.
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Table 15b
Ternary RCo,, Ti-type compounds
R a c Tc MY Remarks Ref.
(nm) (nm) X) (up/f)
Y 1050 10.62°¢ axial anisotropy at RT 1
0.83479 0.47004 943 12.69® 2
12.93¢ 2
13,702 3
La 980 12.63¢ 1
Ce 920 13.10° axial anisotropy at RT 1
Pr 1040 15.36¢ axial anisotropy at RT 1
Nd 1020 15.27¢ axial anisotropy at RT 1
Sm 1040 12.80¢ planar anisotropy at RT 1
Gd 1055 7.56¢ axial anisotropy at RT 1
0.8394 04716 1080 7.8° axial anisotropy at RT 4
9.3¢ 4
Tb 1070 7.2°¢ axial anisotropy at RT 1
Dy 0.8108 0.5491 axial anisotropy at RT 4
1030 9.30¢ axial anisotropy at RT 1
Ho 0.8416 0.4653 1073 6.0° axial anisotropy at RT 4
10.6¢ 4
1045 12.11¢ axial anisotropy at RT 1
Er 0.8381 0.4724 1066 13.0° axial anisotropy at RT 4
12.7¢ 4
1060 11.44¢ planar anisotropy at RT 1
*ALL5K. b AtTTK. ¢ At293K.
References
(1) Ohashi et al. (1991) (3) Yang et al. (1990)
(2) Solzi et al. (1988) (4) Sinha et al. (1989a)

Some of the Co compounds demonstrate Curie points above 1000K, however, higher
magnetization values are observed for the Fe compounds. In both series, a comparison of
the high value of the saturation magnetic moment for Y compounds with those observed
for other rare earths proves that for light lanthanides the magnetic moments of both
sublattices are coupled ferromagnetically, whereas for the heavy lanthanides they are
antiferromagnetic. Therefore, much investigation has been directed at alloys in which Fe is
substituted by Co in order to enhance T¢ without excessive reduction of the magnetization.
Figure 24 (J. Hu et al. 1988) shows the lattice parameters of the RFei09Ti;; compounds.
One can see the lanthanide contraction but also a pronounced increase of both lattice
parameters for Er. Because a change of valence seems to be excluded for this element,
this anomaly should have an other reason. The temperature dependence of magnetization
of Sm and Ho alloys shows a small decrease for Sm and a small increase for Ho with
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clnm]}
0.482}

0.4801 ° 3

0.858}
alnm}}

0.856}
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1
0.852

Fig. 24. Lattice parameters a (lower panel)

L and ¢ er panel) for RTi, , F allo
Y Nd Sm  Gd Tb Dy Ho Er a L (uppe 1%88;.) 111700 A0S

increasing temperature, as shown in fig. 25 (J. Hu et al. 1988). In turn, the same plot
for the Dy compound exhibits an anomaly at a temperature corresponding to the spin-
reorientation transition (SRT). The anomaly seen in the temperature dependence of the
hyperfine field Hyr for the Nd, Tb and Dy compounds of the RFey; Ti-type (fig. 26) is

150
S SmTijsFeqgq H=6T
I
100
L . HoTiy4Feqgg rsserenenstssntsment e e
E _ * ""“""""""---u.u evanesen
g - l..ll.ll..l.l'.l
r | B DyTisFeqng
1 g H=0.2T
| ) I—
o .
L x o)
| 0 Ty i}
0 | I
0 100 e |

Temperature (K]

Fig. 25. Magnetization, M, versus temperature measured under magnetic field of 6 T for SmTi, ,Fe,y, (upper
curve) and HoTi; ;Fe,,, (lower curve) compounds. Inset shows M (T plot for DyTi, Fe,y, measured under
magnetic field of 0.2T (J. Hu et al. 1988).
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"‘\‘\N ‘ \
- J\‘*“ L \. _‘ (i)

?’* 1
LWL_ TN::\ f)

Hie(T)

Nd(Fe,Ti}

f ~
.f"i\,ﬂ. '
A i
Th{Fe,i) Dy(Fe,,Ti)
00 200 T(K 100 200 T(K 100 20 TK)

Fig. 26. Hyperfine fields, H,; at different crystallographic sites for (a) R=Nd, (b) R=Tb and (c) R=Dy
versus temperature in RFe,; Ti alloys, obtained by Fe ME experiments. The discontinuity corresponds to the
spin-reorientation temperature, 7 (B.-P. Hu et al. 1989b).

also due to a SRT (B.-P. Hu et al. 1989b). Admixture of Co for Fe is possible only over a
limited range x < 3 in RFe;;_Co,Ti alloys, except in those containing Gd and Dy (Sinha
et al. 1989a), and Sm, where the limit is x <5 (Andreev et al. 1989). Figure 27 presents

a{nm)
0.86

085}

| L 1 L 4 I N,

|

0480}
c{nmj
0.476

Te (K)
1000

800

Fig. 27. (Upper panel) Lattice parameters a and c,
(middle panel) Curie points 7, and (lower panel)
saturation induction, M versus Co concentration x in
Ms(T) Sm(Fe,,_,Co,)Ti alloys (Andreev et al. 1989). Nete
12 that, contrary to results of Ohashi et al. (1988b) the
“r single-phase range exists for x <5 only. The Curie
points obtained by Ohashi et al. (1988b) are slightly

higher than that presented in this figure, except for

—L . L A4 1 x=0, where the value shown in the figure is apparently

0 1 2 .3 4 5 higher. Results of Solzi et al. (1990) (diamonds) are
X in Sm{Feqq.CoTi also similar.

600

1.0
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some parameters for the Sm pseudoternaries which are presented according to Andreev
et al. (1989). As mentioned, the alloys exist over a limited composition range in which
increasing x corresponds to increasing 7c, whereas the saturation magnetization exhibits a
maximum at x=3. The same trends are reported for the compounds of Gd and Dy (Sinha
et al. 1989a). An admixture of Ni is reported to be possible also over a limited range of
composition in YFe;;_Ni,Ti (Yang et al. 1988b, Z.W. Li et al. 1990, 1991). In these
alloys the magnetic moment of Ni is determined to be constant, whereas the moment of
Fe exhibits a maximum for 1 <x <3 (Z.W. Li et al. 1991). The Curie points in turn have
been reported to increase up to about 600 K for x=3 (Yang et al. 1988b).

Finally, one can see from table 15a that alloys of the YFe;;-,Si, Ti-type were also
investigated (Yang et al. 1988b). However, the substitution of Si instead of Fe decreases
Tc as well as the anisotropy constants.

3.3.1.3. Compounds with V. Magnetic properties of compounds with V are presented
in table 16, which besides the Ti compounds lists some other of the most frequently
investigated materials. The range of existence of RMj,_,V, alloys extends mostly for
1.5 <x < 4.0, however, a higher limit is observed for Y, Tb and Er. The most popular
index is x=1.5-2.0. Figure 28 presents the lattice parameters for RFe;V, compounds
(de Mooij and Buschow 1987). One can see that contrary to the RFe;qoTiy; systems
(fig. 24) both lattice parameters demonstrate the regular lanthanide contraction. The Curie
points do not exceed 600K for compounds with Fe, and among the Co compounds only
DyCo10 V> shows a much higher 7o =840K (Jurczyk et al. 1991a). A still higher Tc was
observed for DyFe;CogV,, however, the saturation magnetization for this composition
is low (Jurczyk et al. 1991b). Inspection of the saturation magnetization for individual

0.860 0.500

a(nm) ¢ (nm)

0.850 0.490

0.840- -0.480

0.470 Fig. 28. Lattice parameters g (left-hand
. scale) and c (right-hand scale) for RFe,;V,
compounds (de Mooij and Buschow 1987).

1 L

0.830

NLd Sm Gd TbDyHoErTm Lu
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15
HoCo4gV;

(Am2/kgq)

ErCosgV,

10}

Magnetization

0 1 1 } L
45

35 YCosz

25

151

5 -
L | L L 000009 | Fig. 29. Magnetization, M, of the RCo,,V, compounds
0 100 200 300 400 500 600 versus temperature for (upper panel) R=Ho, (mid-
Temperature (K) dle panel) Er, and (lower panel) Y (Brabers et al.
1993).

systems suggests parallel (F) coupling of the lighter lanthanide with the Fe sublattices,
and antiparallel (AF) coupling for the heavy lanthanide with the Fe sublattices. A similar
situation exists for the Co compounds (fig. 29; Brabers et al. 1993). One can clearly
see the compensation points for HoCoyoV, and ErCooV,, and the obvious absence of
one for YCo19V3. The change of composition does not substantially affect the magnetic
parameters for the NdFe, .V, system (H. Yang et al. 1993) (fig. 30), as observed for
the Gd, Dy and Ho alloys. The YFe ,_,V, and ErFe;» .V, systems (Pareti et al. 1991)
show larger changes of the Curie points and saturation magnetization, which most likely
results from the larger existence range; however, there is some doubt whether the alloys
with higher x are actually single-phase systems. Figure 31 demonstrates that the Curie
points are detectable in properties other than the magnetic properties (Buschow 1988b).
The temperature dependence of the thermal expansion of RFe;oV, compounds presents
anomalies at temperatures corresponding to T¢’s. However, it is strange that one cannot
see anomalies related to SRT. This anomaly is seen clearly in the temperature dependence
of the magnetization of DyCoyoV2 (see fig. 32, Jurczyk et al. 1991b). In contrast to the
R(Fe, Co)12 Ti, alloys those with V exist for the whole concentration range (Jurczyk
and Chistyakov 1989, Jurczyk et al. 1991a,b), and they correspond to the R(Fe, Co)1oV2
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Fig. 30. Curie points, 7. (circles), spin- 40 e //
reorientation temperatures, 7'z (diamonds) / //
and saturation magnetic moments M, at Ho | 7
1.5K (triangles, right-hand scale) versus V 20 |
concentration x for NdFe;, ,V, (H. Yang et al.
1993). Er 4
I
00 100 200 300 400 500 600 700

Temperature (°C )

Fig. 31. Relative thermal expansion, Al/l, of the RFe,)V, compounds versus temperature above room
temperature for R=Nd, Sm, Gd, Tb, Ho and Er. The anomalies in the Al/I(T) plot correspond to the Curie
points (Buschow 1988b).

DyFeyg. LoV,

Fig. 32. Magnetization, M (in arbitrary
units) versus temperature under low mag-
netic field, for DyFe,, ,Co,V,. For x=10,
one can see a spin-reorientation-type

x =0 x=10 e
transition near 615 K, however the magne-
. L X - - tization direction above this temperature
is not determined. For other compositions
300 500 700 900 1100 this high-temperature transition was not

T[K] detected. (Jurczyk et al. 1991b.)

M [arb.units]
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XX 2

Fig. 33. (i) Lattice parameters a (up-
per curve) and ¢ (lower curve),
(ii) Curie points, (iii) saturation
magnetic moments at RT (solid
circles) and LN, (open circles), and
(iv) anisotropy fields H, (symbols
as in iij) versus Co concentra-
tion x in YFe,, ,Co,V, alloys. The
occurrence of maxima in 7-(x) and
M «(x) plots can be explained, as for
the Slater-Pauling curve, in terms
of the rigid band model in which
holes are present in both 3 subbands
in the Fe-rich samples. (Jurczyk and
Chistyakov 1989.)

c{nm]
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TIK]
1000
disordered T,
L 2
800 —_
13 =2
st,,(")\m
600 =21
axial 111 —
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2003 conicul\Ts,,
Z
ptanar
0 1 i L 1
0 2 4 6 8 10

x in DyFe, CoV,

Fig. 34. (Upper panel) lattice parameters (a: circles, right-hand
scale; c: triangles, left-hand scale) and (lower panel) Curie
(T) and spin-reorientation (7'gz ) temperatures (left-hand scale,
circles), and saturation magnetization M at 290K (right-hand
scale, crosses) versus Co concentration x in DyFe;, , Co,V,
alloys. Note that there are two spin-reorientation transitions
below RT. The surprising spin-reorientation phenomena in
DyCo,V, [shown here by T (?)] results from an M(T) plot
near 615K (see fig. 32). At present one cannot determine
the phase which is formed at this temperature. (Jurczyk et al.
1991a,b.)
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Table 17
Ternary RFe,,Cr,-type compounds
R a c Te MM  H, Hy Remarks Ref.
mm) @m K) @y T D
Y 0.8463 04755 515 easy axis 1,2
16.67* 5.0° 3
0.8462 04762 514 18.8° 2.6° 4
14.9¢ 4
0.8415 04733 525 5
Nd 08540 04771 543  13.1° 1.8°¢ 6
0.8556 04814 534  19.8° 4.6° 4
16.2¢ 4
Sm  0.84962 0.47599 569 7
0.8507 04758 575 12.28°¢ 59¢ oriented powder, atomic parameters 8
Smx 7.38¢ SmFe,, TiCr: ribbon, H,=0.52 T 9
Gd 08515 04766 580 easy axis (Fe sublattice) 1,2
0.8507 04769 585 11.2° 27° 4
11.3¢ 4
0.8503 0.4757 580 10
Tb 0.8506 04757 531 9.3% easy plane (?) 4
9.6¢ 4
Ter =298 K; CEF parameters 11
0.8502 04769 525 Tor1 =255K, Ty =290K 5
Dy  0.8492 04753 499 9.8% 49¢ 4
10.0° 4
Tsx =190K; CEF parameters 11
0.8497 04769 495 T =75K; T =175K 5
608(1) 430* 'Dy ME 12
Ho 08475 04725 487 9.9 4.0° 4
10.9¢ 4
0.8448 04747 485 T =80K 5
Er 0.8534 04761 478 102° 2.7° 4
11.4¢ 4
Ter =25 K; CEF parameters 13
0.8426 04742 475 T =55K 5
Tm 08477 04675 466 10.1° 28° 4
11.0° 4
0.8416 0.4732 465 5
Lu 0.8412 04736 450 5
Y YCo,,Cr,: s.c., photoemission and spin 14
polarization calculations
* Variable composition; see Remarks column, ® At 77K.
2 At4.2K. ¢ At 293K
References

(1) Buschow et al. (1988)
(2) de Mooij and Buschow (1988)
(3) Verhoef et al. (1988)

(4) Stefaniski et al. (1989a)
(5) E-M. Yang et al. (1991)

(6) Chin et al. (1989)
(7) Buschow (1988a)
(8) Ohashi et al. (1988a)
(9) Okada et al. (1990)
(10) Pareti et al. (1991)

(11) Stefafiski (1990)

(12) Gubbens et al. (1991)

(13) Stefanski and Kowalczyk (1991)

(14) Fernando et al. (1993)
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formula. Their lattice parameters do not follow Vegard’s law; however, the (a, ¢) vs. x plot
shows a monotonic decrease with increasing x. Maxima are observed in the saturation
magnetization (shifted to lower Co concentration) and the Curie points (shifted to higher
concentration) as is seen in fig. 33 (Jurczyk and Chistyakov 1989) for Y pseudoternaries
and in fig. 34 for Dy alloys (Jurczyk et al. 1991a,b).

3.3.1.4. Compounds with Cr. The magnetic properties of compounds with Cr are listed
in table 17 which demonstrates that only compounds with Fe were obtained. All of
them exhibit the RFe¢Cr; stoichiometry with Curie points between 608(1) K for the
Dy compound (Gubbens et al. 1991) and 450K for a compound of Lu (Yang et al. 1991).
The comparison of saturation magnetic moments suggests that the rare-earth sublattice
is coupled parallel to the Fe sublattice in the Nd compound (19.8ug/fu vs. 18.8up/fu for
YFe(Cry; Stefanski et al. 1989a), while heavier lanthanide demonstrate AF coupling.
Generally, the saturation magnetic moment for the compounds of heavier lanthanides is
rather low. For YFe(Cr, the magnetic moment determined at LN, (18.8ug/fu is higher
than that at 4.2K (16.7up/fu, Verhoef et al. 1988) and reason of this difference is not
clear.

3.3.1.5. Compounds with Mn. One can see from table 18 that only alloys of YMn,,_,Fe;-
type, NdFe;oMn, and SmFe;oTiMn are known. Magnetic data for these are scarce and
do not exhibit any useful parameters, and that is perhaps the reason that they have not
been investigated further.

Table 18
Ternary RFe,, ,Mn, -type compounds

R x a ¢ Tc MM H, Remarks Ref.
(mm) (@mm) (K} @/ @M

Y >4 fx) fx) ND, magnetic moments at crystallographic sites 1
Nd 2.0 0.8550 04773 392 9.5° 1.02

Smx 9.44* SmFe,;TiMn ribbon, H,=0.09T 3
» Variable composition; see Remarks column. 2 At 293K.

References

(1) Yang et al. (1981) (2) Ohashi et al. (1991) (3) Okada et al. (1990)

3.3.1.6. Compounds with Mo. Data for these compounds are collected in table 19. They
exhibit various stoichiometry, however, Ce) 33Feg sMos ; is quite exceptional in this group
of compounds (see Berezyuk et al. 1994). The Mo compounds are formed with Fe and
Co, and with both Fe and Co. Figure 6 (above) shows the lattice parameters for the
RFe;9Mo, compounds (Ermolenko et al. 1990). They exhibit in principle the lanthanide
contraction, however, the a parameter of CeFe;oMo;, is apparently lower than expected
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T:(K)
4550
4500
2450
4400
0
4350
4300
Fig. 35. Curie points T, (right-hand scale)
and saturation magnetization M, at 42K
T T Y Y T WO TN T T W under magnetic field of 7.2 MA/M (left-hand
Ce Nd Sm Gd Dy Er Yb Y scale) for RFe,,Mo, compounds for various
Pr Pm Eu Tb Ho Tm Lu R (Ermolenko et al. 1990).

from general trend. A similar deviation is seen for the ¢ parameters for both Ce and
Pr compounds. These deviations could result from the mixed-valence state of Ce and
Pr in these compounds as it was recently shown for Ce,Fe4B and related compounds
by Capehart et al. (1993) in an XPS experiment. However, this problem needs further
elucidation. The Curie points presented in table 19 as well as in fig. 35 (Ermolenko
et al. 1990) are markedly lower (below 500K) than that for the respective compounds
with other stabilizing components. The reason is most probably the substitution of
the Fe by the Mo atoms in the 8(i) position as observed by de Mooij and Buschow
(1988) in the rare-earth compounds and also in uranium compounds by Suski et al.
(1992b). The same explanation has been applied to relatively low Tc and Hys observed
in Ce; 33FeggMos; (Berezyuk et al. 1994) but in this case the excess of Ce in relation
to stoichiometric compound makes this explanation somewhat questionable. At the same
time the preferential occupation of the 8(i) position by V atoms in NdFe;,_, V, (Christides
et al. 1990) does not noticeably decrease the magnetic properties. The saturation magnetic
moments presented in fig. 35 (Ermolenko et al. 1990) confirm the conclusions presented
earlier about mutual coupling of lanthanide and transition metal sublattices. The low
values of magnetic moment observed for CeFe;pMo, can confirm above suggested mixed
valence state of Ce ion. The nonstoichiometric Ce;33FeggMos, exhibits higher ME
magnetic moment than that determined in magnetometric measurements (Berezyuk et al.
1994) which can result from a contribution of the amorphous Ce;_,Fe, phase which is not
saturated at highest applied magnetic field of 5 T. The Curie points of the Co compounds
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Fig. 36a. (Lower panel) lattice parameters
0856 o (a, open circles; ¢, closed circles) at RT, and
o (upper panel) saturation magnetization M at RT
0852 (open triangles) and critical field for FOMP’s,
o H, at 42K (solid triangles) versus Co concen-
0 ! i - 1 6 [ 10 tration x in NdFe,,, .Co,Mo, ; alloys (Luis et al.
X 1994).

are higher than those of the Fe compounds, as usual in these types of compounds (Xie Xu
and Shaheen 1993a), however, their dependence on the atomic number of lanthanide is
irregular. At the same time the values of magnetic moment are markedly lower than that
for Fe compounds but in principle confirm a general rule of the coupling between the
Co and lanthanide sublattices. Only the high value of the observed magnetic moment for
ErCojoMo, breaks this regularity (Xie Xu and Shaheen 1993a). The conical magnetic
structure is different from that of other compounds, and this might be the cause of this
discrepancy.

Pseudoternary alloys of Fe and Co are known for Y, Nd, Ho and Er (see table 19). Their
lattice parameters do not obey Vegard’s law but a smooth change of both parameters is
observed with a change of concentration (see fig. 36 after Luis et al. 1994 for Nd alloys
and fig. 37 after Garcia et al. 1994 for Er alloys). The Mo index is usually lower than 2
except for the Ho pseudoternaries (Scherbakova et al. 1993). One can see from fig. 38
(Garcia et al. 1994) that in the YFe;qs5..Co;Mo, 5 system the spin-reorientation transition
from the cone to the axial magnetic structure occurs for 2.5 <x < 8.5. This is quite a
unique behavior, however. The recent interest in the 3d anisotropy in the rare-earth—
transition-element intermetallics has revealed many unusual properties (Thuy 1994,
private communication). The Curie points in these systems increase with increasing Co
concentration (Garcia et al. 1994). In turn Nd (Luis et al. 1994) and Er (Garcia et al.
1994) alloys exhibit a maximal value of T¢ for x=7 for both systems (see figs. 35 and
37, respectively). The saturation magnetization at RT shows a monotonous decrease with
increasing x for Nd compounds (Luis et al. 1994), and a maximum for ErFes sCosoMo; s
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YFe,ys_,CoMo, 5 (Garcia et al. 1994).

(Garcia et al. 1994). One should remember that optimizing of 7¢ and M is not enough for
selecting the proper magnetic material, because still one should consider the remanence
and coercive field.
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X in Th Fe12 Co W TbFe,q3_,Co, W, alloys (Jurczyk and Rao
: xTx 12 1991).

3.3.1.7. Compounds with W. The data for compounds with W are presented in table 20.
There are only few such materials (alloys of Y, Sm Gd and Tb) with W concentration
less than 2. The alloys with Co and Ni are not known but the pseudoternaries with Fe
and Co are represented by alloys of Y and Tb. The Curie points of the Fe ternaries are
between 500 and 570K, and the difference in saturation magnetization between the Y
and Gd compounds seems to suggest AF coupling between the Gd and Fe sublattices.

In TbFejg3_»Co, W12 (fig. 39, Jurczyk and Rao 1991) the existence range corresponds
to 0 <x < 5. Figure 39 shows that the T increases with increasing Co concentration, but
the saturation magnetization has not been reported.

3.3.1.8. Compounds with Re. Surprisingly, the alloys with Re, in spite of the relative rarity
of this stabilizing component, have been broadly investigated. Their lattice parameters
and magnetic data are collected in table 21. In this group there are representatives
of materials in which the lanthanide atom is overstoichiometric relative to the normal
formula RT1,_;M;, and the excess lanthanide atoms are most probably located at other
than the 2(a) sites (Berezyuk et al. 1994). For these alloys, as a rule, the magnetic
moment per Fe atom determined from 3'Fe Mdssbauer experiments is lower than that
estimated from magnetometric measurements. This suggests parallel coupling between
the sublattices of the lanthanide and iron. However, the values are not accurate due to
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Table 21
Ternary RFe,, ;Re,-type compounds
R x a ¢ Tc MY H, H,  Remarks Ref.
(nm) (nm) K (/f) (D) (M /
Y 2.0 0.85278(10) 0.47536(10) 370 17.1*  1.62*
1.2 0.8529 0.4763 460 19.7¢  2.5% axial anisotropy
Ce 20 0.8562(2) 0.4745(2) 353 14.82
350 16,922 Ce, 3;Fe0Re,
345 1.69¢ 18.85¢ 7Fe ME
13%
Pr * 0.86203(5) 0.47622(4) 397 16.0* PrFe,, s, Req 8
50 3.982 Pr, ¢, Fe; ,Re, 4, magn.
0.55¢ 7.0 "Fe ME
0.48%

Nd 2.0  0.85986(4) 0.47589(5) 428(10) 21.4°
Sm 20 085682 04761(1) 475  17.0°

476 22.83 Sm, ,Fe; sRe, 5, magn.
480 3.04¢ 68° 'Fe ME
0.46%
Gd  1.40(4) 0.85579(3) 0.47589(2) 470(10) 12.1*
Tb 2.0 0.85265(5) 0.47557(7) 438 9.22
1.2 0.8542 0.4765 475 12.9¢ planar anisotropy

Dy 2.0 0.85181(10) 0.47510(11) 415(10) 8.0*

Ho 2.0 0.85027(9) 0.4750(1) 388(10) 9.5°
1.2 0.8511 0.4754 448(10) 11.6¢ 2.3° axial anisotropy

12.7°

Er 20 0.8485(1)  0.4751(2) 375(10) 11.5*

Tm 2.0 0.84778(6) 0.47455(7) 380 12.0°

Lu 2.0 0.84798(3) 0.47491(2) 380(10) 16.4*

S N T T T N N T S O R e P T T I S I L

Y+ o ox Y(Fe,_.Co.)sRe
+ Variable composition; see  ? At 4.2K. CAtTTIK. °At13K
Remarks column, ® At 293K. 9 In pg/Fe atom.

References

(1) Gueramian et al. (1991)  (2) Jurczyk (1990a) (3) Berezyuk et al. (1994) (4) Jurczyk (1990b)

the presence of other possible magnetic phases which do not contain Fe (Berezyuk et al.
1994). The statement about ferromagnetic coupling of both magnetic sublattices in these
compounds is also questioned by inspecting the values of the saturation magnetization
listed in table 21. One can see that except for NdFe;gRe; (Gueramian et al. 1991) all
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magnetization values are lower, which supports AF coupling with the Fe sublattice for
heavier lanthanides.

The Curie points of the compounds with Re are markedly lower than those for com-
pounds with other stabilizing elements, and the location of Re in the 8(i) position seems
to cause this behavior (Gueramian et al. 1991). A particularly low value of T¢ is reported
for the nonstoichiometric Pr compound by Berezyuk et al. (1994), who suggested that the
pronounced difference between the stoichiometric and nonstoichiometric Pr compounds
does not result from the variation in the composition, but is due to the presence of
additional magnetic phases without Fe contribution.

3.3.2. Anisotropy

The ThMn,; tetragonal structure (axial) causes anisotropy in the reported compounds. The
anisotropy, particularly at low temperature, results predominantly from the lanthanide (R)
sublattice; however, as mentioned above it has recently been acknowledged that there is
also a substantial contribution from the transition-metal sublattice (Thuy 1994, private
communication). The interplay of anisotropy of both sublattices gives the final shape
of the total anisotropy and causes the interesting phenomenon of the spin-reorientation
transition to be discussed in sect. 3.3.3.

Because of the limited availability of single-crystal materials with the ThMn,-type
structure, the anisotropy is frequently evaluated from the examination of field-preoriented
samples (see Solzi et al. 1988, Yang et al. 1988a,b) or by the singular-point-detection
(SPD) technique of Asti and Rinaldi (1974). As concerns the contribution of stabilizing
element M to the total anisotropy, Dirken et al. (1989) claim that this contribution is
mostly due to the influence of the lanthanide part, and that this influence is equal for
M=Si, V, Mo and W, but significantly smaller in the Ti compounds.

Nevertheless, the total anisotropy of the ThMn;,-type compounds result from the con-
tributions of both magnetic-rare-earth and 3d-transition-metal sublattices. The anisotropy
of the R sublattice is mostly determined by the crystal-field (CEF) interactions whereas the
anisotropy of the transition-metal sublattice is due to anisotropy of exchange interactions.
The Hamiltonian for the 4f-3d compounds (see e.g. Stefanski and Wrzeciono 1989)is

H =Hcer + Hex = Z By O7 — gyusJ Hp,

m,n

where B! = O, (r") AT; O, are the Stevens factors (a;, f; and yy for n=2, 4 and 6,
respectively); {r") are Hartree—Fock radial integrals; A" are CEF potentials; g;upJ Hm
represents the interaction of the R spin moments with the molecular field H,,, which
arises from the 3d neighbours, M, due to interaction between 3d and 4f spins; Hy, is
composed of contributions resulting from the R-R and R-M interactions. The former
interaction is of the RKK Y-type and is comparatively weak and therefore the strength of
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Hp is determined predominantly by the R—M interactions, which is represented by the
Hamiltonian

S
Hn=2Z1JrM(gr— 1) ﬁg,

where Z; is the number of M neighbors of the R atoms and other symbols have the usual
meaning. Hy, is parallel to the resultant spin of the 3d sublattice. In first approximation,
in the CEF potential only the BJOY term is considered (Stefafiski and Wrzeciono 1989).
The anisotropy energy is £, = E| +E|, where E| and E| are ground state energies of
the Hamiltonians:

Hy = B30} —gipsMmJ*,  Hy =B 05~ gipp Hum J™.

E, corresponds to the stabilization energy. The exchange field is much stronger than the
CEF effect. However, in a more advanced approach (see e.g. Stefanski and Kowalczyk
1991) additional CEF parameters BJ, BY, etc., are involved in a definition of the
phenomenological anisotropy constants. In the strong exchange limit valid for the
ThMn,-type compounds the anisotropy constants are as follows:

1 =-3B3(03) - 5B4(0%) ~ 4 B5(0%),
Ky = %3<0°>+’89 <g>

P
2
O
S
ool
Sy w
- Y
P
Q
L= =]
S

The angle between the moment direction and the tetragonal c-axis, assuming both iron
and rare-earth sublattices are completely rigid, at 0K, is given by:

sin” @ = [-K, ¥ (K3 -3K1K3) | 3K,

Therefore, the parameters B} and B} are less important because they have no influence
on the angle 6. The dependence of free energy E(®, T) was calculated for BY, and the
minimum corresponds to the orientation of the total magnetization vector. It gives also
the temperature dependence of the direction of the magnetic moment.

Yan Yu et al. (1994) have tried to overcome the unreasonably large variation in the
fitted BY O) parameter with temperature by taking into account the anisotropy of the R—
Fe exchange interactions.

Solzi et al. (1988) have reported that the anisotropy field H, of YFe;;Ti, YFe;(Si,,
YFe oV, and YCoy;Ti exhibits a smooth decrease with temperature. The anisotropy of
the Co sublattice (planar for these samples) is smaller than that of the Fe sublattice (axial).
In YFe;2,V, increasing V concentration x decreases the anisotropy field (fig. 40). The
same behavior was determined by Pareti et al. (1991) for both Er and Y compounds
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Fig. 40. Anisotropy fields H, versus temperature for various x in YFe, .V, alloys (Solzi et al. 1988).
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B Fig. 41. Calculated anisotropy constant K =H,M /2
at T/T=0.5 versus V concentration x in RFe;, [V,
0 - L 1 alloys, for R=Er (circles), R=Tb (triangles) and
0 1 2 3 L 5  R=Y (squares). The Y alloys have K=K, (Pareti
X et al. 1991).

(fig. 41), however, the Tb alloys exhibit a maximum for x = 2. Figure 42 (Solzi et al. 1988)
shows that substitution of Y by Er decreases the anisotropy, which indicates a negative
contribution of Er to the anisotropy of ErFe;oV,. At the same time a positive contribution
of Er to anisotropy is observed in ErFe;;Ti. Andreev et al. (1989) have reported for
RFe;; M, M=V and Ti) the anisotropy field H,~1.5-2.0T and strong uniaxial
anisotropy of the Fe sublattice comparable to that in the R;Fe 4B-type materials. The
highest anisotropy is observed for R =Sm compounds (Andreev et al. 1989), however, the
most impressive result has been obtained for the nonstoichiometric compound SmFe;oTi
(H,=26.8T at 1.5K, Yang et al. 1988a) but other parameters for this material are less
favorable, because the saturation magnetization at the same temperature is 15.6ug/fu
and Tc =610K. Among other lanthanide compounds the anisotropy field determined for
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GdFe;9gW2 amounts to 7.0 T at 4.2K, and for YFejosTii2 to 5.0 T at 293 K (Verhoef
et al. 1988). In turn, YFe;gRe, demonstrates an increase of H, from 1.62T at 42K
to 2.5T at 293K (Gueramian et al. 1991). Also, Gréssinger et al. (1992) discovered
a monotonic decrease of anisotropy field with increasing temperature for RFe;oV,
compounds. The anomalies are usually related to the SRT temperature (see sect. 3.3.3),
however, for the Ho compound anomalies are detected at lower temperatures (see
table 16). For this compound and the compounds of Nd, Sm, Dy, Er and Y the anisotropy
field decreases with increasing temperature, while the opposite behavior is expected. This
is supposed to result from the fact that the contribution of the fourth-order CEF parameter
decreases more significantly with temperature than the second-order contribution for the
Tb compound, whereas the opposite trend is observed e.g. for the Dy and Ho compounds.
The apparently higher anisotropy of the Sm compounds most probably results from a
considerable enhancement of the samarium single-ion anisotropy arising from a CEF
and exchange-induced admixture of the higher multiplet levels into the ground-state
multiplet of Sm3+.

In the pseudoternary compounds in which iron is substituted by cobalt one can expect
a complicated relation for the anisotropy of both sublattices which in the same crystal
structure should exhibit a different character. That is not always true. As can be seen from
fig. 38 both YFe;psMo; s and YCo;sMo; s exhibit the same type of anisotropy, favoring
an axial magnetic structure (Garcia et al. 1994).

The results of investigations into the domain structure in UFe;(Si; and UCo0Si,
(Wystocki et al. 1990) suggest for both compounds the same axial anisotropy. Again
for the rare-earth compounds, e.g. for YFe;o_,Co, V>, Jurczyk and Chistyakov (1989)
have reported a maximum in 7¢ for x=35 but for this composition the anisotropy field
is nonmeasurable, and it has been determined only for x <2 (see fig. 33). Particularly
high magnetic anisotropy can be expected for the Sm pseudoternaries and these alloys
have been studied further. Andreev et al. (1989) observed that in SmFe;;_.Co,Ti
Tc and M increase with x whereas the anisotropy of the 3d lattice decreases, i.e.,
the contribution of the Co sublattice to K is negative. The “optimal” composition
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SmFegCo3Ti in terms of M exhibits high enough anisotropy field H, =3.2 MA/m. For
the SmFe;(5,Co,Ti; 2 and SmFe;o_,Co,Si, systems it has been reported by Solzi et al.
(1990) that increasing x produces a rapid decrease of the overall axial anisotropy, leading
to a change of sign of the anisotropy, that is, a change to an easy-plane system. This
effect is quantitatively different for the two systems reported. Furthermore, comparison
with YFejos,Co,Tiy, alloys indicates that Co has a strong indirect influence on the
Sm anisotropy.

To our knowledge no information is available concerning the influence of mickel
substitution on sublattice anisotropy. For the uranium compounds UFegNiySi; and
UFegNiySiy strongly uniaxial anisotropy is preserved, as indicated in an examination of
the domain structure (Wystocki et al. 1994).

3.3.3. Spin reorientation transition (SRT)

Various figures present the tentative phase diagrams for compounds exhibiting SRT. Note
that these are mostly compounds of Fe, nevertheless figs. 32 and 34 show the SRT
for DyCo1pV2 (Jurczyk et al. 1991b) and fig. 37 that for Er(Fe, Co)104Mo; 5 (Garcia
et al. 1994). In fig. 43 the magnetic phase diagrams of the RFe;(Si; systems are shown
according to Q. Li et al. (1991). Ma et al. (1991) reported T'sg for the Dy compound to
be 210K, and Stefanski and Kowalczyk (1991) reported I'sg =48 K for the Er compound.
Both values are slightly different from those presented in fig. 43. Andreev et al. (1993c)
point out that there is only one transition in the Tb compound. One should note that for
Dy and Tb compounds the anomalies related to SRT are not seen in the thermomagnetic
curves measured with a field applied perpendicular to the easy direction. The same authors
report Tgg = 120K for NdFeoSi,. Figure 44 shows the RFe;;Ti and RFe;yV, systems

Y| ]

Gd
We—=7/73 |
D
Ho ]
Er j
LU | 1 II
0 200 400 600
T(K)
M/C MLC Cone

Fig. 43. Tentative phase diagrams for
RFe (Si, compounds (Q. Li et al. 1991).
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0 2001.( KA)OO 600 0 ZOOT(K)LOO 600 Fig. 44. Tentative phase diagrams for
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C1 W o7 pounds (Buschow 1989, J. Hu et al. 1989,
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according to Buschow (1989), J. Hu et al. (1989), Sinha et al. (1989a), Haije et al. (1990)
and Andreev et al. (1993a). A recent examination of single crystals of TbFe;; Ti and
DyFeTi by Andreev et al. (1993a) demonstrated that the tentative phase diagram of
the first compound is close to that presented by Zhang et al. (1989) (see also fig. 44).
They established that T'sg is extremely sensitive to the magnetic field in the low-field
range (from 250K at 0.3mT to 325K at 0.15T). As shown in fig. 44, DyFe,;;Ti is a
special case of basal-plane anisotropy. At lower temperature there is a cone, but the
cone angle is 80°, which almost corresponds to the basal plane. After a rather special
first-order transition from a wide 80° cone to a 45° cone at 120K, a second-order one-
axis transition occurs at 220 K (Andreev et al. 1990). Christides et al. (1989) determined
T'sr1 and T'sgp with low-temperature easy-plane and high-temperature cone structure. H.-
S. Li et al. (1988) have claimed that there is an anomaly in the thermomagnetic curve
of SmFe;;Ti at 150K when a magnetic field of 9T is applied parallel to the c-axis. For
RFeyV, compounds the other authors propose different SRT temperatures than shown in
fig. 44, which is most probably due to a different stoichiometry or different magnetic fields
used for determining T'sg. For TbFe; 5V s Pareti et al. (1991) claimed that there are two
SRT’s, at Tsg; = 198K and T'sg =211 K. For the stoichiometric Dy compound also two
SRT are reported: Tsg; =178 K and 140K and Tsg; =220K and 215K by Jurczyk et al.
(1991a) and Christides et al. (1989), respectively. The structure of ErFe;yV; is reported
to be conical by Moze et al. (1988a), but two SRT’s are reported for ErFeg,5V5 75, at 120
and 139K (Pareti et al. 1991). In fig. 45 the phase diagrams for the RFe oCr, systems are
shown according to Yang et al. (1991). For these systems different results are reported
by Stefanski and Kowalczyk (1991) for Er compounds (T'sg =25K).

SRT is usually obtained from y,.(T) measurements on polycrystals; however, single-
crystal examinations of HoFe;;Ti (Andreev et al. 1993a) and HoFe;oMo; (Scherbakova
et al. 1993) indicate that the anomaly observed in the y,.(T) plot can be connected
with other phenomena, e.g. the onset of coercive force and a sharp increase of uniaxial
anisotropy with increasing temperature (Scherbakova et al. 1993). ND experiments
provide a clear-cut determination of existing magnetic ordering (see Haije et al. 1990).
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The most contradictory situation exists for the Ho compounds, which can be summarized
as follows:

(i) SR is reported for HoFe; Ti (Zhang et al. 1989), HoFe 3V, and HoFe;sMo,
(Christides et al. 1989), HoFe;(Si; (Q. Li et al. 1991), and HoFe;(Cr, (Yang et al.
1991).

(ii) there is no spin reorientation in HoFey;Ti (several papers, including the single-
crystal data of Kudrevatykh et al. 1990), HoFe1,V, (many papers), HoFeioMo,
(Ermolenko et al. 1990), and in the single-crystal data of Scherbakova et al.
(1993).

Therefore, as mentioned above, the observed anomalies can appear without a change

of the anisotropy type, and the interpretation of experiment has to be very careful.

In the majority of known R-3d materials with the axial crystallographic structure,
SRT results from the competition of the magnetic anisotropy energy of the R and
3d sublattices. At room temperature the anisotropy of the R sublattice is much weaker than
that of the 3d sublattice, but it prevails at cryogenic temperatures. Usually, as mentioned
above, the total anisotropy of these compounds is predominantly determined by the first-
order and second-order anisotropy constants (K| = K g + K14, and K> = K,g, because
K»q = 0) which can be expressed in terms of the CEF parameters and the Stevens operator
equivalents (see e.g. H.-S. Li and Coey 1991). Even then, if the absolute values of the
anisotropy constants are comparable, their different temperature dependencies can cause
SRT. The values and signs of the anisotropy constants also determine SRT if in the
corresponding compounds an easy axis of magnetization or a plane of easy directions
in selected temperature range exist. Complicated equilibria between these factors can
create more complicated magnetic structure than with the easy axis or easy plane of
magnetization. However, Buschow and de Mooij (1989) deny the existence of conical
structure and they claim that this structure can result from the presence of partially
magnetically aligned second phase. This statement, although, has not been confirmed.

Another cause of SRT can be competition between the anisotropy constants of the
second and higher order in the R sublattice. In the compounds of Nd, Tb and Dy (Andreev
et al. 1989) SRT results from the first mechanism (X g <0, K34 >0 and K, > 0). However,
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in the light of the first explanation, the absence of SRT in the Ho compounds and
the appearance of transition in the ErFe;;_,M; (M=Ti, V) alloys are both unexpected
(Andreev et al. 1989). It has been suggested (Andreev et al. 1989) that the higher-order
anisotropy constants have a substantial influence on the behavior of compounds of these
two elements because the second-order CEF terms and thus the first-order anisotropy
constants are almost meaningless. In these cases the magnetic field has a strong influence
on the location of SRT.

As can be seen from fig. 46 for RFe;yMo, (R=Dy, Tb and Er) (Ermolenko et al.
1990) and from fig. 47 for DyFe;; Ti (B.-P. Hu et al. 1989b), the tilting angle can be a
smooth function of temperature. But this dependence can be irregular, as is presented
in fig. 47 for TbFe;; Tt (B.-P. Hu et al. 1989b) and also for TbFe,(Cr, and DyFe;(Cr,
(Stefanski 1990). Christides et al. (1989) proposed a simple model to estimate the
tilting angle a between the magnetization direction and the tetragonal c-axis. This model
assumes a distribution of the c-axis around the oriented direction. Using the distribution
function P(0) = [(n+ 1) 2] cos” 8, one finds:

M 1 i
_‘<M's'> = agleos e+ csing),
M) _n+l

: — 2c(n) cos a,

M =c(n) ! +tana,

(ML)
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where the constant c(n)™! = (2/2)a!!/(n— 1)!! (n is an odd number, and is equal to the ratio
(M))/(M L) when a vanishes. The calculated temperature dependence of the tilting angle
is demonstrated in fig. 47 (B.-P. Hu et al. 1989b). The SRT temperature can be precisely
determined, although the values of @ (=6 in fig. 47) may not be entirely reliable.

The temperature of the SRT can be influenced by a change of composition. Figure 30
(H. Yang et al. 1993) shows that the SRT decreases monotonically with increasing
V content in NdFej; ,V;. In the case of Dy, ,Gd,Fe Ti alloys, the SRT temperature
as shown in fig. 48 decreases with increasing Gd concentration x; Gd in this case
plays the role of a diluter (Nagamine and Rechenberg 1992). One can see that the
experimental points are in fair agreement with calculation in terms of the CEF parameters
(B.-P. Hu et al. 1990) and in terms of the readjusted parameter (Nagamine and Rechenberg
1992). The role of a diluent is also attributed to Y, and the decrease of the neodymium
sublattice anisotropy in (Nd, Y)Fe;,Ti with an admixture of Y is believed to be a cause
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of the observed reduction of the SRT (Luong et al. 1990). The results of admixture
of Co instead of Fe are presented for Nd(Fe, Co);g2Mo; g (fig. 36, Luis et al. 1994),
TbFe; 0.3 Co, W12 (fig. 39, Jurczyk and Rao 1991), DyFe;o,Co, V, (fig. 34, Jurczyk et al.
1991a), ErFejo.5—xCo,Moy s (fig. 37, Garcia et al. 1994) and YFe g s.,Co,Mo 5 (fig. 38,
Garcia et al. 1994). The magnetic phase diagram T(x, M) for TbFe;p5_,Co, W1 alloys
(Jurczyk and Rao 1991) is relatively simple, but the alloys exist in a limited concentration
region up to x <5. Also, the magnetic phase diagram of YFejos,CoyMoys exhibits
only two magnetic phases. The conical structure exists over a limited composition and
temperature range and is supposed to result from competition of different anisotropy types
in the Fe and Co sublattices. Further, NdCo,Mo, g (fig. 36, Luis et al. 1994) exhibits
an axial structure similar to that of the ternaries at higher temperature (at which the Nd
sublattice does not contribute to total anisotropy). ErFe o sMo; s and ErCojgsMoy s also
demonstrate axial anisotropy at higher temperature (fig. 37, Garcia et al. 1994). This
unexpected behavior of the compounds with Mo as the stabilizing element can result from
location of Mo in the 8(i) positions which significantly diminish the magnetic importance
of the transition-metal sublattice and in turn its contribution to the total anisotropy. This
conclusion is confirmed by substantially lower Curie points of above mentioned systems
in relation to those with other stabilizing elements.

Amold et al. (1993) have discussed the influence of pressure on the SRT. They
propose that the second-order CEF terms are mainly sensitive to the pressure and that
the applied pressure only slightly influences the fourth- and sixth-order CEF terms and
the intensity of the R—Fe exchange interactions. The results for RFe;oV, (R=Nd, Dy and
Er) under hydrostatic pressure up to 10 Kbar show no evidence of any change of the SRT
temperature in the range of applied pressure, which confirms the negligible influence of
the external pressure on higher-order terms.

3.3.4, Theoretical considerations

The theoretical discussions applied to the explanation of magnetic behavior of the
ThMn,2-type compounds can be easily divided into two groups. The first group is based
on the combination of the CEF (in point-charge approximation) and molecular-field
approximation (MFA) models and has had considerable success in consideration of the
anisotropy, spin-reorientation transitions, and the temperature and field dependences of
the magnetic parameters.

The second group comprises calculations of the band structures and related properties.
This also includes the so-called “magnetic valence model”, which is a modification of
the band approach.

Below, we describe mainly the band-structure calculations, because the first approach
has already been discussed in the sections devoted to anisotropy and SRT; for that group
we now present some additional information which we had previously omitted.

Stefanski and Kowalczyk (1991) used a more developed formula for the exchange
Hamiltonian:

Hex = 2g7u8Hm(J? cos 0 +J% sin 6),



ThMn-TYPE COMPOUNDS OF RARE EARTHS AND ACTINIDES 253

where 0 represents the angle between the c-axis and the magnetic moment direction,
and Hy, is the molecular field arising from the transition-metal sublattice. The value of
‘Hm has been evaluated, e.g., for ErFe;oCr, by Stefanski et al. (1989b) in the mean-field
approximation: Hy, = 12[T — (81 K/ug)]. The temperature dependence of the molecular
field approximated by Gubbens et al. (1985) is:

T\2
HulT) = Hiu(0) [1 -0.5 (—) :I .
Ic

A charge of 3+ for the rare-earth ion and O for transition metals and stabilizing elements
were assumed by Stefanski and Kowalczyk (1991) and they performed summations over
the nearest neighbors (nn) and next-nearest neighbors (nnn) to establish a sum and
magnitude of the CEF parameters and the intersublattice molecular field Hy,, acting on
the R ion and resulting from, e.g., surrounding Fe atoms (R-R exchange interactions are
considerably smaller according to Stefanski et al. 1989b). H,,, can be expressed as:

JRFeZ1STe
3 Hex = 3

Hn=2(g1—1) T

Hex
&1
with z; the number of Fe nn of the R atom, and Jgp a coupling parameter describing

interactions between R and Fe sublattices. To estimate this parameter the MFA is applied
and

2 /2.
Tc = 3kpT = Gpere + (Gfepe + dager arre) s
neglecting weak R-R interactions we get

rere = ZJ FeFeSFe(SFe + 1)

and
arerarre = 21225%e(Sre + (g ~ 12 I + 1) T3,

where z;, is the number of next-nearest neighbors.

Stefanski and Kowalczyk (1991) obtained the free energy by diagonalizing the Hamil-
tonian H = Hcgr + Hex within the ground-state manifold and then calculating the partition
function Z(68, T). The free energy of the rare-earth ion is Ex(8, T)=—kT In[Z(0, T)]. The
total free energy must also include the non-negligible contribution of the transition-metal
sublattice E1 which is approximated by E1=K;1(T) sin2@, where K1 is the second-
order anisotropy constant. Usually in this approach the dependence of the free energy on
the CEF parameters near OK is presented. Christides et al. (1991a) observed a decrease
of BZ{O™) CEF parameters with increasing stabilizing element atom occupation of the
8(i) site. R.-W. Huang et al. (1993) have anticipated the temperature dependence of
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magnetization using the two-sublattice molecular-field theory. The results for RFe;V>
are consistent with the experimental data. »

We will now discuss the results of band calculations. Jaswal et al. (1990) have carried
out band-structure calculations for YFe; oV, and YFe;(Cr;. These compounds were chosen
because they permit the study of the main features of the electronic structure of these
systems without the theoretical complications resulting from the lanthanide 4f electrons.
The self-consistent spin-polarized electronic structure calculations are based on the linear-
muffin-tin-orbitals (LMTO) method in the semirelativistic approximation. The core states
for the constituent atoms are frozen to be the same as the atomic sites found self-
consistently. The s, p and d basis functions were used for the valence states of each
atom. The calculated spin-polarized densities of states (DOS) for both compounds are
quite similar as seen from figs. 49 and 50, respectively, with the main peaks being due
to Fe d states and the contributions due to V and Cr being relatively small. The results
of the calculations are compared with the photoemission data presented in fig. 51 and
52. Note that the experimental data are taken below and above the Curie temperature
of both compounds. The paramagnetic electronic structure is essentially unchanged from
that of the ferromagnetic phase in both systems. The O, and/or C contamination peak
observed at —6 eV in the low-temperature (293 K) curve for the Cr compound (fig. 52)
nearly vanishes at high temperature due to thermal desorption. The similarity of the



ThMn-TYPE COMPOUNDS OF RARE EARTHS AND ACTINIDES 255

15 T T T T
YFE10C D)

—_
o
T

Spin up

(States/eV-atom)

05

DOS

Fig. 50. Spin-polarized densities of states
(DOS) for YFe,,Cr, calculated in terms of
2 the linear-muffin-tin-orbitals (LMTO) model.
The zero on the energy scale corresponds to
the Fermi energy (Jaswal et al. 1990).

-8 -6 -4 -2
Energy (eV)

paramagnetic to ferromagnetic spectrum in iron is well known and it is due to the short-
range magnetic order. All these figures show that the calculated DOS’s are in good overall
agreement with the experimental data. The calculated magnetic moments per formula
unit are 16.8 and 17.2up for YFe;oV, and YFe oCry, respectively. They are in good
agreement with experimental values (see e.g. de Boer et al. 1987, Helmholdt et al. 1988a).
The calculations give sizeable moments at Y and V (Cr) sites which couple AF to the
Fe moments. CEF parameters have also been calculated, and comparison of these with
experimental values clearly confirm the inadequacy of the point-charge model (PCM) in
CEF calculations.

In additional self-consistent spin-polarized calculations to determine the DOS, charge
transfer and magnetic properties Jaswal (1991) has shown that the simplified tight-
binding calculations lead to an unexpectedly large moment for the stabilizing atom (~1yg)
coupled AF with the Fe atoms. The V atoms prefer to substitute for Fe on the 8(i) sites
in the Fe compound and the same preference is assumed to hold in YCo4V5. The main
contribution to DOS comes from Co, primarily due to Co 3d states. The average exchange
splitting is about 1eV for Co d states. The calculated magnetization per formula unit is
9.11up and 8.11ug for Co atoms located in two crystallographic positions: A (a 00) and
B (@00, 0a0), respectively. The experimental value of 7.16up for the B configuration
was found by Jurczyk (1990c). The charge transfers for YCo;oV; are quite small.
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Fig. 52. Photoemission data taken above
(603K) and below (293K) the Curie point
in relation to the broadened total density of
states (DOS) of YFe Cr, (multiplied by a
zero-temperature function). The zero on the
energy scale corresponds to the Fermi energy
(Jaswal et al. 1990).

Self-consistent ab initio band-structure calculations using the augmented-spherical-
wave method have been carried out by Coehoorn (1990) for hypothetical YFe;, and
YFe;; M, (M=Tj, V, Cr, Mo, and W). The calculated value of magnetic moment per
Fe atom is 2.02ug, in good agreement with experiment, particularly if one takes into
account that the experimental total moment also contains a small orbital contribution,
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estimated to be ~0.05-0.10up per Fe site in YFe;,. At present it is difficult to decide
whether the relatively large contribution of the R atoms to the total magnetization and the
magnetocrystalline anisotropy when the stabilizing atom prefers to occupy an 8(i) site is
of greater importance than the disadvantage associated with the relatively large reduction
in moment. The decrease in magnetic moment due to substitution of the magnetic atom
by the stabilizing atom is found in the above calculations to be insensitive to the type
of stabilizing atom, contrary to experiment. Therefore, these calculations seem to be
unsuccessful.

For another hypothetical binary compound, GdFei,, electronic structure calculations
by means of the LMTO-ASA method have been carried out by Trygg et al. (1992),
as mentioned in sect. 3.1.2 on the magnetic properties of the binaries with Fe. The R-
4f magnetic moments were obtained from the standard Russell-Saunders scheme but
the radial 4f spin density was otherwise part of the self-consistent band calculation.
The influence of localized 4f magnetism on the conduction-band magnetism is found to
produce little or unnoticeable changes in the local moment of the iron. The total magnetic
moment is calculated to be 24.61up/fu when the 4f is included and 24.62up when the
4f moment is set equal to zero.

Also, some calculations concerning the ternaries YFe;;Ti and YFe;;TiN have been
reported. Sakuma (1992) has performed spin-polarized band calculations with the LMTO-
ASA method in the frame of local-spin-density functional formalism. Analysis of
asphericity parameters predicts that the N atoms attract the wave function of the Y atoms
rather than that of the Fe atoms and in turn release the Fe atoms from bonding with
Y atoms. By this effect, the magnetic moment of Fe increases, besides expanding the
lattice. The magnetic moments of the nn Fe atoms of the N site are lowered with inclusion
of N atoms while the Fe atoms furthest from N have the largest moment. The spin
fluctuation theory developed by Mohn and Wohlfarth is shown to give a fair description
of the change of the Curie point due to nitrogen absorption.

Electronic total energy calculations (Sakuma 1993) for YFe;Ti, performed in terms
of the same model, predict that the system is most stable when the Ti atoms are located
at the 8(f) sites, while experimental results suggest that they are at the 8(i) sites. On the
other hand, the calculated equilibrium volume of the unit cell exhibits fair agreement
with the measured value. It is also shown that the unit cell volume increases with
Ti concentration x in YFeio_,Tiy,, with a rate AV/Ax=10 A%/unit cell, and the magnetic
moment decreases with a rate AM/Ax =—4up consistent with the calculations of Coehoorn
(1990). A direct comparison with experimental values for the YFe;,,Ti, system is
impossible because results for M are known for x=1.0 and 1.2 only. However, the value
of AM/Ax == —4ug is obtained from the experimental determination of magnetization of
YFe,_, V, alloys (Verhoef et al. 1988). The same quantity obtained from Mdssbauer effect
examination amounts to 3.3up (Denissen et al. 1990) if one applies a conversion factor
of 14.5T/up (Gubbens et al. 1988). The total magnetic moment of YFey Ti (x=1) is
calculated to be about 21.7up (Sakuma 1993). With inclusion of the spin—orbit interaction
in the LMTO Hamiltonian, the orbital magnetism and the magnetocrystalline anisotropy
were further evaluated. The orbital magnetic moment per Fe atom is about 0.06up and the
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anisotropy energy is obtained as 97 uRy/fu. This value leads to about 12.1x 10 erg/cc.
Although the value is quite large for a Fe compound, it is still about the half of the
measured value, 23 x 10° erg/cc.

In turn, self-consistent spin-polarized electronic structure calculations using the linear-
muffin-tin orbitals have been performed by Fernando et al. (1993) for NdFeTi,
NdCooV; and YCo,Siy, and by Jaswal (1993) for NdFe;; TiN,. The calculated density
of states near the Fermi edge in the Fe compounds is dominated by the Fe 3d states
and for the nitrogenated compounds the N(2p) peak is evident around 6.3 eV. In these
last compounds there is no visible shift in Fe 3d peaks. Apart from small energy
shifts in the peak positions, there is an overall agreement between the experimental
data (XPS) and the calculated DOS. The calculated magnetization does not change
much upon nitrogenation in NdFe;;TiN,, but the calculated value is larger than the
experimental results obtained in >’Fe Méssbauer-effect and neutron-diffraction (ND)
experiments. Similarly as Sakuma’s (1992) results, the increase in the Curie temperature
on nitrogenation, calculated on the basis of SF theory (Jaswal 1993), is in good agreement
with the experimental results. The single-ion anisotropy of Nd, based on its valence-
electron distribution, changes from a planar to a c-axis configuration upon nitrogenation,
in qualitative agreement with the experimental results. Generally, it seems that the
magnetic Nd sublattice does not substantially influence the results of calculations and
experiment in relation to the La, Lu and Y compounds.

The experimental photoemission spectra for NdCooCr, and YCo;V; are quite similar
because they are dominated by the Co 3d states at this photon energy just like the spectra
of the Fe compounds. The principal peak at the Fermi edge due to the Co 3d states agrees
with the calculated DOS. The second Co 3d peak, near 2.3 eV, is not noticeable in the
experimental spectra due to a considerable broadening, resulting from many-body effects
in Co, which are not included in the calculated DOS. After some modifications, a good
agreement is obtained between photoelectron energy distribution curve and calculated
DOS (Fernando et al. 1993).

Ishida et al. (1994) have calculated the dependence of the magnetic properties on Mo
concentration and the type of Mo sites in the YFe;, Mo, system. For the calculations
of the energy eigenvalues they used the LMTO-ASA method in the nonrelativistic
approximation, and the exchange-correlation potential within the framework of the
LSD approximation. The densities of states (DOS) were calculated by the tetrahedral
integration method of Rath and Freeman (1975). Ishida et al. (1994) have computed the
magnetic moment and total energy of YFe;;Mo, YFegMos; and YFegMoy versus lattice
parameter a for the Mo atoms occupying 8(f), 8(i) and 8(j) sites. They found that the
total energy is lowest for the case where the Mo atoms.occupy 8(f) sites. As mentioned
above, Sakuma (1993) found the same preference for the Ti atoms in YFe;; Ti, but these
results are in conflict with the experimental findings which show at most a preference
for transition metal to occupy the 8(i) positions (see e.g. Sun et al. 1993a, Yellon and
Hadjipanayis 1992). Sun et al. (1993b) reported, however, that Mo atoms were located
at both the 8(i) and &(f) sites. The lattice parameter was determined so as to minimize
the total energy, but the difference between the Mo sites is small and this could be at the
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origin of the results reported by Sun et al. (1993b). The DOS was calculated considering
the Mo atoms located in the 8(f) and 8(i) sites. The local DOS of the Fe (8f), Fe (8i) and
Fe (8j) atoms are similar to those of YFe;; which were calculated by Asano et al. (1993),
but are different in detail. It is found that the Mo d states hybridize well with the valence
states of the surrounding atoms. The occupation number of the down-spin states is more
than any of the up-spin states so that the magnetic moment on the Mo atoms amounts to
0.3-0.6up and is parallel to those on the Fe atoms. The hybridization between the Mo and
Fe valence states produces changes in the DOS of the Fe d states from those for YFe;;. As
concerns the magnetic moment, regardless of the Mo concentration in YFe;;-,Mo,, the
moment at the Fe sites becomes larger for Fe (8f), Fe (8j) and Fe (8i) sites in that order.
There is a general tendency for the moment at each Fe site to decrease with increasing Mo
concentration. The decrease comes mainly from the hybridization between the Mo d states
and the d states of the Fe atoms which are near the Mo atoms. The experimental values
decrease more rapidly than the calculated ones.

Christides et al. (1991b) have applied a simplified method for the interpretation of
the experimental data for Y(Fe, Co);2-.T, compounds by extending the magnetic valence
model (MVM) on the Friedel picture of the DOS. The MVM (see Williams et al.
1983, Malozemoff et al. 1984) basically amounts to counting electrons in a rigid band
scheme while ignoring the nature of the crystal structure. In spite of this simplification
the MVM has been quite successful in characterizing the behavior of the magnetic
moments in strongly ferromagnetic systems. Writing the Y(Fe, V);; compounds in the
form Y,_5_.Fep V., the average magnetic moment predicted by the MVM for this formula
unit is:

(M) =b[2N}y— Zy] - cZy — (1= b~ c) Zy + 2N], = (Zn) + 2N,

Here: (i) N gd is the number of 3d electrons in the Fe spin-up band, (ii) Z; is the chemical
valence of atom i, (iii)) N lp is the number of electrons in the unpolarized s—p conduction
bands and (iv) (Z,) is the average magnetic valence of the compounds, which for the
pseudoternaries considered by Christides et al. (1991b) has the form

Z)= " xiZm,

and x; are the relative concentrations of the constituent atoms. Since this model assumes,
as mentioned, strong ferromagnetism, there are only spin-down 3d electrons at the Fermi
level. Thus we take N ;d=5. The chemical valencies for Fe, Y and V are 8, 3 and 5,
respectively. Band calculations show that N lp=0.3 for the late transition metals while
addition of early transition metals or non-transition elements increases N, sTp to 0.45
(Malozemoff et al. 1983). A modification of the MVM introduced by Christides et al.
(1991b) considers the solute transition element T as scattering centers embedded in
Fe positions which produce resonance states above the Fermi level. The broadening of
these levels due to s—d admixture effects, leads to a part of the impurity d state which lies
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below the host Fermi energy and affects the d-band magnetism. As mentioned above the
unmodified MVM can be applied for strong ferromagnetism. To improve the model it is
necessary to obtain a quantitative estimate of N4 for the solute transition metal. The effect
of the perturbing potential localized at the vicinity of a transition-metal impurity in Fe,
Co or Ni is to create localized, virtual bound d states which, depending on their relative
position with respect to the Fermi level, may or may not be occupied. Furthermore, the s~
d admixture effect will cause a broadening in energy of the relatively localized impurity
states, which spreads out over an energy range y. The impurity can be considered as
a scattering center for “free” electrons in the host sp band and d band (at least those
electrons near the bottom of the d band), providing the impurity concentration is low,
i.e., solute atoms can be described as isolated impurities acting as scattering centers and
producing d-resonance states around an energy E4. When the Fermi energy Er is well
above E4 the resonance states are completely occupied; they are empty when Er is much
less than Ey. For the intermediate solution, where £y is close to Er, Harrison (1980) has
proposed the following relation for the fractional occupation for spin-up, n*, and spin-
down, n~, states of impurity atoms:

r
2ES +nF U, — Ex)’

tan(mnt/5) =

where I is the resonance width, Eg is the energy of the resonance without exchange, and
Uy, is the exchange interaction for each pair of d electrons of the same spin on the same
atom. One cannot expect that, in Y(Fe, Co)i2-4Vy, the Y and V atoms carry a magnetic
moment. Solving the above equation for the case nq = n* = n~, where N4 appears in the
equation

Zm=2N4—Z,

with Z,, the magnetic valence, Z the number of valence electrons and N4 the number of
d electrons of the majority spin band, one gets Nq=>5n4. The energy of the resonance
without exchange, Eg, is determined with respect to the bottom of the sp band of the
host. The position of the bottom of the sp band of V against the free continuum states is
determined by the relation

Esp = g4+ 8V,

where £4 is the Hartree~Fock energy of the atomic d state and Vs is an appropriate
matrix element given by Vs =—1.4h%/2tmd? (Harrison 1980) in which d is the average
distance of the nearest neighbors calculated from the atomic volume of the element and
R 2mm="7.62eV A%, Using the computed values of Ejp,, the position of the impurity
d band in the energy-level scheme of the host is given by

ES(V) = [Es(Co) — Ex,(V)] + Eq(V),
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where E4(V) is the energy at the middle of the 3d band of the V metal. The exchange
energy Uy is also computed from atomic parameters. The value of I' can be determined
from the relation

r- 2W 4
n(x)/ji(x) — m(x)/ji(x)

where j;(x) and n(x) are, respectively, Bessel and Neumann functions with argument
x=Kg4ro, and W is the bandwidth. The parameters K4, o and 4 have been tabulated
by Harrison (1980). It is to be noted that the bandwidth W4 used in this calculation
corresponds to the solute metal assuming that the local DOS around the impurity
is adjusted to come closer to the DOS of the solute. Using these parameters and
Fermi energies Er(Fe)=8.8 eV, EF(Co)=12.49eV and Er(Ni)=12.13 eV given by band-
structure calculation, Christides et al. (1991b) have calculated the values 2N4 and the
corresponding magnetic valence for transition metals of the first, second and third rows
of the Periodic Table. N4 depends on the electronic character of the solute due to different
values of E4, which differs for the elements in a column of the Periodic Table and
results in non-integer values of Z,, in contrast to the simple model. This is a considerable
improvement in the interpretation of experimental results in relation to the simple model;
however, the agreement with experiment is strongly dependent of the assumption of strong
ferromagnetism in the band structure of the host metal.

One can see from the above discussion that the theoretical understanding of the
ThMn;,-type compounds is still very superficial yet. We hope that the present review
will be a challenge for fellow theoreticians by supplying them with vast amount of
experimental facts.

(=2,

3.3.5. Improvement of magnetic parameters

Improvement of magnetic parameters can be achieved in two ways: (a) admixture of
other components with preservation of crystal structure, and (b) technological processes.
Usually, application of each of these two ways results in obtaining samples with a complex
stoichiometry, and not necessarily single phases with o-Fe as impurity or other neighbor
phases.

3.3.5.1. Admixture. Admixture of Co to Fe alloys, or alloying with other rare-earth
elements, was discussed in sect. 3.3.1 dealing with magnetic properties of the ternaries
or pseudoternaries with high concentration of Fe, Co and Ni. The interstitials with N and
H as mentioned in the introduction are not discussed here because these materials have
already been dealt with in a number of review and extended papers (see e.g. Coey 1991,
Coey et al. 1991, Liao et al. 1991, Yang et al. 1991a,b, Coey and Hurley 1992, Gong and
Hadjipanayis 1992, Hurley and Coey 1992, Wallace and Huang 1992, Tomey et al. 1993).
However, the carbon admixture does not enter interstitial sites but occupies 8(i) sites. The
magnetic data are shown in table 22. In contrast to the nitrides the substitution of carbon
atoms does not change the Curie temperature for RTiFe025Cg25 (Y.-C. Yang et al. 1993)
but a higher amount of carbon has the same influence as nitrogen.
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Table 22
Ternary carbides and carbosilicides of various types
R x a c Tc Mg Remarks Ref.
(nm) (nm) K)  (up/fu)
RFe, TiC,_,
Y <02  0.858 0.481 678 20.5*  axial, AV/V=2.1%, AT./T.=29.4% 1
15.5°
0.1  0.858 0.4798 678 21.62 axial, AV/V =1.73%
0.75 0.8491 0.4797 539 19.01¢  axial, AV/V =-0.2%
2.09
1.76%
Nd 0.1 0.862 0.482 670 20.72 axial, AV/V =2.0%, AT/T:=22.5% 1
20.2°
Sm <02 0858 0.480 698 18.0*  planar®, AV/V =0.9%, AT /Tc=19.5% 1
0.75 0.8544 0.4791 595 19.52*  axial, AV/V =-0.4% 45
Gd <02 0.858 0.481 734 14.92 axial, AV/V =1.2%, AT /T =20.9% 1
13.30
0.75 0.8537 0.4790 620 12.88¢  axial, AV/V =-04% 1
Tb <02  0.857 0.481 714 11.62 axial, AV/V =1.7%, AT./T.=29.3% 1
12.1°
0.75 0.8528 0.4788 572 10.47¢  planar at RT=-0.6%, Tg >RT 3
Dy <02  0.857 0.479 697 9.6* axial, AV/V =2.3%, AT/T-=30.5%
10.1®
0.75 0.8510 0.4785 548 9.83¢ axial, AV/V =-0.5%, Tz =220K 3
Ho <02 0.855 0.479 691 8.421  axial, AV/V =1.4%, AT /T,=32.9%
9.457
0.75 0.8498 0.4784 534 9.99°  axial, AV/V =-0.5%, Tz =40K 3
Er <02 0856 0.479 685 1115 axial, AV/V =2.0%, AT/T. =35.6%
13.1%f
0.75 0.8487 0.4782 526 10.29¢  axial, AV/V =-0.5% 3
Tm <02  0.855 0.478 686 16.1° axial, AV/V =1.7%, AT:/T-=38.3%
18.9°
Lu <02 0.855 0.478 682 17.1® axial, AV/V =2.0%, AT/T;=39.7% 1
16.0°
RFe,,SiC,
Ce 0.5 1.0049(4)®  0.6528(3)¢ 390 132° M,=132¢ 6
6.50 6
Pr 0.5 1.0107(3)¢ 0.6534(2)¢ 430 17.1° M =1.39% 6
9.2n 6
Nd 0.5 1.0083(3)® 0.6529(2)¢ 410 17.55* s, M =1.42¢% 6
8.48  Additions® 6
Sm 0.5  1.0092(7)¢  0.6538(4)® 460 148 M =141% 4

11.1* 6

continued on next page
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Table 22, continued

R x a c Tc M Remarks Ref.
(nm) (nm) K (up/fn)

R(Fe,Me),,C

Smx Sm(Fe, Al),,C* 45
Sm(Fe, Ga),,C* 45
Sm(Fe, V),,C* 45
Sm(Fe, Cu),,C* 45

* Variable composition; see Remarks column. ¢ Small amounts of C added (also B, Si and Al) in

2 At 42K order to get fully amorphous ribbon.

b At 290K. f No difference with RFe,; Ti compounds.

At 1.5K. ¢ BaCd,,-type phase.

4 In pg/Fe atom. " At 300K.

References

(1) Hurley and Coey (1992) (4) Singleton et al. (1988)

(2) Q-N. Qi et al. (1992) (5) Strzeszewski et al. (1989)

(3) Y--C. Yang et al. (1993) (6) Le Roy et al. (1987)

Y.-C. Yang et al. (1993) claim that carbon substitution increases both saturation
magnetization and magnetocrystalline anisotropy. This conclusion is confirmed by other
authors (see table 22). One can see that the silicide carbides of light rare earths exist with
a different crystal structure of the BaCd,,-type (I4,/amd space group) in which the carbon
atoms fill octahedral vacancies formed by four iron and two lanthanide atoms, with an
occupancy of 25%. These compounds exhibit Curie temperatures which are lower than
for corresponding the ThMn,,-type phases; they lie between 390 and 460 K. The mean
iron moment amounts to about 1.4up at low temperature (Le Roy et al. 1987).

Anagnostou and Niarchos (1990) reported on structure and magnetic properties of melt-
spun SmFe 3 Tii B, alloys with x=0.2 and 0.4. The added boron acts as a glass former
and leads to amorphous ribbons, but after annealing a partial crystallization to the ThMn;,
phase is observed. A best coercivity of about 0.6 T was obtained in ribbons annealed at
850°C for 5 min.

The coercivity of melt-spun NdFe;oCr,—Ndg67Bo 33 alloys was investigated by S.H.
Huang et al. (1990). However, the alloys were multiphase mixtures with presence of
Nd,Fe4B phase and coercivity amounting to 0.85kOe.

The magnetic data for Sm—Fe-Ti derivatives, which were obtained as ribbons annealed
at 800°C by Wang and Hadjipanayis (1990), are presented in table 23. These materials
are examples of attempts to improve the magnetic properties not only by a change of
composition, but also by the special technological process of producing amorphous and
then crystallized ribbons. Inspecting this table one can thus conclude that coercivity of
the alloys can be increased with Ga and/or Zr substitution. At the same time the data
for H; (coercivity field) and H, (anisotropy field) suggest that the microstructure is
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Table 23
Room-temperature magnetic properties of Sm-Fe-Ti derivatives. Ribbons annealed at 800°C (also a-Fe)?

Composition H, M, s, T

(kOe) (&) (kOe) )
SmgFeg; Tig 55 806 92 593
SmgFe,TigVy 102 664 75 590
Sm;Fe;Ti,CrV 8.6 685 75 580
SmgFeTi, Z1Vy 103 674 80 588
SmgFe,TigZr, Vs 9.4 591
SmgFe,Ti;NbV, 94 608 80 585
SmyFe,Ti;MoV, 8.1 596 80 570
SmgFe,,Ti, WV, 8.0 599 76 581
SmgFe,; sGag s Tig Vs 10.7 692 76 590
SmgFe,;GaTiy Vi 9.5 594
SmyFe,sGa, Tig Vg 9.1 586

4 Data from Wang and Hadjipanayis (1990).

a critical factor in achieving a high coercivity in this system. This conclusion is why
there is extensive discussion of technological processes. Since the anisotropy field of
1:12 materials is frequently even larger than that for Nd-Fe-B derivatives, there is a good
chance to increase the coercivities by applying various technological tricks.

3.3.5.2. Technological processes. The usual technological processes are sintering, rapid
quenching and mechanical alloying. The rapidly quenched and crystallized samples are
frequently multiphase, and the highest coercivity reported was 2.5kOe (Schultz and
Wecker 1988).

In the sputtering process, radio-frequency-heated (rf-heated) samples are directly
crystallized onto heated substrates with an in-film-plane applied magnetic field, as
well as first deposited in an amorphous form and then subsequently crystallized. As
reported by Liu et al. (1988), Kamprath et al. (1988) and Cadieu et al. (1991), in the
Nd-Ti-Fe and Sm-Ti-Fe systems a relatively soft magnetic ThMn,;-type phase near
85 at.% Fe with a coercivity of 1-2kOe was observed. A higher coercivity of 7.8kQe
was obtained by overquenching of SmygsFe;yV, alloy and subsequently annealing it at
850°C (Pinkerton and van Wingerden 1989). The bulk magnets reported by the same
authors, made by hot-pressing overquenched Smyg ggFe; oV, ribbons, reached 98% of the
theoretical X-ray density, with the following bulk magnetic data: H, = 5.6 kQe, B, =5.4kG
and (BH )max =4.0MGOe. The tetragonal structure was found by Singleton et al. (1988)
after annealing melt-spun RgFeq,Tig with R=Nd, Sm, Dy, Gd and Rg(Fe, Co);5(V/Mo)6
with R=Nd and Sm. The coercivity strongly depends on the microstructure and the
highest value of H, amounts to 2kOe for the Sm-Fe-Ti system with a grain size of
about 50 nm. In turn, high coercivity was reported by Singleton et al. (1989) in annealed
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Sm(Fe, T);2 alloys with T=Ti, V, Al, Cu, Ga and Si containing small amounts of B
and C (H,=7.7KOe for SmyoFegoTis 5B, 5 sample). Strzeszewski et al. (1989) note that
single-phase samples are obtained if rapidly quenched alloys of Sm,Fe,Ti,-type with
above mentioned additions are annealed above 800°C. For lower annealing temperature
some samples exhibit a mixture of the TbCu;-type phase with the ThMn;, matrix.
Examination of the derivatives of RFe;oTi alloys (Zhao et al. 1988) shows that rapidly
quenched (splat-cooled or melt-spun) Nd,Dy,_Fe;oTi samples are nearly single-phase
and become multiphase upon heating. Also, Cochet-Muchy and Paidassi (1990) claim
that the annealing of the Sm-Fe-Ti system causes precipitation of secondary phases.
The appearance of metastable TbCu;-type phase was reported by Saito et al. (1988) for
SmFey; Ti-alloy ribbons for specific quenching rates (for the roll velocity v, >4.3 m/s).
Coercivities of about 6kOe were found for melt-spun SmFe;y5Tij o4 with an optimal
10 min heat treatment at 800°C (Ding and Rosenberg 1989). Katter et al. (1990) relate
the observed hard magnetic properties to the metastable (w) phase in melt-spun Sm-Fe—
Ti alloys. This phase is responsible for a coercivity of about 50kOe. The formation of
the ThMn,,-type phase has some influence on formation of the w phase. The hardening
process by annealing of Sm(Fe,Co);;Ti (Ding and Rosenberg 1990a) and Sm-Fe-
V and Sm—(Fe,Co)-V (Ding and Rosenberg 1990b) alloys gives an energy product
above 10 MGOe and coercivities up to 0.9 T, as mentioned above.

Otani et al. (1990) produced model calculations for reproducing hysteresis loops
of randomly oriented grains with uniaxial anisotropy. The conclusion is that a strong
intergrain coupling is beneficial for developing coercivity if the ThMn;,-type compounds
form nanocrystalline alloys with uniaxial anisotropy. In turn, Sun et al. (1990) proposed a
model for the coercivity which is based on an analogy with the random-anisotropy model
of amorphous magnetism and which gives the correct magnitude of the coercivity.

Reviews on the method of mechanical alloying (MA) were presented by Schultz
and Katter (1991), by Schultz et al. (1991a) and by Jing-tang Wang (1992). MA was
first developed in the late 1960s and considerable progress has been achieved over
the last 20 years. This method overcomes many of the limitations of conventional
alloying and creates alloys of metals that are difficult or impossible to combine
otherwise. MA uses an interdiffusional reaction, which is enabled by the formation
of an ultrafine layered composite of particles during the milling process in a high-
energy ball mill. The metal-powder particles are trapped by the colliding balls, heavily
deformed and cold-welded, leading to characteristically layered particles. Further milling
refines the microstructure more and more. Depending on the properties of starting
powders and on the milling conditions, the interdiffusional reaction to form the
alloy can either take place during the milling or during a following heat treatment.
For the ternary Sm-Fe-T systems, e.g., MA initially produces amorphous or two-
phase (amorphous + a-Fe) material, which can be transformed into a microcrystalline
intermetallic phase.

Schultz and Wecker (1988) reported on mechanical alloying and successive heat treat-
ment at 800°C applied to SmgFegoMo;; and NdgFeg; Moo systems. After milling, the
samples do not show any hard magnetic behavior (H, <2000e). Neither intermetallic
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phases nor an amorphous phase arc formed during the milling. The hard magnetic
1:12 phase is formed after a diffusion heat treatment of 1 hour at 600-900°C (annealing).
The best results are found after reaction at 800-900°C. The maximum coercivities
depend strongly on the sample composition. The lowest coercivity is obtained for the
supposedly single-phase SmgFeg;Mojg sample. The sample with the highest coercivity
(SmyyFessMoyg) is located within the three-phase field (1:12, 2:17 and a Sm-rich phase,
which is thought to be Fe3;Sm). This sample exhibits a demagnetization behavior typical
for a magnetically isotropic species with a remanence of 4.6 kG, a coercivity of 3.5kOe
and an energy product of 3.8 MGOe. A more intense milling facilitates the formation of
the 1:12 phase with a maximum coercivity of 3.8 kOe for a “triple-phase” sample. The
Nd-containing sample exhibits no coercivity, demonstrating that these Nd compounds
have a planar anisotropy.

Schultz et al. (1990) observed a highest coercivity of 5.6kOe for SmjgFegoMosTis,
and SmoFesqCo30Tijg exhibits a remanence of 5.9kG and T =868 K, however, a lower
coercivity. The best energy product of 5.1 MGOe was found for SmjgFe70Co1oTio.
Taking into account the high anisotropy fields, the H, values are rather disappointing
if compared with those for Nd-Fe-B systems. A magnetically isotropic, resin-bounded
SmjsFe;o V5 sample mechanically alloyed and annealed, shows H,=11.7kOe (record).
A higher remanence of H;=4.9kG, in turn, was detected for a Sm;Fe;3 Vs sample
prepared in the same way (. =10.6 KOe and energy product 5.2 MGOe).

The Sm—Fe-Ti system, mechanically alloyed with additional annealing, was the subject
of investigation by Schnitzke et al. (1990); the results are consistent with those reported
by Schultz et al. (1990).

In crystallized films of Sm;oFes; Tig (prereacted in MA process) Kamprath et al. (1988)
found H. up to 38.5KOe at room temperature; SmyoFe;oTijo is a mixture of a hard
magnetic phase with unknown structure, the 1:12 phase, and residual a-Fe and a-Ti. H, for
such material reaches 50.6 kOe.

Schultz et al. (1990) found that the Sm;sFes Vs with H, amounting to 11.7 kOe is also
a mixture of the ThMn,, and Fe;Sm phases. This last phase separates the 1:12 grains as a
grain-boundary phase. Initially prepared 1:12 materials with composition close to nominal
exhibited coercivities up to about 5kOe.

As mentioned above, in the MA materials the product frequently contains some
additional phases like Fe;Sm (orthorhombic PuNis-type) and, as reported by Schultz
et al. (1991b), the hexagonal A, phase. The importance of the former phase was stressed
above but the A, phase with a composition SmygFe;oTiig shows H.=5.03 T, H,=3.0kG,
whereas H.=6.4T for composition SmygFegsTiip. The same authors noted that all
magnetic materials obtained by the MA process show high or ultrahigh coercivities, but
their saturation magnetization is relatively low. They claim, correctly, that the interstitial
nitrides or carbides are more promising.

The above results show that various technological processes can improve the magnetic
parameters of the ThMn;-type phases and their derivatives, but this research is still far
from being finished, although recent results obtained on interstitials have attracted the
interest of laboratories carrying out applied research.
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3.4. Magnetic properties of actinide compounds with high content of
transition element

It was already mentioned that only one binary compound of actinide metal ThMn;, is
known, but its magnetic properties have not been reported. The ternaries are known to
exist in a bulk crystalline form with Fe, Co and Ni as transition element and with Si, Mo
and Re as stabilizing components.

We do not believe that the actinide compounds, even if they exhibit favorable
magnetic parameters, will find any application in future. Nevertheless, their properties
are interesting from a fundamental point of view. The actinide contribution to the
magnetism, the interaction between actinide and transition element, the distribution of the
individual elements in different crystallographic positions, and the impact of the actinide
on magnetic properties seem to be the most important scientific problems. Besides a
systematic description of the actinide ternaries and pseudoternaries, we are going to
devote special attention to these questions. Below we plan to describe the properties of
ternaries and then to inspect how an admixture of additional components modifies the
properties of basic compounds. According to this plan we first present the silicides of
Fe, Co and Ni as the basic transition-metal components, then the materials containing
other stabilizing elements than silicon, and finally pseudoternaries in which uranium is
substituted by Y and Tb, and the transition element by other components.

3.4.1. Pure ternary compounds

The lattice parameters and magnetic data for the pure ternary compounds are collected
in table 24.

3.4.1.1. UFe;ySi,. The first investigated actinide compound with high concentration of
transition element was UFe;Si; (Suski et al. 1989, Berlureau et al. 1989). This compound
turned out to be ferromagnetic below Tc=648K (see e.g. Zeleny et al. 1991), with
saturation moment close to 1.6up/Fe atom (Andreev et al. 1992b). This value is estimated
after subtraction of the contribution of a-Fe which is usually present in the majority of
the ThMn,,-type ternaries. Moreover, UFe;,Si, exhibits considerable uniaxial anisotropy
energy at room temperature: H,=4.4T and K; = 1.8 MJ/m®, and at 42K K;=3.0MJ/m?
(Andreev et al. 1995). These results were obtained on aligned polycrystals. The domain
structure of this compound is much like that observed in Nd,Fe 4B, and the domain
wall energy amounts to 18erg/cm? (Wyslocki et al. 1990). However, without special
technological processes this material, like other ThMn;,-type intermetallics containing
rare earths, exhibits a low remanence and coercivity as seen in fig. 53, even for field-
preoriented samples (Baran et al. 1990).

Figure 54 (Andreev et al. 1991) shows that the homogeneity range of UFe;; ,Si,
extends over 1.0 < x < 3.0. It is seen that the lattice parameters decrease almost according
to Vegard’s law, but both the Curie points and magnetic moments exhibit maxima, at
Tc=653K and M= 17.5ug/fu, respectively, for x=2.
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Table 24
Lattice parameters and magnetic data for UMM’ compounds
Compound a c M, Te © Doy  Remarks Ref.
(nm) {nm) (/) Ky (K (4s)
UFe,(Si, 0.8370 0.437 700 1
648 2
16.4 E,=22MIm™ 3
Epy =18erg/cm? 4
STFe ME 5
17.8 650 s.C. 6
UCo,,Si, 0.824 0.463 8.5 550 5,7
Epy =5 erg/em? 4
UNi,,Si, 0.8185(5) 0.4686(3) -120 346 x,=1.16x10" emumol, 8
y=100mJ/mol K?
®Si NMR 9
UFe,,Mo, 0.850 0.476 1.7 250(7) 1
5TFe ME 5
8.7 210 6
UFe,(Re, 0.8541(2) 0.47141(11) 340 10
References
(1) Suski et al. (1989) (5) Baran et al. (1990) (9) Suski et al. (1993c)
(2) Zeleny et al. (1991) (6) Gongalves et al. (1994) (10) Gueramian et al. (1991)
(3) Andreev et al. (1992b) (7) Suski et al. (1991)
(4) Wystocki et al. (1990) (8) Suski et al. (1993d)
. Mla.ul
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Fig. 53. Magnetization M (in arbitrary
units) of UFe,;Si, (field-preoriented sam-
ple) versus magnetic field at 42K (ac-
cording to Suski et al. 1989, Baran et al.
1990, and Bertureau et al. 1991).

As concerns the distribution of Fe atoms, ¥’Fe ME examination shows that the
8(i) positions are almost 100% occupied, the 8(j) positions are occupied about 93%,
whereas only 60% of the 8(f) positions are occupied (Berlureau et al. 1991, Andreev et al.
1992b, Suski et al. 1992b, Vagizov et al. 1993). The location of the Fe atoms mainly in the
8(i) position is the most probable cause of the high magnetization and high Curie point;
they are highest for the RFe(Si, series, even higher than that determined for GdFe;,Si;
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(Tc =623 K, Buschow et al. 1988, Q. Li et al. 1991). This is an indication of the U-Fe
interactions in UFe(Si,. Another indication is presented in fig. 55, which compares the
magnetization curves for the field-preoriented UFe;(Si> compound and YFeySi,. One can
see that the easy-direction curves are saturated at approximately 4 T, however the values
of the molecular magnetic moment are different for both compounds and a larger moment
is observed for the Y compound. At this point, one should note that the distribution of the
Fe atoms in both compounds is much the same, as was shown in a ’Fe ME experiment
(Andreev et al. 1992¢) and cannot be considered to be the cause of this difference.
Andreev et al. (1992b,c) suggested that this difference results from a decrease in magnetic
moment of the Fe sublattice due to a filling of the 3d band by electrons transferred from
uranium. This is indicated by a decrease of hyperfine field found in ME measurements.
The magnetic moment of U is estimated from magnetometric and ME results to be about
0.5up coupled ferromagnetically with Fe. Use of single-crystal data (Gongalves et al.
1994) gives a larger value of about 1.5up.

The evidence for a nonzero U orbital moment comes from a comparison of
the hard-direction magnetization curves for both compounds, shown in fig. 55. The
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Fig. 55. Magnetization of YFe,Si, (squares) and UFe,,Si, (circles) versus magnetic field at 42K measured
for aligned powder samples. Open (solid) symbols correspond to field applied perpendicular (parallel) to the
axis of alignment (Andreev et al. 1992b).

magnetocrystalline anisotropy of UFe;oSi, is considerably larger and there is a field-
induced phase transition at around 4 T. Such a transition is rather common for hard-
direction magnetization curves in rare-earth intermetallics with high iron content and
magnetic R components, RFe; yM;, RoFeisB and RyFe;7. This transition is called a
first-order magnetization process (FOMP) and it is explained by taking into account the
phenomenological anisotropy constants K, K, and K3 (Deryagin et al. 1978, Asti and
Bolzoni 1980).

Still another indication follows from magneto-optical investigations of UFe;Siz. In
contrast to Brinde et al. (1990), van Engelen and Buschow (1990) claim that the
U sublattice contributes considerably to the Kerr effect.

Matar et al. (1994) have carried out theoretical band-structure investigations within the
local-spin-density (LSD) approximation for UFe;(Siz, UCo10Si; and YFeoSi; in order to
understand (a) the magnetic moment carried by the U atom and the magnitude of its orbital
part and (b) the role of Si in the bonding of these systems. For hypothetical UFe;, with a
spin-only magnetic moment, the moment of uranium (~2ug) is large with the spin aligned
opposite to the Fe magnetic moment. This arises mainly from the polarization of 5f states
(—1.54ug) but there is a substantial contribution from 6d states (-0.37ugp). However,
the inclusion of spin—orbit coupling produces a positive orbital moment on U mainly
arising from f states, and this partly compensates the above-mentioned large negative spin-
only moment with a resulting antiparallel spin alignment (—0.68ug) between U and Fe.
This statement contradicts the experimental results which indicate a positive contribution
of the total magnetic moment of U to the magnetism of the UTpSi, compounds.
However, the calculated hybridization and the trends of evolution of the hyperfine fields
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for UFeoSi, and YFe(Siy are in fair agreement with experimental data. As concerns
the silicon contribution, it acts as a stabilizing agent of the crystal structure through
hybridization between its s and p states and the s, p and d states of transition element.
The presented calculations applied a simplified model of the electronic structure of the
ternary silicides, and they only partly follow the experimental observations. Therefore,
they are an inspiration for further theoretical considerations.

3.4.1.2. UCo;ySi,. The magnetization curves of UCo;Siy (fig. 56) show the typical fer-
romagnetic character of this compound below T¢ = 550K with a saturation magnetization
of about 8.5up/fu at 4.2K (Baran et al. 1990, Suski et al. 1991), however this last
value should be considered with care because saturation is not reached up to the highest
applied field (14 T). One can see that both of the parameters are markedly lower than the
corresponding values for UFe;Siy. For the saturation magnetization such difference is
generally observed in the rare-earth compounds, however, the rare-earth compounds with
Co usually exhibit higher Curie points than their iron analogs. This difference could be
due to the poorer quality of UCo,Si; in relation to UFe(Siz, but there may be another
cause: for example, the band structure, which seems to cancel magnetic order in UNi;Sip,
is sensitive to the 5f shell of uranium, which, in contrast to the 4f shell of the lanthanides,
is at least partly itinerant. Also, the domain-wall energy for the Co compound is lower,
amounting to 5erg cm™2, although the domain structures are of the same type as those
for crystals with high uniaxial magnetocrystalline anisotropy (Wyslocki et al. 1990). As
no FMR and ND results are yet available for UCo,Si; one cannot propose any model
for the distribution of the Co atoms in the crystal lattice. A comparison with YCo;Si,
is not straightforward, because the data concerning this compound are not in agreement.
Buschow (1988a) denies the existence of this material whereas Lin et al. (1991) claim that
it is ferromagnetic below 760K and M| at 1.5 K amounts to ~11.5ug/fu, but the magnetic
moment deviates from the c-axis, forming a canting angle. Although there is a strong
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Fig. 56. Magnetization of UCo,,S1, versus
magnetic field at 42K (upper curve) and
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HITI magnetic field (Baran et al. 1990).
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similarity in the iron distributions in the U and Y iron compounds we cannot assume that
the same holds for the Co compounds. For YCo,,Si,, on the basis of ND Lin et al. (1991)
have proposed the following fractions for Co atoms in different crystallographic positions.
The 8(i) site is preferred and contains about 41% of the total number of Co atoms whereas
29.5% is located on both 8(j) and 8(f) positions. A comparison of the differences in the
values of the saturation moment of Co ternaries with U and Y with the same difference
for the Fe compounds suggests AF coupling between Co and U sublattices.

3.4.1.3. UNijpSiz. UNioSi is paramagnetic (Suski et al. 1993d) with a strong temperature-
independent susceptibility at lower temperature (Suski et al. 1993b) which at higher
temperature shows a pronounced decrease. This decrease may result from CEF effects
as mentioned by Moze et al. (1992).

The enhanced low-temperature electron specific heat coefficient, v~ 100 mJ mol~! K2
(Suski et al. 1993d) is large enough to suggest the possibility of spin fluctuations (SF)
in UNij¢8Si;. The absence of magnetism could result from the filling of the holes in
the Ni 3d band by band electrons of U as observed in UNis (see e.g. Sechovsky and
Havela 1988). At the same time another ternary U-Ni-Si compound, UNi,Si,, orders
AF (Rebelsky et al. 1991). With respect to the element distribution, XRD results (Suski
et al. 1993b) suggest that the Si atom is located exclusively in 8(j) positions, whereas
29Si NMR (Suski et al. 1993c) indicates the possibility of Si atoms preferring to occupy
either 8(f) or 8(j) sites. One should remember that XRD examination of UFe;Si, and
UCo1oSi; (Berlureau et al. 1991) showed that the ratios of 8(f) and 8(j) site occupancies
by Si atoms are 3:1 and over 9:1, respectively. This last result shows that the analogy with
YCo40Si, does not hold. The fact that YNi;oSi, (Moze et al. 1992) and Y sUy sNijpSiz
(Suski and Wochowski, private communication) are nonmagnetic seems to suggest that
the U ion is trivalent just as the Y ion because a substitution of Y by U does not affect
the magnetic properties. As mentioned in sect. 3.3.1.1, the lanthanide silicides with Ni
exhibit low-temperature magnetic ordering (Moze et al. 1992). This is evidence that the
band electrons of the rare-earth atom fill up the Ni band, forming a nonmagnetic state
in the sublattice of this element, and at low temperature the lanthanide 4f electrons are
responsible for magnetic order. On the contrary, in the uranium compound the 5f electrons,
due to hybridization with the conduction electrons, fill up the Ni band and consequently
both the Ni and U sublattices appear to be nonmagnetic.

In turn we discuss the compounds in which an element other than Si is used to stabilize
the ThMn ,—structure type. Opposite to the rare-earth compounds, attempts at obtaining
the uranium ternaries in bulk form were successful only with Mo and Re as stabilizing
components.

34.1.4. UFejpMo;. UFepMo, was obtained simultaneously with UFe;;Si;. However the
properties of the former compound are puzzling. According to the first report (Suski et al.
1989) UFe oMo, exhibits ferromagnetic character below ~250 K with saturation magnetic
moment about 7.5up/fu at 4.2 K and with a small hysteresis, which is nevertheless larger
than that for the silicide. This result was recently confirmed by Gongalves et al. (1994)
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who found T-=210K and saturation magnetic moment at 10 K amounting to 8.7ug/fu.
There is another high-temperature anomaly in the x~!(T) plot which suggests the presence
of considerable amount of a-Fe, and XRD indicates a strong admixture of other phases.
The results of Zeleny et al. (1991) show that UFe;oMo, is very sensitive to annealing
procedure. The x,.(T) plot exhibits at temperatures above room temperature an anomaly
corresponding to a-Fe (Zeleny et al. 1991). In turn, an examination of >’Fe ME at 4.2K
excludes magnetic order (Baran et al. 1990). A preliminary ND experiment gives the
same conclusion (Bourée-Vigneron, private communication).

As to other actinide compounds with a high concentration of a transition element, no
thorium compounds are known, and therefore a comparison is made with YFe;oMo,. This
compound exhibits ferromagnetic properties below 350K (Buschow et al. 1988) and with
the saturation moment at 4.2 K amounting to 13.0ug/fu (Christides et al. 1993) aligned
along the c-axis (Buschow et al. 1988) and a remanence of 3.23ug/fu (zero-field-cooled
sample) and 3.72ug/fu (field-cooled sample) (Christides et al. 1993). Thus one can see
that just as for other UM;oM’ compounds, the magnetic parameters for the Y compound
are higher than those of UFe;oMo,.

UFe ¢Si.75sMog 25 intermetallics were investigated in order to clarify the confusing
results obtained for UFe;gMo,. Contrary to the reported multiphase composition of
UFeyMo, the pseudoternary alloy was found to be single-phase (Suski et al. 1992b).
Addition of a small fraction of Mo to the pure silicide decreases the Curie point to
547K (ME) and 565K (susceptibility) (Suski et al. 1992b). The magnetization curve
at 4.2K exhibits a low magnetization and a less pronounced FOMP at low magnetic
field. The general diminution of magnetic parameters in the case of Mo substitution in
relation to pure silicide is most probably due to the Mo atoms occupying the 8(i) positions.
Moreover, in the pseudoternary compound these sites are occupied by a fraction of the
Si atoms as well, in contrast to UFe;Si, in which the Si atoms are distributed among the
8(f) and 8(j) positions (Suski et al. 1992b).

3.4.1.5. UFejyRe;. The other crystalline compound in which the Si atoms are substituted
is UFe;gRey. This material is ferromagnetic below 340K (Gueramian et al. 1991).
Unfortunately, except for lattice parameters no data are available. Gueramian et al. (1991)
stated that the rhenium substituting for iron enters mainly into the 8(i) sites, and this is
probably the cause of the strong diminution of 7¢ in relation to the silicide.

The Curie point of YFegRe>, 370K (Gueramian et al. 1991), is only slightly higher
than that of UFe gRe,, but that of YFejggRe, 2, is considerably higher at 460 K (Jurczyk
1990a). Because the saturation moment was not determined for UFe;oRe;, we note that
the parameters for YFe gRe; are listed in table 21.

In addition to the crystalline compounds, amorphous materials of UFe;o(M;-type with
M=Al Ti, V, Cr, Ge, Sn and W have been prepared. They exhibit a much lower
saturation magnetization than the corresponding crystalline silicide (H. Ratajczak, private
communication) but unfortunately no detailed examination has yet been carried. The
single exception is an investigation of the optical properties of UFe;oGe, (Beznosov
et al. 1992). Relative to amorphous iron this material exhibits a markedly lower optical
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reflectivity and higher reflection magnetic circular dichroism. Normal to the film surface
the magnetic field of saturation, H;, at 16 K is ~3 T (for the crystalline silicide Hs ~4 T),
and the coercive field H, <0.2T.

3.5. Pseudoternary alloys

The pseudoternaries are discussed in the following order: we start with alloys in which
uranium is substituted by another element, and then we will describe alloys in which the
transition element is substituted for.

There are two systems in which U is substituted by rare-earth elements: Y and Tb.
The first system is of special importance because as mentioned above, no Th compounds
with high concentration of transition element are known and therefore Y can be used as
a nonmagnetic diluent and its compounds as a standard with a nonmagnetic sublattice
located at the 2(a) sites.

The U;_, Y Fe(oSiz system exists over the whole concentration range (Andreev et al.
1992¢) and the lattice parameters determined at room temperature are presented in fig. 57
(lower panel). The smooth monotonic increase in both lattice parameters with increasing
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Y content reflects the fact that the atomic radius of this element is larger than that of
uranium. The lattice expansion is isotropic; the c/a ratio is nearly constant for these alloys.
A slight negative deviation from Vegard’s law is typical for such solid solutions and can
be related to the redistribution of the iron and silicon atoms during U« Y substitution,
as shown by ’Fe ME measurements and presented in fig. 58 (Andreev et al. 1992c¢). As
mentioned above the distribution of iron atoms for both ternaries is close and we do not
understand what causes the observed redistribution of components between the two end-
members. This redistribution has no influence on magnetic parameters, because as shown
in fig. 57 the changes of the Curie points and Fe magnetic moment are monotonous, but
exhibiting opposite tendencies. The decrease in T with increasing x can be explained
by the magnetic state of uranium and the decrease in the U< Fe exchange-interaction
contribution to Tc for the alloys. The increase of magnetic moment calculated from
the average hyperfine 'Fe field Hys, assuming a field conversion factor of 14.5 T/ug
proposed by Gubbens et al. (1988), is an indication of a modification of the magnetic
moment of the iron sublattice (band structure) by uranium (hybridization?). Without such
interaction the magnetic moment of the Fe sublattice should be independent of x. There is
no contribution of Y because the calculated magnetic moment of the Fe sublattice amounts
to 18.5up/fu which is in fair agreement with magnetometric results for YFe;;Si; (Andreev
et al. 1992b).

The Tb;_,U,FeoSi; system is different from the U;_,Y,FepSi, alloys and exists as a
single phase for x > 0.6. The alloys with lower uranium content contain about 5-8% a-Fe
which disappears during prolonged homogenization. The lattice parameters are presented
in fig. 59 (Andreev et al. 1993c). One can see that both lattice parameters decrease
smoothly with increasing U concentration, resulting from the smaller metallic radins of U
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in comparison with that of Tb. Also, the magnetic moment measured on aligned powders
along the axis of alignment depends monotonically on concentration. The thermomagnetic
curves of Thy_,U,Fe(Si; clearly demonstrate a difference between FC and ZFC curves
which could be attributed to a spin-glass state. As can be seen from the upper part of
fig. 59 (Andreev et al. 1993c) the Curie points of the Tb;_,U,Fe;oSi, alloys increase
with substitution of U for Tb as expected from the behavior of the parent ternaries. For
x <0.9 a T is observed in some temperature intervals and in these intervals an easy-
cone structure may be stable, however, they can result from a broadening of the first-order
plane-axis transition due to inhomogeneity in the local atomic environment as well as to
microscopic inhomogeneity of the samples which cannot be avoided in multicomponent
alloys. The width of the temperature intervals is related to anisotropy constants. A rough
estimation is that the U contribution to the magnetic anisotropy plays a secondary role in
comparison with the Tb contribution, being smaller by one order of magnitude (1.3 MJ/m?
against 16 MJ/m?, respectively). This estimation contradicts a simple CEF consideration
which indicates that the U ions in any configuration should provide a larger contribution
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to the anisotropy than the Tb ions. This suggests that the CEF (localized) model cannot
be applied to the uranium intermetallics.

We will now present the properties of the alloys in which magnetic Fe atoms are
substituted by magnetic Co atoms. As one can see from fig. 60 (Suski et al. 1991)
these alloys exist over the whole concentration range. Their lattice parameters decrease
with increasing Co concentration in a monotonic way and, moreover, the a parameter
decreases linearly. The addition of Co increases the Curie point, and a highest T = 750K
is observed for x =6 (fig. 60) (Suski et al. 1991) as in many rare-earth systems in which
Co addition increases T¢. The saturation magnetization does not show a change for
x <2, however, the precise determination of these values is difficult due to the rough
estimation of the a-Fe contribution. The substitution of Co does not markedly change the
remanence, but it increases the anisotropy and as a consequence saturation is observed
under higher magnetic fields. Therefore the values of magnetization obtained by Berlureau
et al. (1991) under a field of 2 T are far from saturation. The distribution of the Fe atoms
over various crystallographic positions is presented in fig. 61. One can see that Fe atoms
predominantly enter the 8(i) positions and the occupation decreases monotonously but
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Fig. 62. Difference between saturation
moment (right-hand scale, triangles) and
Curie points (left-hand scale, circles) of
UFe,;_,Co,Si, (Suski et al. 1991) and
YFe,, .Co,Si, (Lin et al. 1991) versus Co
concentration x.

nonlinearly with increasing number of Co atoms. The number of Fe atoms in the 8(f) and
8(j) positions also decreases monotonously, but some redistribution is observed. To obtain
any information about the uranium contribution we compare the results of magnetization
measurements at 4.2 K obtained by Suski et al. (1991) for UFeo_,Co,Si; and by Lin et al.
(1991) for YFe;q xCo,Si; alloys for which saturation magnetizatization was determined
under magnetic field up to 7 T. The difference is presented in fig. 62 and is positive for low
Co concentration, pointing to a ferromagnetic contribution of the uranium sublattice, but
for x >2 this contribution becomes negative, suggesting an antiferromagnetic coupling
of the uranium sublattice. These results should be considered with proper caution,
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keeping in mind the importance of technological processes and the o-Fe content for
pseudoternaries. Although it is therefore difficult to compare the alloys produced in
different laboratories, the differences presented in fig. 62 are too substantial to ignore
them. Another cause of these differences may be the different types of magnetic structures
or magnetocrystalline anisotropy. This last phenomenon was frequently observed in the
rare-earth alloys mentioned in previous sections. However, a final conclusion about the
uranium contribution can be presented only after successful ND experiments.

Substitution of Al has been introduced to improve the magnetic parameters (Suski
et al. 1991). The absence of a high-temperature tail in the temperature dependence
of magnetization in UFesCo3AlSi,, usually related to a-Fe, can be considered as an
indication of the advantageous technological influence of Al. A diminution of the Curie
point can be related to magnetic dilution by Al but also to the absence of a-Fe.

Finally, our discussion on the ThMnj,-type uranium pseudoternaries switches to the
systems in which iron is substituted (diluted) by nonmagnetic components: Ni and Al.
As will be shown, both these systems exist only for a limited composition range, and we
do not know why this is so.

The range of existence of the UFe;p Ni,Si; system extends up to x >8. However,
the alloys with x <8 contain a small admixture of other, unidentified phases, and
because of this the whole existence range 0 <x <10 was examined. As seen from
fig. 63, the lattice parameters decrease almost linearly with increasing Ni concentration x,
however, due to the considerable scatter of the experimental data it is difficult to decide
whether the (a, ¢) vs. x plots follow Vegard’s law (Suski et al. 1993b). Also, an uniform
diminution of the occupation of individual crystallographic positions by Fe atoms is
observed in ’Fe ME (see fig. 63, Suski et al. 1993a). The magnetic properties of the
UFe 3« Ni,Siy alloys are summarized in fig. 64 (Suski et al. 1993a). There are two curves
corresponding to the three magnetic phases. The lower curve is the high-temperature limit
of a ferromagnetic phase, as determined by ME measurements and for x=9.0 and 9.5 by
ME and magnetometric methods. The upper curve, which is the low-temperature limit of
the paramagnetic phase, is determined exclusively by magnetometric measurements, since
Maéssbauer spectra do not exhibit any splitting at temperatures above the lower curve. The
phase existing between both curves has a ferromagnetic character, although the source of
magnetism is a puzzle at present. The examination of samples with low Fe concentration
(Suski et al. 1993¢) seems to suggest that the high-temperature phase transition, Tp,
results from the presence of micrograins of free Ni with a concentration estimated to
be about 3 and 7% for x=9.5 and 9.0, respectively. However, high-resolution electron
microscopy (HREM) examination of these materials does not confirm this possibility
{Kepinski et al. 1994). Also, a decrease in T, with increasing Fe concentration contradicts
the possibility of the presence of free Ni. The low-temperature magnetization of these
alloys exhibits saturation at a relatively low magnetic field of about 2 T (Suski et al. 1994)
and also relatively high remanence. This easy saturation allows to assume that for 14 T one
obtains the value of the saturation magnetic moment. Measurements at high magnetic field
provide necessary data for the estimation of the contributions of the uranium and Ni/Co
sublattices to magnetism of the UFe;;_,(Co, Ni),Si, alloys, as shown in fig. 65 (Suski
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et al. 1994). For the UFe;o_,Co,Si; system an increase in the (U, Co) moment corresponds
mainly to the Co moment, although a contribution of the U moment is also possible,
particularly in the light of fig. 62. Note that the values presented are lower than reported
in our previous publication (Suski et al. 1994), and particularly we do not plot at present
the negative value of magnetic moment for x < 2. These discrepancies result from the fact
that in the original figure both the Mdssbauer data for the Fe sublattice and the “saturation”
magnetization were taken from the paper of Berlureau et al. (1991). As mentioned above,
their data for UFep_,Co,Si, alloys in reality are far from saturation and this observation
prompted us to use our magnetization data presented in fig. 60 (Suski et al. 1991). For
the Ni system, this plot (fig. 65) is much more complicated. The value of the (U, Ni)
sublattice moment exhibits a pronounced maximum for x =4, amounting to about 4up/fu.
Since UNi;(Si, is nonmagnetic, one could expect that in the pseudoternaries the magnetic
moment of the (U, Ni) subsystem is induced by the iron sublattice. These results together
with earlier crystallographic and ME data suggest a change of band structure for alloys
with x = 2-4. Unfortunately, one cannot extract only the contribution of either the U or the
Ni sublattice using the techniques used today; this can only be done in neutron diffraction
experiments. However, the highest magnetic moment observed for the uranium sublattice
does not exceed 3up (see e.g. Sechovsky and Havela 1988) and the observed value also
indicates a contribution from the Ni subsystem. Nevertheless, this is an additional indica-
tion that the U sublattice contributes to the magnetism of the ThMn,;-type compounds.
Attempts to introduce magnetic order through the substitution of Ni by Co have been
unsuccessful. The UNijg,Co,Si; system exists in an extremely narrow range for x < 0.5.
Some physical characteristics of UNigsCogsSip are presented in fig. 66. One can see
that both the temperature dependence of the magnetic susceptibility and the electric
resistivity do not exhibit any indication of magnetic order. Only the high-temperature
dependence of the magnetic susceptibility shows a change of slope at about 700K, and
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this was considered as additional proof of the precipitation of free Ni. However, below
this temperature no ferromagnetic properties are observed (Suski and Wochowski, private
communication).

In turn, the substitution of Cu for Ni in UNi;pSi; was planned to facilitate enhancement
of the 5f-electron correlation, which manifests itself in the parent UNi;(Si; compound in
which y amounts to 100 mJ/mol X2. The UNi;o_,Cu,Si, system exists up to x < 2 (Suski
et al. 1993d) and Cu enters the 8(i) and 8(j) positions, although for x=1 an additional
Si atom is found at the 8(i) site, which in turn disappears for x=2 (Suski et al. 1993b).
The temperature dependence of the magnetic susceptibility of UNigCu,Si, has a complex
shape, and two distinct temperature ranges in which the magnetic susceptibility of this
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compound follows the Curie-Weiss law are observed (Suski et al. 1993d). This could
result from CEF effects, however, a more precise interpretation is difficult. The electric re-
sistivity of this material depends very weakly on temperature, suggesting a strong effect of
the band structure on the physical properties. In turn, there is no difference in the temper-
ature dependence of specific heat of UNijoSizand UNigCuSi, at temperatures above 20K
and the lattice component of the total specific heat for both compounds is of the order
of 85 and 90% at temperatures of 30 and 325K respectively (Suski et al. 1993b).

The pseudoternaries which we are going to discuss are UFeo.,Al,Si, alloys. The
system exists as a single phase for x <3 only (Andreev and Suski 1992), however, as
mentioned above, an admixture of Al removes o-Fe from these solid solutions (Suski
et al. 1991). As can be seen from fig. 67 both lattice parameters increase with increasing
Al content. The considerable nonlinearity, particularly of the ¢(x) plot, could be explained
as a result of a preference for occupation of the 8(i) positions by Al atoms which was
observed by *’Fe ME measurements (Vagizov et al. (1993), see fig. 68). The T¢(x) plot
presented in fig. 67 is linear, just like the molecular magnetic moment vs. x measured
along the alignment axis at 4.2K in a field of 4 T. Such behavior is expected for substitu-
tion of iron by nonmagnetic aluminum. However, in spite of the linear M(x) plot the field
dependence of the molecular magnetic moment along and perpendicular to the axis of
alignment at 4.2 K presented in fig. 69 indicates a change of anisotropy type. The character
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Fig. 68. (a) Fe atom distribution in the 8(i), 8(j) and 8(f) sites, and (b) hyperfine field at 5’Fe measured at 14K
(right-hand scale, triangles) and magnetic moment of the Fe sublattices (left-hand scale, squares) versus Al
concentration x in UFe,_ Al Si, (Vagizov et al. 1993).

of the magnetization process for the alloys with x =0 and 0.5 is the same and the energy of
magnetocrystalline anisotropy becomes lower with increasing Al concentration. One can
see that the compound UFegAl,Si, is rather isotropic and that anisotropy occurs again for
x < 2.5. This behavior confirms the change in anisotropy type with increasing aluminum
content and reveals a basal-plane anisotropy for x > 2.5. Note that the distribution of
Fe atoms presented in fig. 68a (Vagizov et al. 1993) shows that there is an equal occupation
of the 8(f) and 8(j) sites for x = 2.0, and for x~ 1.5 the occupation of the 8(i) and
8(f) positions is also fairly close. The same figure shows that aluminum enters mainly into
8(1) sites, replacing iron, and the substitution of half of the Fe atoms (x =2) leads to loss
of the uniaxial anisotropy. The basal-plane contribution from the Fe 8(f) sites to the total
magnetocrystalline anisotropy is large enough to compensate the uniaxial contribution not
only from the semifilled Fe 8(i) sites but also from the uranium sublattice. The decrease in
the Fe—Fe separation below a critical value for x 2> 2 is suggested as a cause of the change
of anisotropy type (Vagizov et al. 1993). At the same time, the lack of change in anisotropy
type in the LuFe;q_,Al,Si, alloys suggests that the origin for this change in the uranium
alloys must be sought in the U sublattice. Since, in UFe 4Si,, the U sublattice gives a
large uniaxial contribution to the magnetocrystalline anisotropy, the electronic state of U
must change considerably to provide the basal-plane anisotropy for x >2. This conclusion
seems to be confirmed by the results presented in fig. 70: the difference between the
magnetic moment of UFe oAl Si; obtained from magnetization measurements (Andreev
and Suski 1992) and magnetic moment of the Fe sublattice (°*’Fe ME, Vagizov et al. 1993,
fig. 68b) which increases with Al concentration x. It is interesting that the difference
between the magnetizations of LuFe;q_,Al,Siy (Andreev et al. 1993b) and UFe;, Al Si,
(Andreev and Suski 1992) is fairly independent of x (fig. 70). Such an independence is
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a result of compensation between two mechanisms: the decreasing magnetic moment of
Fe and the increasing magnetic moment of U.

The above results show the contribution of U ordering in high-3d-metal content
intermetallics. However, due to a small expected magnetic moment of the uranium
sublattice on the high ferromagnetic background of the 3d sublattice, these indirect
indications are not convincing. Detailed neutron diffraction studies on single crystals are
indispensable for direct confirmation of the existence of 5f and 3d ordered magnetism in
1:12 compounds.

4. Conclusion

The results we have presented on the magnetic and related properties of the ThMn;-
type compounds suggest the following observations. The interest in the aluminides or
other compounds with relatively low concentration of transition element is related to
fundamental problems, whereas a lot of work done on the compounds with higher
concentration of transition element, particularly their interstitial derivatives, is related to
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their potential user and commercial applications. As shown, our interest was limited to
the fundamental problems also for this group of compounds.

Except for the various types of magnetic ordering related to both the f-electron
element sublattice and/or the transition-element sublattice the ThMn,,-type compounds,
particularly aluminides, exhibit other intriguing phenomena, such as heavy-fermion-like
behavior (e.g. UCuy Alg ;) or mixed valence (compounds of Ce and Yb).

A close inspection of the magnetic properties of the rare-earth and actinide compounds
shows in principle their different behaviors. In the first group of materials, the 4f electrons
exhibit localized character, which is confirmed by the value of the magnetic moment
close to the free-ion value and by the different ordering temperatures of the lanthanide
and transition-metal sublattices. On the contrary, in the actinide systems, namely in
the uranium compounds (because we have only a minute amount of information
concerning transuranium compounds), the uranium magnetic moment is apparently
strongly influenced by hybridization and by the band structure of the transition element.
As a result the ordering temperature of both sublattices is the same. We hope that this
review provides the reader with convincing arguments for this idea as well as for the
uranium sublattice contributing to magnetic ordering. Another cause of the similar, if not
identical, ordering temperatures for both uranium and transition-element sublattices is
the rather high transition temperature of the uranium sublattice in other compounds (for
a review see Suski and Tro¢ 1993), higher than in corresponding lanthanide compounds;
this is related to strong exchange interactions.

Once again the need for single-crystal samples should be stressed. An example of
interesting information which could be extracted from this type of samples is research on
UFe4Alg and UFe Si; (Paixdo et al. 1994, Gongalves et al. 1994). Because of tetragonal
symmetry these compounds exhibit strong anisotropy. As mentioned in the Introduction
we expected a much higher anisotropy in the uranium alloys but it appears that this is not
always true. The example of (Tb, U)Fe;Si, (Andreev et al. 1993b) shows that in these
materials the anisotropy of the Tb sublattice is higher than that of the U sublattice.

Recently, some theoretical works have been published concerning the electronic
structure and magnetic properties of the compounds discussed. They concern not only the
materials with Y but even with uranium (see e.g. Matar et al. 1994). These preliminary
calculations suggest that further progress can be accomplished in this difficult research
area.

The large number of papers dedicated to the ThMn;,-type compounds proves that the
properties of these materials, either fundamental or technological, are the subject of vivid
interest. This optimistic conclusion also suggests a less pleasant message for the author,
namely that this text soon will be outdated.
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Y effective gyromagnetic ratio T electron relaxation time
tensor T, correlation time
A energy for f-electron excitation x single-ion magnetic susceptibility
8 reduced matrix elements for x™ temperature-dependent
ground multiplets of lanthanide paramagnetic susceptibility
1ons )(2 Van Vleck susceptibility
Aqag constants of the magnetic w,(g) phonon frequency of the j-th
molecular field branch of vibrational spectrum
I’y magnetic moment of an ion with a wave vector ¢
Ug Bohr magneton W, magnetic resonance frequency
Oug stress tensor
g, shielding factors for crystal field

1. Introduction

The aim of the present chapter is to summarize the available information on the magnetic
properties of lanthanide compounds and to demonstrate that within the framework of the
theoretical models developed until recently it is possible not only to describe but also to
forecast the properties of these crystals. Specific magnetic and magnetoelastic properties
of the crystals are determined by the localized electronic magnetic moments of lanthanide
ions, regularly distributed in a crystal lattice, and by their interactions with each other
and the surrounding ions. Other sources of magnetism in these substances are the nuclear
spins of lanthanide ions and diamagnetic ligands as well as effective magnetic moments
of paramagnetic impurities.

Practically all methods of physical experiments at low and ultralow temperatures —
i.e. calorimetry, dilatometry, direct measurement of magnetic susceptibility and mag-
netization, gamma spectroscopy, EPR, NMR, resonance and nonresonance optical and
acoustic spectroscopy, spectroscopy of thermal neutrons — are used in investigations of
magnetic properties of the lanthanide crystals. These studies provide information not only
of scientific but also significant applied value, particularly in problems of thermometry
at low and ultralow temperatures and of magnetic cooling. Lately, in connection with the
problem of high temperature superconductivity, its coexistence with magnetic ordering in
rare-earth cuprates has evoked great interest in interionic magnetic interactions.

Lanthanide ions in crystals preserve their individuality; the values of free ion spin S,
orbital momentum L, and total angular momentum .J prove to be good quantum numbers,
describing jonic states in crystals, and the splitting of the 25*!L; multiplet by a crystal
field is much smaller than intermultiplet intervals (Al’tshuler and Kozyrev 1972, Abragam
and Bleaney 1970). The frequencies of electronic excitations within a ground multiplet,
split by a crystal field, coincide with frequencies of the crystal lattice vibrations, and
the resonance and nonelastic scattering of phonons on lanthanide ions determines the
peculiarities of the spectrum and migration of low-frequency excitations in lanthanide
compounds.
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At low temperatures, when lanthanide ions are in their ground states, an external (or
internal in a magnetically ordered state) magnetic field orients the magnetic moment of an
ion and changes the spatial distribution of the 4f-shell density. Eventually an alteration
of the interaction of 4f electrons with neighbouring jons occurs, which results in the
displacements of these ions to new equilibrium positions and the alteration of interionic
distances, i.e., the magnetic field affects the crystal lattice. The magnetostriction induced
by an applied or internal field may reach giant values in lanthanide compounds (relative
size changes of ~1072) and this phenomenon is used for practical purposes (Belov 1987).

The lanthanide ion-ligand interaction undergoes changes at thermal excitations of a
crystal as well. When the temperature rises, the population of the excited sublevels
produces anomalies in the thermal expansion of crystals. Redistribution of electron
density in a lanthanide crystal results in significant changes in the vibrational spectrum
of a lattice, when variations in temperature occur. This is particularly evident for the
anomalous temperature behaviour of elastic constants.

The ground multiplets of the lanthanide ions with an even number of electrons on
unfilled 4f-shells — Pr’*, Eu’*, Tb*", Ho®*, Tm?* — are often split by a crystal field in
such a manner that a singlet or nonmagnetic doublet appear to be the lowest energy levels,
the excited levels being separated from the ground level by intervals of the order of
10-100cm™. In such compounds the Van Vleck (VV) paramagnetism is pronounced,
therefore they are usually called VV paramagnets.

Most of the VV paramagnets are characterized by the sharp anisotropy of their magnetic
susceptibility, and specific temperature dependences of elastic and magnetoelastic
properties. The *!Pr, 1°Tb, 15Ho, and '**Tm isotopes have a 100% abundance and
a nonzero nuclear spin, so the compounds of these elements possess both electronic
and nuclear magnetism, notably enhanced due to hyperfine interaction (Teplov 1977,
Al’tshuler and Teplov 1978, Abragam and Bleaney 1983, Aminov and Teplov 1985,
1990). This enhancement is manifested in NMR spectra as enormous paramagnetic
shifts of resonance lines and a sharp increase of the effective gyromagnetic ratio.
Thus, yeg=2217y; for the '*Ho nucleus (/=1) in elpasolite Cs;NaHoCls (Bleaney
et al. 1981b). Therefore it is possible to classify the magnetic resonance and relaxation
of lanthanide ion nuclei in VV paramagnets as an intermediate phenomenon between
ordinary NMR and EPR. The intermediate character of the resonance is also manifested
in the extremely high anisotropy of effective y-factors in uniaxial crystals, which may
be illustrated by the angular dependence of the resonance field at a fixed spectrometer
frequency (fig. 1). Such substances may be used for deep cooling of the nuclear magnetic
system and also for observation of the nuclear magnetic ordering at more convenient
experimental conditions than in usual nuclear magnets.

The ground states of ions with an odd number of f electrons in a crystal field are usually
Kramers doublets with strongly anisotropic g-factors. The corresponding compounds are
ferro- and antiferromagnets with comparatively low temperatures of magnetic ordering
since the direct exchange between f electrons of neighbouring lanthanide ions is small.
The compounds of lanthanide ions with an even number of electrons also belong to
this type of magnets if their ground state is a magnetic doublet or triplet. Thus terbium
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ethylsulfate (TbES) is an Ising ferromagnet with an ordering temperature of 0.24K
(Hirvonen et al. 1975). Above the ordering temperature a high degree of magnetic
polarization can be achieved by applying an external magnetic field. Polarized and
well localized magnetic moments of lanthanide ions give rise to a complicated but
regular quasistatic picture of internal magnetic fields in the crystal (see fig. 2). NMR of
diamagnetic ligands, localized at different positions in the unit crystal cell and therefore
subjected to the influence of fields different in size and orientation, proves to be a sensitive
method for studying internal fields. In such cases there exist certain peculiarities in
forming nuclear free induction and spin echo signals.

Internal magnetic fields, induced by lanthanide ions both in VV paramagnets and ferro-
and antiferromagnets, fluctuate due to the thermal excitations of ions, which give rise to
line shifts of the NMR of lanthanide ions and diamagnetic ligands, broadening of the
lines and spin-lattice relaxation (SLR). The line shift, line width, and the rate of SLR at
temperatures kg7 < A inherently depend on temperature as exp(—A/kgT'), where A is the
smallest excitation energy of a lanthanide ion (Aminov and Teplov 1985, 1990). When
the temperature rises, higher energy states of the lanthanide ion may be displayed.

Many crystals of lanthanide compounds exhibit a cooperative Jahn—-Teller (JT) effect,
i.e. the change of crystal symmetry associated with electronic energy lowering due to the
splitting of degenerate or nearly degenerate ground states of lanthanide ions (Gehring
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and Gehring 1975). An external magnetic field exerts a significant influence on the
temperature of the structural phase transition in such systems, and sometimes it may
suppress the transition completely.

Besides the JT effect some other interesting cooperative phenomena take place in
concentrated lanthanide crystals. Thus Battison et al. (1975) have observed the splitting
of an excited doublet of Ho** ion in the non-diluted compound HoVO, without lowering
of the crystal symmetry. This phenomenon is described as “Davydov splitting” due
to magnetic dipole-dipole and “phonon-field-mediated” interaction of the Ho** ions
(Aminov 1981).

An important property of lanthanide atoms is the similarity of their chemical properties,
conditioned by the small radius of the electronic f-shell and the configuration of the
external s- and p-shells which is the same for all atoms. As a result their compounds
form series including practically all lanthanide ions. Besides, mixed crystals are formed
easily; crystals of lanthanide compounds are diluted easily by nonmagnetic La>*, Lu3*,
and Y3* ions. The crystal compounds of lanthanides inevitably contain some other
lanthanide ions as impurity centers; moreover activation of crystals by impurities can be
anticipated either with the purpose of imparting the necessary properties to a substance
or as probes for investigating crystal characteristics. Intrusion of alien particles into the
crystalline matrix appreciably changes its properties, especially near impurity centers.
Thus purposeful investigations of these changes are an important element of the physics
of real crystals. The crystal field, Stark splitting of energy levels, and, therefore, the
effective magnetic moments of neighbouring lanthanide ions of a matrix undergo changes.
Figure 3 illustrates an approximate picture of the shifts and splittings of the energy levels
of Tm3* ions in the LiTmF, crystal induced by the introduction of an Nd** impurity
ion (Aminov et al. 1989, 1990b). Without due regard for the mentioned changes it is
impossible to interpret a number of experimental data, first of all, the EPR linewidths
and SLR times of impurity centers themselves.

The magnetic and magnetoelastic properties have been systematically investigated in
rare-earth ethylsulfates (RES), tetrafluorides LiRF4 with scheelite structure, RMOy crys-
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tals having zircon structure (M =V, P, As), trifluorides RFs, and lanthanide elpasolites.
The available structural data on these systems are given below.

In ethylsulfates rare-earth ions are widely separated (>7 A), so the long range magnetic
dipole—dipole interactions prevail in the magnetic coupling of the lanthanide ions. Fairly
perfect ethylsulfate single crystals can be easily grown, and for this reason ethylsulfates
have been used as model crystals for verification of different theoretical constructions
and have been studied by optical and EPR methods for a long time. On the other hand,
indirect exchange interactions of lanthanide ions in tetrafluorides play an important role.
Lanthanide zircons are model objects in the theory of cooperative JT effects. In high-
symmetry elpasolites lanthanide ions are localized in positions with cubic symmetry.

Lately high-temperature superconductors with rare-earth ions in their structure have
been widely investigated. These compounds are based on antiferromagnetic dielectrics
(yttrium-barium cuprates, cuprates of lanthanum or neodimium, etc.) having a distinctive
lamellar structure which defines the peculiarities of magnetic interactions and magnetic
ordering in the system of rare-earth ions.

Interpretation and systemization of the magnetic properties of lanthanide compounds
are based on crystal field theory which has been repeatedly discussed in literature, in
particular by Morrison and Leavitt (1982) in volume 5 of this Handbook. So we begin our
chapter with a short account of crystal field theory in a comparatively simple form with
a minimal number of initial parameters with a clear physical meaning. This immediately
provides the interaction hamiltonians of 4f electrons with deformations and vibrations
of the crystal lattice. Within the framework of this theory one can easily calculate the
distortions of the crystal field near impurity ions. A clear idea of the nature of magnetic
phenomena in simple dielectric lanthanide compounds is certainly useful for consideration
of systems with a more complicated electron structure.

It should be noted also that some aspects of magnetic resonance in rare-earth compound
crystals have been discussed in this Handbook by Barnes (1979) and Bleaney (1988)
(vols. 2 and 11, respectively), so that the corresponding parts of the present chapter may
be considered as a further extension of these works.

This review does not include metallic and intermetallic compounds, the magnetic
properties of which have been discussed by Morin and Schmitt (1990), Purwins and Leson
(1990), and also the compounds with transition metal and lanthanide ions (in particular,
orthoferrites, garnet ferrites), in which case f-d exchange interactions must be considered
in detail. The characteristics of rare-earth garnets are described in detail in a recent review
by Kazei et al. (1991).

Thus we have outlined a number of important problems considered in the present
chapter. The succession of their presentation is reflected in the contents.

1.1. Spatial structure of some dielectric rare-earth crystal systems
The ethylsulfate crystal R(CoHs5S04)3-9H,0 has a rather complicated but well studied

structure; the projection of its elementary cell on a plane normal to the main c-axis is
presented in fig. 4. First Ketelaar (1939), then Fitzwater and Rundle (1959) determined
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(b)

Fig. 4. (a) The unit cell of RES projected on a plane normal to the c-axis; (b) the nearest surroundings of a
rare-earth ion in RES.

the space symmetry group Pg3/m (C%,) and positions of all heavy atoms by means of X-
ray diffraction. Broach et al. (1979), using the method of neutron diffraction, determined
hydrogen atom coordinates in YES crystal at 110K. Positions of these atoms in a
Cartesian coordinate system are presented in table 1. (H4, H5 atoms belong to water
molecules, H1, H2 to ethyl groups.)

Two molecules (128 atoms) are contained in a unit cell of an ethylsulfate. Magnetically
equivalent lanthanide ions take positions with Ci; symmetry; their coordinates are
R, (0, %a\/g, %c) and Rz(%a, éa\/?, %c), where a and ¢ are the lattice parameters. The
values of the parameters for some ethylsulfates are as follows: YES (a=13.87 A;
¢=7.007 A), DyES (13.906 A; 7.04 A), ErES (13.910A; 7.05 A). Rare-earth ions form
chains along the crystal c-axis. The distance between ions within a chain equals ~7 A
and that between the nearest ions of neighbouring chains is ~8.75 A. A rare-earth ion
is surrounded by nine water molecules and three ethyl groups CH,—CHj. The nearest
surroundings are formed by nine 0% ions of water molecules, three of them are in the
plane with a rare-earth ion and the other six form a regular triangular prism.

Tetrafluorides LiRF,4 have a scheelite structure with the spatial symmetry group 14;/a
(Cgh) and local symmetry S, in rare-earth ion positions; a fragment of the lattice structure
is presented in fig. 5. An elementary cell contains two formula units; the lattice points
have the following coordinates (Thoma et al. 1970, Vishwamittar and Puri 1974, Als-
Nielsen et al. 1975):

Rl (05 05 %) RZ(O, %’ % Ll(09 Oa 0) LI(O: %: %
Fl(y,%—x,%Jrz) Fz(x,%er,%—z) F3(—x,%——y, %—z) F4(—y,%+x,%+z)
Fs(y,—x,—z) Fe(x,y,2) F7(—x,—y,z) Fs(-y,x,-2)

the first two coordinates being in units of a and the third in units of c.
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Table 1
Cartesian coordinates of Y and H atoms in the YES lattice (Broach et al. 1979) (x-axis is directed along @ and
z-axis along ¢)

Atom x (A) ¥y (A) z (A)
Y1 0.000 8.008 1.752
Y2 6.936 4.004 5.255
H5A1 ~1.567 5.963 3267
H5A2 2.554 7.677 3.267
H5A3 ~0.990 10.387 3.267
H5B1 ~0.240 6.102 4.038
H5B2 1.771 8.756' 4.038
H5B3 -1.532 9.170 4.038
H41 1.849 5.537 0.979
H42 1.215 10.845 0.979
H43 -3.064 7.642 0979
H21 3.716 9.824 2.627
H22 -3.431 10.317 2.627
H23 —0.284 3.881 2.627
HIAl 3.933 11.907 1.752
H1A2 -5.343 9.465 1.752
HIA3 1.409 2.652 1.752
HIBI 5.353 11.622 2.593
HiB2 —5.808 10.837 2.593
H1B3 0.454 1.565 2.593

Fig. 5. Part of an elementary cell of the LiRF, crystal with scheelite structure projected (a) on a plane normal to
the c-axis, and (b) the nearest surroundings of a rare-earth ion in LiRF,. Numbers in circles point out positions
of ions relative to the a~b plane in units of the lattice constant c.
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The lattice parameters a, ¢ and the values x, y,z for some crystals are

Compound a (A) ¢ (A) x y z

LiYF, 5.1668 10.733 0.2821 0.1642 0.0815
LiTbF4 5.1920 10.875 0.2802 0.1619 0.0810
LiYDbF, 5.1335 10.588 0.2834 0.1661 0.0815

The Bravais lattice is a body-centered tetragonal, the nearest surroundings of a rare-earth
ion are formed by two distorted fluorine tetrahedrons. The two nearest rare-earth ions are
at a distance of ~3.75 A.

The rare-earth compounds RMO, have a zircon-type crystal structure at room
temperatures with space group 14,/amd (D};) and local symmetry Dy4 at the rare-earth
lattice sites. This structure is shown in fig. 6. Coordinates of ions in an elementary cell
are as follows:

Rl (05 05 O) RZ(Oa %5 % MI(O’ 05 %) MZ(Oa %’ %
O1(u,0,0v) 03(—u,0,v) 03(0, u,—v) 04(0,—u,—v)
05(u5%1_0+%) 06(_1‘:%,_0""%) 07(0,u+%,u+%) 08(03_u+%9v+%)

The lattice parameters a, ¢ and values of coordinates u, v for some crystals are given in
table 2. More details may be found in papers by Aldred (1984), Will and Schifer (1971),
Lohmuller et al. (1973), Feuss and Kallel (1972), and Radhakrishna et al. (1981). The
Bravais lattice in this case is also a body-centered tetragonal, the first two coordination
spheres of a rare-earth ion consist of two fours of oxygen ions. Rare-earth ions are
distributed with almost the same density as in tetrafluorides.

Trifluorides RF; (R=Gd, ..., Yb) belong to the Pnma (D.%) space group, the Bravais
lattice is orthorhombic, the point symmetry of rare-earth positions being C;, =C;. An
elementary cell contains four formula units, the coordinates of lattice points are as follows
(three coordinates in units of a, b, ¢, correspondingly):
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Table 2
Lattice constants of crystals with zircon structure

Compound a (A) c (A) u v
YPO, 6.8840 6.0202 0.178 0312
TmPO, 6.8424 5.9895 0.1753 0.3405
TbPO, 6.9437 6.0743 - -
GdAsO, 7.1326 6.3578 - -
TbAsO, 7.1020 6.3530 - -
HoAsO, 7.0550 6.3160 - -
LuAsO, 6.9492 6.2272 0.1833 0.3239
YVO, 7.1193 6.2892 0.18523 0.32513
TbVO, 71772 6.3289 0.1851 0.3261
TmVO, 7.0693 6.2584 0.1870 0.32472
HoVO, 7.1237 6.2890 0.1860 0.328
DyVO, 7.1480 6.3067 0.1850 0.324

Ri(x, §,2), Ro(3 +x, 3, 3 = 2), rR3)=-r(Ry), r(R4)=-r(Ry),
F1_4[:|:(X1, %azl)a :l:(% +X1, i‘; % _Zl)];
Fs_12[£(x2,¥2,22), £(¥2, 3 ~¥2,22), (G +%2,¥2, 3 —22), (G +x2, 3 2,5 —22)]

Lattice parameters a, b, c and positional parameters x;,y;,z; for TbF; and HoF; are as
follows (Piotrowski et al. 1979):

a(d) bA) cA) x z X1 z) X V2 2z

TbF; 6.513 6940 4.384 0368 0.061 0.522 0584 0.165 0.066 0.384
HoF; 6404 6875 4.379 0367 0.059 0525 0.584 0.166 0.066 0.377

Rare-earth compounds A;BRXs (A=Rb, Cs; B=Li, Na; X=F CI, Br, I) have an
elpasolite structure [space symmetry group Fm3m (O})]. The cubic elementary lattice,
shown in fig. 7, is characterized by a lattice parameter a and a relative distance y between
the rare-earth ion and the X ligand, y =Rx/a. The lattice parameter a is known for a wide
scope of compounds, and its nearly linear dependence on the atomic number of rare-earth
ions at given A, B, X has been pointed out by Morss et al. (1970). The values of a at room
temperature for some crystals, partly found by linear interpolation, are given in table 3.
The values of parameter y are estimated for compounds Rb,NaRFg as y=0.235-0.240
(Aleonard and Pouzet 1968, Bucher et al. 1974); for Cs;NaErFg, y =0.225; for Cs;NaYFg,
y=0.250 (Vedrine et al. 1970); for Cs,NaHoFg, y=0.240 (Veenendaal et al. 1983); and
for RbyNaHoF¢ at 207 K, y=0.250 (Thringer 1982).
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Fig. 7. An elementary cell of an A,BRXj
crystal with elpasolite structure.

Table 3
Lattice parameter a (A) of some elpasolites A,BRX, at room temperature

R Cs,NaRBrg Cs,NaRClg Cs,KRF; Rb,NaRF,
Ce 11.508 10.946 9.610 9.08

Pr 11.46 10.912 9.596 9.06

Nd 11.421 10.889 9.58 9.04
Gd 11.370 10.792 9.51 8.952
Ho 11.33 10.72 9.450 8.881
Er 11.32 10.704 9.43 8.859
Tm 11.30 10.686 9.41 8.839

Many compounds of the series undergo the structural phase transitions connected with
rotations of octahedrons BX3~ and RX?}". The PrAlO; compound, mentioned further in
this chapter (sect. 3.3.1), in the high-temperature phase also has a cubic symmetry and
its crystal structure looks like that in fig. 7 with A=Al; B,R=Pr; and X=0.

2. Internal electric and magnetic fields

2.1. Hamiltonians of the magnetic subsystem in a crystal

The total energy of a crystal containing lanthanides may be represented by the following
operator which takes into account displacements of the lattice ions from their equilibrium
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positions X < 1&[) (A, number of a sublattice; M, number of an elementary cell) at static

and dynamic deformations: -
H= Hlat + th + H1 + Hs,. (1)

Here Hia =FEla is the energy of elastic-deformed and polarized lattice; Hyy, is the
vibration energy of ions; H; is the electronic energy of noninteracting lanthanide ions; H;
is the energy of their pair interactions. Bearing in mind the investigation of the properties
of both regular and mixed (diluted) crystals, we introduce occupation numbers cg(AM)
equal to unity when the lattice point AM is occupied by an R ion, or otherwise zero. Then
the energy of lanthanide ions is written as

Hi = cr(AM)Hr(AM), o)
RIM
1 AN Uy
H=1Y T e (x(M M)) R (M) ch (M), €)
RR’ AMA M’
where

) x(i) (i)

Assuming that the energies of 4f"-electron shell multiplets are given, we represent
the Hamiltonian Hy of a single R ion as a sum of the following contributions: the
interaction H, with the static crystal field (ions forming a crystal are fixed at equilibrium
positions), the interactions Hg and Hy with external electric (Ey) and magnetic (Hg)
fields, the hyperfine (Hyr) and superhyperfine (Hgyr) interactions, the energy H, of the
quadrupolar momentum of the R ion nucleus, the change H,_; of the crystal field energy
at uniform deformation, and the interaction H,,, with phonons:

Hr = Ho + Hg + Hu + Hue + Hsnr + Ho + Het + Heph. O

The magnetic properties of the lanthanide compounds are determined mainly by the
relative positions and wave functions of the Stark sublevels of the ground multiplet. If
only the energy spectrum of an R ion within the ground multiplet is of interest, one may
restrict oneself to terms of Hj linear in single-electron operators, which are defined in
the space of single-electron functions |4fm) = Ras(r)Y3m (Ry4s is the radial wave function,
Y1 is the spherical function). The projection of Hy on the states of the ground multiplet
is equal to

Ho= Z Z Bpg1p 05 (), (5)
P=2,4,6 —p<q<p

where O](J) are the Stevens’ operators composed of the components of the angular
momentum operator and corresponding to uniform spherical polynomials OF of the
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direction cosines of the electron radius-vector r. The complete list of Stevens’ operator

equivalents has been given by Hutchings (1964). The matrix elements of O;(J) are

tabulated in monographs by Abragam and Bleaney (1970) and by Al'tshuler and Kozyrev

(1972), and the reduced matrix elements for the ground multiplets of the R ions 7, =a,

n4=f3, ns=y are calculated by Stevens (1952). In what follows we shall not explicitly deal

with the coefficients 7,; they are supposed to be inserted into Stevens’ operators O (J).
In the theory of crystal fields the following spherical operators are often used:

4

1/2
Cy = (m) Ypgs (6)

in terms of which the operator H, takes the form

Ho=)  BECE (52)

pq

The complex crystal field parameters By |B [ *=(-1)1 B” ] are coupled to the real

parameters B, by the equations
Byl = (-1 apqReBl), By g =—(-1)? ayqIm By @)

The numerical factors a,, given in table 4 couple spherical operators to Stevens’
polynomials:

G O = C2 + EDICE, a0, =i[c?, - D)7 clqd
a0y = C§.

®)

The energy change of an R ion in a crystal field, induced by an applied electric field Ey
and lattice deformation, may be expressed as a sum of single-clectron operators as well.
The effective electric dipole moment of the R ion in a lattice point with no inversion
symmetry, is defined by parameters bj, (the summation over repeated Greek indices,
denoting the components of vectors, is implied in the following):

He = —E o Eoa OF(J). ©)

The displacements of ions from the equilibrium positions at static and dynamic
deformations of the lattice may be presented as

AX, (Aﬁf)zu"ﬁXﬁ (;‘4>+wa(l)+§a<;‘4>‘, (10)

where ugg = Ouy/Oxg are the components of the displacement tensor, considered in
the theory of continuous medium elasticity, and w(4) is the displacement of the
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sublattice A. We express dynamical displacements § by means of phonon creation (az,)
and annihilation (a,;) operators in a regular lattice:

Eq (ﬁ) = ——'——\/KIIE ij: ea(qu) exp [qu(At)] g ), (11)

N 4 172 X
0@q)) = <§w—j(;1—)> (aZy; +aq)), (12)

where w;(g) is a frequency of the j-th branch of the vibrational spectrum, q is its wave
vector, N is the number of crystal cells, e(Alg;) is the polarization vector of a phonon,
m;, is the mass of an ion of the A sublattice. The total energy of the phonons is

1
Hon = 5 D hoy(g)2ni(g) + 1,
qj

where 1;(q) = ay ;a4 is the occupation number of the (¢ /) mode. The operator of electron-—
phonon interaction linear on lattice normal coordinates (g /) is given as

He-pn(AM) = % > Bi(Agi)exp [iqx ( ]f; )] 0(q.)) 0} (). (13)
N q] pq

It should be noted that the linear electron—deformation interaction is explicitly involved
when employing periodical boundary conditions for a crystal.

The distance between selected points in an elastic continuum is determined by the finite
deformation tensor E:

Eqg=eqp+ %uyauyg, € = %(uag + Ugq), (14)

where eqp are the components of the infinitesimal deformation tensor. Introducing the
tensor of finite rotations

Q=(1+u)l+2E)"? (15)

with components equal to
1 1
Qap = Sap + Wap — (5) WyaWyp + (Z) (tyattgy = Uayttyp) (16)

. .. . . A
up to second order in u4g, it is possible to present the increment of the vector X ( M)

in the laboratory coordinate system as
A _ 12 A
AX(M) -w(A)=[2(1+2E)"“-1]1X Ik a7

and the antisymmetric tensor @y = %(uaﬁ — ug,) determines the rotation vector 8 with
components 8, = —1eqs, Wgy (€qpy is the unit antisymmetric tensor).
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Expanding the energy of the R ion in a crystal field in a series in the components of
the displacement tensor, one can present the operator of electron—deformation interaction
in the following form (Al’tshuler et al. 1985, Dohm and Fulde 1975):

Hey=HY +HS, (18)
HO=3" (Bg,,ﬁeaﬁ + > Byla(d) wa(A)) 04(J) +i[Ho, J 6], (19)
pq A

1
HP, = 3 > (B;aﬁ Uyattys + DD o s eageys+ D D (A Y wa(A) wa(')
12 AL

+2 Z Dy (A eﬁywa(1)> 04(J) (20)

+1Y Bl geap [08(T), 0]~ 5 [[Ho,8716J].
P
The terms of eqgs. (19) and (20) containing the rotation angle 8 are responsible for
electron—rotation interaction. For simplicity we give in eq. (20) only those second-order
terms in # which take into account the rotation about one of the crystallographic axes.
The main term of the interaction Hy with an applied magnetic field H, is the Zeeman
energy of an R ion electronic shell,

HZ :gJﬂBHoJ, (21)

where up is the Bohr magneton, and gj is the Landé factor. If the nucleus of the R ion
has a spin /, the Zeeman energy linked to it is

Hi =-yrhHol, (22)
as well as the energy of electric quadrupole interaction

m_ e9QVa
QT aII+1)

Here y; is the nuclear gyromagnetic ratio, Q is the nuclear quadrupole moment, —e is the
charge of an electron, V,, is the component of the gradient of the ligand electric field,
and 7 = (Vi — V},)/V.; is the asymmetry parameter of that gradient.

The interaction of the nucleus w1th the electronic shell (hyperfine interaction) is
described by the operator Hys +HQ , where

{[312 I+ D]+ -12)}. (23)

Mg = A, (24)
NS = 0By [3UIY + (3) JT -J(J + DIT +1)]. 25)

The constants 4;, By of the hyperfine structure are defined by the distribution of electronic
density of the ion (Abragam and Bleaney 1970).
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We restrict ourselves to the following terms in the interaction Hamiltonian of the R ion
with nuclei of ligands (superhyperfine interaction):

Hane = Z AvaBJa Ivﬁa (26)
v

where v is the index of a ligand.

The energy of a unit volume of deformed lattice in harmonic approximation is given
by

Hiae = 3Capyoeapevs + 3 ba,py(M) wa(d) epy
x

+ = Z aop(AA Y wa(A) wa(A') — Oap eqg - —Em Z B wa(h),
AN

(27)

where 044 is the tensor of external stress, g, is the ion charge, v is the volume of a
cell. We consider explicitly only the ionic polarization of a lattice in an applied field E;
inclusion of electronic polarization does not affect the qualitative results.

Introducing the potential energy of the lattice ¢ and the force constants

AN %9
¢aﬁ M M/ = A A/ H
(i) ()
we write the coefficients in eq. (27) as follows:
aﬁyé [a'}’, ﬁ(S] + [aa ﬁY] [aﬁa Y(S]: (28)
1 AN AN A X
[aﬁ,y5]=—%le; ¢aﬁ<0 M>Xy<0 M)X‘S(O M)’ (29)

sosth = (5) 5 oor (5 4 ) %0 (5 30 60)
aaﬁ(m’)=< )Z%ﬁ(o M) (31)

In the Hamiltonian Hgg: of the interaction between two R ions we shall single out
terms responsible for the exchange, magnetic dipole—dipole and indirect (via the phonon
field) interactions. The projection of the exchange inferaction energy of ions R and R/
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on the direct product of the spaces of the ground multiplet wave functions (with total
moments J and J') has the form

Ho= > S A% 03() 05 (). (32)

pr’ qq’

It is practically impossible to obtain the analytical dependence of parameters A;g’: (r)
on the interionic distance r. One may only state that they rapidly (not necessarily
monotonously) decrease with the increase of r. On the contrary, the magnetic dipole—
dipole interaction is long-ranged:

Hia= <g;g3'y) .uzs [J J - (%) (J"')(JI"')]' (33)

Energy of the interaction of R ions via the phonon field may be presented by means of
Stevens’ operators of an even rank (p, p' =2, 4, 6) in the form analogous to eq. (32) (see
also Aminov and Kochelaev 1962). An explicit form of the corresponding parameters is
given in sect. 2.5.

2.2. Crystal field parameters

Methods of construction of the effective crystal field Hamiltonian (5) for lanthanide ions
in dielectrics have been repeatedly discussed in the literature (see, for instance, reviews
by Newman 1971, Morrison and Leavitt 1982, Malkin 1987, Eremin 1989, Newman
and Ng 1989, and Garcia and Faucher 1995). It is practically impossible to carry out
a detailed quantum-mechanical study of a lanthanide ion spectrum in each specific case.
Usually the crystal field parameters B, are determined by comparing the calculated ion
spectrum with optical measurement data. However, this fitting procedure with transition
frequencies makes it impossible to connect the resulting operator Hy with a definite (in
particular, crystallographic) coordinate system, necessary for the description of magnetic
characteristics of lanthanide ions. It should be noted, that even the drawing of comple-
mentary data on eigenfunctions of Hamiltonian H, ( g-factors, transition intensities), and
accounting for variations in interelectron interactions in a crystal field (Eremin 1989,
Newman and Ng 1989, Pilawa 1991) by introducing additional two-electron operators into
eq. (5), cannot warrant a correct description of the ion spectrum, because, in particular, the
electron—phonon interaction involves further displacements of Stark sublevels, comparable
to multiplet energy differences in a static crystal field (Malkin 1963).

Since only information on the energy spectrum and wave functions of the ground
multiplets is necessary for interpretation and prediction of magnetic properties of
lanthanide compounds, and bearing in mind an essential role of electron—phonon
interaction, we shall confine ourselves in this case to semiphenomenological models of
the crystal field which allow one to represent parameters B,, as definite functions of
structural parameters of the crystal lattice. All the models developed until recently are
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based on the assumption that single-particle interactions prevail (energy of 4f electrons
localized within an R ion is represented as a sum of interaction energies with separate
ions), and they differ by the number of fitting parameters and their functional dependence
on interionic distances.

In analysis of the physical properties of lanthanide crystals the superposition model
(Bradbury and Newman 1968, Newman 1971) is widespread. In this model a) the crystal
field is formed only by the nearest neighbours (ligands) of an R ion; b) the interaction
of the 4f electron with a ligand is axially symmetric, so the Hamiltonian of an ion in the
field of the v-th ligand is written as follows (the quantization axis is directed along the
radius-vector R, of the ligand, the origin placed on the R ion):

H® = 45(R,) 03 + A4(Ry) OF + As(Ry) O°, 34

where /TP(RV) are basic (“intrinsic”) parameters of the model. Transformation to a local
coordinate system used for writing the operator (5) results in:

By = Z ZP(RV) Kpg(0v,0v) (35)

where the coordination factors depending on angular variables 8., ¢, of ligands are equal
to (numerical factors ay, are given below in table 4)

Apq 02(9v¢v) q=0,

Kpq 1 ap, q
-0 6v¢v = 0.
2 0 p( ) q

(36)

Three additional parameters £, are introduced to determine the dependence of “intrinsic”
parameters on the distance R between the R ion and the ligand:

A0 = () dyiro. G7)

Thus in the superposition model six parameters are used for describing a certain type of
the ligand field in a particular lattice. If the sum (5) is restricted to the nearest neighbours
of the R ion, artificial overestimation of the short-range interaction occurs. Disregard
of the electrostatic component of the crystal field brings about inadequate results when
estimating parameters By, of the crystal field quadrupole components and the parameters
of electron—phonon interaction (Newman 1978).

Within the framework of the angular overlap model introduced in its simplest form
by Jergensen et al. (1963), the same approximations as in the superposition model
are used. However, energies of the 4f electron (in the axial field of a ligand) with
different projections of its orbital moment on the bond direction, serve in this case as
“intrinsic” parameters (e and e; at m=0, ey at m==1, e5 at m==2, etc.), and these
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energies are assumed to be proportional to squares of overlap integrals of the R ion wave
functions |4fm) and wave functions of ligand electrons on the outer filled shells. The use
of this approximation makes it possible to avoid introducing additional phenomenological
parameters which determine the dependence of single-electron energies on the bond
length R.

An angular overlap model, modified by taking into account the electrostatic interactions
of 4f electron with point multipole moments of lattice ions, has been introduced as the
“exchange charge model” by Malkin et al. (1970). This model was also used by Garcia
and Faucher (1983), and a more complicated limited LCAO “covalo-electrostatic model”
was developed by the same authors (Garcia and Faucher 1985, 1995). The least labour-
consuming method of calculating crystal field parameters, which also makes it possible
to estimate parameters of electron—phonon interaction in lanthanide crystals with a given
spatial structure, is provided by the exchange charge model, and we shall present the
corresponding expressions of crystal field parameters in an explicit form below.

By separating out energies of 4f electrons in the fields of point multipoles of the ions
constituting the lattice, crystal field parameters may be written as follows:

Bpg =Y B+ Bpy(s): (38)
!

Index [ denotes the rank of a multipole. Parameters of the electrostatic field of point
charges (/=0) are presented as

—p-1
BY = —Kpy(1-0,)e* (17} Y g [X (1@)] 07 i P, (39)
MA

where X ( A;LJ) , Bar5 and @y, are spherical coordinates of the ion (A, M) in a coordinate

system centered on the R ion, K, = %ajq(q #0),Kp0 = ajo, and

(") = /OOO |Ras () 72 dr, (40)

and 0, are the shielding constants calculated by Sternheimer et al. (1968) and Erdos and
Kang (1972), which take into account linear screening of 4f electrons by outer 5s%, 5p°-
electron shells.

The field parameters for multipoles with />0 can be expressed in the derivatives of
the point-charge field parameters along ionic coordinates. In particular, parameters of
point dipole field are equal to (see also Morrison 1976, Faucher and Garcia 1982, Eremin
1989):

¢S PraW3.a(OmrPmr) @1)

= G

ap+1,0
B =(p+ 1)quz;(1 —0y)e
p,0



NONMETALLIC LANTHANIDE COMPOUNDS 315

where p; are the dipole moments of the ions of sublattice A; Wg,a are uniform spherical
polynomials of the (p+ 1)-th power, defined by

e G ol))( o ‘5)67 (X‘ﬁ : ) . 42)
Polynomlals WZ,(, are linear combinations of polynomials OZ E

bpg W} . = 35ign g (bpr1 -1 Opil bpi1,g-1 q:i) lg+3] >3,

bpaW5, = 351809 (Bp1,g41 O +1 '+ bpi1,g-1 ‘+1_1) lg- il =3, 43)

bpoWg,x =bpi1,1 011,+1, bpo W = bp+1 -1 p}ru

q = q
bpq W5z = bprig Opi1

bp W, =bp, W1 = 1bp1— ;31.
The factors by, are given in table 4. By using eq. (43) it is easy to obtain expressions for
field parameters of quadrupoles and multlpoles of higher ranks similar to eq. (41).

The lattice sums in parameters qu absolutely converge and may be calculated by
direct summation. Special care is needed only when calculating conditionally convergent
sums in parameters of quadrupole components B of the point charge field, which are

proportional to the parameters Qqg(AA") of the Lorentz field:

B) = ~(1-02)€” (") > 91 Qg(0A),
A

44
QO = %sz: Ql = sza Q—l = sz’ ( )

O = %(Qxx = Ow) 0= %Qxy-
In this case correct results may be obtained only by using the Ewald method which makes

it possible to estimate an error when taking into account the finite number of terms in
sums over direct and reciprocal lattices (Born and Huang 1954):

Qup(AN) = 7 Sapdu + %c’ 3 ix [Zxaxﬂe_"z + (3";’2“* - aaﬂ)] @(x)
L

4 AN
= =D a(W)ys(h) G(f) cos [Zny(h) ‘X ( o 0 )} :
h=0
(45)
Here C is an arbitrary constant (usually it is appropriate to choose C = (y/7T)/v"/?), the
!

y(h) are reciprocal lattice vectors, and x = CX

0 L)
6(h =y exp|-2LP] o)
Dx) =™ + % / T et @7

The prime on the sum over L in eq. (45) indicates the omission of the term with x=0
arising at A=A".
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Table 4
Proportionality factors between spherical operators and uniform spherical polynomials
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The main problem when estimating the point multipole field parameters lies in the
correct determination of multipole moments of ions. Ionic charge density distribution
in a crystal lattice is governed not only by the self-consistent inhomogeneous internal
electric field (Faucher and Garcia 1982) but also by redistribution of electron density due
to overlapping of wave functions of neighbouring ions (Bogomolova et al. 1977, Satoh
and Taki 1981). Owing to the significant difference of multipole polarizabilities of free
ions and ions in a crystal (Sen and Narasinahan 1977, Schmidt et al. 1979) it is advisable
to consider tensor polarizabilities of ions as fitting parameters if necessary information
about the Stark structure of the R ion spectrum is available.

Corrections to the Coulomb interaction due to the spatial distribution of ligand charge,
contributions to 4f-electron energy from states with charge transfer from ligands to the
R ion, and contributions of exchange interactions in the exchange charge model are
parametrized by introducing the field of fictituous positive charges which are proportional
to squares of overlap integrals of 4f-electron wave functions and electronic wave
functions of ligands (the second term in eq. 38). Parameters of the exchange charge field
corresponding to ligands with the outer n’s? and n"'p® electron shells are equal to (Malkin
1987)

2p+1 05 (6+¢y
B = 22k, 8 Y 5, R L, @®)

where S, are quadratic forms of the overlap integrals:

Sp =G |S + Go |Sol” + Gy, |S2 ), “9)
Sy = (430|n"00), Sq = (430|n"'10), Sz = (43, £1|n"1,£1),

and G, G4, G5 are dimensionless parameters of the model; the numerical factors y,, for

f electrons are equal to zero if p=1,3,5; y,= %, Ya= %, y(,:—%.

Actually, the described model is based on an assumption that the energy of the valence
electron, defined by overlapping of its wave function @ with the wave function 1, of the
electron localized on the ligand v, is proportional to the value of an exchange charge with
spatial density 2eq@yt.S,, where S, = (¢|y,) (Dick and Overhauser 1958). An analysis of
the ligand field based on an approximation of Wolfsberg and Helmholz (1952) has first
been carried out by Axe and Burns (1966) for Tm?* ion in a fluorite. Their calculations
showed that different types of bonds play comparable roles in forming the Stark structure
of the R ion spectrum. Thus it is possible to restrict the simplest exchange charge model
to a single phenomenological parameter G=G,=G,=G.

2.3. Stark spectrum of a lanthanide ion in a static lattice
Total splittings of the R ion multiplets in crystals are of the order of 100-1000K, and

for treatment of magnetic properties of the lanthanide compounds at all temperatures
of interest, analysis of the Stark structure of a ground multiplet without its admixture
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Table 5
Calculated and measured (in brackets) energies of the ground multiplet sublevels of lanthanide ions in crystals
Compound &T;) (cm™) References
Van Vleck paramagnets
LiTmF, 0 (T,), 31.1 31 I, 60.6 (56 T;,), 294.4 (282 T,), Christensen (1979b),
322 (319 T,), 371.8 (363 I;,), 384.6 I';,, 41291, 426 I';,  Kupchikov et al. (1982)
43771,
TmES 0 (I'), 31.7 (32.1 Ty), 111.5 (1109 I'y), 159.2 (157.3 T,), Barnes et al. (1964)
199.7 I's, 2142 T, 220.7 T}, 277 I's, 304.1 T,
TmPO, 0(T)), 269 (29 T5), 71.9 (78.2 T,,), 130.3 (136.3 I's), Loong et al. (1993a)

180 (184.7 T), 242.7 (255 Ty), 277.1 T, 279 (280.7 L),
355.5 (338 T,), 359.5 (338 I,)

TmBa,Cu;0, 0T, 127 T, 174 T, 218 T\, 259 T, 675 T,, 678 I'5, 715 T,
726 T, 740 T,

TmBa,Cu,0,; 0Ty, 115T,, 127 T,, 192 T, 210 T,, 275 T,, 662 T, 678 T,
695 T,, 714 T,, 715 T,, 722 T,, 749 T,

TmBa,Cu,0, 0T, 106 T,, 127 T, 204 T\, 209 T, 288 T,, 650 T, 682 T,
704 T,, 712 T,, 715 T,, 731 T,, 761 T,

TmBa,Cu,0; 0 (), 103 (103 T,), 130 (114 T,), 209 (210 T,),
210 (210 T,), 288 T, 639 T,, 654 I, 682 T, 693 T,
698 T,, 707 T, 741 (742 T;)

HoVO, 0 (T}), 21.4 (20.7 Ty), 48.2 (46.5 I,), 48.5 (46.5 T),
120 (116.6 T,), 131 (132 Ty), 222.3 T,, 225.4 (2362 Ty),
2292T,,229.5T,, 2602 I, 262.5 (275.2T;), 292 T,

Cs,NaHoCl, 0 (T3), 8.3 (10.1 T,), 29 (48 T,), 216.6 (200 T,),
245.6 (242 T,), 288 (288 T), 289 (288 I'5)

HoBa,Cu,0, 0 (T,), 44 (4T,), 14.8 (14.5T,), 30 (305 T,), 35 35 Iy),
66 (65 T,), 87 (87 T,), 91 (93 T,), 459 T, 465 T,
477 (474 T,), 478 (474 T,), 480 T,, 501 T, 561 (562 T,),
565 T, 586 (586 T})

Ferromagnets and antiferromagnets
Kramers doublet as a ground state

DyES 0 (Tg10), 16 (T'1y,12), 20.2 (T15), 59.3 (T 10), 68.3 (I'y),
148.7 (T}, 1), 201.5 Ty 59, 241.8 T4
LiDyF, 0 (Tse), 16.6 (14.2 Tp), 40.5 (41.1 T'55), 65 (62 T'5),

74.7 (702 Tsg), 117.6 Tsg, 359 T, 3714 Ty
DyBa,Cu,0, 0 (Ty), 27 (27 Ty), 48 (47 Ty, 111 (111 Ty), 129 (135 T),
294 T, 421 T, 433 T,
LiEfF, 0 (T;5), 16.5 (182 Tsg), 22.3 (23.3 Tyg), 572 (60 Ts),
245.5 T4, 289.1 I's, 316.7 Iy, 343.9 Ty

ErBa,Cu;0, 0 (Ty), 74 (74 Ts), 79 (79 Ts), 87 (88 T'), 552 (546 T),
584 (582 T), 616 (618 T), 646 (650 I';)

YbBa,Cu;0, 0 (I), 714 (711 Ty), 748 (745 T5), 794 (791 T)

Bakharev et al. (1992b)
Bakharev et al. (1992b)
Bakharev et al. (1992b)

Ishigaki et al. (1995)
Enderle et al. (1990a),
Bleaney et al. (1988b)
Richardson et al. (1985),

Kostetskii (1988)
Furrer et al. (1988)

Powell and Orbach
(1961)

Davidova et al. (1977)
Allenspach et al. (1989)
Christensen (1979a)

Podlesnyak et al. (1991)

Guillaume et al. (1992)

continued on next page
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Compound

&(l’) (cm™)

References

non-Kramers doublet as a ground state

LiHoF,

HoES

HoPO,

HoAsO,

0 (Ts,), 62 (8 T,), 19.9 (26 Ty), 46.2 (49 T)), 54.7 (61 T;),
67.4 (78 Ty 4), 2005 T, 253.1 Ty, 256 Ty, 261.8 T,
2753 T\, 2777 T,,, 2917 T,

0 (Ts), 3.5 (6 Ty), 38 (47 T,), 73.2 (74 Ty), 99 (101 T),
112.8 (117 T,), 1569 T,, 189.8 T;, 204.2 T, 240.6 T,
2569 T,

0 (L), 68.1 (66.1 T,), 71.5 (71.7 T,), 80.2 (80.7 L,),
90.4 (94 T,), 158.9 (162.1 T,), 183.1 (1843 T,),

184.6 (184.3 T,), 222.2 T, 238.4 (244.4 T,), 268.8 [,
272.2 (2793 T,), 2919 T,

0 (Ts), 6.1 (7.7 T,), 26.6 (27.8 T5), 31.9 (29.5 T;),

57.8 (59.5 T,), 100.1 (1089 T,), 171.2 (182.1 T),
176.5 (190.3 T,), 181.9 T,, 1855 T, 205.8 (220.2 T),
2143 T,, 2327 (2293 T))

Quasidoublet as a ground state

TbES

LiTbF,

0 (T}), 0.445 (0.4 T,), 102.2 (1014 Ty), 1119 T, 1288 T,
149 T, 167.5T,, 178.1 T, 195 T,

0 (T,), 1.05 (1 T;), 1083 (107 Ty,), 117 (124 T)),

133 (136 T,), 174.5 (166 Ty,), 233 (217T}), 375 T,

390 T,,, 402 T,

Crystals undergoing Jahn-Teller transitions

TbVO, T>T,

T<Ty

TbAsO,
T>Tp

T<Tp

TbPO,
T>T,

TmVO,
T>T,

TmAsO,
T>T,

DyvO, T>T,

T<T,

0(T,), 9.7 (8.6 T5), 22.4 (229 T,), 80.9 T,, 87.8 (91.5 T),
1616 [y, 176 T, 182 T, 205 T, 218 T,

0,09, 479, 513,902,939, ...

0 (L)), 6.2 (58 T5), 154 (153 T,), 87 (87.8 Ty), 89.7 T,
130.5 T, 1479 T, 165.3 T, 169.4 I, 180.1 T,

0, 0.6, 38.6, 41.7

0 (Ty), 2 (2.5 T,), 10.5 (9.5 T3), 25 (20.7 T,), 95.6 (74 T,),
96.6 (85 Ts), 101.8 (92 T,), 249.7 (241 T,), 259.6 (254 T,),
268.6 (262 T3)

0 (T,), 389 (54 T,), 108.8 (119 T,), 134.5 (138 [),134.8 T,
154.6 (158 T,), 186.7 (192 T,), 2784 T, 315.1 (335 Ty),
340.7 (361 T)

0 (Ty), 142 (13.7T)), 87.2 (724 T,), 88.4 (98.7 Ts),

139.2 (T,), 169.4 (T3), 175.1 (), 224.4 (T,), 279.8 (L),
299.7 (Ty)

0 (Tys), 5.9 (9 Tgy), 137.2 (125 Tgy), 157.7 (L),

186.9 (Ty), 260.7 (Tys), 272.6 (Ts,), 288.3 (Ty5)

0,27.5

Christensen (1979a)

Grohmann et al. (1961)

Loong et al. (1993c)

Enderle et al. (1990b)

Larson and Jeffries
(1966a)
Christensen (1978)

Elliott et al. (1972)

Muller et al. (1983)

Sen et al. (1988), Loong
et al. (1993b)
Knoll (1971)

Bingham et al. (1984a)

Eltiott et al. (1972)
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Table 6
General structure of the wave functions (I';) corresponding to the irreducible representations I'; of the point
symmetry group G of the R sites

G Wave functions y¥(I';)

Can W(T,)=a(|6) +[-6))+B0)
Y(T)=a(|6) - |-6))
Y(IT)=a(|3)+]-3))

Y(C)=a(|3)-]-3))

W(Ts)=al+5)+B|F1)

W) =al+4)+B|F2)

WL, = al £13/2) + f|£1/2) + y|F11/2)

W(Ty10) = a|£15/2) + BI£3/2) + 7| F9/2)

W(Ty1,10) = a|£7/2)+ B F5/2)
Dy, W)= a(|8) +|-8) +B(16) + |=6)) + ¥(|4) + |-4)) + 8(|2) +1-2))+ 1]0)

W) =a(|7) = [-T)+B(5) - 1-5D+¥(13) = [-3)+ (1) - |-1)>)

Y(T,)=a([8) - |-8) +5(16) - |-6))+ v(|4) - [-4))+ 8(|2) - |-2))

YE)=(17) + [=TH+B(S) + -5 +v(I3) +[=3))+ 8(| 1) +[-1))

W(5)=a|£15/2) + B£11/2) +v|£7/2) + 8|£3/2) + | 1| F1/2) + A F5/2) + | F9/2) + v|F13/2)
Dy, Y(T;)=a(|8) + [-8) +5(|4) +[-4) + ¥|0)
Dy W) =a(|8) — [-8)+B(|4) - |-4)
)
)

W(T3)=a([6) +~6)) +B(|12) +|-2))

W) =a(|6) - |-6))+5(12) - |-2))

W(s)=a|£7) +B|£3) +7|F1) + 6]F5)

W)= al£15/2) + Bl £7/2) + v|F1/2) + 6|F9/2)

WY(lys)= af£13/2) +B|5/2) + y|F3/2) + 8| F11/2)
Ss () =a|8) +B{~8)+v|4) +5|-4) +£|0)

W(T,)=al6)+B]-6) +v|2) +6|-2)

Yy )= al£7) +B|£3) + y|F1) + 6[F5)

W(Ts )= al£15/2) +B|£7/2) + 7| F1/2) + 5| F9/2)

Yo )= al£13/2) + B|£5/2) + y|F3/2) + 6| F11/2)

continued on next page

with excited multiplets is quite sufficient. Cooperative effects due to interactions between
R ions, which lead to a spontaneous break of crystal symmetry, are realized at
temperatures of the order of 10K and lower, when only the lowest sublevels of a ground
multiplet are markedly populated.

The multiplet splitting is qualitatively determined by the point symmetry of a crystal
field acting on an R ion, and the numerical characteristics of the Stark spectrum may be
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Table 6, continued

G Wave functions ¥(I';)

Oy W(T,)=a(]8) +|-8))+B(|4) +|-4))+ 7|0)
Vi) =a(]6)+ |-6)+ B(12) + |-2))
Vu(Ty)=a(]8) +|-8)) + B(14) + [-4)) + v|0)
Wi(Ty)=a(|8) — |-8))+ B(|4) - |-4))
V3T =a|£7) +B{£3) + v|F1) + 8| F5)
Vi(Ts)=a(|6) - |-6)) + B(12) - |-2))
¥23(Ts) = 1£7) + B123) + 7| F1) + 6| F5)

obtained from optical measurements (absorption and luminescence spectra, resonant and
nonresonant electronic Raman scattering), from the temperature dependence of magnetic
susceptibility and investigations of inelastic neutron scattering (see, e.g., Christensen
1979a,b, Beauvillain et al. 1980b, Loong et al. 1993a—c, Kupchikov et al. 1982).

Energy levels of ions with an odd number of electrons on the 4f-shell are Kramers
doublets, a possible exception is the case of a cubic symmetry when four-fold degeneracy
of an energy level is feasible.

If the ground state of an ion with an even number of 4f electrons (non-Kramers ion)
is a singlet or non-magnetic doublet ( g-factor equals zero; this case might occur in a
crystal field of cubic symmetry), then at low temperatures and usual magnetic fields
(A > kgT,giusH, where A is the energy of the nearest excited sublevel) a corresponding
compound has only the Van Vleck magnetic moment. When two neighbouring singlets
(or a singlet and a doublet) are mixed by a Zeeman energy operator and the corresponding
matrix elements of Hz are comparable or exceed the energy difference, A, of these states,
it is possible to consider quasidoublet (quasitriplet) states. In an axial field a non-Kramers
ion spectrum may contain doublets along with singlets.

The measured energies (along with the calculated ones) of an R ion ground multiplet
sublevels, for compounds whose properties are discussed in greater detail in subsequent
sections of the present chapter, are given in table 5. As a rule, multiplet splittings in
magnetically concentrated crystals and isostructural diamagnetic compounds of La, Y, and
Lu, doped with the corresponding R ions, differ insignificantly (alterations of intervals
between neighbouring sublevels do not exceed 10 cm™ which correlates with the upper
estimate of the 4f-zone width in concentrated lanthanide magnets). The data in table 5 are
in part deduced from the optical spectra of diluted compounds, which are much simpler to
interpret due to the smaller width of spectral lines. The symmetry properties of eigenfunc-
tions for energy levels in table 5 are specified by symbols I'; (in notation of Bethe 1929)
of the irreducible representations of the rare-earth site symmetry group G. The general
structure of wavefunctions y(I';) for different groups and values of J is given in table 6.
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Table 7a
Crystal field parameters (in cm™) in crystallographic axes, RMO, compounds

RMO, By By By B, B, References

TbVO, —68 51 =50 750 -30 Andronenko and Bazhan (1989)
HoVO, —96.2 43 —45.8 836 —83.4  Bleaney et al. (1988b)

TmVO, —-107 375 -34.5 750 -17 Vinokurov et al. (1988b)

TmVO, 93 34 -36 903 -81 Pekurovskii and Andronenko (1984)
(theory)

TbAsO, -41.4 17 -40.7 708 244 Muller et al. (1983)

TbAsO, -20.5 7.1 -41.4 693 133 Bischoff et al. (1991)

TmAsO, =37 15.7 —42 680 60 Hodges (1983b)

TmAsO, -39 32 -36 791 Pekurovskii and Andronenko (1984)
(theory)

TbPO, 176 14 =50 887 ~106 Bohm et al. (1984)

HoPO, 187 7.5 -45.4 692 40 Loong et al. (1993c)

TmPO, 158 276 44 697 51.8  Loong et al. (1993a)

TmPO, 185 32 -32.2 778 2.0  Pekurovskii and Andronenko (1984)
(theory)

As can be seen from table 5, the measured structures of ground multiplets are well
described by empirical crystal field parameters (given in tables 7a—d), found by an analysis
of splittings of excited multiplets. In some cases (e.g., in a TmVOj, crystal) the essential
difference in calculated energies and their measured values indicates the necessity to
define more accurately the nature of the corresponding spectral line. A comparison of
crystal field parameters given in tables 7a—d for different crystals shows that the most
essential parameters B, change monotonously in isostructural compounds — they increase
with the growth of the 4f-shell radius when the nuclear charge decreases and are weakly
dependent on the bond ionicity.

Comparison of the empirical parameters with those calculated within the framework of
the exchange charge model (results in tables 7a—d, “theory” rows), shows that correlations
between values of By, are mainly determined by the spatial structure of the lattice; these
values may be found by determining the scale factors G4, G,, G, (see eq. 49) and
effective ionic charges g; from comparison of the calculation results with the data of
measurements.

Although the fitted G, values of the model phenomenological parameters are dependent
on the electronic radial wave functions of R ions and ligands, used in the computations,
the calculated values of crystal field parameters depend weakly on specific values of
overlap integrals and moments (#”) of 4f-shell charge density distribution (see Freeman
and Watson 1962, Freeman and Desclaux 1979). Overlap integrals of Nd**, Eu3* and
Tm>* ions with O*~, CI” and F~ ligands as functions of interionic distance are given by
Garcia and Faucher (1985), and by Davidova et al. (1978) for different R ions in fluorine
surroundings.
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Table 7b
Crystal field parameters (in cm™) in crystallographic axes, RES compounds

RES By By Bg B References
TbES 110.6 -75 -34 406 Neogy et al. (1978)
DyES 124 =79 -31 492 Powell and Orbach (1961)
HoES 126 -81 -31 360 Erath (1961)
TmES 130.5 —65.9 -28.6 4273 Barnes et al. (1964)
TmES 137.4 -933 —28.2 334 This chapter, egs. (48), (49)
(theory)*
* gy =0; G=16.3; By =[(Bg)* +(Bse)'1"
Table 7c

Crystal field parameters (in cm™) in crystallographic axes, LiRF, compounds

LiRF, By By B, B, B, By B¢, References
LiTbF, 237 -54.1 4.0 -854 -739 —477 —291  Christensen (1978)
LiDyF, 165 —88 —4.4 —741 —641 -370 —223  Davidova et al. (1977)
LiHoF, 189.5 -782 325 -657 —568 -364 —222  Christensen (1979a)
LiErF, 190 -80 -23 =771 —667 -363 —222  Davidova et al. (1977)
LiTmF, 184 -89.6 —4.06 727 —628.5 328 —284  Christensen (1979b)
LiTmF, 176.7 -849 276 —699 ~604 -332 —253 Bumagina et al. (1981)
(theory)
Table 7d

Crystal field parameters (in cm™) in crystallographic axes, RBaCuO compounds
R-Ba-Cu-O By By By By By By By B¢, B¢, References
DyBa,Cu,0, 127 39 -191 46 912 15 -3 405 3 Allenspach et al. (1989)
HoBa,Cu, 0, 167 72 =220 15 1017 28 -17 841 —12 Furrer et al. (1988)
ErBa,Cu;O¢; 112 94 260 83 1265 30 -5 844 5  Mesot et al. (1993b)
ErBa,Cu,0, 200 100 -216 99 733 31 -7 795 14 Avanesov et al. (1994)
(theory)
ErBa,Cu; Og g9 51 0 -27 0 1261 29 0 843 0 Mesot et al. (1993b)
ErBa,Cu, O 151 0 -213 0 708 28 0 752 0 Avanesov et al. (1994)
(theory)
YbBa,Cu, 0, 46 16 -261 65 1207 36 5 883 5 Guillaume et al. (1992)
TmBa,Cu, 0, 76 100 -248 43 1336 30 20 811 —6 Bakharev et al. (1992b)
TmBa,Cu; O 5 56 56 =250 26 1327 31 10 811 —2 Bakharev et al. (1992b)
TmBa,Cu, O, 32 0 =250 0 1335 32 0 807 0 Bakharev et al. (1992b)
(Y,Tm)Ba,Cu,0; 65 72 -230 32 1325 29 44 804 —2 Ishigaki et al. (1995)
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Crystals containing halogen ions are characterized by a high degree of ionicity. Charges
of ions have corresponded to their valencies: —e (F~, Cl7), +e (Li*, K*, Cs*, Na*),
+3e (R*) in calculations of the crystal field parameters within the framework of the
exchange charge model for lithium—lanthanide double fluorides (Bumagina et al. 1981),
trifluorides with the YF; structure (Bumagina et al. 1977, Davidova et al. 1978), and cubic
elpasolites (Kostetskii 1988). The number of independent components of ion multipole
moments is determined by the spatial symmetry of a crystal; in particular, in tetrafluorides
LiRF, only F~ ions are polarized, and dipole moments of eight fluorine sublattices are
equal by absolute value (|p;|=0.157¢A) and differ in orientation, so that the total
polarization of the unit cell equals zero. Absolute values of the quadrupole moment
components of fluorine ions do not exceed 0.2¢ A2, (The given values of dipole and
quadrupole moments of F~ ions in LiRF4 have been found by using scalar polarizabilities
a,=0.97 A> and ag=0.63 A> (Schmidt et al. 1979), and they should be considered as
the upper limits of the real values.)

Practically in all crystal-field calculations the single-parameter variant of the exchange
charge model has been employed with one fitting parameter G=G,=G;= G, using
the wave functions of Freeman and Watson (1962). An exchange charge field mainly
contributes to the By,, B, crystal field parameters. The corresponding contributions of
the point charge field do not exceed 10-30%. The multipolar fields principally form only
the quadrupole components of a crystal field, determined by parameters B,,. For instance,
the terms of the B, parameter in the LiErF; crystal (Bg%)=42, B%)=97, B%)=52,
Bao(s)=37 cm™!) are of the same order of magnitude. The problem of the convergence of
multipolar expansion in the calculation of 4f-electron energy in an electrostatic field of an
ionic lattice has been discussed repeatedly (Faucher and Garcia 1982, Hutchings 1964);
actually the series has been cut off without rigorous reasons and estimation of errors.
Nevertheless the correct calculations of several first terms of multipolar expansion are
necessary to preserve the main peculiarities of the crystal electrostatic field within the
framework of the model considered.

Calculations of the crystal field parameters for lanthanide ions in oxygen surroundings,
demand the correct determination of an effective charge of oxygen ions which are often
bound in molecular complexes. For compounds with a mixed ionic-covalent type of
bonding, the overlap integrals should be calculated by using molecular orbitals of covalent
complexes surrounding the R ions; the corresponding algorithm of calculations has been
developed by Avanesov et al. (1992). Actually, the formation of the molecular orbitals
may be taken into account by variation of the parameters G, of the exchange charge field
(see eq. 49) and ligand polarizabilities. A satisfactory description of the R ion spectra in
vanadates, arsenates, phosphates, in which the R ion surroundings consist of six (MOg4)*~
complexes (M=YV, As, P; each of the two nearest coordination spheres of a rare-earth ion
contains four oxygen ions), has been achieved by Pekurovskii and Andronenko (1984)
at the fixed charge value +3e of R-ions, neglecting R ion-ligand 7r-bonds (G, =0) and
varying the parameters G| = G,=G; and the effective charge go of an oxygen ion. For
the description of the different R ion spectra it appeared possible to use the same value of
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parameter Gy =8 and the values go=—¢; —1.02 e; —1.05 e in phosphates, arsenates, and
vanadates, respectively. It should be noted that small changes of structural parameters
and effective charges of oxygen ions in the crystal series RVO4~RAsO4—RPO;, result
in significant changes of the long-range electrostatic field of the lattice, characterized
by the parameter Byy. In the case of lanthanide ethylsulfates R ions are surrounded by
nine water molecules, and a satisfactory description of the crystal field is achieved by
taking into account only the field of exchange charges located on the R-O bonds (see
table 7b).

An analysis of spectral data for tetrafluorides and ethylsulfates gives only six and four
parameters instead of seven and five, respectively, since energies of Stark sublevels of
R ions in positions with point symmetry S, and Csy, depend only on Bj, = (B2, +B2_,)'/?
and Bl =(BZ%+ B2 ¢)""2. The values By, Bs 4, Bes, B4 given in table 7c are obtained
from empirical sets of parameters, using the calculated value of the Bj4/Bs4 ratio.
For ethylsulfates in the crystallographic coordinate system the calculated value of
Bgs/Bs—g ratio equals ~—6.1.

The information on the Stark structure of the lanthanide ion energy spectra in the
RBa;Cu30¢4, high-T; superconductors is available from inelastic (magnetic) neutron
scattering spectra (see table 5, the wave-functions of the Stark sublevels at the sites
with tetragonal Dy, (x=0) and orthorhombic Dy, (x=1) symmetry are given in table 6).
The Tm?* ion spectra in the TmBa;Cu3Og,; compounds have been obtained from
neutron scattering and NMR measurements (see sect. 6). The corresponding crystal field
parameters for Tm**, Ho**, Dy** and Er** ions derived from the spectroscopic data are
given in table 7d. The magnitudes of the basic crystal field parameters (Bag, Bao, Ba,
By and Bgy) vary monotonously along the lanthanide series. Comparison of the crystal
field potentials in the RBa,Cu3;O¢ and RBayCu30O; crystals with the same rare-earth
sublattice shows that the parameters Bap, Bas, Bgp and Bgy do not depend much on the
oxygen content (they vary no more than for 4%), but the B,y parameter variations exceed
100%. No radical changes occur in the nearest environment of the R ion when oxygen
index x decreases from 1 to 0, therefore the values of Byg, B4, Bgy and Bg, parameters
determined mainly by the overlapping of the 4f-electron wave functions with the 2p and
2s electron wave functions of the nearest oxygen ions remain approximately constant
(Eremin et al. 1991). On the contrary, in a distant neighbourhood of the R ions the
negative charges 0> (1) disappear in the CuO chains and Cu?*(1) ions transform into
Cu™(1) (the crystal structure of the RBa;Cu;3Og,, compounds is described in sect. 6), so
that the B,y parameter, containing the relatively large contribution from the electrostatic
fields of the ionic charges, changes strongly.

At the end of this subsection it should be noted, that having a set of parameters B,
attached to the crystallographic coordinate system one gets the opportunity (1) to describe
the magnetic properties of a crystal at any appropriate value and direction of applied
magnetic fields; (2) to obtain reasonable estimates of different effects due to electron—
phonon interaction with only those model parameters which have been introduced to
describe energy spectra in the static equilibrium lattice.
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2.4. Electron—phonon interaction

The deformation of a lattice in general is accompanied by a redistribution of electron
density and corresponding changes of ion multipole moments AM. Variations of crystal
field parameters at deformation and polarization of the lattice,

ABpy = Bpg(X +AX, M+ AM ) — Bpo(X, M), (50)

are usually presented as a series in static (uX +w, see eq. 10) or dynamic (&)
displacements of ions and multipole moments AM;. The corresponding operators of
electron—deformation and electron—phonon interactions are given above in egs. (18)—(20)
and eq. (13). In the case of a uniform deformation of a lattice, the parameters of the
operator (19) are related to the crystal field parameters in the following way (the origin of
the coordinate system is placed at the lattice point M =0, A=0, occupied by a lanthanide
ion):

1 ) 8 ) 8
Brug=52 X“(M) — +X5<M) — 7 | Bro 51
MA 8Xﬁ Xy

M M

Bi(M)=>" LABM (A = 0), (52)
6

B (0)==" Bji.(A). (53)

A=0

In principle, egs. (51)«53) contain additional terms due to the polarization of the lattice
induced by its deformation, which may be significant when estimating the quadrupolar
components of the crystal field. Expressions analogous to eqs. (51)—(53) are also easily
obtained for parameters of the operator (20), for example (Dohm and Fulde 1975):

A A 8
B ugys = D [X{“(M>XY(M> 1
MA ox >8X6}<M>

A
B\ M
1 A )
5 (a{aéxﬁ (M> —
M
o

ox v} )

() m)]B

M

(braces indicate symmetrization with respect to permutations a < f3, v <> &, aff & y9d).
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Since the spatial configuration of a lattice with excitation of long-wave acoustical
vibrations can be described by the dynamical displacement tensor u45(¢ j,) and dynamical
displacements of sublattices w(A, g .) (with j, the index of the acoustical branch of the
vibrational spectrum), which are represented as

Uap(qja) = \/—]‘vzmea(jaqo) 960(4J), (54)
wa(A, qja) = \/Nm— lim B—Im ea(quja)] q59(q/a), (55)

where m is the mass of a crystal cell. Coefficients of coupling with acoustical long-
wave vibrations in operator (13) may be presented by means of linear combinations of
electron—deformation interaction parameters in eq. (19). The unit vector of the acoustic
wave polarization e(j,q¢) in eq. (54) is defined as

eq(jaqo) = lim ea(/”qja) go = 9 (56)

0
m g—0 Jmy lq|
The parameters of electron—deformation interaction for lanthanide ions in a lattice
with a known structure can be easily estimated by means of the exchange charge

model described above. In accordance with eq. (38) we separate out the contributions
of multipolar fields and the exchange charge field:

Blug = Biog + B ys), (57)
!
Bia(A) = Bla(D)? + Ba(Als). (58)
!

Substituting eq. (39) into egs. (51), (52) and accounting for eq. (42), we obtain

api1,0
B! 50 =3(p+ DKp(1 - 0,) € () (—Z*O )
P

AN AN e
quAX " Xal 2y W 5(Oua, @u1a) (59)
MA

+Xpg (5}) W;?,a(GMA,¢MA)J,

a
Bilo(W)® = qu(p+ ) Kpyl(1 ~ 05) () (5—‘0")
Py

AT
X Z; X(M) (W2 a(Oria, p1rn)] -
M

(60)
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Using egs. (42) and (43), it is possible to obtain an explicit form of contributions of

ionic multipolar moments into expressions (57), (58) (Malkin 1987). The contributions
of exchange charges to electron—phonon interaction parameters are

2p+1

B[Zaﬁ(s) == Kpfl
xS R;z{( P+ I)CI(’ILIO’O-S,,(RV) [Xa¥) W 2564, 04) + X () W ia(04,9,)]
" p,
2 X 051000 [ 1 5,k |
(61)
B;,‘fa(Ms) =_ gQ‘D7+—1)I(pqe2
% Z R*Z{(p + 1) p+1 0 Wga(ﬁv, ¢V) Sp(Rv) (62)
vEA

~Xa(v) O2(0y,6v) |P "IEVV) ,,(Rv)] }

The summation in eq. (62) is extended over ligands from the sublattice A. An explicit
form of all parameters of the operator HH nonlinear in lattice variables (eq. 20) may be
found in a similar way. If p=2, conditionally converging lattice sums in eq. (59) should
be calculated by use of the Ewald method:

B ;0 =—~(1-02) ()& q(2) Qg ap(0N); (63)

A

where
Q0,08 = 5 Qzz,aps
O1,08 = Dz,ap
01,08 = Dyzap>
02,08 = 1(Osxx,ap — Opy.ap)>

Q—Z,aﬂ = %Qxy,aﬂ;
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Qug.ys are rapidly converging sums over direct and reciprocal lattices (see eqs. 45-47):

c? -
Oapys(A) = ﬁ Z X’ {(26a3xyx5 + Ogsxaxy + OpyXaxs + OayXpxs + OasxpXy)
M
: 3
X [Ze‘x += (D(x)}
x

10 15
+2 [4e—x2 + x—ze_xz + x—4€D(x):l xaxﬁxyxa}

2r
- > {25yéyayﬁ +Oayypys + Oasyyyp + Opsyayy + Spyyays
h#=0

1 2 A /V
—4yaypYyYs (}7 + %) G(h) cos [Zny(h) -X ( 0 0 )} }

(64)
In the sum over M the term with M =0 should be excluded at A=21.

The quantities B? af Bl4(A) form a complete set of independent parameters of the
Hamiltonian of orﬁ’it—lattice interaction, linear in lattice variables. The response of
a paramagnetic crystal to different external perturbations (electric or magnetic field,
hydrostatic pressure, uniaxial pressure), the dependence of spectra on temperature, and
the spin—phonon interaction, are all determined by different combinations of these
parameters.

2.5. Free energy of a crystal and magnetoelastic interactions

In this subsection we shall consider methods of calculation of magnetoelastic charac-
teristics of the lanthanide compounds, putting off the discussion of specific systems to
the following paragraphs. The lattice structure and magnetization of the crystals are
determined by the free energy minimum condition. A rigorous analytical calculation
of free energy for two interacting subsystems of a crystal (4f electrons and phonons)
is impossible, however, the basic peculiarities of temperature-dependent responses to
applied stationary perturbations can be qualitatively described by an effective Hamiltonian
of the electronic subsystem, deduced within the framework of a self-consistent field
approximation, Despite crude approximations the theoretical estimates of thermodynamic
parameters differ from experimental data by no more than an order of magnitude.

An effective Hamiltonian of the electron subsystem can be constructed with the
displaced phonon operator method (Elliott et al. 1972, Young 1975) or the method of
canonical transformation (Mutscheller and Wagner 1986); analoguous results are given by
a perturbation method in the second order in the electron—phonon interaction M. pn (13)
(Baker 1971).
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The transformation

0'(-q4j) = 0(-4)) + 0;*(9) Y _ Bi(Alqj) Of(Alg), (65)
pai
with
Oj(Alg) = %; exp [iq'X<AA4>} O (AM), (66)

introduces the following two-particle interaction operator:

AHa == 3" 3 Jp G |q) 0f(g) O (V| - ), (67)

At g prleq’

into the crystal Hamiltonian instead of electron—phonon interaction (13) linear in lattice
normal coordinates. In eq. (67) we have

’ 4 R 1 ! o
T8 X g)= 3 K2 (¥ g) - (ﬁ) S 7 K G lg), (68)
J qj

K% (1V|q) = 0,*(g) BI(Aa/) BY (| - g (69)
Disregarding changes in the R ion spectral parameters, induced by electron—phonon
interaction [vibronic reduction takes place if operator (13) does not commute with Hy

and Hz, Ham (1965)], the Hamiltonian of the electronic subsystem in a self-consistent
field approximation may be written as

H=1ND" $ (al®) papBh) (o) + Y (OF) T3 (AX10) (OF (3"

AN pp'aq’
+Y Hrer(2M).
M

(70)

In the derivation of eq. (70) it has been assumed that the mean values of the electron oper-

ators (J(AM)) = (J(A)), (OF(AM)) = (OF(A)) = (1/V/N){OJ(A,q = 0)) are similar for

all lanthanide ions of the sublattice A. At the same time a possible phase transition does

not affect the elementary cell; the consideration of electronic orbital ordering in other
points of the Brillouin zone may be fulfilled in the same way.

The first term in eq. (70) corresponds to magnetic dipole-dipole and exchange

!
A4 )JG(AM)JI;(/'L’M’) in eq. 32). The magnetic

interactions (the terms Agg ( M M
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molecular field parameters pqg(AA”), determining the local magnetic field Ho(A) at lattice
points (AM),

Hloc, a(A) =Hoq — (gJ‘u'B)—1 Z Paﬁ(Ml) <J[;(/V)> , (71)
A/

are equal to
s = (g { 00s02) - (3 ) D~ 3 oy (* ") (12)
a, a v Q, - a, O M s

where D,z are demagnetization factors, satisfying the condition ), Dgy = 47T, and the
Lorentz field factors Q,g(AA) are defined by eq. (45). In eq. (68) for the parameters

J gg,, (AA'|0) of a self-consistent field, responsible for the interaction between the lanthanide
ions via the phonon field, the summation in the first term extends only to the optical
branches of a lattice vibrational spectrum; contributions of acoustical branches at ¢ — 0
are specified by the operator (19).

The effective single-ion Hamiltonian Hpg . is obtained from eq. (4) by substituting
local field for applied field and substituting the operator

AHR(GM) = =5 ST {03(3)) I 5 (24'10) 02 (AM) (73)
A" pp'qq’

for Hepn. Using the operator (70) one may simply calculate the free energy of a crystal
for different types of electronic ordering. Let an elementary cell contain n magnetically
equivalent lanthanide ions and suppose that (Jo(A)) = (Jo), (OF(1)) = (O;) (para- or
ferromagnetic state). For the sake of brevity we shall further use matrix notation in the
elementary cell basis and in the electronic operator space; for instance

> Au(M)Bu()=A-B, > A4IBI=A:B
A

pq

Introducing the electronic magnetization

n
=_(2 4
M (U)gJ,uB ), (74)
we obtain the specific (per cell) free energy of a crystal in the following form
F =0Ep +in(0) 1 1:(0) + JoMAM + nf((0) , M, e, w), (75)

where E},; is the energy (27) of the elastic-deformed lattice at Ey =0 (electric field effects
will be considered separately below),

Aap = (2) (gr118) 2 pes24, (76)
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o = 2y X103 (77)
l/
and f is the single-ion free energy equal to
_ _HR, eff
f({0),M,e,w)=—kgT InSpexp ) (78)
B

Nuclear magnetism problems will be considered in the following sections, here we
represent a single-ion effective Hamiltonian in the form

Hr, et = Ho +(gius)(Ho +M4)J +He 1 —(0) : 7:(0). (79)

The main magnetoelastic effects, such as magnetostriction and alterations of sound
velocity in a magnetic field, may be described by considering only those terms in the
corresponding series expansion of the free energy, which are linear and quadratic in the
deformation parameters uqg, wq(A). It should be noted that the function f depends on
the deformation parameters both explicitly, through H.j, and implicitly, because of the
dependence of molecular field constants on the lattice structure:

Ags = Avap+ A seys+ Y AL DwyA)+ . (80)
A

Actually the quantities A©), A® are determined by the two-particle mechanism of
magnetoelastic coupling. Neglecting anharmonic terms of the lattice potential energy
(a change of the vibrational spectra at deformation), it is possible to disregard the
dependence of the self-consistent field parameters i on the deformation parameters.

The minimum conditions for the free energy:

oF
=0, : 81
5ex @81)
o -0, (82)
a
oF
=0
= (83)
oF
Ty, 84
vall) 4

give a system of coupled equations determining equilibrium values of order parameters
of the electronic subsystem, magnetization and the parameters of macro- (eqs) and
microscopic (wq(4)) deformation as functions of an applied magnetic field, applied stress
and temperature. Generally these equations can not be solved in an analytical form,
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so the results of the calculations given below refer to specific situations with definite
restrictions on the structure of a ground multiplet spectrum or on the magnitude of an
applied magnetic field.

An implicit dependence of the system characteristics on a magnetic field may be
obtained, assuming the eigenvalues and eigenfunctions of the operator Hy+Hz are
known,

(Ho + Hz) |i) = & i) (85)
Let us introduce the generalized single-ion susceptibility
x(4,B) Zglf [Z Z wi <i ‘Z i’> <i' E’ i> — (4), <B>0}
w3 w -t (1)) G [B]1)+ i[Bl2) 1)),
i J=i

(86)

where A, B are the Hermitian operators, w; is the population of the i-th state,

-1
w; = exp <_Ez_if) [Z eXp (_E:—Tﬂ ’ &7)

and (- - -)o denotes the statistical average

U= wi (i ‘21 i) (88)

!

The index i’ denotes the states with energy & =¢;, so for nondegenerate states i there is
no sum over i’. Considering the operator H.| — (0):1:0 in eq. (79) to be the perturbation,
one obtains the single-ion free energy (78) in the following form:

f=fo+ (Vo + (HOO=0)+ LeualHOWO) ~ HIPT) ~1x(V. V), (89)
where f¢ is the free energy of an ion in a crystal and local magnetic fields,

V=[B-e+B -w—(0):1):0+gupJ(H X 0), (90)
and upon inserting the operator Hg (20) into eq. (89) @ should equal zero. Thus, the
explicit dependence of the free energy on the rotation angle 8 shows, that the electron—
rotation interaction affects the lanthanide ion spectrum only in the presence of an applied

field H, (Bonsall and Melcher 1976). The influence of electron-rotation interaction on
static and quasistatic magnetoelastic characteristics can be analyzed by directly applying
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the rotation (15) to a magnetic field Hy in the Zeeman operator. The terms in eq. (89)
which are linear in the rotational angle @ and determine the rotating moment operating
on a crystal, may be omitted when considering clamped samples.

Inserting eq. (89) into eq. (75) and using eq. (81), we obtain a linear relation between
components of the electronic order parameter and the lattice deformation parameters:

(0)=(-x0:m7":[(0):x0:(B-e+B - w)—giup(Ho X 8)axoa] , (1)

where %o, %oa, are matrices with components x(O¥, 0; ) and xo(OF, J,), respectively. In
the vicinity of the electronic orbital ordering point the restriction 1n terms of the second
order in the expansion (89) becomes incorrect. Taking into account eq. (91), the free

energy of a crystal takes the form

F =0Ei(T) + nfo + %UMAM— %n (O)g:n:(1-x0: ) (0), ©2)
+n(B-e+B -w):(1-x0:1m) " :(0), +AF.

In eq. (92) Ej(T) is the energy of the elastic-deformed crystal involving the correspond-
ing contributions of the electronic subsystem, which retains the structure of eq. (20),
though with renormalized matrices of coefficients:

al)=a- U T=xoi)t ixo: B + (0)0:1)', (93)
B(T)=b— gs' c(l—xo:m)" i x0: B+ g (0),: D", (94)
C(T) = C——B (1=x0: )" B+g<0)0:n. (95)

The second and third terms in egs. (93)—95) represent contributions of linear and
quadratic electron—deformation interactions, respectively. The last term in eq. (92),

AF_—'Z paﬁuYauYﬁ q>0

o , (96)
—ngJuB(Ho X Oagoa: (1—x0:1m) :(Be+B'w)

— 3ngspa(Ho X 0)o [Xag + Xoa 1 1: (1= x0: )" : xog] (Ho % 0),

corresponds to the contributions of linear electron—rotation interaction and nonlinear term
of the finite deformation tensor (14). Here x o5 = x(Ju, Jg) (see eq. 86).
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The coefficients at e and w in the crystal free energy correspond to effective external

and internal strains. The condition (84) results in a linear relation between characteristics
of macro- and microscopic deformations:

w=—a(T)"  B(T)e + Aw, 97)

Aw= —ga(T)_l -B'(T): (0),, (98)

and eq. (83) determines the equilibrium structure of a lattice, depending on the
temperature, the applied magnetic field and the applied stress &:

e= —%S(T)B(’)(T) : (0), +S(T) 0. (99)

Displacements Aw of sublattices differ from zero only in the presence of internal stress,
in particular, in magnetic and electric fields. The parameter matrices B'(T) and B"(T)
represent renormalized coefficients of the linear magnetoelastic coupling:

B(T)=(1-1:%0)":B, (100)
BO(T)=(1-1: %) : BY, (101)
B =B_b(T) -a(T)-B. (102)

The tensor of elastic compliancy S(7)=C(T)™', and the elastic constant matrix (ignoring
the terms due to electron-rotation interaction) is equal to:

C(T) = C(T) - b(T) - a(T)™" - b(T). (103)

The free energy of a crystal in a magnetically ordered phase or in an applied magnetic
field may be presented only as an expansion in powers of displacement tensor components
uqp (see eqs. 92 and 96); the contributions of finite deformations and electron—rotation
interactions to isothermal elastic constants,

O°F
Caﬁyé = m (104)

break the symmetry relative to the permutation of indices o, § and v, 6 (Melcher 1976).
A two-particle mechanism of magnetoelastic coupling gives additional contributions

into the above-mentioned expressions for deformation parameters and elastic constants.

Confining the constants in expansion (80) of the self-consistent magnetic field to the terms
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linear in deformation parameters and using an equilibrium condition (82), we obtain, in
particular, additional terms to egs. (93)—(95) in the form of

AC(T) = MoA®y AOM o —2Mo(1 - ' AIM©OA® — (1 - y' AYMOAM®,

where M, is the equilibrium magnetization at e=0, w=0: (1)
M,= —EVHfo(Ho +AoMo), (106)
x' is the single-ion magnetic susceptibility:
%' ==V Vufo = +=(gimpl 2, J) (107)

and M@ is the first derivative of magnetization M with respect to deformation e (tensor
of piezomagnetic constants):

M@ =(1-z' Ay [x'A@Mo - gB : Vi <0>0] : (108)

The lattice deformation due to two-particle magnetoelastic interactions is determined
by the equations

e= 1S ADMMo;  Aw=1a(T)" - AWM M,, (109)
where
AD = A© Ty a(T) " AW (110)

are renormalized coefficients of the expansion (80). As we shall see in sect. 4, the
two-particle mechanism of magnetoelastic coupling may prevail in some conditions
(particularly in systems with mainly the dipole—dipole mechanism of the magnetic
ordering).

In the absence of external fields (0=0, Hy=0) eqgs. (99) and (108) describe the
contribution of the electron subsystem to the thermal expansion of a lattice (Abdulsabirov
et al. 1993) and also a spontaneous striction accompanying the electronic or magnetic
ordering. In the immediate vicinity of the transition point, owing to the divergence of
effective susceptibilities, it might be necessary to take into account the higher-order
terms in the expansion of the crystal free energy. Analytical results in this case may
be obtained with the pseudospin formalism. Corresponding examples will be considered
in the following sections of this chapter.

The relative change of the sample length in the direction of a unit vector # is equal
to

AL

= R BB €qp. (111)
L
When experimental values of elastic constants are used, the striction depends linearly on

effective coupling constants given by eq. (101), and induced magnetostriction anisotropy
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measured at Hy =0 makes it possible to obtain some information on the magnitudes
of electron—deformation interaction constants. It should be noted that, in general, the
deformation of the lattice in a magnetic field is not equivalent to the deformation
conditioned by an external stress (for instance, by uniaxial pressure), because there are
no internal stresses in mechanically pressed samples.

The structure of the Hamiltonian of the orbit—lattice interaction and calculations of
effective coupling constants are considerably simplified when the symmetry properties of
a lattice are utilized. It is possible to introduce linear combinations of the deformation
tensor components e3(I}) and of sublattice displacements w;(I¥}), which are transformed
according to irreducible representations of a symmetry group at the I'-point of the
Brillouin zone (g=0). Here indices i, j and A denote the type, number and row of
representation, respectively. In particular, the operator (19) takes the form

HO =" > (BT ea(T) + BAT) wa(TH) OF(J) +i[Ho, 8J]. (112)
Pqg i

When choosing normal lattice modes at the I'-point as a basis in the space of the
displacement vectors of sublattices, we obtain renormalized constants of coupling with
macroscopic deformation (eq. 105) in the following form:

BO(T) = BL(T) - Y BATH 0 (T by(TT), (113)
!

I
matrix a is substituted by the dynamic matrix D(q¢=0)=m""2am "2 at the center of

the Brillouin zone (m is the matrix of ionic masses, diagonal in the site representation:
mag(ll')=m; 6,58,,,) with eigenvectors ea(l|0j) and eigenvalues w}(0)= w*(l). The
matrices D(g=0) and a are singular (w;,(0)=0); three rows and three columns with
index Aq are omitted when the matrix @~! is constructed, i.e. the sublattice Aq is fixed in
space and only relative displacements of other sublattices are considered. The obtained
matrix of the rank 3(r—1) is inverted (r is the number of atoms in an elementary cell)
and then supplemented by three zero rows and columns, so that the order of matrix ™!
becomes 37 x3r (Born and Huang 1954).

In a lattice with an inversion center, the displacements w(A) and dipolar moments
induced by deformation are equal in value and opposite in sign for sublattices
transforming into each other at inversion. In this case the effective constants of lanthanide
ion coupling with macroscopic deformation contain only contributions from lattice modes
active in Raman scattering, which transform according to even irreducible representations
of the I'-point symmetry group. A complete number of independent parameters in the
Hamiltonian of the electron—deformation interaction is so large (except for the case of a
cubic symmetry), that it is practically impossible to determine them from measurements
of the magnetic and magnetoelastic characteristics; usually it appears possible to estimate
only some linear and bilinear combinations of parameters Bf,’g"(rf,.), B;‘i(l"’l:).

where b;‘(l“’-l"{:) are linear combinations of the components of matrix b, and the
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Some information on coupling parameters with sublattice displacements B[')ql(l“{:) may
be drawn from the temperature and magnetic field dependences of Raman scattering and
infrared absorption spectra in rare-earth paramagnets (Kupchikov et al. 1987, Dorfler
and Schaack 1985, Dahl and Schaack 1986). The most simple and informative method
to study parameters of lanthanide ion coupling with macroscopic deformation is optical
piezospectroscopy. Representing the deformation parameters e, w through the tensor of
applied stress ¢ (see eqs. 97 and 99) and inserting them into eq. (91) and then into
operator (19), one obtains the Hamiltonian of the lanthanide ion interaction with an
applied stress in the form

Mo =) B (T)Sapys 0y Of- (114)
Pq

By measuring the shifts and splittings induced by uniaxial pressure, applied in different
directions (0'og =—plalg, p is the magnitude of pressure, / is the unit vector in the stretch
direction), it is possible to obtain a complete set of parameters B")(T).

By now a sufficient amount of information, necessary for determining coupling
constants with definite lattice deformations e;(I*}), has been obtained as part of
piezospectroscopic investigations of crystals with the zircon and scheelite structures. The
elastic energy of the tetragonal lattices of RMO4 and LiRF4 crystals may be written as
an expansion in symmetrized deformations conforming to irreducible representations of
Dyy, and Cyy, factor-groups:

Hiw =3 > COF) ea(T])en(T)), (115)
T, nik

where indices n, k are numbering similar representations I';. The corresponding
combinations of deformation tensor components and elastic constants, as well as
compatibility relations for factor-groups and point symmetry groups of lanthanide ions
are given in table 8. According to the results of measurements of doublet state splittings
and singlet shifts in the ground and excited multiplets of Tm>" ion at uniaxial pressure
of the crystals YVO4:Tm?" (Vinokurov et al. 1988b), LiYF,:Tm** (Vinokurov et al.
1986), LiYF4:Er** (Vinokurov et al. 1988a), LiLuF;:Tm*" and LiTmF, (Vinokurov et al.
1988c), the complete sets of coupling-to-deformations coefficients B7} for Tm3* ions,
substituting Y?*, Lu3* ions, and B{(T) for the concentrated system LiTmF, have been
established.

The magnitudes of several constants, obtained by an analysis of piezospectroscopic
measurements, differ essentially from the results of calculations within the frameworks of
both the exchange charge model (see tables 9 and 10) and the superposition model (Chan
et al. 1984). One of the possible reasons of this distinction are the errors when estimating
coupling constants (elements of the b matrix in eq. 30) for micro- and macrodeformations,
which are based on rather crude models of the lattice dynamics. It is also necessary
to keep in mind that spectroscopic data allow determination of only absolute values of
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Table 8
Symmetrized strains and elastic constants for crystals with zircon and scheelite structure

Irreducible representations Strain Elastic constant
Dyn(Dz4) Can(S4)
AYTH AT . CAM)=Cy
AXTY) AT (1/2)(en +e,) C(AR)=2(C,, +Cpp) C(A)=2C,,
B, (T3) By(T'}) (1/2)ex —¢) C(B,)=C(B})=2(Cy—Cy)
By, (T'y) B} ey C(By,) = C(BF)=4Cq C(B)=4C,q
E,(T5) E, () € =€y =0, C(E)=4Cy,

Table 9

Electron—deformation interaction constants in the YVO,:Tm** crystal (in 10° cm™)
P4 B¥(By,) P4 B¥(By,)
Calculations® Measurements® Calculations® Measurements®

22 -13.99 —-18.8 2-2 3.16 8.9
42 7.07 123 4-2- 0.122 -0.3
62 —3.45 -0.7 6-2 0.88 5.6
66 -13.28 -92 6-6 431 0.2
3 Results of calculations with the exchange charge model.
b Data obtained from piezospectroscopic measurements.

Table 10

Constants of electron—deformation interaction in rare-earth-lithium double fluorides (in 10* cm™)

q BY(AD BYH(AY) rq BY'(BY) BY'(BY)
ad b't a b a b? b? a b? b

20 0.68 0.60 -1.81 -0.89 22 3.60 2.31 1.80 3.59 4.03 340

40 0.18 0.12 0.53 0.72 2-2 4.15 1.62 1.72 -0.82 -1.23 -1.10

60 0.09 0.11 ~0.04 —-0.42 42 -1.36 -0.77 -0.61 -1.82 -1.52 -1.31

44 234 240 2.41 1.43 4-2 6.12 3.38 3.39 1.91 0.84 0.85

44 1.77 3.70 1.14 0.72 62 0.25 -0.38 -0.65 -0.73 0.11 -0.23

64 0.76 0.94 150 -0.84 6-2 -0.94 -2.94 -3.12 071 -1.29 -1.52

64 021 1.74 1.68 -0.89 66 —1.68 -2.22 -1.80 -1.84 —1.68 -1.14
6-6 -1.97 -3.53 -2.63 ~1.61 ~2.40 -1.28

? a, calculated.

b b/, experimental values for LiYF,:Er** (b'), LiLuF,:Tm*" (b%), LiTmF, (b*).

linear combinations of coupling parameters for incompletely-symmetrical deformations,
so further experiments are needed to prove the data of Vinokurov et al. 1986, 1988a—c.



340 LK. AMINOV et al.

It may be assumed that the constants B"] of the coupling with deformations similarly to
the crystal field parameters do not change essentially along the lanthanide series, so the
data obtained for isolated R-ions, substituting Y3+, Lu** ions, may be used in the analysis
of magnetoelastic phenomena in isostructural magnetically concentrated crystals.

As seen from table 10, parameters of coupling with deformations in the basis plane of
lattice differ insignificantly for diluted and concentrated crystals, however this difference
is unambiguously registered in experiments. Parameters B")(T) for thulium ions in the
LiTmF, crystal approach those for isolated Tm>* ions in the LiYF, crystal with increasing
temperature since the generalized susceptibility y (eq. 86) tends to zero when equalizing
populations of ground multiplet sublevels.

2.6. Effective spin Hamiltonians

The peculiarities of the magnetic and magnetoelastic properties of the lanthanide
compounds and the cooperative behaviour of the 4f-shell multipolar moments (magnetic
dipole, electric quadrupole, etc.) are most pronounced at low temperatures, as has
been mentioned in sect. 2.3. If a ground state (or a group of lower sublevels) in a
crystal field is separated out of the other states by a fairly large energy interval A, an
effective Hamiltonian Hg may be introduced to describe the properties of the system at
temperatures 7 < A/kg in magnetic fields Ho < A/g;ug.

The Hamiltonian H is obtained by the projection of the total Hamiltonian onto a small
group of the lower level states. To find an explicit dependence of crystal characteristics on
a magnetic field, it is necessary to take into account the mixing of different R-ion states
by the Zeeman energy operator Hz. When n chosen states are considered, an effective
Hamiltonian may generally be represented by #? independent operators, in particular, by
spin matrices and their products for a pseudospin S=(n—1)/2. The spin Hamiltonian
structure may be derived either from symmetry considerations — operator Hgs must be
an invariant of the point symmetry group of a lanthanide ion, and it must not contain
terms changing the sign with time inversion — or by use of the perturbation theory. The
main advantage of using the spin Hamiltonian formalism is the possibility to present
thermodynamic and kinetic characteristics of lanthanide compounds in an analytical form,
and the main drawback is that it appears impossible to compare directly the experimentally
obtained parameters of Hamiltonians of different lanthanide ions even in the same crystal
matrix, since the relations between these parameters and constants of the electron—phonon
and electron—deformation interactions are unique for each lanthanide ion.

For a doublet ground state of an ion (it may be the Kramers doublet, the non-
Kramers doublet or two states divided by a small interval &), an effective Hamiltonian
may be written as a linear combination of Sy, Sy, S, operators (S=3). In general, the
Kramers doublet is split at an arbitrary orientation of an applied magnetic field, and the
corresponding effective spin Hamiltonian is

Ms =gaptinH§aSp + UnGapysH gaSpEys + - -

V @ oy, (0
_ZHOCaHOCﬁ(Xaﬁ+Xaﬁ),yéEY5+"')’

(116)
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where the first term is the projection of Hz, H Ef) being an applied field in the
crystallographic coordinate system; the second term is a projection of the electron—
deformation interaction, linear on finite deformations, and the last term corresponds to
the doublet shift in a magnetic field, due to the temperature-independent Van Vleck
susceptibility x 6; detail hy ibili i

ptibility x g (see eq. 86; more details on the VV susceptibility are given below

in sect. 3) and its derivatives ng vs along the deformation tensor components. The
components of the g-tensor are as follows:

gazzng (+‘Ja|+>: gax=2g_]RC (+ |Ja|_>; gayZZgJIm (+ |J(1'_>’

where |+) are the Kramers-conjugated wave functions of a doublet. The splitting of a
doublet in a magnetic field is

A€ = (gap gys Hoa Hop)2. (117)

The dimensionless constants Ggys of the spin—phonon interaction are linear functions
of the parameters Bg’ o The spin—rotational interaction in the treatment of quasistatic
magnetoelastic phenomena may be taken into account by representation of the magnetic
field H (()C) as a result of the rotation of an applied magnetic field H, given in a laboratory
coordinate system, by operator £ (see eqs. 15 and 16) (Bonsall and Melcher 1976).
The independent parameters of operator (116) are the coefficients at invariants composed
of bilinear forms {H f)cg, Sg}a(I”) and linear combinations of tensors Eqg, H f)ca H f)cﬁ),
corresponding to irreducible representations of the point symmetry group. For example we
present the spin Hamiltonian for a Kramers doublet in a crystal field with the S4 symmetry

(LiErF,4, LiDyF4 crystals; see tables 6 and 8):

Hs = up {g HOS; + gL (HES: + HYS,) + gL (HPS ~ HPS,)
+[G11(T1) e(T}) + Gra(T1) e(TD] S,
+[Gp(T)e(T) + Gop(T) e(TD)] (HOS, + HPS,)
+[GH(T) e(Th) + G e(T)] (HOS, - HES,)
+[GnTe(T) + () (D] (HOS: - HYS,)
+[Gai(T) e(T}) + G(T2) e(T3)] (HOS, + HOS, )
* G(F34)SZ(H§‘C)e" +H ;C)eyz) + Gl(r34)(Sxexz + Syeyz)H gc)
+G"(T34)(Sxey; — Syex)HE + -+ }.

(118)

In eq. (118) only terms linear in deformation tensor components are taken into account,
and 13 constants G;(I') instead of 42 independent parameters B;I, () of electron—
deformation interaction are necessary to determine the energy of a doublet in a deformed
lattice. The doublet splitting (117) in a magnetic field depends only on the absolute value
of the quantity g'| +ig’| =2gs (+|/x|-), and by a certain rotation of the coordinate
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system around the z-axis it is possible to exclude the terms of eq. (118) which contain
(H;c)Sx - Hff)Sy). The Zeeman energy for axial symmetry is usually as follows

Hz =g usS:Ho: + g1 Us(SxH ox + SyHoy) (119)

where g, = |g/, +ig//|, and the number of constants is reduced to 11.
The energy of two-particle interactions may also be written with pseudospin operators:

Hij = Kap(ij) Sai Sg- (120)

Separating out the contribution of the dipole—dipole interactions, we have

K ap(if) = K g5 (if) + Jap(@)), (121)
where
. _ [ BBEras 3x,%5
K55\ () = (B:—;'ﬁ) (%— =z ) (122)

with r the vector connecting two ions, and parameters Jug(if) corresponding to exchange
interactions.

Eu’*, Gd*, Tb*" ions have a half-filled 4f-shell with zero total orbital moment and
spin S =—;— in the ground state. The pure spin magnetic moment of S-ions is represented
by an operator pg =gugS with the g-value close to 2. The exchange interaction of S-ions
is supposed to be isotropic and is presented in the Heisenberg form:

Jap(§f) = J (i) Oap.

The projection of the operator Hz (21) onto the quasidoublet or the non-Kramers
doublet (8, =0) may be presented by the effective Hamiltonian (Griffiths 1963)

Hs = 80Sy + g us(Hom)S., (123)
where Sz=j:% and p is the unit vector of an ionic magnetic moment attached to the
doublet (quasidoublet). In an axial crystal field vector g is directed along the symmetry

axis. In a coordinate system with the z-axis along g the magnetic dipole~dipole interaction
is represented by an operator

2.2
Upg 322
Hi=KE9s,s,,  K&i= (‘:—3”> (1 - —) . (124)

Parameters Jug(if) define not only the projections of the exchange interaction, but also
the corresponding contributions of electric multipole interactions and the interaction via



NONMETALLIC LANTHANIDE COMPOUNDS 343

the phonon field. If vector r is parallel to the symmetry axis, the interaction operator for
the pair of ions with non-Kramers doublets as ground states is equal to

Hy= (ng—d + ) S282 +J 1(SxiSxj + 53iSy)). (125)

The projection of the operator of the electron—deformation interaction on a non-Kramers
doublet (quasidoublet) may contain invariants of the point symmetry group linear in
pseudospin and independent on a magnetic field along with the terms similar to those
in eq. (118).

In dielectric lanthanide compounds the direct exchange interaction between the R-
ions is not effective; the exchange is realized by means of ligands (superexchange).
Some information on the magnitudes of effective exchange interaction parameters may be
obtained from measurements of temperature dependences of the magnetic susceptibility
and heat capacity (Catanese et al. 1973), from EPR and optical investigations of impurity
pair centers in isomorphic compounds of lanthanum, yttrium, and lutetium (Baker 1971),
and from optical and EPR spectra of impurity R-ions in magnetically ordered phases
of lanthanide compounds (Bleaney 1991, Hawkes and Leask 1972). Parameters of the
exchange interaction may be determined by comparing the results of calculations within
the molecular field approximation with the data obtained from the phase diagrams
(Laugsch et al. 1975). In a paper by Cone and Wolf (1978) a complete set of exchange
interaction parameters is found for the Er’* ion in a Tb(OH); crystal by analysis of
the Er3* ion optical spectrum in a magnetically ordered phase, and the existence of
an essentially anisotropic exchange field was established. The dependence of exchange
integrals on interionic distance may be investigated by EPR of pair spectra under pressure;
for example, Hutchings et al. (1968) obtained estimates dInJ/dInr = -13 £+ 4 for the
nearest and —22+6 for the next-nearest Gd pairs in LaCl;.

Estimates of exchange integrals according io different measurement data depend
critically on the g-values used for calculation of magnetic dipole-dipole interactions. The
g-values calculated within the framework of the crystal field theories usually differ from
the experimental results (EPR, magnetization) by up to 10%. This difference may be due
to the covalency of lanthanide ion—ligand bonds (Abragam and Bleaney 1970) and to the
vibronic reduction effects (Ham 1965).

The values of interionic interaction parameters, obtained from the spectral, calorimetric,
and magnetic investigations of different lanthanide compounds, are given in table 11.
The relative interionic positions are specified by the vectors ry; in the crystallographic
coordinate systems.

Comparison of the dipole-dipole coupling parameters and the effective exchange
integrals shows that there are some ideal model systems among the lanthanide compounds
for examining the theoretical mechanisms of electronic orbital ordering. The gadolinium
compounds correspond to the Heisenberg model with the finite interaction radius; in
this case the role of dipole—dipole interaction is not great. On the other hand, in rare-
earth ethylsulfates (RES), bromates [R(BrOj;);-9H,0] and trifluoromethane sulfonates
(RTFMS) of terbium, holmium, dysprosium, and erbium the magnetic ordering is possible
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Table 11

Constants of dipole—dipole and nondipole interactions in the lanthanide compounds (/¢ (r;)=J.(i/) - %Sp J(@),
z-axis is parallel to the spontaneous magnetic moment, initial splittings &, for the non-Kramers doublets are

given)
Compound g-factors ry ry (A) K#(i)/K J(EH)/K Ref.
Pr(CF,S0;);:9H,0 g =174  (001) 7.46 -0.009 Jy=-0.081 1
J,=0.704
1-1/31y 385 0.0013 J =033
Pr(C,H,S0,);:9H,0 g =153  (001) 7.12 -0.0081 Jy=-0.0024 2
J, =076
Tb(C,H;80,);:9H,0 g =1782  (001) 7.04 ~1.14 0.0244 3
8 =0.56K
CeBr, g =407  (001) 444 -0.235 J;=0.65 4
J,=-0.06
CeCl g =404  (001) 4315 -0253 Jy=0.60 4
g, =017 J1 =004
PrCly gy =1031  (001) 427 -0.017 Jy=011£014 5
J, =285
Ndcl, g =440  (001) 4.24 -0.31 Jy=-027 6
g.=1.56 Jo=-14
GdCl, g=1992  (001) 4105 -0.072 0.088 4
1-1y3hy  4m 0.01 -0.090
Pr(OH), gi=14 (001 3.77 —0.046 Jy =55 7
Nd(OH), g=363  (001) 352 -0.376 Jy= 0.1£0.1 8
g.=1.95 J, =3.6+04
1-1y/35y 402 0.054 Jy=14202
Gd(OH), g=1992  (001) 3.61 ~0.106 0.18040.005 9
1-1V/31) 406 0.015 -0.01740.005
(100) 630 0.010 0.004£0.005
Tb(OH); §,=0.43K g =178  (001) 3.57 -8.73 6.6 10
G-1v3h 404 1.28 -1.72
(100) 6.28 0.80 0.28
LiTbF, 8,=1.3K g=1785 (o 3755 -2.10 0.52+0.18 11
(100) 5.18 1.40 —0.10+0.2
LiHoF, g=137 (¢obh 3732 -1.22 0.82 12
0.68 13
(100) 5.175 0.82 0.04
LiErF, g =37 (303 3716 0.25° 0.62 12
g,=86 -0.20 13
GdVvO, g=2 (0D 3.94 0.021 0.120 14
GdAsO, g=1992 (10} 3.90 0.021 0.070 15

continued on next page
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Table 11, continued

Compound g-factors r ry (A) K%(ij)/K JG)IK Ref.
DyPO, g=195 (doh 3.775 228 3.04 16
g,.=05
HoPO, g=169% (10} 3.761 1.755 1.14 17
-0.604 18
Gih 5.73 0.162 0.09
(012 5.69 —0.885 1.95
HoAsO, gi=153  ({dodH 3.865 1.269 0.394 14
—0.804 i8
3id 5.90 0.101 0.186
©0idH 5.91 —0.662 1.114
DyVO,, T <T, g,=19£05 (10D 3.90 —5.744+0.4 -0.35+0.4 19
g=0 (0i-1 3.90 3.80+0.4 1.75+£0.4
g2.=05
DyAsO,, T < T, 2,=18.940.1 (0 3.87 -5.13+0.3 1.9240.3 19
g=0 (0i-1 3.87 3.4040.3 -0.240.3
g.<1.2
TbVO,, T < Ty, g =165 (o) 3.922 -0.72 2.06 20
8,=13K p=[110]
TbAsO,, T < Ty g=174 (o 3.89 -0.81 2.17 20
8,=0.86K p=[110]
Tb,0,50, 2, =13.0%05 (-i-i}) 35 4.12+1.16 21.94+1.16 21
8, <1.45K gy=£12.1405 (-3 1) 35 ~4.35+0.87 16.87+0.87
g.=+13+04 (+iiil 35 -0.2340.87 ~3.3610.87
(010 4.0 —4.29+1.16 527+1.16
(£100) 41 —1.68+0.87 1.68+£0.87
Dy, 0,80, g,=182 (xixid 3.5 —0.58+0.35 14.9+0.35 21
g, <15 (010 4.0 3.36+0.40 1.624040 22
g, <15  (£100) 4.1 —6.4342.03 4.06+2.03
Ho,0,80, g, =18.7+0.1 (k141 35 —0.5840.35 —6.031£0.35 21
5,=3.8£0.5K g <15 (010 4.0 3.254035 0.58+0.35
2.=32405  (£100) 41 6.03+0.35 0.98+0.35
GdAlO, g=2 (nn) 3.85 -0.088 0.134 23

continued on next page

only due to magnetic dipole—dipole interactions. The non-Kramers ion compounds and
a number of dysprosium compounds (e.g., DyES) represent Ising systems, and magnetic



346 L.K. AMINOV et al,

Table 11, notes

* Average per ion.

References

(1) Petasis et al. (1993) (9) Skjeltorp et al. (1973) (17) Cooke et al. (1973)

(2) Folinsbee et al. (1977a) (10) Catanese et al. (1973) (18) Laugsch et al. (1975)

(3) Anderson et al. (1971) (11) Holmes et al. (1975) (19) Kasten (1980)

(4) Skjeltorp (1978) (12) Beauvillain et al. (1978a) (20) Gehring et al. (1976a)

(5) Harrison et al. (1976) (13) Mennenga et al. (1984a) (21) Kahle and Kasten (1983)
(6) Skjeltorp (1977) (14) Becher et al. (1975) (22) Hulsing and Kasten (1979)
(7) Folinsbee et al. (1977b) (15) Colwell et al. (1971) (23) Cashion et al. (1970)

(8) Ellingsen et al. (1982) (16) Wright et al. (1971)

properties of crystals with g) < g in the ground state may be compared to those of
the XY model. Characteristics of the thermodynamic properties in magnetically ordered
states and the critical behaviour of lanthanide compounds will be considered in greater
detail in sect. 4.

3. Van Vleck paramagnets
3.1. Magnetic susceptibility

The distinctive features of Van Vleck paramagnets are the relatively large electronic
magnetic moment induced by an applied field and the “enhanced” nuclear magnetism
of lanthanide ions. Yet molecular magnetic fields in these systems are usually much less
than the external ones, so in calculations of magnetization it is quite reasonable to confine
consideration to a single-ionic approximation. The Hamiltonian of a single Van Vleck ion
has the form

H=Ho+H, H =H2+th+H1+HQ, (126)

where the crystal field energy (Hy), electron Zeeman (Hz), nuclear Zeeman (Hj),
hyperfine (Hy¢), and nuclear quadrupolar (H) interactions are defined by egs. (5), (21),
(24), (22), and (23) and (25), respectively.

To illustrate the relative values of the terms in eq. (126), a model electron—nuclear
spectrum of a Van Vleck ion, embracing the two lowest electron levels and resembling
the spectra of Tm** ions in TmES and LiTmF, crystals, is drawn in fig. 8. In the absence
of the perturbation H’ the levels are a ground-state singlet and a doublet with an excitation
energy A (=32cm™! for Tm*" ions in TmES and LiTmF,). In an applied field Hy the
doublet is split by the amount £2; a small initial splitting €, due to crystal field distortions
is not eliminated. Each state with regard to a nuclear spin / =% is twofold degenerate,
and inclusion of hyperfine and nuclear Zeeman interactions results in further splitting of
electron—nuclear states.
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The equilibrium magnetization per unit volume is represented as a sum of electronic
and nuclear terms:

Mot = M +m = ~[~g,p1pSp(pJ) + viASp(pD)], (127)

where p is the density matrix:

exp(—H/kgT)

S 4 Sidtid- L 128
Sp exp(-H/ksT) (128)

The electronic term in the first approximation on H'/kgT is equal to
M}}) =y H,, (129)

where the temperature-dependent susceptibility tensor is defined by the Van Vleck
formula (Van Vleck 1932) which is a special case of eq. (86) for A=B=J and Hz=0.
For systems with a nonmagnetic ground state the formula is applicable at arbitrary low
temperatures, when only the ground electronic level is populated; for a singlet ground
level in this case we obtain the Van Vleck susceptibility independent of temperature:

n
Kap = ~(g1e)'Taps  Tap={0aCols +J5CoJa] 0).
(130)

Co= (Em—Eo)" |m) (m].

In nuclear magnetization the second-order term m® may prevail, and the resulting
magnetization corresponds to an “enhanced” external magnetic field:

222
W @ YR Il + 1) (n Ay (T))
m=m"’'+m< = -+ -Hy. 131

3ksT v gJHBYIﬁx ° (131
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The contribution to M in the second order in perturbation H’ represents magnetization
induced by a nuclear moment on an electronic shell, and its value coincides with m®:

@_Y_A @m0

Mi ngJ#BYIflx " (132
The main third-order contributions are additions to Mgz which are nonlinear in Hy and
an “enhanced” contribution of the nuclear moment to electronic magnetization. The latter
is especially significant at very low temperatures, |H'| > kgT. Under these conditions
the calculation of the magnetization is simplified since only the nuclear sublevels of the
ground electronic singlet are populated. The energy and eigenfunctions of the nuclear
multiplet are calculated in the following approximate manner. The electronic state is
written down to second order in the perturbation:

‘6> = |0) — PaCoJq |0) - % |0) PoPg (0| JoC3J5 |0) +PyPgCoJaCoJg |0), (133)

where P, =gjugH oo + 43/ «. Nuclear spin moments in this expression operate on nuclear
states when the total electron—nuclear wave functions are written down. The energy of
the system in the ground electronic state in this approximation represents an effective
nuclear spin Hamiltonian:

4
J%‘B T,,ﬁ] Hoalp

+[(0]qap(N)| 0) = 347 T aglllalg — $1(J + )],

where the tensor gqg is readily obtained from egs. (23) and (25). An effective nuclear
Zeeman Hamiltonian can be rewritten in the following forms which are often mentioned
in the literature:

A ] v
HE = —yihnH [1+( >—(°)]1=— RHo(1+ a)- 1
z vriHo . X yrhHo(1 + )
= _hHo-y-I=-yhH' - I.
Here « is the paramagnetic shift tensor, y is the effective gyromagnetic ratio, and
H' is the enhanced magnetic field. The quadrupolar energy in eq. (134) includes
a “pseudoquadrupolar” term due to the hyperfine interaction Hyr. A nuclear spin
Hamiltonian in the main axes of y and g tensors is written in the form
Hp = —h(yxHod x + }’yHOy]y + v:Ho 1)
+q {12 -HUI+ )] +nU% -1)}.
At axial symmetry of the R-ion position in a crystal, the main axes of those tensors

coincide, Yx=v, =71, ¥:=Y) (z denotes a principal crystal axis), so the nuclear spin
Hamiltonian can be written as

Hy = -y hHol. — Y1 (Hodx + Hoply) + qll; — 310 + D] (137)

Ol Ho+H'|O) =Eo— h[6a+
< | 0 | > 0o~ YrI B (134)

(135)

(136)

As temperature increases, rapid jumps between the 4f-shell levels occur in the crystal,
and the nucleus is subjected to momentary influence of different hyperfine fields created
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by thermally excited electrons. As a result the nuclear spin Hamiltonian parameters gain
a temperature dependence defined by the fluctuation correlation time; the temperature-
dependent resonance line shift arises, examples of which we shall consider in sect. 3.3.1.
Returning to the magnetization at low temperatures we shall consider in detail the case
= 1. The splitting of the nuclear doublet at an arbitrary orientation of an applied magnetic
field is equal to o= y;2H’, H'=(H'?)"/?, and the stationary electron—nuclear states can
be written down as follows

|61> = ‘6> {cos(%@') |+%> +sin(160") i |—%>},

R » (138)

‘O2> = ’O> {—sin(%@’)e‘“” |+1) +cos(36") |~%>} ,
where 6’ and ¢’ are the polar angles of the vector H'; in the case of axial symmetry
one has cos @' =(y)/y)cos b, ¢'=¢, y*= yﬁ cos? 0+ ¥4 sin’ 0, (6, ¢) being the polar
angles of an applied field H; in the main-axes coordinate system. Entirely neglecting
the population of other states than the electron—nuclear states of eq. (138) we obtain the
following expressions for the magnetization:

n Aigiis Hy yrhH'
= — 1+———Ti— )t 1
"= gt [ R } (H’ b\ 2T ) (139)
M=Mg+Mj,
n A 140
My = 2(gwf'THo= x"Ho, M= (—fjf) Tim. (140)

For kpT > hwy, as was to be expected, m coincides with eq. (132). The direction of
m (which according to eq. (136) is also the quantization axis Z of the nuclear spin and
the direction of the effective “enhanced” field H') is in general different from the direction
of the Van Vleck magnetization M . Usually M g exceeds all other terms by far; however,
as mentioned by Bleaney (1980), at ultralow temperatures when the nuclear spin system

Fig. 9. Magnetic moment components
of the '®Tm™ ion in a TmES crystal;
the external magnetic field H, forms an
angle 8=1° with the c-axis of the crystal;
the effective (enhanced) field at the
nucleus A’ and the nuclear moment m;
form an angle 6’ =44°; the electron (Van
Vleck) moment My, an angle of 74°% the

electron-nuclear moment M, an angle of
0 X 89°.
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is appreciably polarized even by a weak field, the term M; may prevail. For crystals
with axial symmetry all the components of the magnetization lie in the plane with the
symmetry axis ¢ and the applied magnetic field direction. Figure 9 illustrates the “fan”
of these components for TmES when the external field is oriented at an angle of 1° to
the c-axis.

3.2. Magnetoelastic properties and nonlinear magnetic susceptibility

Magnetoelastic phenomena are manifested in VV paramagnets at helium temperatures
and applied magnetic fields up to several tens kOe even more clearly than in normal
paramagnets, despite the essentially smaller changes of energies of the populated states. In
this subsection we shall consider the forced magnetostriction (parastriction), the changes
of elastic constants induced by a magnetic field and the inverse effect of a deformed lattice
on magnetization of VV paramagnets for specific examples of the LiTmF,, HoVO, and
TmPO;, crystals.

The structure and elastic properties of the lanthanide double fluorides LiRF4, and
phosphates RPO,4, depending on temperature and magnetic field, have been systematically
studied both experimentally and theoretically from the late the seventies (Al'tshuler
et al. 1985, Sokolov et al. 1991). The effectiveness of electronic subsystem coupling
with the lattice in lanthanide compounds correlates with distinctions of temperature
dependences of single crystal lattice parameters, elastic constants, and Young’s modulus,
from the corresponding dependences in isomorphic diamagnetic compounds. In particular,
anomalies of a temperature expansion characterize the coupling of lanthanide ions to the
full-symmetric deformations. Stresses in a tetragonal lattice, due to 4f electrons, induce
the deformations (cf. eq. 99 and table 8)

. 4 " .
e(dg|T) = —— > ST BOULITY(OF),. (141)
J Pq

Relative changes of lattice parameters Ac(T)/c and Aa(T)/a at helium to room temper-
atures for the LiRF4; and RPO4 crystals have been measured with X-ray methods by
Abdulsabirov et al. (1993) and Sokolov et al. (1991, 1992a). They have found clear
anomalies of the thermal expansion of lanthanide compounds in comparison with the
temperature change of the lattice parameters a, ¢ of the diamagnetic crystals LiLuF, and
YPO,. At T=4.2K, when only the ground levels of Tm>" ions are populated (see table 5),
the differences in the relative changes of the parameters a, ¢ in the LiTmF, and LiLuF,
crystals are equal to 8c/c=e(A4}y)=1.5x107%, da/a=e(42)=-4.5x 107*; the corresponding
differences in TmPQ4 and YPO, are 8c/c=-9x107*, da/a=7x107*. A calculation by
means of eq. (141), with the theoretical estimates of coupling constants B‘,(,r)q(Ag) for the
LiTmF, crystal (table 10) and the measured elastic constants at 4.2 K (table 12), results
in the values 8c/c="5.4x107*, 8a/a=—-13x107*, which correspond both by sign and order
of magnitude to the experimental data.
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Table 12
Elastic constants of lanthanide crystals with zircon and scheelite structure (in GPa)

LuPO,* LuAsO, RVO,® LiTmF, ®

C(AlY 382 323 320 173.4
C(A®) 712 606 554 3623
C(AD) 230 204 200 130

C(B,,)=C(B) 568 502 462 1269
C(B,,) =C(B2) 86.8 77.6 66.0 78.8
CcBY) - - - -71.0
C(E,) 338 286 220 1692

* Armbruster et al. (1974).
® Melcher (1976), Bleaney et al. (1988a), Goto et al. (1986).
¢ Aukhadeev et al. (1983).

The effects of the Tm*" ion interaction with Ap-strains are relatively small, which
is also confirmed by the measurements of temperature dependences of acoustic wave
velocities for different directions of propagation and polarizations in a LiTmF, crystal
(Aukhadeev et al. 1981) and HoVO4 (Goto et al. 1986) crystals, and, by comparison
of the Young’s modulus in polycrystalline TmPQOy4, with the temperature dependence
of that modulus in YPO, (Sokolov et al. 1991). The relative changes of the elastic
constants C(43) for the LiTmF, crystal at the temperature range 4.2-30K do not exceed
10%. The temperature dependence of Young’s modulus E(T) in polycrystalline samples
characterizes only the mean value of corrections to the elastic constants, conditioned by
the electron—deformation interaction, and an observed anomaly of the E(T") dependence in
the TmPOy, crystal near 7=20K is due to the deep minimum of an elastic constant Ce at
that temperature (Harley and Manning 1978). Essential changes of elastic constants C(By)
of the LiTmF4 and HoVOy crystals, which define deformations in the basis plane of the
lattice, have also been discovered by Aukhadeev et al. (1981) and Goto et al. (1986) in
the temperature range 1030 K. These experimental facts form the basis for inquiring into
the estimates of correlations of the B;-symmetry deformations in the LiTmF, crystal and
the B1y- and Byg-symmetry deformations in the TmPO,, HoVO, crystals.

The degree of the mutual influence of lanthanide ion electronic shells is determined
by the tensor 1 (eqs. 77, 73). Until recently no rigorous calculations of components of
1 had been done. Crude estimates may be carried out, neglecting the dispersion of optical
branches. Using the following equations between the constants of coupling with even ()
and odd (j,,) optical vibrations of the R-ions, linked with each other through an inversion,

BJ(1107) = BJ(2|0/g),  BJ(1|0/u) = -BJ(2|0ju),
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Al’tshuler et al. (1985) have found

Moy = Z Wi 2(0)BA(110jg)B (1/0j¢) — Z @ (0)BZ(110/u)By, (1|0j)

=3 @B laj)BE (1] - 470)
Jaq

The space of electronic operators OJ is naturally decomposed into subspaces,
conforming to irreducible representations of a symmetry group of the Brillouin zone
center and having the corresponding tensors #(I';). To calculate the quantities (142),
the parameters of an electron—deformation interaction (eq. 19) are necessary; besides
only coupling constants with odd optical vibrations are necessary, if acoustic vibrations
are considered in the long-wave approximation. Parameters Bj(1|jyw) are linear
combinations of B;‘i(I‘{) (eq. 112) with coefficients defining the expansion of the

dynamic matrix eigenfunctions at the I'-point in symmetrized displacements wl(l“’l:) of
the sublattices. For example, the equation for 7(B2;) components in crystals with zircon
structure (see eq. 56) is:

HZZ:(Bzg) = w*(Byg) B (B2g) By (Bag) — 0 (A1) BY (A1) By, (41v)

lex(jaqo) 9oy + €, (jago) q0x12> B4(Byg) BYY (Bag),

5
3dv \ du;, o
(143)
where (4), Zj.., Zlﬁ J AdS is an average over the propagation directions of acoustic

waves with the velocity v, and d is the crystal density. Interactions of R-ions with four
Byg-vibrations and three 4,,-vibrations contribute to the tensor 7(Bi,); the tensor 7(By)
for LiRF, crystals contains contributions from the interaction with five B,-symmetry and
four A,-symmetry vibrations. The numerical estimates of elements of the symmetrical
matrices 7(B1g), 7(Bag) (the fourth-rank matrices) and n(B,) (the eighth-rank matrix)
have been made within the framework of the exchange charge model by use of the
results of lattice dynamic analysis for RMO4 crystals (Pekurovskii 1987) and LiRF4
crystals (Bumagina et al. 1981). The values of the n(B;;) components have been
calculated by Malkin et al. (1993) using the parameters of coupling with macroscopic
deformations (table 10) as found from piezospectroscopic measurements; the indices of
the matrix 7(By,) correspond to the following numbering of electronic operators Oy
1, 03; 2, 0%; 3, 0% 4, O%; and the operators for By,-symmetry are numbered similarly
by changing the index ¢ to —q. The results are:

11 12 13 14 22 23 24 33 34 44

n(Bi) -1693 621 109 -58.7 —622 44 323 253 55 222
n(By) -1138 -51 —63.6 -85 330 28 -83 -360 -64 43
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The components of the 7(By) tensor for LiRF4, calculated by Al'tshuler et al. (1985)
(the matrix in the basis of eight operators 0F2, 0F2, 02, 0£°) do not exceed 100 cm™'by
modulus. Tm3* ions in TmPOy4 and LiTmF, have a similar structure of the lower energy
levels of the ground multiplet (table 5): the first excited state is a doublet of energy
30cm™', which effectively interacts with the Bp,- and Bg-deformations, however, it
mixes with the ground state only in a magnetic field, perpendicular to the c-axis of
a lattice; the second excited state is a singlet of energy 60-70 cm™!, which makes the
main contribution to the low-temperature generalized susceptibility xo of the 4f-shell
electron multipoles of B, (LiTmF,) and By, (TmPO,4) symmetries. The calculations show
that at liquid helium temperatures, when only the ground singlet I'y is populated, it is
possible to take into account its mixing with only one excited singlet l“e’of energy A.

In this case the generalized susceptibility may be presented as a dyad, xo, = 4,4 ;,1,, , the
components of the vector A being equal to 47 = (2/4)"2 (T, |0f|T;). Equations (93)-
(95) and (103) can now be essentially simplified (Al’tshuler et al. 1985); in particular,
the following expression is obtained for the elastic constants, neglecting the nonlinear

electron—deformation interaction:

Cc(T)=C- S(l — 71— 'Y1BD . gy BO, (144)
where
T=Spyo:m, T = %Sp a'B :yo: B (145)

The calculated relative contributions of the electronic subsystem to the elastic constants
of a LiTmF, crystal at T=4.2K (1=-0.29, 7/ =0.16) are —~16% (C(Bél)), -12% (C(Béz))
and —20% (C(Béz)), and they are consistent with the measured differences between the
corresponding elastic constants of LiLuF,; and LiTmF,, as well as with their changes
upon raising the temperature from 4.2 to 77K (Aukhadeev et al. 1981). When the
temperature is raised, the nearest excited doublet is populated and the generalized
susceptibility grows; at still higher temperature and population of the T singlet, the
components of the susceptibility tensor begin to decrease, which results in a specific
minimum in the temperature dependences of B,-symmetry elastic constants near T =20K.
The calculated differences between elastic constants at 0 and 20K, 6C(Bé1)=3.1,
dC(B}})=3.4, BC(BX)=13.36 GPa, agree by magnitude and sign with the measured data

(Aukhadeev et al. 1981). The contributions of ng_)l to C(Bg) at low temperatures are of
the order of —1 GPa, and their absolute values decrease with increasing temperature.
The linear coupling between uniaxial strains along [100] and [110] directions in the
basis plane, corresponding to different (B, and B,;) irreducible representations of the
lattice symmetry group, is not found in crystals with the zircon structure, as opposed
to the compounds with the scheelite structure. The components of tensors 1(B1g) and
11(B2;), as seen from the above calculations, are comparable in magnitude, so the primary

effectiveness of certain strains are defined entirely by the value of the corresponding
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generalized susceptibility, that is, by the structure of an energy spectrum of 4f"-shell in
the crystal field. For Tm** ions in the TmPOy crystal the generalized susceptibility X0(Big)
at low temperatures has essentially smaller components than xo(Bg), partly because the
matrix elements of Bi,-symmetry operators on the wave functions of the ground and
nearest excited singlet states equal zero.

The linear electron—-deformation interaction always results in temperature softening of
the elastic constants. However, as has been already mentioned, only one constant, C(Ba,),
of the TmPO, crystal has a characteristic temperature dependence in the range of 4-50K
with a deep minimum at 7 ~ 20K (Harley and Manning 1978), due to the population of
the lowest excited doublet, just as in the case of LiTmF,. On the contrary, for Ho>* ions
in the HoVOy crystal, the components of tensors xo(B1) and xo(B,,) are comparable in
magnitude (the ground singlet is effectively mixed with the excited singlets of energies 48
and 222 cm™ by B,- and B,,-symmetry perturbations, respectively), and characteristic
temperature dependences with minima near 13-14K, due to the finite population of
the nearest excited doublet of the energy 21cm™!, were observed by Goto et al.
(1986) for the elastic constants C(B;g) and C(B,,). Simple theoretical estimates of the
contributions of the electronic subsystem to the elastic constants [AC ~ (—2/v) BT):x:B"
in accordance with eq. (95)], using the coupling parameters B®) (table 10) found from
piezospectroscopic investigations, give results conforming to the measurement data. At
T=4.2XK the corresponding corrections to C(B;g) and C(By,) equal —18 and —4 GPa,
respectively; and the depths of the minima (difference between elastic constants at 4.2K
and at 13-14K) are 8 GPa for C(B;g) and 0.8 GPa for C(By,).

It should be noted that, although the elastic constants have been measured by ultrasonic
pulse-echo overlap and phase detection methods in a 10-16 MHz frequency range, the
data may be interpreted within the framework of the quasistatic process theory, since
in VV paramagnets the electronic relaxation rate is defined by spontaneous transitions
between Stark sublevels, and the relaxation times do not exceed 10715 even at helium
temperatures. Only in the presence of a nuclear magnetic moment of the lanthanide ion
and cooling to temperatures of the order of 0.1 K, comparable with the hyperfine structure
constant, can additional anomalies of the temperature dependence of elastic constants be
revealed due to the different populations of hyperfine components of the R-ion energy
spectrum. For example, the velocity of sound propagating along the c-axis of the LiTbF,
ferromagnet (Tc=2.89K) has been found to decrease by 0.0009% when temperature
decreases from 0.5K down to 0.04 K (Al’tshuler et al. 1984).

The magnetostriction of nonconducting VV paramagnets is specified by strong
anisotropy, and at helium temperatures in relatively small magnetic fields (20-40kOe)
it may reach an enormous value, comparable to that in lanthanide metals. Since the
relaxation times in VV paramagnets are small, these compounds hold promise for
microwave sound oscillators.

The first clear ideas on magnetostriction mechanisms in VV paramagnets were
formulated by Al’tshuler et al. (1980), proceeding from experimental investigations of
magnetoelastic phenomena in the LiTmF, crystal. Parastriction is determined by the ratio
of the magnetic energy of a crystal to the elastic deformation energy, and it is proportional
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to the product of applied magnetic field and magnetization. Since the induced magnetic
moment of a VV paramagnet is proportional to the applied field, parastriction is described
by the following expression (see eq. 111):

% =a (T, Z—zn> Hj (146)
and it is not saturated to very high values of the field strength at temperatures 7' <« A/kg,
where A stands for the energy of the excited states.

The relative changes in the crystal length were measured by capacitive methods in
the LiTmF4 compound at temperatures 1.5-4.2K and magnetic fields up to 30kOe and
in the TmPO4 compound at 4.540K and fields up to 50kOe for directions parallel
and perpendicular to an applied field [longitudinal, (AL/L); and transverse, (AL/L)1
magnetostriction] (Al’tshuler et al. 1980, Bondar’ et al. 1988).

A magnetic field parallel to the c-axis induces only full-symmetric deformations:
(AL/L) = e(Ay), (AL/L) 1 = e(43). Since at full-symmetric perturbations the ground singlet
of Tm?* ions is mixed only with the singlets of the same symmetry with high excitation
energies, the interaction with A4g-strains is weak (as mentioned above when considering
the temperature effects). Thus, in the highest applied fields available in the discussed
experiments the forced deformation did not exceed 107°.

A magnetic field perpendicular to the symmetry axis (vector Hy in (001)-plane at
angle ¢ to the axis [100]), induces both full-symmetric and axial deformations in the
basis plane; for LiTmF,

(%) ” = e(43) + cos2¢e(B,) + sin2¢e(B;), n || Ho;

L

For TmPQO4 one must substitute Bé by By, and Bé by By, in these equations. The measured
longitudinal and transverse strictions in the LiTmF, crystal are equal in magnitude (with
an accuracy of 107%) and have opposite signs, so the field Hy | [001] induces mainly
Bg-deformations: e(Big)=(ai cos2¢+b; sin2¢)H%. The coefficients @; and b; are found

through corrections to eigenvalues of Hy due to the perturbation HZ+H£1_)1 (of second

order in Hz and linear in the deformation tensor). The dependence of the striction on
the orientation of H in the basal plane of a tetragonal lattice has the form of a specific
four-petal rosette (B,-deformations):

<%) “ = {4+ Bcos[4(p - ‘PO)]}Hé’

A
<_L> = e(Aé) — cos 2¢e(B;) — sin 2¢€(Bé), nlHy nlc
L

where
b
A=1(a +by), = 1[(a1 - b)* + (a2 + b1)*1V%,  arctandg, = (@ +51)
(a1 — b2)
The values of three independent parameters determining the magnetostriction of LiTmF,
crystals at helium temperatures in a field Hy L [001] were calculated by use of the
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Fig. 10. Longitudinal magnetostriction
of a LiTmF, crystal at liquid helium
temperature in the external field H, along
the (1) [110], (2) [100] and (3) [210]
directions.
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measured elastic constants (table 12) and coupling constants B(’)(Bg|T ) (table 10). The
resulting values agree well with the measurements of Al’tshuler et al. (1980) (see fig. 10):
A=-5.8 (~5.96), B=—7.7 (=7.95) (in units of 1073/T?), @o=18.2° (16.6°) (calculated
values are given in parentheses). Measurements for three different orientations of the
field H, show that the magnetostriction in LiTmF, changes sign when the field rotates
around the c-axis. The strong anisotropy of magnetostriction in the basis plane of TmPOy4
crystals was also found by Bondar’ et al. (1988): the value of (AL/L) at T=4.5K and
Ho=40kOe changes by two orders of magnitude, from —4.5x107* at [110] orientation
(Byg-deformation) to about 1075 at [100] (Bg-deformation).

Perturbation theory is no longer applicable when the field-induced deformations reach
giant values ~1073 (see fig. 10). In strong fields (H > 15 kOe) one must take into account
the effect of deformation in the energy spectrum of Tm>" ions, i.e., one should use
solutions of self-consistent field equations for the electronic order parameters (O;); in this
case the dependence of magnetostriction on H% becomes nonlinear, which was observed
experimentally by Al’tshuler et al. (1980) and Bondar’ et al. (1988).

The giant magnetostriction of LiTmF, and TmPO, crystals is followed by an essential
internal deformation. The sublattice displacements (eq. 97), apart from terms linear
in macrodeformation parameters, contain supplementary terms Aw, due to internal
stresses induced by a magnetic field. Both terms in eq. (97) are of the same order of
magnitude, but they may differ in sign. In principle, direct X-ray measurements of internal
deformations are possible, since, e.g., theoretical estimates show that displacements of
fluorine sublattices in the LiTmF, crystal may reach 6% 10* A for H 0 ~30kOe.

Optical spectroscopy makes it possible to obtain some information on internal
deformations induced by a magnetic field at low temperatures in paramagnets containing
VV ions in axially symmetric crystal fields. The procedure involves measurements of
splittings of the excited non-Kramers doublets in a magnetic field perpendicular to the
c-axis. In this case the splitting is linear in the macroscopic and internal strains. The
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contribution of the former can be found with the use of piezospectroscopic measurements
and the results of direct measurements of the magnetostriction. Thus, estimates may be
obtained of the effect of sublattice displacements Aw on the spectral parameters of a
VV ion. Recently such complex experiments were carried out on LiTmF, crystals by
Abdulsabirov et al. (1995). They measured, for example, the maximal 2 cm™! splitting of
the doublet from the *F, multiplet of the Tm3* ion (cf. fig. 22) at helium temperatures
in a field of 40kOe in the basis plane of the lattice, which was much greater than the
0.1 cm™ splitting of this doublet in the same experimental conditions but in the diluted
LiY(99Tmgo1F4 crystal due to the second-order effect in the Zeeman interaction only.
The changes in VV ion susceptibility xg, induced by an applied field, define the
dependence of elastic constants and sound velocity on the field. Aukhadeev et al. (1981)
have measured the relative changes of the echo-signal passage times (A#/t=Al/l — Av,/v,)
for ultrasound (v = 13—-14 MHz) of different polarizations in cylindrical LiTmF4 samples
at T=4.2K, propagating along the applied magnetic field, at different values of the
field strength. Relative velocity changes (Auv/v), modified with regard to longitudinal
magnetostriction (AL/L);, are proportional to HZ, have a negative sign and do not exceed
5x 1073 by modulus at a field intensity of 20 kOe. The field-induced corrections to elastic
constants calculated with perturbation theory agree with the experimental data both by
order of magnitude and by sign. In particular, the square of velocity of a quasitransverse
elastic wave along the [100] direction [with the polarization in the (001)-plane] equals

1
U§ = -2—d [(CU + C66)— \/(Cll — C66)2 +4C%6} .
The calculated contributions to the elastic constants in the field Hy || [100] are
ACy1=-0.26, AC15=-0.03, AC¢=-0.04, in units of GPa(Hy/T)* and, respectively,

Ava(Ho)v, =—1.6x1073(H/T)?; the measured values can be described as
Ava(Ho) v, = —1.2 x 103 (Ho/T).

An analogous weak softening of the elastic constants C(Byg) and C(Byg) for the
VV paramagnet HoVO, was observed by Goto et al. (1986) at 1.7K in a magnetic field
H, || [001] up to 100 kOe. At higher fields they found a new interesting effect due to the
level crossing of the ground singlet and the lower Zeeman sublevel of the nearest excited
doublet. In the cross-point (Ho =106 kOe) the elastic constants C(B),) and C(B;,) are
minimal; if the field intensity is further increased, these constants increase rapidly (to 5-
11% at minimum depth of 2-5%) and then become saturated at Hy > 130kOe. Such
behaviour is due to the fast population redistribution of the crossing states of the holmium
ion, which have different effective coupling constants with the Bjg-, By,-deformations.
Figure 11 compares the above experimental data with the results of calculations by
Pekurovskii (1986), obtained with coupling parameters calculated within the framework
of an exchange charge model (table 9). The difference between the theoretical and
experimental curves is partly due to a disregard of contributions of magnetic dipole-
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dipole interactions (eq. 105), which can become comparable to contributions of the single-
particle magnetoelastic coupling mechanism.

Goto et al. (1986) also found that the electron-rotation interaction in VV paramagnets
results in rather easily detectable effects, in particular, in the “splitting” of elastic constants
as in conventional paramagnets. The velocities of transverse acoustic vibrations in a
tetragonal lattice, propagating along the c-axis (v,) and in the basis plane (say, along
the g-axis) with a polarization vector along the ¢ (vy), are the same (3, =u§2 =Cy/d)
in the absence of an applied magnetic field. The measured difference between these
velocities in the HoVOy crystal at T=17K, Hy | [001] increases as H3, and the
difference 8Ca4 = Cyzrz — Crze (eq. 104) approaches 2.4x 1072 GPa in a field of 80 kQOe.
When the first term is neglected, the following expression is derived from eq. (96)
[corresponding contributions are partly compensated for by the nonlinear electron—
deformation interaction, whose parameters are estimated with considerable error (Chan
1985)]:

n

0Cu = 5-grbmforso : BY(Ey), (147)
where BY, (Eg) are coupling constants with the e,,-deformation. In the absence of the
field Hy the susceptibility xxo equals zero; when estimating it using perturbation theory
in accordance with eq. (86), one obtains for helium temperatures:

2
scu="2 Y|SB r, k) (Al k) (kAJOIT) < BOED, (149
KA §

where | kA) and &(T*%) are the wave functions and energies of the doublet states I in
the Ho** spectrum, and | I} ) is the wave function of the ground state. Inserting the
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parameter values BS), = ~6050, By, = ~10700, B, =-3690, BY = —1950, BY), = 270

and B(G?; = -4050 (in units of cm™), as calculated with the exchange charge model, we
obtain §C4q=3.4x 1076 GPa(H (/T)?, which practically coincides with the measured one.

The VV magnetization in weak fields, considered in the previous subsection, is
linear in Hy,; the magnetization becomes saturated when the field is increased, since
for a J-manifold the limiting value of the electronic moment equals (—g;upJ). The
character of the asymptotic approach of a magnetic moment to the limiting value depends
on the specific structure of the ion spectrum in a crystal field, on the intensity of
electron—deformation interaction, and on the degree of electronic multipole correlation.
The magnetization is an odd function of the applied field, so the initial part of
the nonlinear M(H,) dependence is described by the third-order susceptibility x*:
M =xDHy+x®H} + - The single-ion contribution to ¥, as a rule, results in a
decrease of M (le); its magnitude may be found when considering the fourth-order (in Hz)
corrections to the lanthanide ion energy sublevels. The change of the ion spectrum in the
field of self-consistent electronic multipoles and the interaction with deformations e and
internal displacements w, induced by a magnetic field, give additional contributions to x©
in lanthanide crystals (Morin et al. 1980, Morin and Schmitt 1990). The free energy of
a crystal is a negatively defined quadratic form of the deformation tensor components
proportional to H3, sublattice displacements and mean values of ionic quadrupolar
moments. Therefore the corresponding contributions to ¥ enlarge M (,}’. Thus, the
strong electron—deformation interaction in VV paramagnets may be responsible for the
anomalous nonlinear behaviour of magnetization at increasing applied magnetic field,
when the difference (9M/0H )— ‘7 is at first proportional to /3 and positive, and then
becomes a negative quantity.

Ioffe et al. (1981) observed such a behaviour of magnetization for a TmPQ, crystal,
taking measurements at temperatures from 1.7 to 40K in magnetic fields up to 180 kQOe.
The magnetic moment of samples increases linearly with the field intensity up to 15kOe
for the fields H || [001] and H, L [001]. The magnitudes of susceptibilities leT ) and ¥
and their temperature dependence are correctly described by eq. (86) with the energy
levels and wave functions of Tm** ions, calculated with the crystal field parameters of
table 7a. When the field intensity is increased, the anisotropy of the magnetic moment in
the basal plane of the crystal is manifested clearly.

The single-ionic terms of the nonlinear transverse susceptibility satisfactorily describe
only the slowly saturable magnetic moment in [100] direction. The magnetization in the
[110] direction increases rapidly in the field intensity range 20-50kOe, and in higher
fields it slowly approaches the maximum value of about 6up per ion (fig. 12). On the basis
of measurement analysis Andronenko et al. (1983) predicted the giant magnetostriction of
the B,g-symmetry in the VV paramagnet TmPO,; with reasonable estimates of electron—
deformation interaction parameters, they correctly interpreted the imitial nonlinear part
of the function M1101(Ho) within the framework of perturbation theory. With the
piezospectroscopic measurement results (table 9) and the magnetostriction data for the
TmPO, crystal as obtained by Bondar’ et al. (1988), one may calculate the mean
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value of the magnetic moments of the Tm*" ions on the eigenfunctions of the operator
Ho+Hz +3,, BY(Byg) Ofe(Bag). Then it appears possible to plot the My0(Ho)
dependence, actually coinciding with the experimental one without attracting any fitting
parameters (curve | in fig. 12). The coefficient « in eq. (146), determining the forced
magnetostriction, has a maximum absolute value 6x102k0Oe? at T=13-14K in the
field H || [110] (Bondar’ et al. 1988). With increasing temperature, the anisotropy of the
magnetization in the (001) plane diminishes due to redistribution of the populations of the
ground singlet and the nearest excited doublet, despite the increase in magnetostriction.
Under the combined action of the magnetic field and the strain, the Tm** ions in the
doublet state have a magnetic moment comparable by magnitude to that in the ground
state, but with the reversed sign.

In a series of papers by Harley and Manning (1978), Kaplan and Vekhter (1983), loffe
et al. (1983), Vekhter and Kaplan (1984), and Bondar’ et al. (1988), the data on the
magnetization and magnetoelastic characteristics of the TmPOQy crystal were interpreted
within the framework of pseudospin formalism, by taking into account only the group
of Tm?* ion lower levels in a crystal field (singlet-doublet-singlet). In a self-consistent
field approximation, the single-ion Hamiltonian (79) may be written in the form

gL
Hg, et =A00 + ——=up(H o 0x + Hoy,0y)
2v2 7 (149)

4 [B(r)e(Bzg)_i_Blw(Bzg)—A (Uz)] Uz5

where the operators 0, result from matrices

100 0 0 -1 1 0 0 i -i 0 0 00 i
gof0 00 0 fer0 0 -1 i 0 0 i {0 0 0
*“looo o {1 0 o0 -1 i 0 0 i |0 - 00
00 0 -1 0 -1 -1 0 0 - 0 - 00 0



NONMETALLIC LANTHANIDE COMPOUNDS 361

and the parameters A, g, A, B®”) and B’ define the projections of the operators H,
Hz, —(0)nO and HS_)I on the four lowest states of Tm3*, with an error which does not
exceed 10%.

The temperature dependence of the elastic constant Cgs(7), the temperature and
field dependence of magnetization M = (0,+0,) and of induced magnetostriction
e(Byy,Ho) = (0,) = HoHg, in the field Hy | [110] are satisfactorily described by op-
erator (149) if the parameters A = [BY?/4vCe6(0)] + 1, u = [B/mow(By)*] + A are
chosen in an appropriate manner (@ (By,) ~330cm™ is the frequency of the Bog-mode
in the Brillouin zone center; mo is the mass of an oxygen atom). The numerical
values of parameters A~30-38cm™, g ~10, 4= 18-25cm™!, p~—(5-10)cm™!, are
consistent with the results of their estimates, using the real Tm>* spectrum and the
measured constants of the electron—deformation interaction. The advantage of the
pseudospin formalism is that it gives a comparatively simple qualitative description
of the behaviour of the system in an applied magnetic field. However, some etrors
are inserted beforehand, due to the difference between the operator (149) and the
real projection of Hpg e (eq. 79) on the space of the studied states, and also to the
disregard of a supplementary dependence of model parameters on a magnetic field, which
mixes lower and upper groups of states. The strain of B,, symmetry is not induced
by the field H || [100], but in this case the susceptibility xo(B2,) may be changed
essentially due to mixing of the ground state with the excited doublet. In particular,
when the magnetic field in the [100] direction increases from 0 to 50kOe, the strain
susceptibility x(0;, 0;) increases by 30%. This increase of yo(B2,) in the field Hy || [100]
causes a considerable decrease of the elastic constant Cgg and leads to a structural
phase transition stimulated by the magnetic field (when the condition Cgs(H)=0 is
fulfilled); this was first observed by Vekhter et al. (1991). The temperature redistribution
of the Tm*" ions among the states with essentially different strain susceptibilities
determines the anomalous temperature dependence of the AE-effect (the relative change
of Young’s modulus [E(H)— E(0)]/E(0) in the magnetic field) in the TmPQOy, crystal,
measured by Kazei and Kolmakova (1993). At low temperatures the AE-effect is negative
(AE/E =-0.07 in a field Hy=40kOe at 4.2 K); with increasing temperature it decreases
and changes sign. At temperatures above 25K AFE is positive regardless of external
field intensity.

The NMR of the VV ions appears to be a very sensitive method to measure the
nonlinear transverse susceptibility in crystals with an axial symmetry. For example,
19Tm NMR studies of the LiTmF; crystal at 4.2K in relatively low magnetic
fields (< 7kOe) have given y®/x©® x3x 10710 (Al'tshuler et al. 1982).

It should be noted that the parameter A, responsible for the interaction of lanthanide
ions via the phonon field, is always negative, and the corresponding renormalization
(egs. 100 and 101) decreases the efficiency of the electronic subsystem interaction with the
lattice. Correlations of the local (Jahn—Teller) deformations essentially affect the response
of the lanthanide ions to an applied magnetic field only in the case of sufficiently strong
interactions of those ions with macroscopic deformations.
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3.3. NMR and local magnetic fields in crystals

3.3.1. Distinctive features of NMR of the host lanthanide ions

We proceed to.a more detailed examination of the distinctive features of NMR in
Van Vleck paramagnets. Parameters of effective spin Hamiltonians of VV ion nuclei
for a number of specific compounds are listed in table 13. First of all, the sharp
anisotropy of the paramagnetic shift (as well as susceptibility) tensor in a uniaxial
crystal is striking. Thus, the measured main values of tensor @ for 'Tm in TmES at
helium temperatures are equal to @ =0.364(2), a =73.2(3). The cause of this strong
anisotropy in the susceptibility is obvious (see eq. 130 and table 5): the longitudinal
field (operator J;) mixes into the ground state |g)(¢=0;T) only the high-lying state
|s)(6=214.8 cm™1;T,), while the transverse field couples |g) with the lowest excited
doublet |d;)(¢=32.1cm™;T5).

The value of the parameter a  [=(y1/y;)— 1], given in table 13, is slightly different
from that given above, since the local magnetic field affecting the ion within a
crystal notably differs from an applied field because of the significant value of the
VV magnetization in the perpendicular orientation. Calculations for spherical samples
show that the ratio

(Y Lmeas _ | ALy® (150)
(Y L)true

equals 1.0028 in TmES and 1.006 in LiTmF,4. Molecular field constants A; are defined
by egs. (76) and (72) and the susceptibility is related to unit volume.

Comparison of the y-factors obtained experimentally and calculated by means of
formulae (130) and (134) makes it possible to verify and determine more exactly the
data on a crystal field in samples. Thus, the calculations, using the data of table 5,
result in the value |y /27| =0.557 kHz/Oe, which essentially (~15%) disagrees with the
experimental value 0.480kHz/Oe. A slight modification of the ground-state wave func-
tion (|g) = 0.095(|+6) + |-6)) + 0.991|0) instead of |g) = 0.119(]+6) + |~6)) + 0.986 |0))
proves to be sufficient for elimination of the above contradiction.

It should be noted that the transverse component of the VV susceptibility x(j_)) depends
on the orientation of the magnetic field in the plane perpendicular to the crystal c-axis.
This dependence is due to the anisotropy of the electronic Zeeman interaction and to
magnetostrictive deformation, as mentioned in sect. 3.2. In the weak fields such an angular
dependence was registered only by NMR methods (Al’tshuler et al. 1982).

The strong anisotropy of the thulium NMR paramagnetic shift produces some
interesting effects which are not characteristic of normal NMR. The investigation of the
angular dependences of the ' Tm NMR line width and shape in LiTmF, has shown
that for small angles @ between the direction of an external magnetic field and the
crystallographic c-axis a solitary NMR line transforms into a spectrum consisting of two
or three lines (Korableva et al. 1983). The origin of this “multiplet structure” can be
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Table 13

363

NMR parameters of lanthanide ions in the singlet ground-state systems at liquid helium temperatures. The
gyromagnetic ratios are taken from Abragam and Bleaney (1983)

Isotope I  y,/2m Crystal Ref. R-site Parameters of the nuclear spin Hamiltonian
(@) symm. @ & ¢ q
Oe (MHz)

1alpy 2 129 Pr,(S0,);:8H,0 1,2 C 2.60 1.10 8.57 5.865 0.124
Pr(NO;),:6H,0 3 C, 4.82 069 120 6.550  0.235
PrF, 4 C, 1.57 1.51 6.78 431  0.070
PrAlO, 5 Dy 0.547 0.547 6.1 4.20
Prvo, 6,7 Dy 502 5.02 0.907 3.375
Cs,NaPrCl, 8 tetr. 1.69 1.69 147 0.15

19Th 2 0966 Cs,NaTbCl, 8 tetr. 29.0 290 307 6.6(7)

"“Ho I 0.898 HoVO, 9 Dy 169 169 1.2 259
Rb,NaHoF, 10 tetr 177 177 435 9
HoF, 17 C, 5762

Tm  § -0354 Tm(C,H,SO,),9H,0 11 Cy 726 726 0.356
LiTmF, 11 S, 66.5 66.5 1.73
Tm,Ga;0,, 12 D, 13.5 9.60 239
Tm, AL Oy, 13 D, 507 242 931
TmVO, 14 D, 5.8 26 780(?)
TmAsO, 15 D, 16.1 9.8 198
TmPO, 16 Dy 77.0 77.0 2.19
Cs,NaTmCl, 8 tetr. 29.2 29.2 28.7
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explained by the mosaicity of a single crystal. For a given frequency v of a spectrometer,
thulium NMR is observed in the field

1™ (151)

H= 2% [(1+ a))* cos” 6 + (1 + a1 )* sin” 6
If a crystal consists of several grains with different axes c, each of these grains gives its
own NMR line in the field H;, corresponding to the proper angle 6;. With a difference
in only 12 angular minutes between c-axis orientations of the two grains, the interval
separating the corresponding NMR lines at 10.6 MHz reaches 3500Qe. It has been
found possible to observe the crystal mosaicity even if the dispersion of the c-axes of
different grains does not exceed three angular minutes. Due to such high resolution, the
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NMR method proved to be very useful for elaborating a technology of growing high-
quality single crystals of rare-earth tetrafluorides (Korableva et al. 1983). By means of
NMR it has been established, in particular, that samples with the direction of the c-axis
close to that of the temperature gradient in the crystallization zone during the process of
growth, have the most perfect crystal structure.

Abdulsabirov et al. (1979) have investigated NMR in TmES and LiTmF, crystals under
high hydrostatic pressure. In TmES the y-factor monotonously decreases with the rise
of pressure, which is qualitatively explained by an increase of the crystal potential and
the energy intervals between the ground and excited states. However, in LiTmF4 a sharp
increase of the gyromagnetic ratio in the low pressure region, accompanied by an increase
of the line width from 13.50¢ at P=0 to 17.5 Oe at P >> 0.2 kbar, has been observed.

The considerable difference between Tm NMR parameters in similar crystals
TmVO, (Bleaney and Wells 1980), TmAsO4 (Bleaney et al. 1983b), and TmPOQ, (Bleaney
et al. 1983c) is accounted for by the different structures of the electronic energy levels
of the Tm>" ion (see table 5). An electronic doublet is a ground state of thulium ions
in TmVO,4 and TmAsO4 compounds, and at low temperatures (several degrees Kelvin)
they undergo a structural phase transition. As a result of symmetry lowering, the doublet
splits into two singlets, and this permits the observation of '*Tm NMR.

The results of the investigation of thulium hexachloride (Bleaney et al. 1982c¢), as well
as of praseodymium and terbium hexachlorides, may be interpreted by assuming that the
R3** ion is placed in a field of cubic symmetry with a small tetragonal distortion. The
singlet T'; is the ground state of the Tm?* ion, and the nearest excited state (with the
excitation energy 58 cm™) represents a I'y triplet slightly split by tetragonal perturbation.
As a result the y-factor proves to be only slightly anisotropic.

In Cs;NaTbCls Bleaney et al. (1982c) have found a deviation from cubic to tetragonal
symmetry in the Tb*" position, the deviation occurring gradually only at temperatures
below 20K and becoming constant at temperatures below 10K. The data obtained make
it possible to estimate an energy of a Ty triplet relative to a Ty singlet as 36 cm™, and the
magnitude of tetragonal splitting of I’y as 1.6 cm™, the tetragonal singlet being the lower
sublevel. The calculated value of the quadrupolar interaction constant is g/A=-6.6 MHz.
However, only one line is observed in the experiment, corresponding apparently to the
% “— —% transition, while two other lines prove to be too weak because of deformational
inhomogeneous broadening.

NMR spectra of *Tb in Rb,NaTbFj also suggest that the crystal field symmetry in the
terbium ion site differs from cubic at liquid helium temperatures (Tagirov et al. 1979).

Now we turn to the NMR spectra of IPr (/= 3). The NMR of lanthanide ions with the
singlet ground state has been first observed in experiments with hydrated praseodymium
sulfate Pry(SO4)3-8H,0 (Al'tshuler and Teplov 1967, Teplov 1967), whose magnetic
properties were also studied by Penney and Schlapp (1932). The crystal belongs to
a monoclinic system, its space group is C2/c (CS,), and the unit cell contains four
molecules. The praseodymium atoms occupy general positions in a crystal, so there are
two magnetically conjugated NMR spectra. In interpreting the spectra the principal axes
of the y tensor were assumed to coincide with those of the quadrupolar interaction tensor.
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Local axes x, y, z (chosen in such a way that a, < a, < a,) between identical axes for two
types of Pr3* centers were found to be

X6 =563, y2=76(2)°  Ziz3=97(5)"

In PrF; there are three types of magnetically equivalent Pr** centers, all being described
by one spin Hamiltonian of rhombic symmetry (Al’'tshuler et al. 1979).

Praseodymium aluminate, PrAlOs, is well known because of the instability of its crystal
structure, and it has been the object of numerous investigations by EPR (Harley et al.
1973, Cohen et al. 1974, D’lorio et al. 1984), optical (Riseberg et al. 1969, Cohen et al.
1969, Harley et al. 1975, Lyons et al. 1975, Glynn et al. 1975), and neutron (Birgeneau
et al. 1974) spectroscopy methods. It has been found that PrAlO; has the cubic perovskite
structure only at temperatures higher than 1320K, and at lower temperatures it undergoes
several structural phase transitions: cubic to thombohedral (1320K), rhombohedral to
orthorhombic (205 K), orthorhombic to monoclynic (151K), and further at T < 77K to
tetragonal (transitions of the second, first, and second orders, respectively). It has also
been found (Birgeneau et al. 1974) that transitions at 205 and 151K occur as a result of
the competition between the electronic and the elastic contributions to the total energy
of a crystal. The distortions of the PrAlO; crystal lattice at different phase transitions
are due to rotations of AlOg octahedra around some axis. The direction of this axis
changes when the temperature is lowered while the rotation angles remain approximately
constant (£9.4°). At temperatures between 205 and 1320K the rotation axis coincides
with the [111] direction of the perovskite lattice, in the temperature range 151-205K the
axis is oriented along [101], and at temperatures below 151 K this axis moves continuously
in the direction from [101] to [001], so that the crystal symmetry becomes tetragonal at
T <77K. However, according to the data of D’Iorio et al. (1984) no precise tetragonal
symmetry is achieved even at liquid helium temperatures. Perhaps this is due to the
substantial amount of Gd** impurity in the samples studied.

At low temperatures the crystal space group is I4/mem (DLY), the point group symmetry
of Pr** surroundings is Dsq4, local axes of the second order are oriented along [110] and
[110] and the fourth order axis is along [001]. Since usually all three cubic axes of the
perovskite structure are equivalent, a PrAlO; crystal consists of three kinds of tetragonal
domains oriented along [100], [010], and [001]. However, in the presence of a strong
magnetic field (~20kOe) or a small uniaxial pressure (~0.5 bar) the sample can turn into
a single-domain state (Riseberg et al. 1969).

The multidomain structure of PrAlO; was observed in the very first measurements of
the "'Pr NMR at liquid helium temperatures (Konov and Teplov 1977). When a sample
is placed within a cryostat in such a manner that a radiofrequency field H; is oriented
along a tetragonal axis, a spectrum related to domains oriented along H; is observed
(here ¥§ < yﬁ, see table 13). The spectral lines are characterized by large width and low
intensity.

The pattern of the Pr’* (4f2, H,) ion energy level splitting was established by means
of optical (Harley et al. 1973, Lyons et al. 1975) and neutron (Birgeneau et al. 1974)
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spectroscopies. With numerical values of the paramagnetic shift as a result of NMR
experiments, unknown coefficients of stationary state wave functions can be determined.
The best agreement with the experiment is achieved with the following data

Energy Wave function Energy Wave function
(em™) (em™)
0 0.598(]4) +|—4))—0.533]0) 319 0.887|£3) +0.462|F1)
35 (J2)-|-2)/V2 445 0.462|+3)-0.887|F1)
117 (|4) - |-4)yv2 925  0.377(|4) +|-4))+0.846|0)

224 (]2)+ |22

These data result in the value of ¥9 /27t =2.114 kHz/Oe, which exceeds the measured one
by 6%. Possibly, this is due to the influence of the excited multiplet level 3Hs separated
from the ground multiplet by a fairly small interval of 2100 cm™.

Analogous calculations of the Pr** ion wave functions in PrvVQ, were carried out by
Bleaney et al. (1978a). The situation in praseodymium vanadate is a rather interesting
one, since the lowest excited level proves to be a singlet (excitation energy 35cm™' at
low temperatures), which is not coupled with the ground level by matrix clements of the
momentum J. The Van Vleck susceptibility of the excited singlet in the direction of the
c-axis exceeds by far the susceptibility of the ground singlet. This causes a sharp increase
of y with the temperature in the range of 8-20K.

NMR spectra of ' Ho have been studied in detail in the following VV paramagnets:
HoVO, (Bleaney et al. 1978b), elpasolites RbyNaHoFs (Egorov et al. 1980, Tagirov
et al. 1979), Cs;NaHoFgs (Veenendaal and Brom 1982, Veenendaal et al. 1983), and
Cs;NaHoClg (Bleaney et al. 1981b), in holmium trifluoride HoF; (Bleaney et al. 1988b),
and in holmium nicotinate Ho(CsH4NCO;):2H,O (Bleaney et al. 1990). The first of
the systems mentioned has a distinct tetragonal symmetry, and the anisotropy of an
effective nuclear gyromagnetic ratio in this case is the highest of those reported in
literature (see table 13). The closest to the ground level electronic doublet has a relative
energy of 21 cm™!, therefore |9 /27| reaches a very large value of 152.6 kHz/Oe and
remains constant (within 0.2-0.3%) in the plane perpendicular to the tetragonal axis.
This experimental fact definitely confirms an axial symmetry and testifies that the doublet
splitting observed in optical experiments (Battison et al. 1975) is not related to static
crystal distortion. (This effect has been explained as the Davydov splitting due to magnetic
interactions between Ho>* ions (Aminov 1981).) Precise determination of || has been
complicated because of the high anisotropy. Experiments have been carried out both with
concentrated HoVO, and with magnetically diluted YVO, containing 2% Ho ions.

In experiments on the Cs,NaHoClgs system in the temperature range 0.6-20K no
deviations from cubic symmetry have been found. The system is of special interest since
its ground state is not a singlet, but a nonmagnetic doublet I's with the nearest triplet I'y
(excitation energy A, =10.3 cm™') and the singlet ['; (A; ~ 30-40cm™). The isotropic y-
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factor reaching a value of 198 kHz/Oe at 2K, is reduced to 70 kHz/Oe at 20 K. Though in
principle a nuclear Hamiltonian contains a quadrupolar term, only one NMR line has been
observed in the experiment, since the linewidth exceeds possible values of quadrupolar
splitting (Abragam and Bleaney 1982).

The solitary '>Ho NMR line has also been observed by Veenendaal and Brom (1982)
in a CsyNaHoFs single crystal at temperatures above 2K. According to heat capacity
measurements in the zero field (Veenendaal et al. 1983) the degeneracy of the ground
doublet I'; in this compound is lifted at 7p =393 mK; the corresponding phase transition
is described as the cooperative Jahn-Teller effect. At 20mK the effective gyromagnetic
ratio along the [001] axis appreciably exceeds that ratio of 4.2K and reaches the value
of 233 kHz/Oe.

Another picture is observed in Rb;NaHoFg (Egorov et al. 1980). The appearance of two
comparatively narrow spectra instead of a broad one shows that they are due to tetragonal
165Ho™* centers. High intensity of spectra leaves no doubt that the resonance absorption is
caused by all the holmium ions and not by a small number of defect centers which might
be due to imperfections of the crystal structure. Therefore one has to assume that the
Rb;NaHoF ctystal, similar to praseodymium aluminate, consists of tetragonal structural
domains oriented along elpasolite cubic axes. Apparently, the phase transition temperature
in this crystal proves to be much higher than in Cs;NaHoFs. Indeed, an investigation
of polycrystalline Rb;NaHoFs samples shows the existence of a phase transition from
cubic phase Fm3m to tetragonal 14/m at 172K (Thringer 1982). Measurement of the
heat capacity of the monocrystalline sample gives a typical peak corresponding to the
structural phase transition at 169K (Zhdanov et al. 1983). An analysis of the temperature
dependence of the spin Hamiltonian parameters in the temperature range 1.6-16 K shows
that the magnetic properties of the crystal in a low-temperature phase are determined
by a group of 4f-clectron states close in energy and generated from the cubic states
I’y (ground doublet), T4 (triplet), and T'; (singlet) by a small tetragonal distortion of the
crystal potential.

An enhanced nuclear resonance spectrum of the '*Ho nucleus was observed by
Bleaney et al. (1988b) in a HoF; single crystal at 3.52 GHz and 1.6 K. Taking into account
corrections due to the difference between applied and internal field (see eq. 150) and the
saturation effects, they obtained a very large value, @~ 665, for the shift tensor in the
direction of the crystallographic a-axis. The separation between the two lowest singlet
states was found to be 6.59 cm™!.

A great enbancement was observed by Bleaney et al. (1990) for Ho NMR spectrum
in holmium nicotinate. The optical absorption spectrum of this compound shows that the
lowest level of the Ho®" ion is a singlet, with two other singlets at 8.1 and 15cm™. At
42X the value of the paramagnetic shift ¢ varies from 352 to 76 in the plane of reflection
symmetry.

The NMR parameters in table 13 are given for liquid helium temperatures. As the
temperature is raised, excited electronic states are populated, and the nucleus is subjected
to the influence of different hyperfine fields, fluctuating due to the random processes of
thermal activation and deactivation. Now, in place of a single precession frequency for
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the nuclear spin, there appears a spectrum of frequencies. For sufficiently rapid changes
in the electronic states a single line is observed as before; however this line undergoes an
additional shift if the frequency spectrum under discussion is not symmetric relative to
the NMR frequency of the VV ions in the singlet state. A temperature dependence of this
kind in the NMR line shift @ has been observed for the first time by Jones (1967) while
investigating intermetallic compounds of praseodymium and thulium. Later this effect
was also observed in dielectric compounds of thulium (Aukhadeev et al. 1973, Konov
and Teplov 1976b), praseodymium (Bleaney et al. 1977), and holmium (Egorov et al.
1980). The experimental results can be well interpreted by use of the relation a” « 7,
which is based on the substitution of a time averaged value for the hyperfine field on a
statistically averaged value (cf. fig. 13).

The temperature-dependent shift of the resonance line is strongly connected with the
nuclear magnetic relaxation times and the linewidth. The fluctuating magnetic field at
the nucleus usually has components perpendicular to the external magnetic field. The
Fourier spectrum of these field components contains terms with resonance frequencies,
which induce transitions between nuclear energy levels. One may foresee the temperature
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dependence of relaxation rates T{! and T;' taking into account that the corresponding
correlation functions of electronic magnetization are to contain the probabilities of
transitions to excited states, i.e. Boltzmann factors exp(A/kgT). The nuclear relaxation
will be considered in more detail in the following subsection.

3.3.2. NMR of diamagnetic ligands
The presence of VV ions in crystals must be appreciably reflected in the NMR spectra
of diamagnetic atoms of the matrices. If a ligand is separated from a paramagnetic ion
by a large distance (>3 A), their multipolar interaction is mainly the magnetic dipole-
dipole one. Calculations by Eremin et al. (1977) show that even in the LiTmF, crystal,
which is notable for its comparatively dense packing, the contributions of higher moments
(neglecting overlap effects) are much less than the dipolar ones. In such cases the shift,
splitting, and broadening of resonance lines can be analyzed in a precise quantitative
manner, and we may assume the NMR spectra of ligands to contribute to a determination
of exact coordinates of atoms in a crystal lattice. In crystals with dense atomic packing
a manifestation of overlap of lanthanide ions and electronic orbits of ligands is to
be expected. Thus, a study of the NMR spectra of ligands must disclose the role of
the electron exchange in ligand hyperfine interaction and yield values of isotropic and
anisotropic contributions and their temperature dependences.

The effective nuclear spin Hamiltonian of a ligand v has a form analogous to egs. (135)
and (136):

Hy =—yAHo(1 + Ay) Iy + qyap (Ivalvg — $80pI3) (152)

where the shift tensor 4, includes dipolar fields of induced moments of VV ions, and the
corresponding contribution is obtained by the calculation of lattice sums

v -
Ag,dgﬁ = ;X&Ty) Z (rzc‘iyﬁ = 3x,x5) 7. (153)

“Pseudoquadrupolar” terms, quadratic in dipole—dipole interaction, are very small and
therefore negligible. To avoid the complications connected with the demagnetization field
factors, it is convenient to consider the spherical samples. In this case the sum in eq. (153)
1s taken over the sphere of a sufficiently large radius centered on a ligand ion.

The Zeeman part of the Hamiltonian (152) is readily diagonalized, and the effective
field is determined by equation

H = Ho[(1 + Av)ag (1 + Av)ay 151,12 (154)

where /, are direction cosines of an applied field. The paramagnetic shift in this case
is much less than for the nuclei of VV ions, (|A,| <« 1), so the following approximate
formula is appropriate:

H = Ho(1 + Ayaplalp). (155)

In TmES, LiTmF; and some other uniaxial crystals the xho) components of the
VV susceptibility are very small, and the NMR spectra of ligands in the field Hy || ¢ are
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of no practical interest. Let the magnetic field be perpendicular to the c-axis (z) and at
angle ¢ to the g-axis (x) (I,;=0, Iy =cos¢, I, =sing). Then

H U 0 21+ 2 21-2; R

= 1x= T/ - i

o 1 nxl( 7 + cos2¢ 7 sin2¢Z3 |, (156)
where

=) (F-307, =) (P-3Ar7, E=3) ot (157)

and the summation is over all lanthanide (VV) ions surrounding the chosen nucleus.
The width of the proton magnetic resonance spectrum in the TmES crystal reaches
almost 8% of the applied magnetic field at liquid helium temperatures (Teplov 1968).
It is possible to attempt to determine coordinates of hydrogen atoms by studying the
dependence of the above spectrum on the angle ¢ (Egorov et al. 1984b). The positions
of all atoms in the YES lattice have been determined by the neutron diffraction method
(Broach et al. 1979), so only the lattice parameters of the TmES crystal at liquid helium
temperature can be regarded as unknown quantities. To find them it is sufficient to
determine the coordinates of some protons. Protons of crystallization water (H4, H5A,
H5B, see table 1) are closest to a rare-earth ion: they are affected by strong local fields
and their lines in NMR spectra in the field Ho L ¢ prove always to be extreme. Therefore
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Fig. 14. (a) Relative values of the local
magnetic fields at H4, H5A and HSB pro-
tons belonging to water molecules and
(b) the width of the proton magnetic
resonance spectrum, in a TmES crystal at
4.2K (Egorov et al. 1984b). The external
field H, is perpendicular to the c-axis;
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0 30 60 90 ¢ =6.86 A; the dashed line is calculated
angle ¢ (deg) using the YES lattice parameters.
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the problem is reduced to the choice of such lattice parameters that the differences of the
calculated resonance fields of protons HSA, H5B, and H4 coincide with the measured
values of the width of the NMR spectrum. Local fields on the crystallization water protons
have been calculated with lattice parameters ag=13.59 A, co = 6.86 A; the results are given
in fig. 14. In calculations the value x(f)=7.07>< 1072° cm?/ion for the VV susceptibility
of the Tm?* ion has been used, which is obtained from the measured paramagnetic shift
of 1Tm NMR by use of the following numerical values of the Landé factor and the
hyperfine interaction constant: g =1.1638, 4)/h=-393.5 MHz (Judd and Lindgren 1961,
Abragam and Bleaney 1970). The calculated value of the spectrum width (solid curve in
fig. 14b) is in a good agreement with the measured one. For comparison the results of
a similar calculation with YES lattice parameters exceeding those mentioned above by
only 2% are shown in the figure (dashed curve).

The NMR spectra of '°F in LiTmF, have been studied at frequencies 10-20 MHz in
magnetic fields 2.5-5 kOe (Eremin et al. 1977, see fig. 15). F~ ions take two nonequivalent
positions in the lattice of the LiTmF, crystal, so two NMR lines of !°F are observed in the
field Hy 1 c, whose location depends on orientation of H, relative to the crystallographic



372 LK. AMINOV et al.

Table 14
NMR parameters of diamagnetic ligands in some dielectric crystals of the Van Vleck paramagnets at liquid
helium temperatures

Isotope [ Y2 Crystal Ref. Magnetic VV  Paramagn. shift Quadnup.
(kHz/Qe) field suscept. A, 4% 10 parameter
direction xf,‘ﬁ la/R|
(cm®/mol) (kHz)
'H % +4.2575 TmES 1 Hylec 0426 A, =+34 (H5A); -
Avmin =—41 (H4)
PF i +4.0054 LiTmF, 2 Hylec 0.392  Apu—Aymin =109 -
BNa 2 +1.1262  Cs,NaHoCl; 3 Hyf|[111] 1.68 -6 0
3ip % +1.7235  TmPO, 4 Hyllc; 0.0129 +2.4 -
Hylec 0450 -289 -
sty : +1.1193  PrvO, 5,6 Hylc 0.010 <+1 189.5
Hylce 0032 >-1
sty EuVO, 5,6 Hyllec 0.0063 ~0 178.9
Hylc 0.0055 ~0
sy HoVO, 5,6 Hylc 0.011 0 165.6
Hylc 130 -35
sy TmVO, 7 H, || [110] 0.0933 A,,,=-19 158.7
A,y =—5.0 156.0
References
(1) Aminov and Teplov (1985) (4) Bleaney et al. (1983c) (6) Bleaney et al. (1982a)
(2) Eremin et al. (1977) (5) Bleaney et al. (1982b) (7) Bleaney and Wells (1980)

(3) Bleaney et al. (1981b)

a-axis. Both NMR lines have fine structure at low temperatures, due to interaction of the
nuclei with the nearest thulium ions. The spectrum width (an interval between centers of
two groups of lines) is proportional to an applied magnetic field. The width is maximal
if the angle ¢ between the magnetic field and the g-axis is equal to 23 (£90a)°, and the
spectrum is reduced to a solitary line at ¢ =68° (fig. 15). At 4.2 K and below, the maximum
width reaches 0.109 of the resonance field Hy of the “free” fluorine nuclei and is equal
to 0.0273 Hy at 77 K. The spectrum center is shifted to fields higher than Hy. This shift
is also proportional to an external field and equals 0.0350 H at 4.2K and 0.0066 H at
77 K. The angular dependence of resonance fields of two nonequivalent fluorine nuclei,
calculated using eqs. (156) and (157), is shown by solid lines in fig. 15. The molar
susceptibility of the LiTmFy4 crystal has been taken to be equal to 0.392 cm?/mol at
4.2K as calculated using eq. (130). The calculated dipolar contributions to isotropic and
anisotropic components of the ?F NMR line shift are equal to 15 and 74% of the observed
values, respectively. This indicates the additional interaction between the Tm** ions and
19F nuclei, which appears, most probably, due to the overlap of thulium 4f-electron orbits
with 1s, 2s, and 2p orbits of F~ ion (transferred hyperfine interactions).
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Nondipolar interactions of nuclei of diamagnetic ligands with VV ions in a number
of compounds have been investigated by Bleaney et al. (1978b, 1981b, 1982b, 1983c¢).
The contribution of transferred hyperfine interactions to the paramagnetic shift for >'V in
HoVOy and 3'P in TmPO, proves to be quite comparable with a similar contribution in
LiTmFy, in spite of the fact that in those crystals the transfer of spin density can occur
only via the intermediate O% ion.

A clear shift of 2*Na and '3*Cs NMR lines, proportional to the effective y-factor of the
Ho®* ion, has been observed in Cs;NaHoClg by Bleaney et al. (1981b). After subtracting
contributions of the Lorentz and demagnetizing fields, there remains a small paramagnetic
shift A, (=2 0.006 for Na and even less for Cs), which for Na and Cs atoms, placed in the
cubic positions of elpasolite, can occur only due to the transferred hyperfine interaction.
ENDOR experiments directly testify to the presence of the above interaction in elpasolites
with lanthanide ions (Fish and Stapleton 1978).

Some results of experimental NMR investigations of diamagnetic atoms in Van Vleck
paramagnets are summarized in table 14.

3.3.3. Magnetic resonance line shape for nuclei of Van Vieck ions

The essential sources of the NMR line broadening for VV ions are: (a) imperfections of
a crystal structure; (b) dipole—dipole interactions of VV ions with each other, with nuclei
of diamagnetic ligands, with electronic moments of impurity ions; and (c) unresolved fine
structure of the NMR spectra for ions with spin / > %

Crystal structure defects involve the local spread of crystal axes directions. They
distort the structure of energy levels and the wave functions of VV ions, and by way
of these quantities, according to eqs. (130) and (134), they change the paramagnetic
shift tensor @ and the gyromagnetic ratio y= y,(1 + &). The corresponding change of the
resonance frequency equals Awo=HAy, where v is the effective y-factor. Assuming
deviations Ayy, Ay and A6 are independent, the following equation for the second
moment of the resonance line in axial crystals is obtained (Egorov et al. 1979):

MY = (Aw})
2

< (00 7 o B (A1) o sin 0.4 (7~ 1 cof O.a8))}.

(158)

The distinctive feature of this term is its quadratic dependence on the resonance frequency.
Studies of the frequency and angular dependences of M, have shown that the principal
cause of inhomogeneous NMR line broadening in such crystals as TmES and LiTmF, is
scatter in the values of the perpendicular component of the paramagnetic shift o (Egorov
et al. 1984b).

Accounting for spin—spin contributions to the line broadening is complicated by the
different gyromagnetic ratio tensors of interacting particles, and the quantization axes of
two spins may also be different. Assuming the Z, Z’ axes of the local coordinate systems
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to be the quantization axes of spins 7 and S, the secular part of the interaction H;s =SPI is
written as follows:

HG) = PrzSzilz + 5(Pxx + Pyy XSy Ix + Sy I'v) 8(ws, wy), (159)

the second term being nonzero only for coinciding resonance frequencies. When
calculating the second moment with the Hamiltonian (159) it is necessary to keep in
mind that an effective alternating field on different spins may differ both in value and
direction even if they have the same resonance frequency. We shall come across this
case below (sect. 4.5.3) when considering ferromagnetic compounds. In the present case
the local coordinate systems of all nuclei of the VV ions coincide. They are plotted for
an axial crystal in fig. 16. For VV paramagnets an internal magnetic field H (eq. 154)
differs from the applied one H|, only slightly, and this difference is neglected in line shape
calculations. Then the conventional momentum calculation (Al’tshuler and Kozyrev 1972)
yields the result

MY = (I +1) Z [Pzz = 3(Pxx + Pyyr) 8(ws, w,)] (160)
where the summation is over all spins S. For dipole—dipole interactions
n? 3rare
PXX’ = 3 ‘)/512 Ya’ﬁ’ AXﬁAX’ﬁ’ (6(1(1’ — %) , (161)

where y¥),yS) are gyromagnetic ratio tensors for particles 7, S; the Greek indices relate
to the crystallographic coordinate system, and 4y, is the matrix of transition to the local
coordinate system, which in the case of fig. 16 is:

R sing —cos ¢ 0
A= (cos@cosq) cos Osin ¢ —sinB) . (162)
sinfcos¢ sinfOsing cosd

To calculate the lattice sums it is advisable to use the crystallographic coordinate
system, where the tensors y¥) and y® are diagonal, and we proceed with the
consideration of the interactions mentioned at the beginning of this subsection. For
interactions of the VV ions with each other y¥) = y®), and the corresponding contribution
to the second moment of a NMR line appears equal to

W .
M g”) (rad?/s?) = 4—)/4 %(ZVﬁ + yi)z(Zyﬁ cos? 0 — v4 sin” 0)’ 3¢

+8 ‘ﬁylsm 2627+ 848 sin 6(23+COS4¢29)],

(163)
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where

S = Z (7‘2 _ 322)27‘_10, S, = Z zZ(xZ __yZ)r——lO,
(164)
28 - Z (x2 +y2)2r—10, 29 - Z (x4 _ 6x2y2 +y4) r—lO'

It is taken into consideration, that lanthanide ions occupy axial symmetry positions; in
the case of trigonal symmetry (as for TmES) the sum g equals zero.

For ligand nuclei the gyromagnetic ratio y, is isotropic [YEZIS;:YV(Saﬁ], ws # w;, and
the contribution of the VV ion-ligand interaction into the second moment of VV ions
NMR line is

2h2
M =111, + 1) (Y;z ) [%(Z)ﬁ cos” 61— v sin” 6 Zs + §(v] + v} ) sin® 2625

+2y4 sin® 6 (S5 + cos4¢Zs +4sin 492 0)

(165)
where

T~ 3 B )
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For impurity paramagnetic ions one has y®%— —gug, and upon introducing the
notation g> = gj cos? 6+ g sin? B, where g and g are the principal values of the g-
tensor, one obtains

2 2

Mgs) = %fS(S + 1)g——!jl}3’2 [(%giyi sin? B—gﬁ yﬁ cos? 9) P
(166)

+2(& v + gjv1)’ sin® 0Z; + 284 v4 sin® 0(Zs + cos 4(])29)].

Here f=ng/m is the relative concentration of impurity paramagnetic centers. When
calculating the lattice sums in eq. (166), the contribution of the nearest impurity ions
is neglected, since the strong local fields, produced by these ions, bring the resonance
frequency of nuclei of the VV ions far outside of the observed line width. For practical
purposes one may retain the terms with r > R, assuming R, to be the distance at which
a spin S creates a local field twice as large as the observed NMR linewidth.

The results of calculations of different contributions to the second moment of !®Tm
NMR in TmES together with the experimental values are presented in fig. 17 (Egorov et al.
1984b). According to the EPR data the crystal under study contains Tb** (f =4.6x107%),
Er** (4.6x107%), and Yb** (1.5x107*) ions. The most noticeable contribution to the line
broadening is due to terbium ions with the largest magnetic moment (g =17.72); in this
case the value R;=20 A has been assumed. The contribution of crystal imperfections,
calculated according to eq. (158), is shown by curve A in fig. 17. The resulting curve for
M, is in fairly good agreement with experimental results.

The quantitative analysis reveals the origin of the surprisingly strong anisotropy of the
second moment of the thulium NMR line. The small value of M, in the field Hy||c is
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the result of switching-off of all the sources of line broadening other than dipole—dipole
interactions of thulium nuclei with each other owing to the inequality |y)|<|yL|.
The magnitude of M in a field Hy Lc at a frequency of 3.9MHz is composed in the
following manner: the interaction of the thulium nuclei with each other makes up 4%
of the measured value of M,, the “thulium—proton™ interaction makes up 56%, the
“thulium—paramagnetic impurities” interaction makes up 25%, and the defects of the
crystal structure make up 15%. The greater part of the linewidth is due to the scatter
in the local magnetic field coming from the protons. This scatter is so large that the
spin echo of thulium nuclei can be observed in a homogeneous external field (Al’tshuler
et al. 1969, Aukhadeev et al. 1973, Egorov et al. 1984b). The echo signal at 7-15 MHz
can be described by an exponential function, which is close to a Gaussian with the
characteristic time 7% =4 pus. The Fourier transform of this echo signal closely coincides
with the distribution function of the resonance frequencies of thulium nuclei in the local
fields of the protons (Egorov et al. 1984b).

3.4. Nuclear magnetic relaxation and nuclear acoustic resonance

3.4.1. Effects of thermally excited 4f-states on NMR spectra
It has been mentioned already, that NMR spectra at heightened temperatures are modified
due to the population of high-lying electronic states of the VV ions. At sufficiently
large lifetimes of the excited states |m), supplementary absorption lines must appear at
frequencies w,,, corresponding to effective fields H,, in these states and with intensities
proportional to Boltzmann factors p,,. In fact, the NMR frequencies occur as random
time variables, and the pattern of the spectrum is determined by characteristics of the
random process of the VV ion transitions between different stationary states. If only the
magnitude and not the direction of the effective fields H ,, changes in these transitions, the
lineshape can be calculated for any value of the correlation time of the random process.
This occurs, e.g., for NMR of '*Tm in TmES at Hy||c (Aminov et al. 1982). In the case
of two frequencies wgy, w; and py=p; = %, we deal with the conventional illustration
of drawing together and subsequent confluence of two similar resonance lines when the
rate of frequency exchange is increased. Arbitrary values of p,, have been considered by
Burshtein (1968).

For a Tm>* ion in TmES at not too high temperatures (kpT < A), it is sufficient to
consider three electronic states |0), |d12) (see fig. 8) which will be numbered by indices 0,
1, 2, and whose populations evidently satisfy the conditions

po = 1> p1 = pr = exp(-A/kpT). (167)

The transition between doublet states is improbable. Indeed, the probability of spin-
lattice transition between close levels is small, because such a transition is due to low-
frequency phonons with small spectral density, while the transition due to dipole-dipole
interactions with neighbouring ions is prohibited in the first approximation. The lifetimes
of both doublet states are almost equal for the same reasons (and prove to be equal to the
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correlation time 7). Under the conditions (167) the principal maximum of the lineshape
function is near wy at any value of 7., and this function is reduced to the Lorentzian:

H{w)= r 168
pl(wo—w+6w)2+1‘2’ (168)
where
Aw; T Aw?
Sw = i ~A/kT’ — ¢ i -AKT 6
T T A0’ 2 Tramas (169)
i=1,2 I °C i7c
and Aw; = w; — wyp. In the case of rapid fluctuations,
Aw] 7o < 1, (170)

and the observed resonance frequency appears equal to the sum of resonance frequencies
in all electronic states weighed with the Boltzmann factors, i.e., it is expressed through the
paramagnetic susceptibility. This is the basis for using the proportionality relation a o< 7
between the paramagnetic shift tensor and the temperature-dependent susceptibility. The
agreement with experimental results of lineshifts calculated in such a way (see fig. 13a,
above) indicates that fast fluctuations (eq. 170) take place in this case. The line broadening
obtained from the theory is in good agreement with experiment, if we use the value
7.=3.4x107'%s for the correlation time, which does not violate the rapid-fluctuation
condition.

The lifetime of the excited states of a Tm*" ion is determined by the spin-lattice
relaxation processes and by an excitation energy transfer to neighbouring thulium ions
due to interionic interactions. In order to estimate the probability of an ion transition
to the ground state with a spontanecous emission of a phonon with energy A, we
make use of the experimental data on electron spin-lattice relaxation of Ce**, Pr*,
Nd**, Sm?* ions in LaCls, LaES and LaMgN (lanthanum magnesium nitrate) crystals,
published by Al’tshuler and Kozyrev (1972). In these crystals the lowest excited levels
of 4f electrons are separated from the ground doublets by an interval A=44-48K, close
to that for a Tm>" ion in TmES. The rates of a two-phonon resonance fluorescence-
type relaxation are equal, 77! =—w exp(—A/kpT), and for all the mentioned crystals the
pre-exponential factor w (which approximately coincides with the probability of the
spontaneous transition of an ion to the ground state) occurs within the limits 6x108
to 4x10°s7!, which corresponds to the average lifetime 7~5x107s of an excited
state.

The spin—spin relaxation mechanism shortens the obtained lifetime by approximately
an order of magnitude. Let H; be a Hamiltonian of an ion interaction with the /-th
neighbouring ion; (H;),, is a matrix element of the energy E,, transfer from an ion to
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the /-th neighbour, |n) being either of the excited states |dy ) of the neighbour. Then the
rate of the excitation departure from the ion is written as

% = _2;7;‘ Z I(Hl)mn|2 g(wmn)' (171)
In

Here g(w) is a form factor which takes into account the finite width of the energy levels,
and wp,, is the frequency detuning between the excited states, equal either to 0 or €.
Supposing the level broadening is due just to interionic interactions, one may choose
g(w) to be a Lorentzian function

g(w) = (172)

a(l+ 0?12’
In ethylsulfates the lanthanide ions are separated by comparatively large distances, so the
long-range dipole—dipole and via-phonon-field interactions are the most important ones.
An estimate of the lifetime of the excited doublet of the thulium ion due to Hgip-gip,
according to egs. (171) and (172), gives the value 7,=5x107!!'s. Some dependence of
7. on the orientation of the applied field is connected with the change of the doublet
splitting €2 (the value w,,, in eq. 171): it is considerably larger for the parallel than for
the perpendicular orientation, so the excitation energy is transferred to a similar state of
the other ion with the same energy (in the second case the energy may be transferred to
both excited states).

We see that spin-lattice and spin-spin relaxation processes involve very small
correlation times of random processes of activation—deactivation of the VV ions, which
supports condition (170).

3.4.2. Nuclear relaxation mechanisms

In general, the effective magnetic field on a nucleus, fluctuating due to transitions of
VV ions between different electronic states, has components perpendicular to a nuclear
spin quantization axis (Z) and therefore results in nuclear spin-lattice relaxation. Under
conditions (170) of rapid fluctuations of the nuclear surroundings, Bloembergen et al.
(1948), Wangsness and Bloch (1953) and Redfield (1957) have developed a theory of
nuclear relaxation. For the simplest case of spin /= %, this theory is reduced to the basis
of the phenomenological Bloch equations (Bloch 1946) and to the calculation of the
relaxation parameters 7; and 7. The Hamiltonian of a spin-system is written as

H=—yhI[H +h()], (173)

where H is the effective field at the spin site, and A(?) is a fluctuating field, which is a
random time variable. Then (Aminov et al. 1984):

TT =jxx(wo) +irr(wo),  T3' = Ti' +2(0), (174)
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where
Jag(@) = Re y? / dz Ry (T) Ry (0) €, (175)
o _

in which the overline indicates an average over the ensemble of random variables, and
wy is the resonance frequency. If I > %, formulae (174) and (175) can be used as crude
estimates of the spin-lattice relaxation rate and the relaxation broadening of a resonance
line.

The nucleus of the VV ion is most sensitive to fluctuations of the hyperfine magnetic
field; in this case

Ay

o= (2) o =T

v (176)
where the quantity J(f) is determined instantly by the corresponding “stationary” state
of the ion, and (- - -)o means averaging with an equilibrium electronic density matrix of
the ion.

For nuclei of diamagnetic ligands, coupled to paramagnetic centers by dipole—dipole
interactions,

h(t) = _Z ng;B

2

{ro-00-F o-win}. am

with the summation over the ions surrounding the nucleus. A similar fluctuating field
brings about the relaxation of impurity paramagnetic centers in VV paramagnets.

Dipolar fields on a nucleus fluctuate not only because of the random changes of the
moment J(¢), but also as a result of the change in distance r between the nucleus and
the paramagnetic ion at thermal vibrations of a lattice [“Waller’s” relaxation mechanism,
cf. Waller (1932)]. The Hamiltonian of interaction to first order in deformation may be
written as H;(f) = —yhlh(t), where

1
ha(t) = gitin > FG;IBJBei, (178)
i 0
1

and e; are linear combinations of the nonsymmetrized tensor uqg (# is a displacement
vector; cf. eq. 10), which transform under rotations as real spherical functions:

1 1 .
e; = —=(Ux + Uy + ), e = —=(2uz — Uy — Uyy),
V3 V6 (179)
1 1 1
ey = 7§(un - uyy), e4 = 7§(uyz + uzy), e = ﬁ(uyz - uzy).

The components es, es and eg, e9 can be obtained from e; and e;, respectively, by
cyclic permutation of indices x, y, z. Structural factors G?ﬂ, arising at the expansion of
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dipole-dipole interactios, are composed of direction cosines of an equilibrium distance,
ng=Foa/to; for instance,G‘l”ﬁ = (—\/’5)(60,3 ~3nqng), etc. The role of fluctuating parameter
in eq. (178) is played bythe deformation e.

The crystal potential oy a VV ion is also changed occasionally under thermal vibrations,
which, in turn, results in nndom changes of the paramagnetic shift @ and the quadrupolar
interaction in eq. (134). Te first approximation in e, the electron—-deformation interaction
equals Y V;e; and therefore the effective Hamiltonian of the spin—phonon interaction
is

H' = [GagilaHp+1gHa) + Pogil algle:, (180)

where

Gaﬁ,‘ =gJuBAJ ((()I JaCQV,‘C()Jﬁ +JaCOJﬁC0 V,' + ViCQJaCOJﬁ |0>

81
— (017110) (0ot 0}), (s
in which energies and wave functions are taken in the zeroth order in deformation. The
tensor Pqg; looks similar: only the hyperfine interaction parameter 4; appears, instead of
gilg, in eq. (181). If the spin / = %, there is no term with Pg; in eq. (180), however, even
for I > % at usual magnetic fields, this term is of the same order of magnitude as the first
one, unlike the case of electronic spin-lattice relaxation. In the usual NMR the considered
relaxation mechanism is inessential, but for the VV ion nuclei, coupled to the crystal field
much more effectively, this mechanism may be manifested at very low temperatures, when
other mechanisms are “frozen out”. Evidently, the first term in eq. (180) may be presented
in the form of eq. (173). In fact, the value 77! in eq. (174) equals the sum of probabilities
per unit time of nuclear spin transitions between stationary states |+) and |—). Therefore,
in the case of relaxation mechanisms with the help of phonons one may use the result
of the conventional calculation of such probabilities between any spin states |i) and |f)
(Aminov 1978, Aminov and Teplov 1990):

_ w? how )
Ty =Wy + Wi = g s cotanthB"T > @l U2, (182)
m i
where

5 5
- _ - v v
Uy = %(Uls +30°), .= (—m> ) 926 =1, 919 = (U—m> s (183)

1] t

vy, Uy are longitudinal and transverse sound velocities. Operators U; are defined by equa-
tion H; =3 Uje;, and for the mechanisms considered above, their form is determined
from eqs. (178) or (180). A separate probability of a transition with a phonon absorption
(or emission) is obtained from eq. (182) by substituting n, = [exp(hwe/kgT)— 117! (or
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Table 15
Some experimental data on spin-lattice relaxation of !'Pr and '®Tm nuclei in dielectric VV paramagnets
(T7' =A exp(-A'tky T))

Crystal Ref. Temperature Magnetic field 4 (s7) A (cm™)
(K) orientation

Pr,(S80,),-8H,0 1 6-9.2 arbitrary 8.4x107 55

Pr(NO,),-6H,0 1 3.5-5.5 arbitrary 4.0x10¢ 27

Pr(ReQ,),-4H,0 1 2.5-5.2 arbitrary 2.2x10° 19.7

TmES 2,3 3.0-5.0 Hylc 1.8x 108 32

LiTmF, 4 2542 Hyle 4.4x10¢ 27

TmPO, 5 25-34 Hylc 3.1x10¢ 25.6

TmVO, S 0.3-1.0 Hylc 1.4x10* 1.5

References

(1) Konov and Teplov (1976a) (3) Aukhadeev et al. (1973) (5) Suzuki et al. (1981)

(2) Al’tshuler et al. (1969) (4) Antipin et al. (1979)

ngo+ 1) for cotanh(hwo/2kpT). Expression (182) is obtained by use of the Debye model
for lattice vibrations.
Correlation functions for random processes (176), (177) are as follows:

24(t) = hg(D g (0) = Splpahy(t) hy(0)], (184)
where

A I a i
h(t) = exp(—gHelt) hexp(zHel 1),

He is the energy of a VV ion plus its interactions with the lattice, and pe is the
corresponding density matrix. For the model three-level systems (e.g., Tm** in TmES)
the calculation of the g,(¢) is simplified due to the presence of the characteristic time 7.
The single-ionic Hamiltonian is substituted for Hej,

He =Ho+giusHoJ, (185)
and the damping is taken into account in a semi-phenomenological manner, by introducing
the factor exp(—#/1.) into the right-hand side of eq. (184). After diagonalizing the matrix

"H in the space of doublet states, we obtain the following comparatively simple formulae
for relaxation rates of the nuclei of the VV ions:

2 2 0/
Ti1 2/;;2’[0 sin® 0’ {a2 + P wd (9 cos? &' + %) } exp (-IC;LT) ,  (186)
1 1 243, . 1 A
E = 2_T1 + hJZ {a2 COS2 91+b2(l)% Sln4 o (9+1—1—§—2—2—{g—>}exp(—m) ,

(187)

where a = (d |/ {d1), b =2gsus {d | /x| 0)?/y1 A, 2 is a doublet splitting which may

include a small initial splitting £ (£2¢7. < 1), and the angle 8’ is defined by the

orientation of the applied field (see eq. 138).
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Fig. 18. Angular dependence of the
spin-lattice relaxation rate of the 'Tm

102 | U NN IR SN I S G S T— nuclei in TmES (Aminov et al. 1984) at

0 30 60 90 4.2 K, and resonance frequencies 7.5 MHz
(60 <50 and 13 MHz (0 > 3°). The curve

angle 8 (deg) is calculated using eqgs. (186) and (171).

The exponential dependence on inverse temperature, predicted by egs. (186) and
(187), is characteristic of the spin-lattice relaxation of nuclei of lanthanide ions in the
VV paramagnets in a certain temperature region. Some experimental results on nuclear
relaxation, induced by hyperfine magnetic field fluctuations, are given in table 15.

The strong anisotropy of the spin-lattice relaxation at near parallel orientations of an
applied field H, which follows from eq. (186) (the factor sin? 8'), has been observed in
TmES (fig. 18) (Aminov et al. 1984). An increase of the relaxation rate at a §-change
from 90° to 7.5° may be due only to the increase of the correlation time 7.. As mentioned
above, the dependence 1.(8), is due to the broadening of the doublet level of thulium ion
by interionic interactions.

In the closely parallel orientation Hg|lc small transverse components of the hyperfine
field, which induce relaxation transitions, can also occur as a consequence of the
local distortion of a crystal field symmetry (e.g., near impurity ions; see sect. 3.5). In
insufficiently perfect crystals this effect can almost entirely conceal the sharp dip in 77!
in the vicinity of 6= 0, which apparently is what occurs in LiTmF4 (Aminov et al. 1980).

The quantity 7,' is a part of the line width, which is due to the fluctuational
mechanism and is designated as I' in eq. (168). Its value does not depend on the
resonance frequency wy at parallel orientation; at other orientations that dependence has
an approximate form 7,!=c’+c”v2. The measurements in TmES at high frequencies
(v >20MHz) confirm the expected dependence (fig. 19). At low frequencies the
temperature-dependent broadening is small, and the lineshape is strongly deflected from
the Lorentzian.
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Fig. 19. Pre-exponential factor A4, of
the relaxation rate of the transverse

preexponential factor A (108s-1)

\ , . | magnetization of the '®Tm nuclei in
o 05 10 15 2.0%10% TmES as a function of the square of the
) ’ ) resonance frequency v (Aminov et al.

frequency squared (Hz2) 1983, 1984).

The correlation function (184) for the random dipolar fields-(177) is calculated in much
the same way. For the model three-level system (fig. 8) we write down the relaxation rates
for nuclei of diamagnetic ligands at H||c as follows:

T7' = 18yigtu 1.a> Z 778 sin? 6; cos® 0; exp(-A/kpT),

! (188)
T, = ylzg?uzB T.a Z r,-_6 [sin2 0; cos? 6; + 2(1 — 3 cos? 0,-)2] exp(-AkpT),

where 8; is an angle between the c-axis and the radius-vector r;, connecting the nucleus
with the i-th VV ion. Experimental values of T for '°F nuclei in LiTmF4 (Antipin
et al. 1979) as well as results of the calculation are given in fig. 20. Calculations were
made using eq. (188) with 7.=1.2x107!! s, which value is found from eq. (171) for the
probability of dipole—dipole transfer of an excitation from an ion to neighbouring ions.
The relaxation rates of the fluorine nuclei are much less than that of the thulium nuclei
since the hyperfine field of 4f-electrons is essentially greater than the dipolar field on
a fluorine nucleus. At the same time this rate appreciably exceeds the fluorine nuclei
relaxation rate in diamagnetic crystals (cf. Abragam 1961).

The effectiveness of the relaxation processes with thermal excitations of electronic
states of the matrix ions diminishes as exp(—A/kgT) with the decrease of temperature. At
fairly low temperatures the mechanism of nuclear relaxation via impurity paramagnetic
centers, common for dielectrics, comes into effect (Abragam 1961, Khutsishvili 1968,
Atsarkin 1980). This is well illustrated in fig. 20: the temperature motion of the nuclear
relaxation rate is sharply slowed down for °F at T < 5K and for !Tm at T <3 K, and at
the lowest temperatures the thulium nuclear moments relax only ten times faster than those
of fluorine. This fact clearly shows that the relaxation of different nuclei proceeds by a
single channel. The observed factor-of-ten difference is easily obtained, if one multiplies
the concentration ratio ntm/nr =% by the ratio of the squares of their magnetic moments
Y4m/v%=36. Thus, the role of 4f electrons is reduced here to the enhancement of dipole—
dipole interactions of nuclei of the VV ions with impurity paramagnetic centers.
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Fig. 20. Spin-lattice relaxation rate of the ' Tm (circles)
and "°F (triangles) nuclei in LiTmF, with an Er** ion
impurity (relative concentration 10#) as a function
of the inverse temperature (Antipin et al. 1979). The
0 0.2 0.4 0.6 0.8 external field H, is paraliel to the c-axis, the resonance
frequency is 10.6 MHz; the dashed line is the calculated
relaxation rate of the °F nuclei.

inverse temperature (K™)

For very low temperatures (kp7 < gupHo), where an electronic polarization of
impurity ions becomes significant, the efficiency of the relaxation mechanism discussed
here will once again decrease sharply. It is precisely this phenomenon which gives rise
to the well-known “freeze-out” effect of nuclear polarization (Borghini 1966). In this
case, evidently, the nuclear spin-lattice relaxation comes about via direct energy transfer
from the spins to the lattice, due to the relaxation transitions between nuclear sublevels
with emission or absorption of a phonon of the corresponding frequency. The effective
Hamiltonian of the spin—phonon interaction has the form (180), and the rate of relaxation
transitions, with the Debye model for lattice vibrations, can be written down in the
standard form (182), where i and f now designate the nuclear sublevels. A similar
expression is obtained when we calculate the relaxation rate for transitions between
the i and f states of the electronic Kramers doublet due to the electron—deformation
interaction. The only difference between the nuclear and electronic situations involves
the resonance frequency, thus one can write (Abragam and Bleaney 1983):

1 1 Wnuct ) ° (hwnu(:l) ( hwel )
~ — [ —— ] cotanh tanh , 189
T 1nuat (31 ( We) 2kBT 2kBT ( )
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where T, is the electronic spin-lattice relaxation time of Kramers lanthanide ions with
splittings comparable to A in a crystal field, which are embedded in the host matrix with
the appropriate density and sound velocity.

The relaxation mechanism under discussion is very weak. According to the calculation
of Vaisfel'd (1972), the relaxation time for '*Tm nuclei in TmES for a temperature of
42K in a field of 500 Qe perpendicular to the c-axis of the crystal, must be of the
order of 10!!s. However the probability of a direct relaxation transition grows with the
increasing magnetic field as Hy. Assuming Ho=80kOe, we obtain T;=150s at T=4.2K
and 9 hours at 0.02K. Clearly, these estimates contribute to the idea of cooling the spin-
system of nuclei of the VV ions to ultralow temperatures by “brute force” techniques.

However, investigation of the spin-lattice relaxation of thulium nuclei in TmES at
ultralow temperatures (70-100mK) and strong magnetic fields (up to 60kOe) revealed
that the relaxation is not exponential and the relaxation rate, large enough as it is, does not
depend on magnetic field magnitude and temperature (Volodin et al. 1986). At the same
time the equilibrium magnetization of the '*'Pr nuclei in Pry(SO4)3.8H,0 at T =80 mK
is established according to an exponential law with the rate T7!1=6.9x10 His. A
minimum of T = 100 hours has been found at 7=80mK and Hy=47 kOe. Roinel et al.
(1985) have studied the longitudinal magnetization relaxation of !*Tm nuclei in a TmPO,4
single crystal at 50 mK. They found that with increasing magnetic field perpendicular to
the c-axis, the relaxation time T'; at first grows sharply (from 40's at 350 Oe to 3x 10% s at
5kOe), and then begins to decrease approximately as 1/H,, reaching a value of 3x10° s
at Hy=55k0e. The observed nonexponential character of the '*Tm nuclear relaxation
at strong fields was ascribed to the presence of the phonon bottle-neck in direct processes
of nuclear relaxation. '

The method of nuclear acoustic resonance proves to be suitable for studying the nuclear
spin—phonon interaction using a moderate magnetic field. Resonance absorption of the
ultrasound can be regarded as the phenomenon inverse to magnetic relaxation through
one-phonon processes (Al'tshuler and Kozyrev 1972). Therefore the considerations
discussed earlier are also relevant to estimates of the magnitude of sound absorption by
nuclei of the VV ions. The absorption coefficient of sound due to transitions between
nuclear sublevels i, f takes the form of

_ [/ Tnwy hwo
5 = (Ga )g(w)tanh(kBT>

where n is the nuclear concentration, g(w) is the form factor of the NMR line normalized
to unity; e is a unit polarization vector, A=¢/q is a unit wave vector, and the quantities
(e14); are defined in analogy with eq. (179). Due to the high concentration of absorbing
centers and the frequency, which is large compared to the usual one in NMR, the
magnitudes of the coefficients ¢ are wholly measurable in experiments. The nuclear
acoustic resonance in VV paramagnets was first observed on the “!Pr nuclei (/= %)
in PrF; (Al’tshuler et al. 1979). The measurements were performed at a temperature of
4.2K with the longitudinal ultrasound of frequencies from 21 to 36 MHz. An estimate

2
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, (190)
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of the absorption coefficient gave a value 0~ 107%cm™. Strong resonance absorption
(0~3cm™! for T=1.6K) of longitudinal acoustic waves with a frequency of 800 MHz
in the HoVO4 single crystal was observed by Bleaney et al. (1983a, 1988a). By studying
resonance absorption of sound in various propagation directions and polarizations
practically all the spin—phonon interaction constants, and with them the reliable estimates
of the one-phonon relaxation rates of the VV ion nuclei, can be obtained.

3.5. Influence of point defects on local magnetic properties

3.5.1. EPR of impurity paramagnetic ions

Like other dielectric crystals, VV paramagnets with impurity paramagnetic ions were
widely investigated. The most obvious manifestation of magnetism of an impurity center
environment is a shift of the electronic g-factor, similar to the paramagnetic shift
of ligand NMR discussed earlier. It is this shift which was observed by Hutchings
and Wolf (1963) in their first investigation of the EPR of impurity ions Yb*" in the
VV paramagnets — garnets TmAIG and TmGaG. These authors proposed to use the effect
for estimating the exchange interactions between impurity and host lanthanide ions. Rimai
and Bierig (1964) investigated the EPR and spin-lattice relaxation of Fe** ions in thulium
garnets; they observed the relaxation of impurity ions via matrix lanthanide ions. The
mechanisms of this relaxation will be discussed in greater detail below.

The shift of the resonance lines in magnetic media is due not only to exchange and
magnetic dipolar interactions with the nearest surroundings of an impurity ion (i.e., to the
molecular field), but also to the Lorentz field and sample-shape-dependent demagnetizing
field. Therefore it becomes possible to obtain the Van Vleck susceptibility by studying
the dependence of the position of EPR lines of impurity ions on sample shape; this was
realized, in particular, for TmGaG (Hodges 1975a) and LiTmF4 (Korableva et al. 1982).

Various extensive EPR investigations of impurity S-state ions in VV paramagnets
were carried out by Mehran et al. (1977, 1979a,b, 1980, 1982, 1983) (see also the
review by Mehran and Stevens 1982). Besides g-factor shifts they considered the change
of the crystal field potential on the impurity, caused by interaction with VV ions
(“pseudocrystalline” contributions to the potential), and also the broadening of EPR lines.
There are some sources of line broadening in VV paramagnets, besides the common
ones, namely, the broadening due to magnetic and exchange interactions of the impurity
with VV ions, fluctuational broadening connected with relaxation transitions of VV ions
between stationary states, and indirect (“enhanced”) hyperfine interactions of impurity
electrons with nuclei of VV ions.

In general, calculating the above effects is like deducing the effective nuclear spin
Hamiltonian, described in sect. 3.1. The Hamiltonian of interaction of an impurity ion
with surrounding VV ions is written in the general form

Himpvv = 9, aigSal ), (191)
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where S is the effective spin of the impurity ion and index i enumerates VV ions.
Including this interaction, together with the Hamiltonian H’ (eq. 126), into the standard
procedure of the perturbation theory, we obtain appropriate corrections to the spin

Hamiltonian ’H?mp, which contain the interaction parameters azﬁ. At low temperatures the

result is reduced to substitution of operators .J g) in eq. (191) by their average values in the
ground states, and the interaction itself occurs as a correction to the Zeeman Hamiltonian
of the impurity ion:

Himp-vv = AgapltnSaHp,  Agap=-g1 Y aby T, (192)
i

At higher temperatures the excited states also contribute to the average values, so
the corrections become temperature-dependent, similar to the case of nuclear spin
Hamiltonians (see sect. 3.3.1).

The g-factor shift may be found experimentally by comparing the EPR spectra of an
impurity ion in a VV paramagnet and in analogous diamagnetic lattices. Aminov et al.
(1990a) obtained the Ag) and Ag, values for Ce**, Nd*", Dy**, Er**, Yb** ions in
LiTmF,, when comparing the spectra of these ions with those in LiYF; and LiLuF,.
The contribution of dipole—dipole interactions is calculated easily, since
. ‘LLZ -
(ai‘xﬁ)dip = (gij—B) (8ap — 3ga},nbn'},),

i
where gqg are the g-factors of the impurity. In the estimation, allowance must be made
for the difference between the crystal field Hamiltonian ’Hg) of a VV ion and the
corresponding Hamiltonian in a regular lattice due to local defectiveness of a crystal
near the impurity site (more details are given in the following subsections). The part of
Agqp which remains after subtraction of the dipolar contribution is attributed to exchange

interactions with the nearest VV ions. Parameters of exchange interactions, obtained in
such a way, are of the order of (or exceed) the dipole—dipole part. Thus, for Ce**:

(@ + ay)aip = 1.6 x 102 em™, Az, gip = ~2.98 x 1072 cm ™,
while
(@ + aplex = 1.65 X 1072, ay e = 144 x 107%em™,  etc.

These conclusions are analogous to those made by Mehran and Stevens (1982).

The lanthanide impurity ions can serve as probes of magnetic field-induced defor-
mations of the VV paramagnets. As the magnetostriction is a nonlinear function of
the magnetic field, it manifests in the nonlinear magnetic properties, for example, in
magnetic anisotropy. The magnetic anisotropy can be observed most clearly in the case
of isotropic linear magnetic susceptibility. The EPR spectra of the Kramers ions (Yb**,
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Er’t, Dy*") in the cylindrical sample of LiTmF;, whose generatrix is directed along
the c-axis, are isotropic in the (001) basal plane only in the first approximation. The
magnetic field induces deformations of A; and B, symmetry and the latter lowers the
crystal field symmetry. We shall distinguish between the nonlinear response of the 4f-
electron shell to a magnetic field and the lattice anisotropy due to the parastriction
and the internal anisotropic magnetic field. The lattice anisotropy was singled out by
Al'tshuler et al. (1985) when comparing the resonance transverse fields, obtained with
EPR measurements at 74 GHz and 4.2 K, for the impurity Yb3*, Er**, Dy** ions in the
LiTmF, VV paramagnet and in the LiYF4 nonmagnetic crystal. The splitting of the
Kramers doublet can easily be analyzed using an effective spin Hamiltonian (see egs. 118,
119) containing the following terms, relevant in the present case,

Hs = a { g1 (H.Sx+H,Sy) +gs1 [SH, (H: —3H]) + SyH, (H2 - 3H?)]
+g32 [SyHx (H2 = 3H3) - S:H, (H: - 3H2)]

+ (HiSy —HySy) Y [G1i(T2) e(BL) + G1(T2) Aw(BL)]

i

+ (HuSy = HySx) > [GailT2) e(BL) + Gj(T2) Aw(B)] }
i

(193)
In contrast with eq. (118), this expression contains additional terms which are nonlinear in
the magnetic field and are obtained in the third order in Hz. In analysis of experimental
data, the local magnetic field H of the cylindrical sample affecting the impurity ion,
considered up to third order in the external field Ho=H(cos ¢, sin ¢, 0), should be
inserted into eq. (193). When neglecting the exchange interactions,

H = a1Ho + a3H} cos [4(¢ — @o)],

where a; =0.973, a3 =-2.661x 1076 (kOe) 2, ¢y =12.2°, and the nonlinear isotropic terms
are omitted. After substituting into eq. (193) the characteristics of the field-induced lattice
deformation e(BL|H,) and Aw(B|Ho) which were described in sect. 3.2, we find the
splitting of the doublet

Ae =g {a1gL +AHjcos [4(¢ — ¢p)] } Ho. (194)

The anisotropy constant 4 and the angle @, specifying the direction of the extreme
resonant field in the (001) plane can be easily written through the parameters of the
intrinsic anisotropy (g3;) of the doublet, the spin—phonon coupling constants [G;(T2),
G};(T2)] and the constant of the local field anisotropy (c3). The results of calculations
{(given in parentheses below) of the g-factor anisotropy in the LiTmF, crystal agree
well enough with the experimental data: 4=13 (12.5) for Yb**, 380 (398) for Er** and
1640 (860) for Dy*" in units of 107® (kOe)™. The proper magnetic anisotropy of the
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Table 16
EPR parameters of the impurity lanthanide ions with an effective spin §= ] in some dielectric crystals at liquid
helium temperatures

Ton Crystal g:(gL) &{g.) g:(gy) Reference
Ce** EuES 0.2 0.2 3.785 Nejlo and Prokhorov (1983)
LiTmF, 1.373 1.373 2.767 Aminov et al. (1989)
PrF, 0.39 0.946 2.69 Rachford and Huang (1971)
Nd** Eu,Ga;0,, 3.820 1.965 1.190 Hodges (1975b)
TmES 1.956 1.956 3.69 Aminov et al. (1986)
LiTmF, 2.611 2.611 2.06 Aminov et al. (1989)
PrF, 1.500 1.094 2.933 Rachford and Huang (1971)
Dy** LiTmF, 9.476 9.476 1.183 Aminov et al.(1989)
Cs,NaHoCl,? Bleaney et al. (1981b)
Er** TmES 8.732 8.732 1.521 Aminov et al. (1986)
LiTmF, 8.074 8.074 2.960 Antipin et al. (1979)
7.586 7.586 2.959 Aminov et al. (1989)
PrF, 2.801 448 11.36 Rachford and Huang (1971)
Yb* Tm;ALO,, 2.559 3.742 3.998 Hodges (1978)
2.55 3.75 4.02 Hutchings and Wolf (1963)
Tm;Ga;0,, 2.94 3.56 3.72 Hutchings and Wolf (1963)
Eu,;Ga;0,, 2.68 3.66 3.81 Hodges (1975b)
LiTmF, 3.974 3.974 1.327 Aminov et al. (1989)
PrF, 3.47 5.427 1.205 Rachford and Huang (1971)
Cs,NaHoCl,*® Bleaney et al. (1981a)
2 g=6.60 (cubic symmetry). b g=2.58 (cubic symmetry).

Yb** jon is very small due to a large gap (>200cm™) between the ground and nearest
excited doublets, thus the isotropic EPR spectrum is observed with the magnetic field
in the basal plane in LiYF4:Yb". The clearly observed anisotropy in the EPR of the
LiTmF4:Yb>* crystal is almost entirely induced by the anisotropic local magnetic field
due to the VV ions. The measured relative differences between the corresponding values
of the anisotropy constants 4 of the Dy** and Er>* ions in the LiYF,4 and LiTmF, crystals
do not exceed 20%, for these ions with small excitation energies from the ground state to
the nearest sublevels (see table 5) the magnetic anisotropy is mainly an intrinsic property.

The EPR spectra of Gd**, Dy**, Er**, and Yb*" ions in elpasolite Cs;NaHoCls were
observed by Bleaney et al. (1981a). The ions were not embedded into a sample, they were
there as natural impurities. No spectrum shows any deviations from the cubic symmetry
in the whole temperature range investigated. The possibility to observe the EPR of the
Ho?** ion, whose electronic ground state is a nonmagnetic doublet, seems to be the most
interesting subject here. When the magnetic field is applied, the doublet is split due to the
second order Zeeman effect and the transitions between doublet states become resolved
with the frequency and intensity proportional to the square of the field.
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A series of EPR investigations of impurity lanthanide ions, iron group and palladium
group ions in thulium and europium garnets was carried out by Hodges (1975a,b, 1977,
1978, 1983a, 1985). A huge shift of the Ru3* ion g-factor in Tm3AlsO;; was observed

due to the great enhancement of the superhyperfine interaction.

The temperature dependence of the Gd** spin Hamiltonian parameters in PrVO, and of
the resonance line width was investigated by Mehran et al. (1980) and Andronenko et al.
(1981). A measurement of the Tm** ion spectrum in the VV paramagnet HoND (holmium
nicotinate dihydrate) should also be noted (Baker et al. 1986b). The EPR in TbND has
shown a spectrum from a relatively rare species of a paramagnetic ion (defect sites) in
an undiluted compound of the same paramagnetic ion (Baker et al. 1987).

Spin Hamiltonian parameters of impurity paramagnetic ions in a number of dielectric
VV paramagnets are given in tables 16 and 17.

EPR parameters of impurity Gd** ions in some dielectric crystals of the Van Vleck paramagnets

Table 17

Crystal Ref. g-values Fine structure parameters b (GHz)
PrCl,-7H,0 1 g,=1.993 K=1.166; b2=-0.724
g,=1958 B=0.006; b2 =-0.047; b} =-0.057
g2,=1.993 b=0; b2=-0.031; b} =-0.080; b2 =-0.060
Pr,(S0,),-8H,0 2 g,=1.995 b3=-1.863; b3=1.135
g2,=1997 b3=0.035; b2=0.012; b;=-0.016
b2=0.003; b2=0.014; b} =-0.008; bf=-0.001
Pr(NO,),.6H,0 3 2,=1.997 b=-1.379; b5=1.074
g,=1.992 b3=-0.005; b2=-0.011; b} =—0.066
b3=0; b2=0.015; b¢=0.003; b =0.003
EuES 4,5 gy =1.99200 53=0.4998
g,=199154 =0.0114
b2=-0.0012
EuCl,.6H,0 6 g,=19915 b3=1.8754; bt =-1.1400
g.=1.9910 B=-0.0312; b2 =0.0369; b}=0.0041
b2=-0.0019; b2=0.0299; bi=0.0312; bf=0.0144
Eu,(S0,),-8H,0 2 g,=1.985 b3=-1.907; b3=1.082
g,=2.005 b3=0.036; b2 =-0.005; b=-0.045
5=0.003; b2=0.015; b4 =~0.018; b =-0.032
Eu(OH), 7 g =g,=1990 b3=-0.4347
b3=-0.0090
b2=0.0018; |b¢|=0.018
EuPO, 8 g=1.991 B =2.487; bt =0.861

b2 =0.0006; b} =—0.147
b2 =—0.0006

Continued on next page
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Table 17, continued

Crystal Ref. g-values Fine structure parameters b7 (GHz)
Eu,Ga;0,, 9 g.=1.984 BY=1.7847; b%=1.4355
g,=1.984 b3=-0.124; b2=0.0070; b} =0.545
g2.=1987 b2 =0; bt =-0.0064; b+ bS=0.0015
Cs,NaHoCl, 10 g=1.99 b3 =(-)0.052;
b2=0 (cubic symmetry)
TmES 4,5 gy =1.99234 b3=0.4425
g, =1.99158 b3=0.0111
b2=-0.0012
TmAsO, 11 g=1.980 by=-1.053; B2=-0.47
b3=-0.020; b2 =0.097
TmVO, 11 g=1970 by=-1.593; p2=-0.020
by=-0.012; b} =0.11
TmPO, 12 g=1992 B =2.03 (T=4K); 1.95 (T =150K)

B=-0.016; b%=0.40
B2 =0.0014; B2=0.15

References

(1) Misra and Sharp (1976) (5) Viswanathan and Wong (1968) (9) Hutchings et al. (1966)
(2) Misra and Mikolajczak (1979) (6) Malhotra et al. (1977) (10) Bleaney et al. (1981a)
(3) Misra and Mikolajczak (1978) (7) Cochrane et al. (1973) (11) Schwab (1975)

(4) Smith et al. (1977) (8) Rappaz et al. (1981) (12) Mehran et al. (1977)

3.5.2. Spin-lattice relaxation of impurity lanthanide ions

The relaxation mechanism, connected with the random thermal excitation of the host
lanthanide ions in VV paramagnets, proves to be effective for impurity ions too. We
list the results of the relaxation rate measurements for a number of impurity lanthanide
ions in TmES and LiTmF, crystals (Aminov et al. 1986, 1989) (table 18). As for other
investigations in this field, we may refer only to papers by Rimai and Bierig (1964),
Rachford and Huang (1971), and Antipin et al. (1979); and only in the first of these
papers was the influence of thulium ions on spin-lattice relaxation of Fe** ions in thulium
garnets observed with certainty.

It should be noted that the results of measurements of the Nd** spin-lattice relaxation
both in TmES and LiTmF,; depend neither on the concentration of Nd** ions, nor on
the concentration of Er** ions, which have been specially embedded into the samples.
The relaxation times of Yb>* ions in LiTmF, at Hyllc and T <3K were shortened by
the cross-relaxation through the rapidly relaxing Dy** ions (Antipin et al. 1978) present
in small concentrations in the samples, since at the orientation under consideration the
Zeeman splittings of Yb** and Dy>* ions are very close to each other.
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Table 18
Spin-lattice relaxation rates of the impurity lanthanide ions in TmES and LiTmF, crystals®

Impurity ions Field AT) s B (s A B, (s A
Orientation  Freq. (em™) (cm™)
(GHz)

TmES (1.5-30K)

0.5% Nd* Hyllc 94 0877 3.6x10° 32
240 30T 125x10" 32
360 1607 125x107 32
Hylc 94 1877 5x107 32
240 50T 5x107 32
0.5% Tb* 240 100T 7.7x107 32 7.5x10" 100
36.0 2507 17x107 32 7.5x101 100
0.1% Br* H,|lc 94 22T+103T°  55x10° 45
Hylc 94  14T+10737° 85x10° 45

240 270T+1027T° 8.5x10 45

LiTmF, (1.6-5K)

0.5% Ce Hlic 94 10T 8.4x10° 185

230 36T 9.9x10° 185

Hylc 94 12T 8x107 18,5
{0.2%; 0.3%; 1%} Nd**  H|c 94 12T 9.4x10° 195 8.8x10° 32
230 19T 7x10° 195  3.9x10° 32
Hylc 94 59T 29x107 195 1.7x10° 32

230 25T 23x107 195

{0.1%; 0.2%} Yb* LHyc=10° 94 3T 6x108 29

Hylc 94 54T 4x10° 29

230 47T 6.2x10° 29

360  240T 52x10° 29

2 Aminov et al. (1986, 1989).
P (T )imp =A(T)+ B, exp(~A, kg T)+ B, exp(-=A,/ ke T).

Let us compare the above results with the well-known data for diamagnetic YES, LaES
(Larson and Jeffries 1966a, Marchand and Stapleton 1974, Scott and Jeffries 1962, Larson
and Jeffries 1966b) and LiYF, (Antipin et al. 1978) crystals. The relaxation of the Er’* ion
in TmES differs from that in LaES but negligibly, since there is an excited level in the
Stark structure of the Er** ion, which is close to the ground doublet (A=45cm™') and
through which the fast two-step relaxation process proceeds. In other cases the relaxation
rate of the lanthanide ions in VV paramagnets is considerably higher than in diamagnetic
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crystals, the temperature dependence of the relaxation rate at higher temperatures being
of exponential character, 77! oc exp(~A/kgT). In TmES (and in LiTmF, with Nd and Yb
impurities) the value of A=32cm™ coincides with the least excitation energy of the Tm?*
ions, which bears convincing evidence to the fact that in the corresponding temperature
range the relaxation is due to an interaction of the impurity ion with thulium ions.

Two relaxation mechanisms are connected with interionic interactions, the Waller
mechanism and the fluctuational one, considered in detail earlier in this section for nuclear
relaxation of ligands of the VV ions. Estimates of the relaxation rate, due to modulation
of dipole—dipole interactions by lattice vibrations, result in 7' =2 10° exp(~A/kgT) for
impurities in TmES, which is by far less than the experimental values. The relaxation rate
for the fluctuational mechanism is calculated analogously to eq. (188); here the result is
presented for the case of the model three-level VV ions at arbitrary orientation & of an
applied field relative to the c-axis:

24 A
Tll = —hg-exp (—m)

X Z gipn [(1 — 3 cos? 0‘)2 2sin® 0’ + 2g2 sin? 6; cos? B;(1 + cos? 6’)]
' r? i g” 2gJ_ i i
i

2 2 Te 2 2 Te Te
x {(1 4p1ip2i)1+w%1:% +2pi D3 1+ (2 — o) 12 + 1+(Q,~—a)0)2r§] },
(195)
where the summation is performed over VV (thulium) ion spheres, centered on an
impurity ion, n; is the number of the ions in the i-th sphere, r;, §; are the coordinates,
and £2; is a splitting of an excited doublet of an ion in that sphere. Coefficients py;, pa;
define stationary states ¥ (y2)=pi(p2)|d1) +91(q2)|d>), arising at diagonalization of the
Hamiltonian (185); tan &' =(g./g|)tan 8, g1, g are g-factors of an impurity ion.
Apparently, eq. (195) predicts a rather complicated dependence of the relaxation rate
on the magnitude and orientation of an external magnetic field, the character of these
dependences being essentially determined by the values of the parameters 7, and ;.
For the perfect crystal without impurities £2o; =0, py; =0 and neither reproduction of the
experimental frequency dependence of the relaxation rate, nor satisfactory estimates of
that rate by an order of magnitude can be attained. However, there are good grounds
to expect a marked distortion of an axial crystal field on the Tm** ions close to the
impurities, because of the mere presence of these impurities — structural defects. The
guantities £2(; must essentially depend on the geometry of the coordination sphere. In
TmES the thulium ions, nearest to an impurity, are on the same c-axis. For these ions
an impurity proves to be an axial perturbation, so in this case €y =0. The axiality of
the crystal field must be distorted most strongly for the Tm3* ions of the second sphere,
therefore Qg > Q¢3. As for the correlation time 7., it must exceed the value of 107!!s
given above, since the spread of energy A deteriorates the conditions of resonant energy
transfer between thulium ions.
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A satisfactory agreement with the experiment for Nd** ions in TmES is achieved if
the contributions to 7' of the first five coordination spheres with the following values
of initial splittings are taken into account:

Qoi=Q5=0, Qp=117, Q;3=085  Qu=074cm™
Moreover, supposing 7.=10"1"s, we find in accordance with eq. (195) that

Ty = A(vo) exp(~AksT),
the values A(vy, GHz) at Hylc being equal to

A(9.4)=1.07 x 107, A(24.0)=0.51 x 107, A(36.0)=1.31 x 107s7".
For parallel orientation we have

A94)=17x10°,  A(24.0)=0.94 x 105,  A4(36.0)=1.12x 107s7".

These figures approximately reflect the qualitative dependencies on the frequency and
orientation of an external field, observed in the experiment, and they coincide by an order
of magnitude with the measured relaxation rates.

An exponential term with A=~ 30cm™ in the relaxation rate of Nd** and Yb** ions
in LiTmF, is ascribed to the fluctuational mechanism, as ,jn/the case of ethylsulfates.
However, there are some specific features because of the closer arrangement of lanthanide
ions in the crystal lattice. Surely, the contributions of the first and possibly second
coordination spheres are eliminated from formula (195), since an alien impurity ion
must give rise to a strong perturbation of an ideal crystal field at distances up to 6 A
and, consequently, to large values of g, ;. Assuming 7,=5x10"1s, Qg =1.23,
Q03=0.8, Q04 =0.36 cm™, for LiTmF,:Yb*" we find the following preexponential factors
for various orientations and frequencies:

Aj(94GHz)= 1.3 x 10°,  4,(9.4)=1 x 10%,
A1(23)= 14 x 108, A41(36)=1.2 x 10857,

which almost coincides with the experimental values given in table 18.

Other exponential contributions to the relaxation rates of Ce**, Nd** ions are explained
naturally from the same standpoint. It seems reasonable to associate the contributions
T,! < exp(—A'/kgT) with A’=18-19cm™ with an influence of the thulium ions of the
first coordination sphere on the impurity lanthanide ions. An impurity ion distorts the
crystal field at a distance of 3.7 A so strongly, that the thulium doublet state is split by
approximately 20cm™'. In fact, there already appears a purely singlet Stark structure of
energy levels in the low-symmetry crystal field. The distinction of A’ values for different
lanthanide ions can easily be connected with the distinction of differences between the
ionic radii of impurities and the ionic radius of the host thulium ion. The difference is
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the most significant for the Ce>* ion, and the “doublet splitting” A-A’ proves also to be
the largest; for Yb** ion both quantities are the smallest. Singlet levels are non-magnetic,
therefore the fluctuational mechanism, as described above, becomes ineffective. This is
manifested formally in the relations p; =p, = 1/V2, |Q;— wo{Te > 1 and, as a result, the
T7! value proves to be negligibly small.

To obtain reasonable estimates of 77!, it is necessary to return to the Waller mechanism
of relaxation, whose effectiveness is not connected with the presence of stationary
magnetic states of the Tm>" ions. Its contribution to relaxation, as mentioned above, can
be appreciable in tetrafluorides due to the involvement of exchange interactions, which
depend on distances much stronger than the dipole—dipole interactions. Assuming Hex is
proportional to #~!% and exceeds the dipole~dipole interaction by a factor of three for the
shortest interionic distance, we obtain an estimate of 77!~ 10° exp(~A’/kgT), which is
close to the experimental value. The weak frequency dependence of the relaxation rate
in this mechanism also corresponds to the experiment.

At low temperatures the relaxation rate becomes proportional to temperature, 7' oc T,
however, in some cases it is several times greater than in the diamagnetic analogs. This
excess may be partly ascribed to the difference in crystal densities and sound velocities,
but the complementary one-phonon relaxation processes on the grounds of the Waller
mechanism must also be taken into account. This mechanism in VV paramagnets results
in the strong orientational dependence of relaxation rates, connected with the strong
anisotropy of the susceptibility of the VV ions. The frequency dependence is also stronger
than usual, since the magnetic moment of a VV ion itself is proportional to Hy, i.e., to
the resonance frequency wg. The observed peculiarities of the low-temperature relaxation
of Nd**, Er?*, Yb3** ions in LiTmF, have been interpreted in this way (Aminov et al.
1990a).

3.5.3. Local distortions of a crystal lattice due to impurity ions

The microscopic model, elaborated for the interpretation of the spin-lattice relaxation
measurements, ascribe the observed values of A’ to the Stark structure of the host
lanthanide (thulium) ions which experience the largest perturbation under the implantation
of the impurities. For further verification of this assumption, the optical absorption spectra
of Tm?* ions were investigated both in pure (undoped) and doped (with La**, Ce**, Nd**,
and Yb>" ions) LiTmF, single crystals (Aminov et al. 1989). The absorption spectra of
Tm*" ions in LiTmF, (the *Hg — 3F, transition, 7 ~ 30K, o-polarization) consists of
three lines (fig. 21) due to electronic transitions between components of the 3Hg and *F,
terms (fig. 22). The activation of the crystal by lanthanide ions gives rise to the distinctive
changes of the Tm3" absorption spectra. There appear satellites of the C-line (D, E lines
in fig. 21b—d), which can be considered as a consequence of the splitting of the first
excited T34 doublet of the Tm3* jon (in fig. 22 the split states are shown by dashed
lines). Satellite intensities are by an order of magnitude less than the intensity of the
main spectrum line due to the low concentration {(about 1%) of the impurity ions. The
satellites move away from the C-line as the ionic radius of the impurity ion increases, and
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for the LiTmF,:Yb?* crystal the splitting is not seen at all. The second component of the
doublet (E-line), whose intensity is determined by the Boltzmann factor, is observed only
in a LiTmF4:Nd** crystal due to the better entry of Nd** ions into the matrix. The energy
of the nearest excited level of the Tm3" ion in the doped single crystals can be estimated
from the position of the D-line: A’ =~ 19.6, 22.2, and 24.0 cm™! under implantation of the
ions La*", Ce**, and Nd**, respectively.

Thus, naturally there emerges the problem of a theoretical study of a detailed
local crystal structure near impurity ions. Aminov et al. (1990b) have calculated local
deformations in LiTmF, crystal with impurity lanthanide ions. The calculation of the
local structure of a lattice with an isolated impurity ion (homovalent substitution) has
been carried out within the framework of a “quasimolecular model of impurity centers”
(Kristofel” 1974). The displacements &(i) of the matrix ions from their positions in a
regular lattice are assumed to be non-zero only within the “quasimolecule” including
the defect site and 16 coordination shells nearest to it. The crystal bonding energy is
expanded in power series up to the second order in 8(;) (harmonic approximation) and
then minimized. At homovalent substitution the local deformation is determined entirely
by forces on the nearest neighbours of an impurity ion (i.e., by the difference in the first
derivatives of the potentials of the non-Coulomb interactions between impurity ions and
their ligands on the one hand and host lanthanide ions and their ligands on the other).



398 L.K. AMINOV et al.

~<  15217cm-1 |'34
3 2
15104cm™ T,
ABCDE
—< 32cm! T34
SHG -
Fig. 22. Energy levels of the Tm* ion in the
LiTmF, crystal with the observed transition in the

ocm™t T,

optical absorption spectrum marked.

The calculated values of displacements for ions of the first eight coordinational shells of
impurity ions in the LiTmF, crystal are given in table 19. As expected, the displacements
of the nearest neighbours of impurities are maximal and they correlate with the excess
of the impurity ionic radii over that of Tm>* ion [ionic radius of Tm** equals 0.99 A;
Lu**, 0.97 A; Nd**, 1.124 (Kaminskii 1975)]. It is seen that the ionic displacements do
not decrease monotonously with the increase of the distance from an impurity ion.

The information obtained on the local structure of activated crystals has been used for
estimates of energy spectrum changes for Tm** ions in different positions relative to an
impurity ion. The energy change in a distorted lattice is described by the operator

AH =" ABJOS. (196)
Pq

Some results of the calculations by means of an exchange charge theory, described in
sect. 2, are given in table 20. The calculated energies E; of the first excited sublevels
of the Tm>* ions, closest to the impurity ions Nd**, Ce**, and La3*, are in satisfactory
agreement with experimental data.

Taking proper account of static structure deformations and the corresponding change in
the Stark spectrum upon implanting an impurity ion permits qualitative and, to a certain
extent, quantitative explanation of all peculiarities observed by Mehran et al. (1977, 1982,
1983) in the temperature dependence of the EPR linewidth for impurity Gd** ions in lan-
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Table 19

Displacements of ions in the LiTmF, crystal near impurity Nd** and Lu** ions®b
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i Ton R, R; (nm) ()= 10° (nm)

Nd3+ Lu3+
1 F (G -x, Ly, 2), 022215  (5.12, 4.56, 4.93) (~1.11, -0.90, —1.08)
2 F G-x, —p, 1-2), 022745 (276, -4.01, 5.13) (~0.60, 0.88, ~1.08)
3 Li* (%, %, 0), 036352  (1.85, 0.97, 0.60) (=0.39, —0.19, —0.13)
4 Tm* (0,11, 036955  (0.67, 2.43, 1.63) (-0.15, —0.52, —0.35)
s Lt @0, 036955  (0.71, -0.21, 2.96) (-0.15, 0.04, 0.62)
6 F (% -X, —% -y, —Z), 0.37034  (-2.09, 0.87, —1.04) (0.47, -0.19, 0.23)
7 F G-y, x L+2), 041785  (=0.39, —0.52, 1.38) (0.08, 0.12, ~0.30)
8 F (L-x, -y, 2), 044626  (-0.46, 1.13, —0.56) (0.09, —0.24, 0.12)

* Aminov et al. (1990b).

® Each of the eight coordinational shells considered consists of four similar ions. Coordinates for one of the
four positions are given in units of lattice constants a, c. Parameters a, ¢, x, y, z, are given in the Introduction.

Table 20

Parameters of a quadrupolar component of a crystal field and energies of the Stark sublevels (in cm™) for
Tm?* ions in the LiTmF,:Nd* crystal in different positions relative to an impurity ion, placed at the origin of

coordinates®
R(Tm*) AB) AB) AB;! AB} AB;? E, E, E,
(0, %, % -0.82 ~253 18.5 309 344 20.6 435 62.5
(1,0,0) 445 —4.38 15.5 6.58 -15.5 28.0 320 58.5
(1, %, %) 0.89 -1.70 -7.89 —6.00 -1.14 28.6 32.1 59.0
(%,%,% -1.49 15.8 19.7 -1.50 8.38 29.8 31.7 59.7
Regular® 0 0 0 0 0 30.5 30.5 594

* Aminov et al. (1990b).

® This row lists tesults of calculations for the regular LiTmF, lattice within the framework of the exchange

charge model.

thanide zircons and in particular, the non-monotonous dependence of differences between
linewidths of separate components of the EPR spectrum (Aminov and Kostetskii 1990).

3.6. Nuclear magnetic cooling

An intermediate character of the VV paramagnetism has specified their application in
the magnetic cooling technique. The generation of ultralow temperatures by adiabatic
demagnetization of common paramagnets has natural limitations due to the comparatively
high (> 107 K) temperature of the magnetic ordering of electron spins (Wheatley 1975).
To obtain temperatures below 107 K, adiabatic demagnetization of nuclear moments in
metals is used, e.g., of %*Cu and %Cu nuclei in metallic copper (Kurti et al. 1956).
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In principle, the nuclear cooling does not differ from electron cooling, however, for its
technical realization rigid initial conditions are needed, namely, in the former case the
ratio Ho/T must be about 1000 times greater. Due to small values of the nuclear magnetic
moments, it appears impossible to use the entropy (and therefore the cooling capacity) of
the nuclear cooling stage completely. For example, an applied field of 80kOe decreases
the entropy of copper nuclei at a temperature of 20 mK by only 2.1%.

Thus, the idea of Al’tshuler (1966) to use VV paramagnets as nuclear refrigerants soon
found its application in cryogenics (Andres and Bucher 1968, 1971). Enhancement of a
magnetic field on nuclei of VV ions makes it possible to perform demagnetization in
less rigid initial conditions, or to utilize the greater fraction of the sample’s entropy in
the same conditions. For example, the field of 80kOe reduces the nuclear entropy of
TmES already at 0.29K (temperature of liquid 3He) by 2.1%. At T=20mK the entropy
is removed almost completely.

In magnetic cooling experiments good thermal contact between the spin-system and
the lat