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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)

This volume, which completes the second decade of volumes in this series, is focused
on physical aspects of metallic compounds. Research efforts on metallic rare earth
compounds started in earnest about 50 years ago and received a significant boost with
the discovery of the RCos permanent magnets about 12 years later. In this time much
has been learned about the structure as well as the electrical, magnetic and thermal
properties of ~2500 binary rare earth metallic compounds. But considering the possible
true ternary compounds, and possible pseudo-binary ternary alloys formed by mixing two
binary compounds, we have just begun to scratch the surface of the wealth of knowledge
these yet-to-be discovered materials will bring to mankind. The information contained in
this volume will be but a few footsteps in our journey to unravel the mysteries hidden in
these unknown materials. Hopefully, the four chapters will serve as useful guides in our
quest for this new knowledge.

The first chapter (135) in this volume, by Onuki and Hasegawa, deals with the Fermi
surfaces of rare earth (Y, La, Ce, Pr, Nd, Sm, Gd and Yb) intermetallic compounds.
Initially, the reader is introduced to the relevant theories required to describe the electronic
behavior of the electrons near the Fermi surface, and then to the basic experimental
techniques to study these surfaces. The main portion of the chapter is devoted to
a comparison of the experimental results with the band structure calculations for a
large number of compounds. The authors have found some systematics in the observed
behaviors, and have grouped the compounds into several different classes: i.e. non-4f
behaviors, including some cerium compounds; valence fluctuation compounds; Kondo
regime materials; and magnetic materials with magnetic energy gaps etc. They also note
that the more complicated the crystal structure the larger the discrepancy between theory
and experiment.

Next, Gasgnier examines the world of thin films of rare earth metals, alloys, and
compounds in chapter 136. The three main topics are the pure metals themselves, metallic
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alloys and compounds, and metalloid compounds. Many of the metallic elements exhibit
a “valence” change when they change from the vapor to solid or vice-versa and this has
some strong influences on the physical properties, especially the vapor pressure. Another
major problem is the easy way which the rare earth metal films can become contaminated
especially by the strongly electronegative non-metallic elements, i.e. H, N, O. The reported
results are critically examined by Gasgnier. Included in his coverage are the results
on metallic alloy/compound thin films include permanent magnets, R-Ni and R—Co
hydrogen storage alloys, modulated and multilayered structures, and superconducting
materials. The metalloid films include those with the chalcogenides, bismuth, lead and
their combinations.

The third chapter (137) in this volume, by Vajda, is devoted to hydrogen in metals
and their binary compounds RH; and RH;. One of the critical problems is the purity
of the starting rare earth metal itself because phase relations can be greatly affected by
impurities. Therefore, Vajda devotes some time discussing the preparation of specimens
and the phase diagrams. The interesting structural properties, kinetics and thermodynamic
behavior, as well as electronic, magnetic and thermal properties are reviewed. The
occurrence of H-H pairs in zig-zag chains along the c-axis in the heavy lanthanides
and Sc and Y terminal solid solution alloys is one of the unusual structural behaviors
observed in these materials. The formation or annihilation of these pairs lead to some
interesting kinetic effects and phase transitions during heating and cooling. Also examined
is the profound influence of hydrogen on the magnetic properties by the mediation of
RKKY interaction in these materials.

The final chapter (138) of this volume, by Gignoux and Schmitt, is an update on
the magnetic behaviors of lanthanide intermetallic compounds. This chapter builds on
the review of Kirchmayr and Poldy in chapter 14 of volume 2 of this Handbook
series. When one examines chapter 138, it will immediately be apparent that a great
deal of science and technology has occurred in the past 15 years in the magnetic
behaviors of lanthanide compounds. Gignoux and Schmitt divide their chapter into
two main parts: one is devoted to 3d magnetism where both the 3d metal and the
lanthanide element contribute to the magnetic behavior; and the second is concerned with
lanthanide magnetism by itself. In the first group the major emphasis is on systems which
exhibit collective electron metamagnetism. In addition, magnetocrystalline anistropy, and
topological frustration and magnetic instability are reviewed. The section devoted to
compounds with the lanthanide as a magnetic atom, deals with materials which exhibit
metamagnetic processes from different origins. It is found that the majority of these
compounds order antiferromagnetically with complex magnetic field vs. temperature
phase diagrams. This is due to the long range and oscillatory nature of the RKKY
exchange interaction.
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KKR
LAPW
LDA
LMTO
my

my
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augmented plane wave

phase velocity of light

specific heat

de Haas-van Alphen

electronic charge

Fermi energy

f level

exchange splitting energy
eigenvalue of 1,

de Haas—van Alphen frequency
fast Fourier transformation

Fermi surface

g factor for the spin of the conduction
electron

Landé g factor

magnetic field

critical field for the metamagnetic
transition

Planck constant divided by 27

effective H including the exchange field
current

total angular momentum

z-component of J

wave vector

magnitude of &

Boltzmann constant

magnitude of wave vector along the
field direction

Fermi vector along the three principal
axes (i=1,2,3)
Korringa—Kohn—Rostoker

linearized augmented plane wave
local density approximation
linearized muffin-tin orbital

free electron mass

band mass

effective mass

cyclotron effective mass

oscillatory component of magnetization
magnetic Brillouin zone

density of states at E¢

number of electron carriers

number of hole carriers
Ruderman-Kittel-Kasuya—Yosida

extremal cross-sectional area of the
Fermi surface

absolute temperature

Curie temperature

Dingle temperature

Kondo temperature

Néel temperature

quadrupolar ordering temperature
Coulomb repulsive force

velocity of an electron

Fermi velocity

velocity component perpendicular to the
Fermi surface or cyclotron orbit

external potential

hybridized coupling constant
electronic specific heat coefficient

y calculated from the band mode!
mass enhancement factor

A due to electron-magnon interaction
A due to electron—phonon interaction
Bohr magneton

exchange-correlation potential
magnetoresistance,

Ap/p = [p(H) - p(0)V p(0)

local spin density at r

scattering lifetime

cyclotron frequency

1. Introduction

The Janthanide compounds are usually treated in magnetism by an f-localized model,
but show various interesting phenomena such as valence fluctuations, gap states, Kondo
lattice, and heavy electrons. These originate from the 4f electrons in the lanthanide
compounds, which are either bound to the lanthanide atoms or delocalized, indicating
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an itinerant nature. The 4f electrons in the atom are pushed deep into the interior of the
closed 5s and 5p shells because of the strong centrifugal potential /(/ + 1)/r*, where /=3
holds for the f electrons. This is why the 4f electrons possess an atomic-like character in
the crystal. On the other hand, the tail of their wave function spreads to the outside of the
closed 5s and 5p shells, which is highly influenced by the potential energy, the relativistic
effect and the distance between the lanthanide atoms; this results in hybridization of the
4f electrons with the conduction electrons. These cause the various phenomena mentioned
above.

The Coulomb repulsive force of the 4f electron (or the intra-atomic correlation energy)
U at the same atomic site is so strong, for example U ~ 5eV in Ce compounds, that
occupancy of a same site by two 4f electrons is usually prohibited. The 4f partial density
of states determined by resonant photoemission experiments shows a maximum below the
Fermi level which corresponds to the binding energy or the level of the 4f electrons Ey.
For example, the distance from this 4f level to the Fermi level is 7.0eV and 1.2¢eV in
SmCug, 5.5€V in NdCug, 3.5¢eV in PrCus and 2.4V in CeCug (Ishii et al. 1987). The
tail of the 4f partial density of states extends to the Fermi level even at room temperature
in CeCug and also slightly in PrCug, while no trend of 4f states is observed around the
Fermi level in NdCus,.

Near the Ce or Yb end of the R series, the 4f level thus approaches the Fermi level in
energy and the 4f electrons hybridize more strongly with the conduction electrons with
the kinetic energy Ey. This f-hybridized coupling constant is denoted by V. A theoretical
treatment for such a system is called the periodic Anderson model (Anderson 1961).
The parameters Ey, ¥, Er and U predominantly control the dynamics of the system.
These values depend actually on the crystal structure. The relation between the magnetic
ordering temperature and the distance between the Ce (or U) atoms is known as a Hill
plot (Hill 1970).

When U is strong and/or V is ignored, the freedom of the charge in the 4f electron
is suppressed, while the freedom of the spin is retained, representing the 4f-localized
state. Naturally, the degree of localization depends on Ef, where larger Ef helps to
increase the localization. This situation is applied to most of the lanthanide compounds
in which the RKKY interaction (Ruderman and Kittel 1954, Kasuya 1956, Yosida 1957)
plays a predominant role in magnetism. Therefore, the mutual magnetic interaction
between the 4f electrons occupying different atomic sites cannot be of a direct type,
such as in 3d metal magnetism, but should be indirect, which occurs only through the
conduction electrons.

In the RKKY interaction, a localized spin S; interacts with a conduction electron with
spin s, which leads to a spin polarization of the conduction electron. This polarization
interacts with another spin §; localized on ion j and therefore creates an indirect
interaction between the spins S; and S;. This indirect interaction extends to the far distance
and damps with a sinusoidal 2kr oscillation, where kf is half of the caliper dimension
of the Fermi surface. When the number of 4f electrons increases in such a way that the
lanthanide element changes from Ce to Gd or reversely from Yb to Gd in the compound,
the magnetic moment becomes larger and the RKKY interaction stronger, leading to
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magnetic order of which the ordering temperature roughly follows the de Gennes relation,
(gi—1)2J(J +1). Here gy and J are the Landé g factor and the total angular momentum,
respectively.

Contrary to what happens at large U, higher V' tends to enhance the hybridization
of 4f electrons with conduction electrons, thus accelerating the delocalization of the
4f electrons (Koelling et al. 1985). The delocalization of 4f electrons tends to make the
4f band wide. When Er > V', we have still better localization and expect the Kondo regime
in the Ce (or Yb) compounds.

The Kondo effect was studied for the first time in a dilute alloy where a ppm range
of the 3d transition metal is dissolved in a pure metal of copper. Kondo (1964) showed
that the third-order scattering of the conduction electron with the localized moment of
the transition impurity diverges logarithmically with decreasing temperature, and clarified
the origin of the long standing problem of the resistivity minimum. This became the start
of the Kondo problem, and it took ten years for theorists to solve this divergence problem
at the Fermi energy (Wilson 1975).

The many-body Kondo bound state is now understood as follows. For the simplest
case of no orbital degeneracy, the localized spin S(T) is coupled antiferromagneti-
cally with the spin of the conduction electron s(}). Consequently the singlet state
{S( - s(1) +S() - s(D)} is formed with binding energy kg Tx . Here the Kondo tempera-
ture T is the single energy scale. In other words, disappearance of the localized moment
is thought to be due to the formation of a spin-compensating cloud of the conduction
electron around the impurity moment.

Kondo-like behavior was observed in the lanthanide compounds, typically in Ce and
Yb compounds (Buschow et al. 1971, Parks 1977, Falicov et al. 1981). For example, the
electric resistivity in Ce,La;_,Cug increases logarithmically with decreasing temperature
for all the x-values (Sumiyama et al. 1986), as shown in fig. 1. The Kondo effect occurs
independently at each cerium site even in a dense system. Therefore, this phenomenon
was called the dense Kondo effect.
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The Kondo temperature in the Ce (or Yb) compound is large compared to the
magnetic ordering temperature based on the RKKY interaction. For example, the cerium
ion is trivalent (J=5/2), and the 4f energy level is split into three doublets by the
crystalline electric field, namely possessing the splitting energies of A; and A;. The Kondo
temperature is given as follows (Yamada et al. 1984):

1
T8 = Dex ———————) when 7' > A, Ay, 1
E p( 3 Vel DER) b A2 M
and
T D D ( ! > hen T < Ay, A @
=——Dexp| ——+——— whe , Ag.
A4, P W ex| D(EF) b

Here D, |Je| and D(Er) are the band width, exchange energy and density of states,
respectively. If we postulate T ~ 5K, for D= 10*K, A;=100K and A, =200K, the value
of T} ~ 50K is obtained, which is compared to the S=3-Kondo temperature of 103K
defined as T% = D exp(—1/ |J x| D(EF)). These large values of Kondo temperatures shown
in egs. (1) and (2) are due to the orbital degeneracy of the 4f levels. Therefore, even at
low temperatures the Kondo temperature is not 7% but T shown in eq. (2).

On the other hand, the magnetic ordering temperature is about' 5K in the Ce (or
Yb) compound, which can be simply estimated from the de Gennes relation under the
consideration of the Curie temperature of about 300K in Gd. Therefore, T% is much
higher than the magnetic ordering temperature, but T'x is close to it. Therefore, it
depends on the compound whether or not magnetic ordering occurs at low temperatures
(Brandt and Moshchalkov 1984). As shown in table 1, some compounds such as CeBg
or CeAl, order antiferromagnetically below 5K, while CeCug (7x =4 K) does not order
magnetically.

The ground-state properties of dense Kondo systems are interesting in magnetism,
which is highly different from the dilute Kondo effect. In the cerium intermetallic
compounds such as CeCug, cerium ions are periodically aligned whose ground state
cannot be a scattering state but becomes a coherent Kondo-lattice state. The electric
resistivity p decreases steeply with decreasing temperature, following p ~ AT? with a
large value of the coefficient 4. The v/4-value is proportional to the effective mass
of the carrier and thus inversely proportional to the Kondo temperature (Kadowaki
and Woods 1986). Correspondingly, the electronic specific heat coefficient y roughly
follows the simple relation y =~ 10*/Tx (mJ/K?mol). It reaches 1600 mJ/K?mol for
CeCug because of a small Kondo temperature (Satoh et al. 1989). The Ce Kondo-
lattice compound with magnetic ordering also possesses the large y value even if the
RKKY interaction overcomes the Kondo effect at low temperatures. For example, the
y value of CeBg is 250 mJ/K? mol, which is roughly one hundred times larger than that
of LaBg, 2.6 mJ/K? mol. The conduction electrons possess large effective masses and thus
move slowly in the crystal. These heavy electrons become superconductive in CeCu,Si,
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Table |
Characteristic properties of Ce compounds®
Compound Crystal a (A) Tn (K) Tc (K) v (mI/K?mol) H, (kOe)
structure

(a) Non-Kondo lattice compounds with magnetic ordering

CeGa, hexa 432 11.4 8.2 9

CeRu, Ge, tetra 4.27 8.5 7.5 20

(b) Kondo lattice compounds with magnetic ordering

CeSb cubic 4.54 16.2 20 38
Celn, cubic 4.69 10.2 130 >150
CeAl, cubic 3.49 3.8 135 53
CeCu, ortho 3.57 34 82 18
CeB, cubic 4.14 2.3% 250 15
CeCu,Si, tetra 4.11 0.7¢ 1000 70
(c) Kondo lattice compounds without magnetic ordering

CeCu, ortho 4.83 1600 20
CeRu, Si, tetra 4.19 350 80
CeNi ortho 3.59 65-85

CeSn, cubic 4.72 53

? Symbols: a, distance between nearest Ce atoms; Ty, Néel temperature; T, Curie temperature; T, quadrupolar
ordering temperature; T,, superconducting transition temperature; y, electronic specific heat coefficient;
H_, critical field for metamagnetic transition.

" Ty=3.2K. ¢ Ty=0.7K.

(Steglich et al. 1980). Therefore, the Kondo-lattice system is called a heavy-electron or
heavy-Fermion system.

When Ef < V, the 4f electrons may tend to be delocalized, manifesting the valence-
fluctuation regime. CeSn; and CeNi were once called valence-fluctuation compounds
or mixed-valent compounds. The magnetic susceptibility in these compounds follows
the Curie—Weiss law at higher temperatures than room temperature, possessing the
magnetic moment near Ce**, while it becomes approximately temperature-independent
with decreasing temperature, showing a broad maximum around 150-200 K (Gschneidner
et al. 1985). Thus the valence of Ce atoms seems to change from Ce** into Ce** (non-
magnetic state} with decreasing temperature.

The ionic radius of the lanthanide atom decreases with increasing number of
4f electrons, which is well known as lanthanide contraction. A plot of the lattice
constant of the lanthanide compound versus the atomic number of the lanthanide element
shows a nearly straight line, except for some Ce, Sm, Eu, Tm and Yb compounds,
where the lanthanides can take integral valencies different from 3 as in Ce** and
Sm?*, Eu?*, Tm?*, Yb?*. The valence change in these compounds is brought about
by changing the constitution x (such as in Sm;_,la,Bs Kasaya et al. 1980) or by
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introducing pressure (for SmS Jayaraman et al. 1970) or a magnetic field (YbBy
Sugiyama et al. 1988), as well as by changing the temperature as mentioned above for
CeSn; and CeNi.

The first insulating valence fluctuations were studied by Jayaraman et al. (1970) for
SmS. An insulating black phase of SmS at ambient pressure changes into a metallic
golden phase at high pressures. In other words, divalence of Sm?" changes into the
intermediate valence between 2+ and 3+. The application of hydrostatic pressure is
associated with a smaller volume, which introduces the 4f valence transition and
consequently delocalization of 4f electrons.

Fermi surface studies are very important to know the ground-state properties of these
various magnetic compounds (Norman and Koelling 1993, Onuki et al. 1991a). Even
in the localized system, the presence of 4f electrons alters the Fermi surface through
the 4f-electron contribution to the crystal potential and through the introduction of new
Brillouin zone boundaries and magnetic energy gaps which occur when 4f electron
moments order. The latter effect may be approximated by a band-folding procedure where
the paramagnetic Fermi surface, which is roughly similar to the Fermi surface of the
corresponding La compound, is folded into a smaller Brillouin zone based on the magnetic
unit cell, which is larger than the chemical unit cell.

If the magnetic energy gaps associated with the magnetic structure are small enough,
conduction electrons undergoing cyclotron motion in the presence of a magnetic field can
tunnel through these gaps and circulate the orbits on the paramagnetic Fermi surface. If
this magnetic breakthrough (or breakdown) occurs, the paramagnetic Fermi surface may
be observed in the de Haas—van Alphen (dHvA) effect even in the presence of magnetic
order.

For Kondo-lattice compounds with magnetic ordering, the Kondo effect is expected
to have minor influence on the topology of the Fermi surface, representing that Fermi
surfaces of the Ce compounds are roughly similar to those of the corresponding
La compounds, but are altered by the magnetic Brillouin zone boundaries mentioned
above. Nevertheless, the effective masses of the conduction carriers are extremely large
compared to those of La compounds mentioned above. In this system a small amount of
4f electron most likely contributes to make a sharp density of states at the Fermi energy.
Thus the energy band becomes flat around the Fermi energy, which brings about the large
mass.

There is a big difference in f-electron character between the Kondo regime and the
valence-fluctuation regime. One may be tempted to think that the 4f electrons in a Kondo
lattice compound with a large value of Tk are itinerant. This seems to be true, as shown
later in detail for CeSn; and CeNi or CeRu,Si,.

In the following sections we present the dHvA results of the lanthanide compounds
shown in table 2, which are compared to the results of energy band calculations.
Comparisons of the dHvA experiments with band calculations are essentially important to
determine the f character, namely whether the 4f electrons are itinerant or localized. These
Fermi surface properties should shed light on the basic understanding of the strongly
correlated 4f-electron system.
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Table 2

Rare earth compounds for which dHvA results and energy band calculations are presented in the text.
Elements Y La Ce Pr Nd Sm Gd Yb
B LaB, CeBy PrB, NdBy
Ag LaAg
Zn YZn
In Laln, Celn, Prln, NdIn, Smln, Gdln,
Sn LaSn; CeSn,
Bi LaBi CeBi
Sb LaSb CeSb PrSb SmSb GdSb
As CeAs YbAs
Al YAL, LaAl, CeAl,
Ga LaGa, CeQGa, SmGa,
Ru/Si LaRu,Si, CeRu,Si,
Ru/Ge LaRu,Ge, CeRu,Ge,
Cu/Si CeCu,Si,
Ni LaNi CeNi PrNi
Cu YCu, CeCu, SmCu,

LaCug CeCu, PrCu, NdCug SmCug

2. Theory of energy band structure
2.1. Relativistic effect in the lanthanide atoms

The lanthanide atoms have fairly large atomic numbers and their compounds contain other
heavy atoms as the constituent elements. Therefore, it is essential to take into account
the relativistic effect in calculations of the energy band structures for the lanthanide
compounds. In this section, we explain how the energy and the wave function of an
electron in these compounds may be influenced by relativity.

We treat the neutral cerium atom as an example, and explain the important effect
of relativity on the electrons in its outer shells such as the 4f, 5d and 6s electrons.
The electrons in the s states in both inner (the Xe core) and outer shells have finite
probability amplitudes at the nucleus. As the nuclear potential is deep in the vicinity of the
nucleus, electron velocity approaches light velocity and consequently the relativistic effect
becomes appreciably large. Compared to the non-relativistic theory, the corresponding
energy of all the s (/=0) electrons decreases significantly, because the s electrons have
relatively large probability amplitudes at the nucleus and their wave functions contract
toward the nucleus. This direct relativistic effect on the s electrons induces an indirect
effect on the other (7 = 0) electrons. Namely, the s electrons tend to screen more effectively
the nuclear potential which the 4f and 5d electrons feel, and therefore the latter would be
bound more loosely. As a result, their energies increase and their wave functions tend to
spread outward in contrast to the 6s electrons.
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for the 5d state is added in the figure for the (dashed line) calculations for the eigenvalues of the 4f,
sake of comparison. 5d and 6s states of the neutral lanthanide atoms.

It is now clear that in the many-electron atoms relativity causes a different effect on
the energies and wave functions of electrons with different quantum numbers. Actually,
they are so complicated that they cannot be taken into account correctly by the Pauli
approximation nor by any other perturbation theories.

For the sake of illustration, we explain the electronic structure of the cerium atom by
using the self-consistent field method of Liberman et al. (1965), which is based on the
Dirac one-electron equation with the exchange and correlation interactions in the local-
density approximation (Callaway and March 1984). A spherically symmetric potential is
assumed. Thus the solid lines in fig. 2 represent calculated charge densities of the outer-
shell orbits, which are compared to those of the non-relativistic calculations shown by
dashed lines (Herman and Skillman 1963). The corresponding results of the relativistic
and non-relativistic calculations for the eigenvalues of the 4f, 5d and 6s states of the
neutral lanthanide atoms are shown in fig. 3 by the solid and dashed lines, respectively.
Electronic configurations in the outer shells, which are used in calculations, are listed
in table 3. It is remarkable in fig. 3 that magnitudes of the relativistic energy shift and
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Table 3
Electronic configuration in the outer shells of the neutral lanthanide atoms
V4 Element Neutral atom Trivalent ion
4f 5d 6s

57 La 40 5d! 6s? 4f°
58 Ce 4f? 6s? aft
59 Pr 43 6s? 4f?
60 Nd 4f* 6s® 4f3
61 Pm af3 652 4f4
62 Sm af¢ 682 4f3
63 Eu af7 652 4f¢
64 Gd a7 5d! 6s? 4f7
65 Tb af? 6s? 4f8
66 Dy 4f1° 652 4f?
67 Ho 4ft 6s? 4£10
68 Er af12 6s? 4f1t
69 Tm 4f13 6s® 4f12
70 Yb af 6s? 4f1
71 Lu 4f 5d! 6s? 4f

the spin—orbit splitting in the 4f states are far larger than those in the 5d or 6s states,
and increase monotonically as the lanthanide element changes from La to Lu. At the
Gd atom having the 4f” configuration, a large energy dip of the 4f states is found in
both relativistic and non-relativistic results. Such a large dip would not be found for the
4f® configuration. Therefore, the depth of the dip provides an approximate estimation
of the intra-atomic correlation energy of the 4f electrons in the lanthanide atoms, i.e.
U =400 mRyd (=5¢eV).

The relativistic energy shift and the spin—orbit splitting in the 4f states of the
cerium atom are 200mRyd and 31 mRyd, respectively. These energies are comparable
to and/or larger than the width of typical 4f bands in the cerium compounds. The spin—
orbit splitting in the 5d electrons of the cerium atom is 20mRyd in energy, which
is not negligibly small either. Therefore, the relativistic effect should be taken into
account in quantitative calculations of the energy band structures for the lanthanide
compounds, and the relativistic energy band structure calculations should be carried
out self-consistently because the relativistic effect on the 4f electrons is essentially
indirect.

In various cerium compounds, the nearest-neighbor distance between the cerium atoms
dce_ce Tanges from 6 to 9a.u. (Hill 1970), and its intermediate distance ace_ce/2 coincides
roughly with the outer-shell region of the cerium atom. As seen in fig. 2, the wave function
of the 4f electron decreases rapidly in the outer-shell region. The overlap between the wave
functions of the 4f electrons in the neighboring cerium atoms is actually so small that
they cannot be itinerant due to that alone. Nevertheless, the 4f electrons can be itinerant
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in a crystal, but only if they hybridize strongly with the 6s, 5p or 5d electrons of the
neighboring cerium atoms and/or the valence electrons of the constituent atoms. If this
hybridization effect is not strong enough, the 4f electrons cannot be itinerant but will be
localized at each cerium ion in the crystal.

It is now clear that the relativistic screening effect of the 6s electrons as well as the
other s electrons tends to promote an itinerant nature of the 4f electrons in a crystal.
It is difficult at present, however, to predict correctly in which cerium compounds the
4f electrons may be itinerant, because the strong correlations between the 4f electrons
make it difficult to derive a quantitative criterion for the itinerancy of the 4f electrons
theoretically.

2.2. Luttinger’s theorem on the Fermi surface

The concept of the Fermi surface was introduced originally in the one-electron theory of
metals in which the electron—electron interactions (correlations) are neglected. The Fermi
surface represents a limit of the electronic momentum distribution in the ground state, and
is defined as a constant energy surface in momentum space whose energy is equal to the
Fermi energy. It divides momentum space sharply into two regions which the electrons
occupy or do not occupy.

If a magnetic field is applied to the conduction electrons, the energy levels of the
electrons converge to discrete energy levels called the Landau levels. The interval of the
Landau levels is proportional to the magnitude of the magnetic field. As the magnetic
field is increased, the Landau levels cross the Fermi level successively and cause various
physical quantities to oscillate as a function of field. The de Haas—van Alphen effect is
a typical example of such magnetic oscillatory phenomena (Shoenberg 1984).

In real metals, the conduction electrons interact with each other and therefore the
Fermi surface cannot be defined so simply as in the one-electron theory. Instead of
the one-electron energy, the one-particle excitation energy should be considered. In
momentum space for such interacting electrons or quasi-particles, it is meaningful to
define a constant-energy surface whose energy is equal to the chemical potential. Luttinger
called such a constant-energy surface the true Fermi surface (Luttinger 1960, 1961). In
the ground state, quasiparticles have a long lifetime on the true Fermi surface and the
momentum distribution is discontinuous across it. Luttinger asserted that the volume of
the true Fermi surface is equal to the volume enclosed by the Fermi surface in a non-
interacting electron system. Thus the volume of the Fermi surface is independent of
the interactions. He also showed that the true Fermi surface causes various magnetic
oscillatory phenomena, just as the Fermi surface does in the one-electron theory.
Even though the electron—electron interactions may change the topology of the Fermi
surface, the volume of the Fermi surface is kept invariant. This is the essence of the
Luttinger theorem on the Fermi surface. Therefore, the true Fermi surface is observed in
measurements of the de Haas—van Alphen effect. In the following, we will call it simply
the Fermi surface.



12 Y. ONUKI and A. HASEGAWA
2.3. Relativistic band theory

Among many methods that were proposed for calculations of the electronic energy band
structure in a given periodic potential, the augmented plane wave (APW) method (Slater
1937) and the Green function (KKR) method (Korringa 1947, Kohn and Rostoker 1954)
were useful to produce quantitatively accurate results for simple metals, transition metals
and their compounds, and these methods contributed much to the understanding of various
physical properties of these materials (Dimmock 1971). In both methods, a spatial form
of the potential is assumed in the so-called muffin-tin approximation, in which it is
spherically symmetric within the sphere (the APW sphere) inscribed around each nucleus
and is constant in the interstitial region between the spheres. Inside the APW sphere, the
Bloch wave function is expanded in terms of the solutions of the Schrodinger equation.
This ensures high accuracy of the eigenvalues, but causes both methods to consume much
computational time especially when applied to compounds with complex crystal structures
having many atoms per primitive cell, because the eigenvalues should be found as zeros
of a determinant with a large dimension.

To improve on this drawback in the APW and the KKR methods, linearized versions for
these methods such as the LAPW method and the linearized muffin-tin orbital (LMTO)
method were invented (Andersen 1975, Koelling and Arbman 1975). In these linearized
methods, it is essential that the electron wave function behaves quite accurately as a
linear function of energy around an energy appropriately chosen in the band so that the
eigenvalues can be determined much faster by a usual matrix diagonalization technique.
The relativistic effect is taken into account by perturbation theories, such as the Pauli
approximation. These methods proved to work well in the understanding of systematic
variations of many ground-state properties of a series of metals and compounds.

However, the Fermi surface depends sensitively on details of the E—k relation, and
the determination of the Fermi surface demands a more precise calculation for the
eigenvalues than that for the cohesive energy. Therefore, for studies of the Fermi surface,
these linearized methods should be applied carefully. Errors originating from linearized
approximations should be minimized. Nevertheless, the LAPW method is valuable for
calculations of the electronic structure in lanthanide compounds with complex crystal
structures, such as LaCug.

For studies of the Fermi surface in the lanthanide compounds, it is necessary to develop
a reliable theoretical method in which hybridization of the 4f electrons with other electrons
as well as the relativistic effect can be taken into account quantitatively. For that purpose,
the relativistic APW method proposed by Loucks (1967) provides a good starting basis.
Loucks derived his original method from the Dirac one-electron equation, which is a
natural extension of Slater’s non-relativistic APW method (Slater 1937). It proved to
be a powerful method comparable to a relativistic KKR method (Onodera and Okazaki
1966, Takada 1966). Loucks’ method does not accocunt for the symmetrization of the
wave functions by group theory, nor it is a self-consistent method. These shortcomings
are serious limitations for calculations of the energy band structure in the lanthanide
compounds.
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To achieve symmetrization, a direct product of the space operator and the spin
operator was constructed as a new operator, under which the variational expression of
Loucks’ method is kept invariant (Yamagami and Hasegawa 1990). By the projection
operator technique, it is straightforward to derive a symmetrized form of the relativistic
APW method, which covers both symmorphic and non-symmorphic space group.

Koelling (1969) proposed a similar method, but in his method he derived a symmetrized
form by using a basis function of the Pauli-spinor type and the Foldy—Wouthusen
transformation. An approach proposed by Yamagami and Hasegawa(1990) is more general
and has wider applicability than his method because the relativistic effect can be taken
into account both inside and outside the APW spheres consistently without using any
approximations such as the Foldy—Wouthusen transformation. Koelling’s method was not
self-consistent.

Yamagami and Hasegawa carried out a self-consistent calculation of the energy
band structure by solving the Kohn—Sham-Dirac one-electron equation by the density-
functional theory in a local-density approximation (LDA). This self-consistent, sym-
metrized relativistic APW approach was applied to many lanthanide compounds and
proved to give quite accurate results for the Fermi surface.

In LDA, the electron correlations are taken into account only by a mean field
approximation which utilizes the correlation energy of the uniform electron gas. In the
Ce compounds where the 4f electrons are believed to be itinerant in the ground state,
such as in CeSns, the topology of the Fermi surface can be described by the band
structure calculated in LDA. However, the strong intra-atomic correlation effect between
the 4f electrons should be considered for consistent explanations of the Fermi surface, the
electronic specific heat coefficient and the cyclotron effective mass. Beyond LDA, there
are two approaches by which the correlation effect between the 4f electrons is taken into
account in an explicit way. One is p—f mixing theory and the other is renormalized band
theory.

p—f mixing theory was first proposed for explaining complicated magnetic properties
of the Ce pnictides (Kasuya et al. 1987). In this theory, the 5d and 6s electrons in the
Ce atom and the valence electrons in the pnictide atom form usual bands just as calculated
for the La pnictides in LDA. At each Ce atom, one 4f electron is localized and the 4f state
is split by spin—orbit interaction. The 4f energy levels relative to the Fermi energy can be
determined phenomenologically from the observed XPS spectrum. Hybridization of the
4f state with other states is then introduced in an LMTO scheme. There are no adjustable
parameters in calculating the Fermi surface. It was found that the occupied 4f state lies
far below the Fermi level, and weakly affects the Fermi surface. This p—f mixing theory
explained well various magnetic properties of the Ce pnictides, especially experimental
results for the de Haas—van Alphen effect in CeSb.

The Fermi surface of CeSb was thus calculated on the basis of p—f mixing theory,
although it was not easy. This is because the Ce pnictides are semimetals and their energy
band structures and Fermi surfaces are simple. In the usual Ce compounds where the
4f electrons are believed to be localized, it is difficult to carry out such calculations.
Therefore, simplified calculations were carried out for such Ce compounds as CeAl,
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(Guo 1990) and CeCu,Si; (Harima and Yanase 1991a, 1992a) in which the 4f states
are assumed to belong to the core states and the 4f bands are removed artificially if they
appear in the conduction band.

For the antiferromagnetic compound NdBg another simplified calculation was tried
by Kubo et al. (1993). The antiferromagnetic band structure was first determined self:
consistently with the standard KKR method by assuming that the 4f electrons are itinerant,
and then the 4f bands were removed from the band structure obtained from the final
potential. In these simplified calculations, the electron correlations are not taken into
account.

The second theory beyond LDA is called renormalized band theory; this was applied
to CeSn; (Strange and Newns 1986) and CeRuy,Si; (Fulde 1991, Zwicknagl et al. 1990).
Like p—f mixing theory, the correlation interactions between the 4f electrons are taken
into account phenomenologically in the LMTO scheme. The set of phase shifts for the s,
p and d states in the constituent atoms is given by a usual LDA calculation, and that for
the 4f state in the Ce atom should be determined so as to include strong correlations. To
calculate the electronic structure close to the Fermi energy, the values of the phase shifts
and their derivatives at the Fermi energy are necessary. For CeRu,Si; Zwicknagl et al.
(1990) determined the values of the phase shifts at the Fermi energy so that one 4f electron
per Ce atom participates in forming the Fermi surface, and fitted their derivatives so that
the density of states at the Fermi energy agrees quantitatively with the observed electronic
specific heat constant y. Therefore, all necessary phase shifts are fixed and there are no
adjustable parameters. Zwicknagl et al. (1990) explained the origins of the major observed
dHvA branches and the magnitude of the cyclotron effective masses consistently.

In the following sections we outline the self-consistent, symmetrized relativistic
APW approach.

2.3.1. Kohn—Sham-Dirac one-electron equation

Here, we describe the framework of band theory in a local-density approximation
(Hohenberg and Kohn 1964, Kohn and Sham 1965). The usual band theory is based on
the Kohn-Sham one-electron equation. The wave function ; and the eigenvalue E; of
an electron in the state i in a crystal is given as a solution of the equation,

(—A o)+ | 1) 4yt uxc[no)]) —— ®

r—r'|

where n(r) is the electron density. In the left-hand side of eq. (3), the first term is the
kinetic energy, v(r) is the nuclear potential, the third term is a direct Coulomb potential,
and pyc[n(r)] is the exchange-correlation potential defined by

pno(r = L2, @
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where E,.(n) is the exchange-correlation energy as a function of the density » in a
homogeneous electron gas. The electron density in a crystal is calculated by

nry =3 filwinl, )

where f; is the occupation number of state i. Therefore, egs. (3) and (5) should be solved
in a self-consistent way. The exchange-correlation energy of a homogeneous electron gas
is used under the assumption that the electron density is a slowly varying function of
space.

The exchange-correlation potential should be a complicated function of n(r) and many
formulae were proposed for practical purposes. Here we show the formula proposed by
Gunnarsson and Lundqvist (1976). This formula is frequently used in calculations for the
Fermi surfaces which we shall explain in this chapter. It is expressed as a product of the
exchange part and the correlation part as

Uxe(1) = B(n) tx (), (6)
where iy (n) is the Kohn—Sham exchange potential,
1

pxln(r)] = -2 [32°n(r)] 3 (7

and

B(n) =1+ 0.0545r In (1 + 1;“) , (8)
where ry = (%J‘En)l/3.

Relativity affects the kinetic term and the exchange-correlation potential in the Kohn—
Sham equation. As investigated in detail for the urantum atom and the cerium atom, the
relativistic effect on the exchange correlation potential is rather small and therefore we use
Uxe[n(r)] in a relativistic band structure calculation. The relativistic effect on the kinetic
term is appreciably large and can be taken into account by adopting the Kohn—-Sham-
Dirac one-electron equation instead of eq. (3) as follows:

{ap+/3’+[u(r)+[/ P dr +[uxc[n(r)]} =Wy, 9

a= { J g] (0 is the Pauli matrix), (10)

p= [(1) (I)J(l is the 2 x 2 unit matrix), (1D
J1 0

I= {0 1], (12)

where W is the total energy of state i including the rest energy. In eq. (9), ¥, is the four-
component wave function. In a relativistic energy band theory, egs. (9) and (5) should be
solved in a self-consistent way.
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Spatial forms of the electron density and the potential are determined in the muffin-tin
approximation. Then, the wave function is expanded by the solutions of the Dirac equation
inside the APW spheres and by the plane waves in the interstitial region. To determine the
expansion coefficients and the eigenvalues, a variational principle is derived from eq. (9)
as

w [ siean=[ gimeas-3 [ @irpwia pm-snds, (3
(spheres)

I+11 I+1I

where regions I and II are the inside and the outside of the APW spheres, respectively, and
p is the unit vector in the normal direction outward the APW spheres. In this variational
principle, the surface integral performed on the APW spheres is introduced to ensure
good eigenvalues for the composite trial wave functions.

2.3.2. Self-consistent, symmetrized relativistic APW approach

In a relativistic APW approach, symmetrization with double space groups is necessary
for the following reasons:

(1) The symmetry of the electronic states in a crystal can be identified.

(2) The dimension of the matrix in the eigenvalue problem can be reduced and
its determinant behaves linearly as a function of energy in the vicinity of the
eigenvalues. This result is important, because it becomes easy to determine
the eigenvalues without loss of computational accuracy. Note that in a non-
symmetrized form it behaves parabolically because of the double degeneracy due
to spin.

(3) A self-consistent calculation can be carried out for compounds with a complicated
crystal structure.

Here it is assumed that a crystal consists of different kinds of atoms, and the number
of atoms of the sth kind in a primitive cell is n,. As for the shape of the one-electron
potential and the electron density, the muffin-tin shape approximation is adopted. It is
assumed that the space group is non-symmorphic. A non-symmorphic space group cannot
be divided into translational and rotational parts, i.e., every rotation of the point group of
the non-symmorphic space may be accompanied by a non-primitive translation, while a
symmorphic space group can be divided neatly into translational and rotational parts. For
example, CeNi has the non-symmorphic space group Cmem, and CeSns the symmorphic
space group Pm3m. For the application of the following formulae to the symmorphic
space groups, the non-primitive translation can be set to be zero. In this section, we use
atomic units in which %=1, the rest mass of the free electron is mj =% and the velocity
of light is ¢=274.072.

23.2.1. APW matrix elements in a symmetrized form. N sets of plane waves with spin
are prepared first. Then, the Bloch function @(k,r) is expanded in terms of symmetrized
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plane waves which transform according to the vth column of the Ath extra representation
T*(R;) of the sub-group of order g associated with wave vector &k as

o= 3N ULIPLY (pan). (14)
a A v u

Here, W(pq,r) is the four-component plane wave with wave vector k(la) and spin m= :i:%

which is selected as the progenitor from the ath plane wave set, and p, is an abbreviation
for (K%, m). P%, is the full projection operator defined by

! .
P = E‘ S I(R) OR)), (15)
J

where [, is the dimension of the extra representation A and the sum is taken over all
elements of the single group. In eq. (15), the operator O(R;) is defined by the direct
product of the space operator O;(R;) and the spin operator O,(R;),

O(R)) = O1(R;) ® O2(R)), (16)
where
O1(R) = (R;ju(Ry)) , (17)

DI/Z(Rj) 0 > , (18)

02(Rj) = ( 0 DI/Z(Rj)

In eq. (17), v(R;) is the non-primitive translation associated with R;. The term DV2(R;)
in eq. (18) is the spin representation of the full rotation group. The sum over y in
eq. (14) is executed when linearly independent plane waves with the same symmetry
are projected out. It is easy to show that the variational expression (13) is kept invariant
under the operation O(R;). Because of its similar symmetry property, we may use the
four-component relativistic APW function.

By the theory of irreducible representation, it is possible to determine the eigenstates
belonging to each extra representation separately. A variational calculation leads to a set
of linear equations for the expansion coefficients which hold irrespective of v,

SN M RBYULD =0,  a=12..,N, p=12..,n (19)
B W
with the matrix element

. . o n
Mgl =30 3 exp R - oik)] Fiz) DR (7). 20
Jj oo

where pg = (kfﬁ ), n). Ineq. (20) MY (;’nl ) represents the matrix element calculated between
the single relativistic APW functions with (ki”,m) and (k\”,n’), where &{" = R k{".
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Therefore, the eigenvalues of the Ath irreducible representation at £ are determined by
the condition

det (M 0. (k, E)| = Q1)

auﬁu

For each eigenvalue, the expansion coefficients U’ igf') are determined by eq. (19) together
with the normalization condition.

On account of the phase factor which appears in the matrix element of eq. (20), it
is convenient to use the irreducible multiplier representation for non-symmorphic space

groups instead of I ﬁu,(Rj), which is defined by
AL (R) = exp [ik - v(R)] T'%.(Ry), (22)

because Rjkgﬁ ) _kis equal to a reciprocal lattice vector. Following a group theoretical
prescription proposed by Sahni and Venkataraman (1970), we calculate the irreducible
multiplier representations for the necessary sub-groups of both symmorphic and non-
symmorphic double space groups.

Actually, the condition that the relativistic effect may be negligibly small in the
interstitial region (i.e. %k;/my < c) holds fairly well in the energy band structure
calculations for various lanthanide compounds. For computational purposes, it is
practical to define the energy-independent components in the matrix elements for each

representation as A:lwﬁu” Bﬁuﬁu” o (5, 1), and D! (5, 1) and then rewrite eq. (20) in
the form
auﬁu’(k Ey=—(E-Vy) Aauﬁu' + B
+ Z Z [Chipu(s, D) {lm(as) + (1 + Dnga(as)} (23)
+Day,8y’ (s, D {_nl(as) + n—l+1(as)}] s
where
¢f(a;) x+1
= 24
M (as) 2(a) % (24)

In eq. (23), Vo is the average potential in the interstitial region of space. In eq. (24),
f(as) and g(as) denote the small and large components of the electron wave function at
the sphere radius ay, respectively, which depend on E. They are obtained by solving the
radial Kohn—Sham-Dirac equations for a given E,

d(cf « .
% = (- I)Z—K —(E-Vr) g, (25)
d—frf =2 (E —Vs(r) + 02) o —(x+1) grﬁ (26)

where V(r) is the potential inside the s-type APW sphere consisting of the nuclear
potential, the direct Coulomb potential and the exchange-correlation potential.
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Here are the explicit expressions for the energy-independent components of the matrix
elements in the symmetrized form that appear in eq. (23):

A, Z exp [ (kP — k) - v(R)] ALy, (R)D)TR))

4n (KPg,) & 27
X [6,1561]- — ag jl (aﬁ) 5 Z CXP 1k(aﬁ) f }
Blpe = [k k7] exp [P — 1) - v(R)] A%, (R;)
J 47a (K a,) & (28)
D:”/:(R ) aﬁélj - .Q :j]k(ﬂTs— Z exp k(aﬁ) r—]
Clug (s, D =D exp [-i (K — k) - u(R)] ALy, (R)D]I(R))
J 29

4 5 ng ]
| a4 S ot ) |

=1

D, (s D= IZZexp (kP — k) - v(R)] Als, (R) (m | 0] ) DIA(R)) (K® x kP)
(30)

4 s
% [ J;  (K9a,) ji (K9a,) Zexp A AR k(ﬁ))}

=1

where
k](ﬁ) — Rjk(lﬁ)a k(]‘;ﬁ) - k](_ﬁ) _ kga), (3])

and 77 is the position vector of the ith atom of the sth kind, {2 is the primitive cell volume,
o is the Pauli matrix and j;(x), P;(x) and Pj(x) are the spherical Bessel function, the
Legendre polynomials and derivative of the Legendre polynomial, respectively. Moreover,
the notation (m || n") is defined by

(£3 16| £ 1) = +e,, (£310] F §) = e Fiey, (32)

where e, e, and e, are the unit vectors in the x, y and z directions, respectively. The
energy-independent components C ey .(s,1) and Dauﬁu (s, 1) are also used to calculate the
electron radial density function W1th1n the APW spheres.

23.2.2. Determination of eigenvalues and eigenfunctions. The irreducible represen-
tations for the symmetry points, axes and planes of the Brillouin zone are classified
into three types according to the Herring criterion (Herring 1937). These three types
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are defined as (2), (b), and (c), in which the Herring criterion is equal to —1, 0 and 1,
respectively.

In type (a), there is no degeneracy between irreducible representations, and the
twofold degeneracy due to spin can be resolved by symmetrization. For each irreducible
representation, the symmetrized APW determination behaves linearly as a function of
energy in the vicinity of eigenstates, so that both eigenvalues and eigenfunctions can be
determined easily.

In type (b), two different irreducible representations are degenerate. This type can be
treated by merely calculating one of the two representations.

In type (c), the twofold degeneracy due to spin cannot be resolved by symmetrization.
Both eigenvalues and eigenfunctions can be determined by using Soven’s technique to
overcome the problems of the double roots which result from the twofold degeneracy due
to spin (Loucks 1967). If the subgroup contains the inversion, the following relations,

My (b, By = M, (K, B), (33)

hold between the symmetrized APW matrix elements Miﬂﬁ/‘/ (k, E) and Mizu—ﬁu’ (k, E)
in which both wave vector and spin of the progenitors p, and pg are inverse, where the
plus sign is applied if the progenitors have the same spin and the minus sign is applied
if they have opposite spins. In such a case, it is possible to transform the matrix into a
form suitable for Soven’s technique. At general points of the Brillouin zone, calculations
can be carried out by using the original, unsymmetrized relativistic APW method of

Loucks (1967).

2.3.2.3. Electron density function. In order to carry out a self-consistent energy band
calculation, it is necessary to calculate the electron density function associated with
a symmetrized relativistic APW function. For the Bloch state (k, ), the spherically
averaged radial density function within the s-type APW sphere is given by

otk 1) == S 10K, DUEC) + 1+ DE-H(0))
o

(4
+ 036, D{&) - Em(M},
where

0l D=7 3 30 3 3 VAPV (s, (39)

a pop oW
0hs. D= 77 3 30 3 UM UKD Dl ), (36)

a p g
() - LD s ] (37)

[gx(as)as]z
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The normalization constant N* for the wave function belonging to the irreducible
representation I’ * is written explicitly as

NA =N+ S0 ST N, D (125 + 0+ D E L] + NG DG - Eife o G9)
K i

where

DI U Ul Ao (39)

N, D) = Z Z Z Z U U Ch s D, (40)
Nhs, )= Z Z Z Z U USPDL, 4 (s, D), (41)

S 1o + g <r>2] Par
[gr(as)as]

The component B , does not appear in the normalization constant. The ratio N2/N*
is the probability amplltude in the interstitial region of the primitive cell, and the ratio of
each term in the sum over s and / in eq. (38) to N* gives the probability amplitude
partitioned according to the angular momentum / in the s-type APW sphere. These
probability amplitudes are used to calculate the partial density of states. The spherically
averaged radical density oy(r) within the s-type APW sphere is obtained by summing
Ui‘(k, r) over all occupied states as follows,

& = (42)

Oo() = Oscore(r) + > > W0k, 7). (43)
n k

The first term on the right-hand side of eq. (43) represents the radial density of all the
core electrons within the s-type APW sphere. In the second term on the right-hand side
of eq. (43), the notation is changed and the Bloch states are identified by (n, k) instead
of (4, k), where » is a band index. This term represents the average of o%(k, r) with a
weighting factor ;. A constant electron density in the region between the APW spheres
is determined so that the unit cell is kept electrically neutral.

2.3.2.4. Self-consistent calculation. 1t is now possible to carry out a relativistic band
structure calculation self-consistently. Following Mattheiss’ method (Mattheiss 1964), a
starting electron density for a crystal is constructed by superposing the self-consistent
atomic electron densities, which are calculated for the neutral atoms using the method of
Liberman et al. (1965). In calculations both for the atom and the crystal, the exchange
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and correlation interactions of electrons are taken into account by the density functional
theory in the local-density approximation. As for the charge densities of the core states
in compounds, a frozen-core approximation is adopted, i.e. the atomic charge densities
of the core states are assumed to represent the core electrons in the compounds. In
calculations of the energy band structure and the Fermi surface for CeSn;y (Hasegawa
et al. 1990), for example, the atomic charge densities for Ce (the Xe core except for the
5p state) and for Sn (the Kr core plus the 4d state) were assumed to be frozen in CeSns.
The 5p state in the Ce atom should be included in the itinerant states and should be
determined self-consistently together with other states in the outer shell states, because
hybridization between them must be accounted for. A new crystal density function is
calculated by eq. (43). A self-consistent calculation can be carried out in a manner similar
to the ordinary non-relativistic band structure calculation (Mattheiss et al. 1968). In fig. 4,
a flow chart is represented for a self-consistent energy band structure calculation by a
symmetrized relativistic APW method in LDA.

2.4. Determination of the density of states, the Fermi surface and the cyclotron
effective mass

To grasp the nature of the energy band structure visually, it is useful to make a drawing
of the energy dispersion curves. Using a final potential of a self-consistent calculation,
many eigenvalues are calculated for each band at symmetry points and along symmetry
axes in the irreducible part of the Brillouin zone, and smooth energy dispersion curves
are obtained by an interpolation scheme based on a cubic-spline method.

The density of states at the energy E per unit volume is related to the band structure
by the well-known relation

2 ds
e 49

where vy is the absolute magnitude of velocity and the surface integral is performed over
the constant-energy surface with energy E. Many eigenvalues should be calculated for
each band at fine mesh points in the irreducible part of the Brillouin zone. If necessary,
eigenvalues can be interpolated further at finer mesh points by an interpolation scheme
based on a Fourier series expansion. The integration is performed by a tetrahedral method
(Jepson and Anderson 1971, Rath and Freeman 1975). Each band can contain two
electrons per primitive cell in the Brillouin zone, and the total number of Bloch electrons
determines the Fermi energy Er. It is given by

Ex
NBioeh = N(E)dE. (45

The density of states is also calculated for each band as a function of energy. The
density of states at the energy E for the nth band is further partitioned according to the
s-type APW sphere and the angular momentum /. Such partial density is defined by

no 2 P(k)
Nsl(E)—m / TI;TdS (46)
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where the probability amplitude Pj(k) is obtained by integrating o%(k, ) from r=0 to
r=ay. In particular, the number of electrons in the f state contained in the Ce APW sphere,
ns, is given by

Ep
m=3 [ Ne@E @7

The electronic contribution to the specific heat of a metal at low temperature varies
linearly with temperature, Cey = y3 7, with the coefficient v}, given in one-electron theory
by the density of states at Ey as

Yo = 20* kg N(Ep). (48)

Since the density of states on the free-electron model is proportional to the electron mass,
this coefficient is usually expressed by a specific-heat effective mass or a thermal effective
mass myg,, which is defined by

Yo _ b

To_my (49)
Yo ™o

where yo and mg are the free-electron values of the two constants.

The interpolation scheme for each band is used to display a perspective view of the
Fermi surface and to calculate the extremal (maximum or minimum) cross-sectional area
of the Fermi surface. It is also used to calculate a cyclotron effective mass m, which is
defined for a given orbit on the Fermi surface by
h dk
Mep = 57— —

> 50
2 Uy ( )

where vy is the component of velocity normal to magnetic field and the integral is
performed around the orbit. This formula can readily be transformed into

_ #* 8S(km)
Ped T ST OE

, (51)

Ep

where S(ky) is the cross-sectional area of the Fermi surface which is perpendicular to
field and ky is the wave number along the field direction. In dHvA experiments we can
determine the cyclotron mass m at the extremal cross-sectional area, which is compared
to the band mass n1.p.

2.5. Mass enhancement factors

The experimental values for the low-temperature electronic specific heat coefficient y and
equivalently the thermal effective mass m; are usually larger than the theoretical values of
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1, and my, which are determined by the band structure alone, as mentioned above. The
mass enhancement factor A is defined by the ratio (Gschneidner and ITkeda 1983)

*
AL R Y (52)
Yo Mhip

Origins for 4 are ascribed to the many-body effects which cannot be taken into account
in the usual band theory. As the most probable origins, the electron—phonon interaction
and the magnetic interaction are considered, and their contributions are denoted by A,
and A, respectively. Therefore, A is expressed as a sum of two contributions,

A=Ap+Am. (53)

The experimental cyclotron effective mass m;! is also usually larger than the theoretical
value m, defined in eq. (51). Therefore, the enhancement factor for the cyclotron effective
mass can be defined in the same way, such as

*

Pe —94a (54)
meh

It should be noted, however, that the magnitude of this enhancement factor may be
different from orbit to orbit on the Fermi surface. In sect. 4 we present values of y/yp
and m./my, for many compounds, where my, is simply used instead of .

Properties of the electron—phonon term A, in normal metals such as Pb, including its
temperature dependence, were thoroughly studied and are well understood at present (Goy
and Castaing 1973). Its magnitude is significantly smaller than 1. If it were large, it might
cause lattice instability. In contrast to this small value of A,, the magnetic contribution
Am can take a huge value in the heavy-electron compounds. For example, it amounts to
more than 100 in CeCug.

The magnetic contribution or the magnon enhancement mechanism Ay, can be divided
into two terms according to its origins. The first term occurs in many lanthanide
compounds in which the 4f clectrons are localized at lanthanide ions and their spin
fluctuations enhance the effective mass of the conduction electrons via c—f interactions
such as RKKY interaction and the many-body Kondo effect, where c¢ stands for
conduction electrons and f for 4f electrons. A large y value, which is observed in CeBg,
as shown in table 1, is an example of this term. In this cerium compound, however, the
4f clectron affects the Fermi surface only weakly. The Fermi surface of CeBg is quite
similar to that of LaBg, although the value of A, reaches 100. In this case, the ¥ value
of LaBy is assumed to be the y;, value of CeBg. In PrBg and NdBg, the 4f electrons are
localized, but do not form a Kondo lattice. Therefore, only a small mass enhancement
factor of Ay, =1-2 is observed in these lanthanide compounds. Nevertheless, this mass
enhancement is larger than the mass enhancement due to the electron—phonon interaction
mentioned above.
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Apart from the electron—phonon case, A, depends in some cases strongly on magnetic
field as shown for Pr (Forgan 1981, Fulde and Jensen 1983). For the ferromagnetic
paramagnon or spin waves, the effect of magnetic field is direct and reduces A, strongly
when the Zeeman energy exceeds the characteristic energy of the spin fluctuation.
For the antiferromagnetic case, the effect is more complicated and in some cases, for
example in CeBg, as we will see later, Ay, increases with increasing field because of an
induced magnon softening. However, when the Zeeman energy is much stronger than
the characteristic energy of the magnetic fluctuation, A,, decreases rather rapidly with
increasing field.

Another magnetic contribution to A;;, manifests itself in the iron-series transition metals
and their compounds. In these compounds, the 3d electrons are itinerant and their spins
are fluctuating. Their magnetic properties stem predominantly from the spin fluctuations.
In calculations of the band effective mass m;, for these 3d electron compounds, a greater
part of the contribution of the magnetic interaction can be taken into account, and thus the
magnitude of A, is not very large. For example, MnSi is typical in this system, possessing
a relatively large y value of 36 m)J/K?mol. In MnSi, A, is found to be only about 4,
although the conduction carriers are heavy electrons with the large cyclotron mass of
15myq (Taillefer et al. 1986, Fawcett et al. 1970).

As will be explained in sect. 4, the 4f electrons in cerium compounds such as CeSn;
and CeNi, which belong to the valence-fluctuation regime, are itinerant in the ground
state and contribute directly to the formation of the Fermi surfaces. Their Fermi surfaces
can be well described by band theory. The enhancement factor in CeSn; and CeNi is not
large, less than 5, as in the 3d electrons of the iron-series transition metals.

3. Transverse magnetoresistance and de Haas—van Alphen effect
3.1. Transverse magnetoresistance

The high-field transverse magnetoresistance Ap/p = [p(H) — p(0)]/p(0), in which the
directions of magnetic field and current are perpendicular to each other, provides
important information on the overall topology of the Fermi surface (Fawcett 1964). Under
the high-field condition of @, > 1, it is possible to know whether the compound under
investigation is a compensated metal with an equal carrier number of electrons and holes,
ne=ny, or an uncompensated metal, n. = ny, and whether or not open orbits exist. Here,
w.=eH/mkc is the cyclotron frequency, T is the scattering lifetime, 7} is the effective
cyclotron mass and w.7/2w means the number of the cyclotron motions performed
by the carrier without being scattered. The characteristic features of the high-field
magnetoresistance are summarized as follows: (1) when all cyclotron orbits are closed,
(2) for the uncompensated metal the magnetoresistance saturates, Ap/p ~ H 0, and (b) for
the compensated metal the magnetoresistance increases quadratically, Ap/p ~ (wcT)>.
(2) When some of the cyclotron orbits are not closed but form open orbits, the
magnetoresistance increases quadratically and depends on the current direction as
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Ap/p ~ H?*cos*a, where a is the angle between the current direction and the open orbit
direction in k-space. This is true regardless of the state of compensation.

If we count the number of valence electrons in a primitive cell, most of the lanthanide
compounds are even in number, meaning that they are compensated metals. In this case
the transverse magnetoresistance increases as H” (1 <n<2) for a general direction of
the field. Note that the integer » is not equal to 2 because the high-field condition is
not fully satisfied in the real compounds. When the magnetoresistance saturates for a
particular field direction, often a symmetrical direction, there exist some open orbits
whose directions are parallel to J xH, namely a=n/2 in k-space.

Experimentally the current direction is fixed to a crystal symmetry axis of the sample
and the sample is slowly rotated under constant magnetic field which is perpendicular to
the current direction. The presence of open orbits is revealed by (a) spikes against a low
background for the uncompensated metal and (b) dips against a large background for the
compensated metal.

3.2. de Haas-van Alphen effect

Under a strong magnetic field the orbital motion of conduction electrons is quantized and
forms Landau levels. Therefore various physical quantities show a periodic variation with
H™! since increasing field strength causes a sharp change in the free energy of the electron
system when a Landau level crosses the Fermi level. In the three-dimensional system this
sharp structure is observed at the extremal (maximum or minimum) cross-sectional area
of the Fermi surface perpendicular to the field direction because the density of states also
becomes extremal.

The magnetization or the magnetic susceptibility is the most common one of these
physical quantities, and its periodic variation is called the de Haas—van Alphen (dHvA)
effect (de Haas and van Alphen 1930, 1932). It provides one of the best tools for the
investigation of Fermi surface properties such as the extremal cross-sectional area S,
the cyclotron mass m} and the scattering lifetime 7 of metals (Shoenberg 1984).
Sometimes other physical quantities are also measured; for example, torque, static strain,
ultrasonic velocity, and magnetoresistance, etc. The last type of measurement is called
the Shubnikov—de Haas effect.

The theoretical expression for the oscillatory component of magnetization M
due to the conduction electron was given by Lifshitz and Kosevich (1955). The
dHvA experiments are usually conducted by the field modulation method. The detected
signal or effective output voltage Vo5 in the usual 2w-technique is proportional to M o
and is given as follows:

. 2nrF
Vose = Z Apsin( H +¢r), (55

&S

~ —1/2
Ay ~ T,(x)TH e

-172 exp(—arm} Tn/H) (ngrm; > (56)

sinh(arm T/H) 2myg
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or
&S| exp [—army (T + ToYH]  (mgrm;
A ~ T, TH V|25 c £
2(¥) ok 1 —exp(-2arm?T/H) €08 2my )’ G
2% cky 27Fh
. _ (58,59)

eh ’ T T
where % is the modulation field, J,(x) is the Bessel function, possessing a maximum
at x=3.1, and r (r=1, 2, ...) is a positive integer showing higher harmonics of the
oscillation. The output voltage or the magnetization is periodic on 1/H and has a
dHvA frequency F:

7
F=—5
2me (60)
which is directly proportional to the extremal cross-sectional area S at zero field. The
amplitude factor 4 is related to the thermal damping at finite temperatures 7 and the
Landau level broadening Tp which is caused by impurities, crystalline imperfections or
strains. Tp is called the Dingle temperature and is given by

A

Tp= T
D 2J'L'k]3 ’

(61)

where 7 is the scattering lifetime of the carrier.

For the fundamental oscillation (»=1), we can determine the cyclotron mass m} from
the temperature dependence of the dHvA amplitude A(=4;) in eq. (57), namely from the
slope of a plot of In {4 [1—exp(—2am;T/H)]/T} vs T at constant H and by using a
method of successive approximations, and we can obtain the Dingle temperature 7' or the
scattering lifetime 7 from the field dependence of the amplitude in eq. (56), namely from
the slope of a plot of In [4H"*sinh(am; T/H)| vs H™! at constant J,(x) and temperature.

The amplitudes of the higher harmonics (r >>2) become vanishingly small, and the
fundamental one (r= 1) becomes dominant in the usual dHvA measurements. However,
when the cyclotron mass is not large and the temperature becomes lower than 1K,
the higher harmonics become detectable. To distinguish the higher harmonics from the
fundamental one, it is necessary to check carefully the magnitude, intensity and angular
dependences of the dHvA frequencies and their cyclotron masses.

The quantity |82S/8k%1|_1/2 is the inverse square root of the curvature factor 62S/0k%;.
The rapid change of the cross-sectional area around the extremal cross-sectional area
along the field direction diminishes the dHvA amplitude for this extremal area.

The term cos(tgrm/2my) is called the spin factor. When g=2 (free-electron value)
and m* =0.5my, this term becomes zero for the fundamental oscillation (»=1) and the
dHvA oscillation vanishes for all values of magnetic field. This is called the zero spin-
splitting situation in which the up and down spin contributions to the oscillation cancel
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Fig. 6. dHvA oscillation and its FFT spectrum for LaSn,; (Umehara et al. 1991a). The Greek letters in the
FFT spectrum designate the various orbits.

out, and this can be useful for determining the g value. Note that in this situation the
second harmonics for #=2 should have a full amplitude.

When the extremal area changes linearly with increasing external field, the dHvA fre-
quencies of the up and down spin electrons coincide, giving the extremal cross-
sectional area for zero field mentioned above. Many lanthanide compounds show a
magnetically ordered state at low temperatures. Conduction electrons in this system
have different Zeeman and exchange energies, depending on the up and down spin
electrons. For example, the antiferromagnetic AF; state of these compounds often changes
into a different antiferromagnetic AF, state or into the field-induced ferromagnetic
(paramagnetic) state. In this case, we usually get different Fermi surface areas for the
up and down spin electrons, S; and S|, when the field is increased above the critical
field showing the metamagnetic transition H,, as shown in fig. 5. The spin factor S,
becomes

E3 Hx
S, = cos {J‘Ermc (g+ I; )J , (62)
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where H.x is defined by the exchange splitting energy Eox =upH . In ferromagnetic
compounds, it is possible to obtain different Fermi surface areas associated with the up
and down spin electrons in zero field.

Simply thinking, the dHvA oscillation is detected when the high-field condition is
almost satisfied; @.7/27 > 1 and the spacing between the Landau levels is larger than the
thermal broadening kgT'; hiw, > knT. If the magnetic field H is 100kOe or 10 T and the
carrier possesses a cyclotron mass of 10my, the following conditions for the temperature
and the scattering lifetime are required: 7 <1.3K and 7 > 3.6x107!1s or Tp < 0.03K.
A temperature of 0.4K can be attained in the He*-cryostat (Windmiller and Ketterson
1968), and much lower temperatures are obtained in a dilution refrigerator (Reinders et al.
1987). Values of 7=10"12-10"!!s or Tp=0.1-1K are usual in samples.

The exact dHVA oscillation contains many dHvA frequencies F; (i=1, 2, 3,...) or
cross-sectional areas S; and becomes a sum of their contributions, which are analyzed
by the fast Fourier transformation (FFT) method. The amplitude A; corresponds to the
amplitude in the FFT spectrum. Figure 6 shows the dHvA oscillation and its FFT spectrum
for a field along the (111) direction of the cubic crystal LaSn; at 0.5K (Umehara et al.
1991a). From the FFT spectrum we can see many dHvA oscillations due to harmonics
or sums and differences of the several dHvA frequencies.

4. Experimental results and comparisons with band calculations
4.1. Fermi surfaces in the simple cubic Brillouin zone

4.1.1. RB;

The rare earth hexaborides RB¢ crystallize in the cubic (CaBg type) structure which
possesses a CsCl type arrangement of R atoms and By octahedra. Figure 7 shows the
crystal structure of RBg and its simple cubic Brillouin zone. LaBg is a reference non-f
compound. CeBj is a typical Kondo-lattice compound undergoing two magnetic ordering

Fig. 7. (a) RBg-cubic crystal structure, Large spheres without pattern and small spheres with pattern show the
R atoms and the B atoms, respectively. (b) Brillouin zone of the simple cubic crystal lattice.
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Table 4
Characteristic properties of the RB; compounds with a cubic crystal structure®

Compound Ty K) n y (m}/K?mol)  Fermi surface
LaBy Pauli para n, 2.6 three ellipsoids connected by necks
CeBg 23 n, 250 similar to LaBg, but spin-split

Tw=32K

Kondo lattice
PrBg 7.0 n, similar to LaBy, but spin-split
NdBg 7.8 n,=ny, strongly altered by MBZ

? Symbols: n,, number of electron carriers; n,, number of hole carriers; when n,=n, the carriers are
compensated.
MBZ, magnetic Brillouin zone.

transitions at the quadrupolar ordering temperature 7'¢ = 3.2 K and at the Néel temperature
Tn=2.3K (Effantin et al. 1985, Komatsubara et al. 1983). Existence of quadrupolar
ordering is due to the quartet I's ground state in the 4f levels. PrB¢ (Tn=7.0K) and NdBg
(Tn=7.8K) are typical localized 4f systems with magnetic ordering. Their characteristic
properties are summarized in table 4.

The measurements of the dHvA effect in LaBg (Suzuki et al. 1988, Ishizawa et al.
1977, 1980, Arko et al. 1976), shown in fig. 8, revealed that the Fermi surface consists of
a set of three equivalent nearly spherical ellipsoids, denoted by a; (i=1, 2 and 3), which

LaBg ! | 1
“ {100} Y {110} ]
® |

v >
a, A&

—
[e=]
@™

as 24} el

—
[
e}

dHvA Frequency (Oe)

Os l 0:& 05 D

?Ol&ﬁz o] mpy,a O
Lol e Fig. 8. Angular dependence of the d
F et g. 8. Angular dependence of the dHvA frequency

300 048062
R A in LaBg (Ishizawa et al. 1977, 1980, Suzuki et al.
30 0 30 60 90 1988). The solid and dashed lines connecting the
110> <100> aAil> 10 data are guidelines. The Greek letters designate the
Field Angle (Degrees) various orbits.

—

(=3
o
T

| I




32 Y. ONUKI and A. HASEGAWA

LaBg

(a)

27tfa

Fig. 9. (a) Cross-sections of the multiply connected ellipsoidal Fermi surfaces (Ishizawa et al. 1977). (b) Main
three multiply connected ellipsoidal Fermi surfaces (Hasegawa and Yanase 1977b). (c) Twelve pocket Fermi
surfaces in LaB, (Harima et al. 1988). The pocket Fermi surface is enlarged for visual convenience. The Greek
letters designate the various orbits.

are connected by necks. This topology of the Fermi surface was constructed from the
magnitude of the dHvA frequencies and the angle range where the dHvA branches o;
were detected.

The energy band structure of LaBg is characterized by the wide B 2s—2p bands which
are split into the bonding and antibonding bands and by the La 5d bands which lie across
the energy gap between the bonding and antibonding bands. This feature originates from
a particular configuration of atoms in the CeBg crystal structure. The six s states of the
B atoms in an octahedron form d-like orbitals with I';, symmetry about the center of the
octahedron, and the six p states of these B atoms also form d-like orbitals with both
Ty5 and I';s symmetries about the same center (Longuet-Higgins and Roberts 1954).
These d-like orbitals and the La 5d states have nearly equal energies, and therefore strong
hybridization occurs between them. The strong hybridization causes a large wave-vector
dependence of the d bands, and the Fermi surface is formed by one such d(e;) band
(Hasegawa and Yanase 1977b). The Fermi surface of LaBg is shown in figs. 9ab. It
consists of three equivalent electron sheets which are centered at the X point and are
connected by small necks which intersect the X axes in the simple cubic Brillouin zone.
The total number of carriers is almost equal to one electron per primitive cell. The
electrons on the Fermi surface have dominantly La d character, and on the average the
magnitude of their cyclotron effective masses is smaller than the free electron mass.
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The neck orbit was not detected, however, in the above mentioned dHvA measurements
done by Ishizawa et al. (1977) and Arko et al. (1976). Later, branches p; (i=1, ..., 6)
shown in fig. 8 by open circles were detected by the torque method (Ishizawa et al.
1980) and were attributed to the necks because the angular dependence of branches p; are
consistent with the topologies of the necks. This Fermi surface of the neck is, however,
thin and rather cylindrical, which is inconsistent with the short and thick neck constructed
from the unobserved region of the ellipsoidal branches «; and also the results of band
calculations. This puzzle was solved later by a combination of the improved ultrasonic
dHvA measurements done by Suzuki et al. (1988) and the careful band calculations done
by Harima et al. (1988). In fig. 9¢ twelve pocket Fermi surfaces calculated by Harima
et al. are shown as an enlarged scale by a factor of ten. It was shown that branches p; are
not due to the necks but due to the small and flat electron Fermi surfaces. The data shown
as triangles in fig. 8 were obtained by the ultrasonic dHvA measurements (Suzuki et al.
1988). The complete observation of branches p3 and ps is a clear evidence for existence
of the small closed Fermi surfaces.

New band calculations done by Harima et al. were made by shifting the unoccupied
La 4f levels upwards by an amount of 0.10 Ry, which leads to a new band which crosses
the Fermi energy very slightly. Langford et al. (1990) also confirmed existence of the
pocket Fermi surface by the LMTO band calculations. The neck orbit is, however, not
detected experimentally because of the rapid variation of the cross-sectional area around
the extremal neck orbit, implying a large curvature factor °S/0k%.

Similar Fermi surface topologies were obtained in CeBg (Onuki et al. 1989a, Joss
et al. 1987, 1989, Goto et al. 1988a, Suzuki et al. 1987, van Deursen et al. 1985) and
PrB;s (Onuki et al. 1985b, 19894, van Deursen et al. 1985), as shown in figs. 10 and 11,
respectively. Judging from the values of branches ¢; for field along the (100) direction,
the main Fermi surface is more spherical in CeBg than in LaBg and PrBg. The ratio of
the maximum to minimum areas of the ellipsoidal Fermi surface is about 1.16 in CeBg,
1.24 in PrBg and 1.27 in LaBg.

We also show in fig. 12 the cross-sectional area of the small and flat Fermi surface
deduced from branch p; for RB,. It is approximated as an ellipsoidal Fermi surface. The
Fermi wave vectors kg; (i =x, y and z) along the three principal axes are kg, =0.012 (27/a),
kp, =0.023 (27t/a) and kg, =0.0044 (271/a) in LaBg.

In PrBg two kinds of pockets p; and p; as well as the ellipsoids a3 and o} are found, as
shown in fig. 11. The cross-sectional areas of p; and p/ are 118 and 28 times larger than
in LaBg, respectively. The existence of two kinds of Fermi surfaces in PrBg is explained
by an exchange splitting of the up and down spin states of the conduction electrons as
shown in fig. 5. This is due to a change of the antiferromagnetic spin structure at about
10kOe in PrBg (Galera et al. 1992). The up and down spin states have different effective
Fermi surface areas and cyclotron masses. For example, branches a3 and of in PrBg
have the values of 8.19x107 Oe (1.95m0) and 7.25x107 Qe (2.52my) for field along the
(100} direction, respectively.

A similar spin splitting of the Fermi surfaces is expected in CeBy because the
antiferromagnetic state of the so-called phase III changes into that of phase II
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Fig. 12. Cross-sections of the pocket-Fermi surfaces in
LaB,, CeB; and PrBg. These electron pockets are flat
in character (Onuki et al. 1989a).

(1992) confirmed that branches p and pg

shown in fig. 10 are due to two kinds of Fermi surfaces with different spin states. The
Fermi surface of branch p; in CeBg accidentally possesses the same size as branch p

in PI‘Bﬁ.
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Table 5
dHvA frequencies F and cyclotron masses m; in RB; compounds (Ishizawa et al. 1977, 1980, Onuki et al.
1989a,d, Goto 1992)?

RB; a5 o Y £ P [
F my; F my F my F mg F mi F mt
LaB, 7.89 0.64 3.22 0.85 0.49 0.0052 0.046
CeB;, 8.67 14-21 219 155 1.30 92 0120 1735 0080 4.6
0.188 55
PtB, 8.19 195 725 2.52 327 194 094 094 0590 0.64 0.150 028
0.79 0.66
a c g I3
F m; F m; F m; F my

NdB; 9.90 200 344 243 1.27 1.47 095 1.08

¢ F values in 107 Qe, m! expressed in m,.

Here, we note the occurrence of dHvA branches with frequencies of (1-2)x 107 Oe
in CeBg and (3-4)x 107 Oe in PrBs. These branches are not present in LaBg, and are
probably produced by the small antiferromagnetic Brillouin zone boundaries in CeB4 and
PI‘Bﬁ.

The cyclotron masses in LaBg, CeBg and PrBg are summarized in table 5. All masses
in CeBg are heavily renormalized by the many-body Kondo effect compared to those of
LaB; and PrBg. The cyclotron masses in PrBg are also three times larger than those in
LaBy, which should be attributed to the usual electron~magnon interaction.

The cyclotron mass of branch a3 in CeBg shows a striking variation as a function
of magnetic field, as shown in fig. 13. Quite a different field dependence is observed
in the electronic specific heat coefficient y (Miiller et al. 1988), as shown also in
fig. 13. It varies from 250 mJ/K? mol in zero field to 50 mJ/K? mol in 220 kOe. Here,
the masses shown by the solid line through the crosses in fig. 13 were estimated from the
y value of CeBg by using the relation of m}(CeBg) = m}(LaBg) [v(CeBg)/ y(LLaBg)], where
mc(LaBg)=0.61my for a3 and y (LaBg)=2.6 mJ/K* mol. There exists a clear discrepancy
between the results of two types of experiments. The reason for this is thought to be
as follows. When one compares the Fermi surface of CeBg to that of PrBg, one is led
to believe that the observed as-Fermi surface in CeBg corresponds to branch o3 in
PrBg. In PrBg, the mass of branch a} is larger than that of branch a;. Therefore, it is
natural to assume that branch ¢ in CeBs has also a larger mass and hence could not
be observed experimentally. Therefore, the missing branch o is the main origin of the
present discrepancy. We note that the field dependence of the cyclotron mass or the y-
value was discussed briefly in sect. 2. The theoretical treatment for CeBs was done by
Wasserman et al. (1989).

The dHVA frequencies observed in NdBg (Onuki et al. 1989d) are substantially different
from those of LaBg4, PrBs and CeBg, as shown in fig. 14. One main reason for the
discrepancy between the dHvA branches in NdB4 and in LaBg or PrB4 seems to be the
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Fig. 14. Angular dependence of the dHvA frequency
in NdB, (Onuki et al. 1989d). The solid and dotted
lines are the results of band calculations (Kubo et al.
1993). The letters designate the various orbits.

large magnetic gaps in NdBg due to a larger number of the occupied 4f electrons in a
new magnetic Brillouin zone.

Min and Jang (1991) and Kubo et al. (1993) calculated the Fermi surfaces both in the
paramagnetic and antiferromagnetic states of NdBg by the LMTO and KKR methods,
respectively, treating the 4f electrons as the core electrons. The Fermi surface in the
paramagnetic state of NdBg is similar to that of LaBs. On the other hand, the Fermi
surface in the antiferromagnetic state, which was calculated by Kubo et al. (1993), can
be roughly understood by the band-folding of the paramagnetic Fermi surface into a
smaller tetragonal Brillouin zone based on the magnetic unit cell which contains the
double chemical unit cells.

Figure 15a shows a multiply connected hole Fermi surface in band 27. A closed orbit
centered at the M point on the M—X-TI" plane is denoted by branch c. This branch is
equivalent to branch ¢ in the paramagnetic state. Figure 15b shows two ellipsoidal electron
Fermi surfaces centered at the R point and a multiply connected electron one centered at
the T point in band 28. NdBy in the antiferromagnetic state is thus a compensated metal,
as opposed to the uncompensated metal LaBg, or NdBy in the paramagnetic state. Here,
the electron Fermi surface of NdBg in the paramagnetic state is essentially a sphere with
a hollow in the center.

The solid and dotted lines in fig. 14 represent the theoretical results based on the
Fermi surface in fig. 15 (Kubo et al. 1993). Namely, the solid lines represent the field
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A designate the various orbits.

configuration of [110] to [100] in the (001) plane and [100] to [011] in the (011) plane,
while the dotted lines represent that of [011] to [001] in (100) and [001] to [110] in (110).
To explain the experimental results, it is necessary to consider three kinds of magnetic
domains, whose tetragonal axes are directed along the three equivalent (100) axes. For
example, the solid lines denoted by g and 4, in fig. 14 correspond to orbits g and 4, in
fig. 15 for field along the [100] direction. On the other hand, orbit a cannot be closed
for this field direction, but can be closed for field along the [001] direction. This orbit
corresponds to branch a in fig. 14, as shown by a dotted line. Detected dHvA branches
are thus explained by considering the three equivalent domains.

The cyclotron masses are in the range of 1-2.4myp, roughly three times larger than
those of LaB4. Mass enhancement due to the electron-magnon interaction in NdBy is
comparable to that in PrBg, in contrast to extremely large enhancement in CeBg, as shown
in table 5.

Magnetoresistance measurements were done for RBg. Reflecting the multiply connected
Fermi surface, open orbits were observed for LaBg, PrBs and NdBg (Onuki et al. 1989d).
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Table 6
Characteristic properties of LaAg and YZn with the CsCl-type cubic crystal structure
Compound Tx (K) n Y Fermi surface
(mJ/K? mol)
LaAg Pauli para n,=ny 2.9 ellipsoids
YZn Pauli para ny multiply connected hole Fermi surface

4.1.2. LaAg and YZn
LaAg and YZn are Pauli paramagnetic compounds with the CsCl structure as shown in
fig. 16. Their characteristic properties are listed in table 6.

Magnetoacoustic quantum oscillations were obtained for LaAg (Niksch et al. 1987).
Two kinds of ellipsoidal Fermi surfaces, denoted by a and f3, were observed, as shown in
fig. 17. The solid lines are theoretical ones based on relativistic self-consistent Augmented
Spherical Wave (ASW) calculations.

LaAg is a compensated metal. This is simply expected from the number of valence
electrons; La** and Ag'* and the primitive cell contains one molecule of LaAg. Just as
in LaBg, the La atoms make a simple cubic lattice, and therefore the La d(e,) band is
expected to play an important role in determining the Fermi surface. Unlike the B atoms,
however, the Ag atoms make a simple cubic lattice, and thus hybridization between the
La d band and the Ag sp bands cannot be so strong as the La d-B sp hybridization in
LaBg. The energy band structure of LaAg is rather similar to those of simple transition
metals. The density of states as a function of energy has a sharp peak which originates
from a flat part of the La d(e,) band, and the Fermi level lies slightly below the sharp
peak. Consequently the cyclotron effective masses are small in LaAg.
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Fig. 18. (a) Hole and (b) electron Fermi surfaces in LaAg
(Niksch et al. 1987). The Greek letters  and /5 designate
(a) hole (b) electron the orbits.

Figure 18 shows theoretical Fermi surfaces calculated by Niksch et al. (1987).
Branches o and 3 correspond to small hole ellipsoids centered at the M point, possessing
a dHvA frequency of 1.86x107 Oe for field along the (110) direction and small electron
ellipsoids centered at the X point, possessing a dHvA frequency of 7.20x 10° Qe for
field along the (111) direction, respectively. A large hole Fermi surface centered at the
I' point and a large electron one centered at the R point were not observed experimentally,
probably because of a resolution problem.

The conduction carriers are mainly due to the La 5d states, as mentioned above.
However, the cyclotron masses are 0.92m, for the small hole and 1.10mg for the small
electron, which are roughly twice as large as the corresponding band masses of 0.44my
and 0.87my, respectively. This is consistent with the ratio of the measured electronic
specific heat coefficient y, 9.9 mJ/K? mol to the calculated one yy,, 5.1 mJ/K?mol (Hill
et al. 1976). This large mass enhancement for LaAg is mainly due to electron—phonon
interaction because the band Jahn—Teller effect is found in LaAg and also slightly due to
hybridization of the La 4f electrons with the conduction 5d electrons.

dHvA experiments were done by Jan (1973) for YZn with the CsCl-type crystal
structure. Two kinds of branches a and y were observed. Figure 19 shows the angular
dependence of the dHvA frequency for branch y. The solid line in fig. 19 shows the
results of APW band calculations done by Hasegawa and Yanase (1977a), which is based
on the Xa method with an exchange parameter of 0.6.

Branch y is due to a multiply connected hole Fermi surface with the topology of
intersecting cylinders directed along the I'X direction in band 3, as shown in fig. 20, and
branch o is due to a small electron-Fermi surface at the R point in band 4. In contrast
to LaAg, YZn is an uncompensated metal with a hole character. This is simply expected
from the number of valence electrons in a primitive cell; Y** and Zn?>". Compared to
LaAg, YZn has one more conduction electron per primitive cell, and therefore the Fermi
level approaches closely the sharp peak in the density of states which originates from a
flat part of the Y 4d(ey) band (Hasegawa and Yanase 1977a). As a natural consequence,
the electrons on the main Fermi surface (the y sheet) dominantly have the Y 4d character,
and their cyclotron effective masses are larger than those in LaAg.
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Fig. 19. Angular dependence of the dHvA frequency in YZn (Jan 1973). The solid lines show the results of
band calculations (Hasegawa and Yanase 1977a). The Greek letter y designates the orbit.

The cyclotron mass is 2.08my for v and 0.237m, for @, compared to the band masses
of 1.21my for y and 0.14mp for a. The mass enhancement is relatively large, which is
mainly due to electron—phonon interaction as in LaAg.

Magnetoresistance experiments (Sellmyer et al. 1975) confirmed that YZn is an
uncompensated metal with a multiply connected Fermi surface which favors open orbits,
at least, along the {110) direction. These results are consistent with the results of band
calculations mentioned above.

4.1.3. Rin;
There are many RX; compounds with the AuCu; type cubic structure. Figure 21 shows
the crystal structure of RX; where the corner-sites are occupied by the R atoms and the
face-centered sites are occupied by the X atoms. RIn; and RSnj are typical examples.
Celn; is a well known Kondo-lattice compound showing antiferromagnetic ordering at
10K. The ordered moment 0.65ug per cerium atom is comparable to the value 0.71 ug
expected from the I'; ground state (Lawrence and Shapiro 1980). Nevertheless, Celns
possesses a large electronic specific heat coefficient of 130 mJ/K? mol at low temperature,
indicating a heavy-electron system (Nasu et al. 1971). Therefore Celn; is considered to
be in a similar situation as CeBg, possessing a low Kondo temperature and displaying
magnetic order at low temperatures. The ground crystalline field state is, however,
the T'; doublet and thus no quadrupolar ordering is expected. Prlny is paramagnetic,
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Fig. 21. The AuCu, type cubic crystal structure of RIn;. Large spheres
without pattern and small spheres with pattern show the R atoms and the
In atoms, respectively.

Table 7
Characteristic properties of the RIn; compounds with the AuCu,-type cubic crystal structure

Rln, Tx (K) n Y Fermi surface
(mJ/K? mol)
Laln, Pauli para N, =ny 53-63 nearly spherical electron Fermi surface (band 7);
complicated hole Fermi surface (band 6)

Celn, 10 n, =0, 130 similar to Laln, (branch d), but strongly altered
Kondo lattice by MBZ

PtIn, singlet n,=ny, 11.4 similar to Laln,

NdlIn, 5.9 n,=ny similar to Laln,, but affected by MBZ

Smin, 14.7, 152 n,=ny, similar to Laln,, but strongly altered by MBZ
(Tq=159K)

Gdln, 42 n, =ny (7) similar to Laln,, but affected by MBZ

possessing a singlet ground state; NdIn; (Ty=5.9K), SmIny (Tx=14.7 and 15.2K,
Tq=159K) and Gdlny (Tn=42K) are localized 4f systems. Their characteristic
properties are summarized in table 7.

As a proper reference for the RIn; compounds, the electronic structure was investigated
for Lalns by various theoretical methods. An analysis of the partial density of states
revealed that the Bloch states in the lowest three bands consist dominantly of the In s state,
and those in the upper part of the valence band consist mainly of the In p and La d states.
The Fermi level lies in the vicinity of a sharp peak in the density of states. The Fermi
surface consists of two sheets of bands 6 and 7 (Hasegawa 1982). The band 7 electron
Fermi surface is essentially a sphere, which is centered at the R point and bulges slightly
toward the M point and contains 0.38 electrons per primitive cell. The band 6 hole Fermi
surface looks quite complex and contains the same number of holes as electrons, because
Laln; has an even number of Bloch electrons per primitive cell and thus is a compensated
metal.

The angular dependence of the dHvA frequency in Laln; is shown in fig. 22 (Umehara
et al. 1991b). The solid lines represent the results of APW band calculations (Kletowski
et al. 1987, Kitazawa et al. 1985). Branch a originates from the band 7 electron Fermi
surface, while the others originate from the band 6 hole Fermi surface, as shown in fig. 23.
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The latter Fermi surface consists of three kinds of major parts, which are centered at the
T, R and X points. Among them, a Fermi surface centered at I, denoted by d, is electron
in dispersion and is spherical in topology, bulges slightly along the (100} direction and
connects with another part of the Fermi surface centered at R by the slender arm elongated
along the (111) direction. The arm is denoted by j. The topology of Fermi surface is
similar to that of Cu, although the volume is small compared to that of Cu.

Conduction electrons are mainly due to La 5d and In 5p electrons, as mentioned above.
The cyclotron masses for branches a and d for field along the (100) direction are 0.57my
and 0.40my, respectively, which are almost the same as the band masses of 0.58m, and
0.53my, respectively.

dHvA measurements in Celn; were done by Kurosawa et al. and others (Kurosawa
et al. 1990, Satoh et al. 1992, Ebihara et al. 1993). The results are shown in fig. 24.
Many dHVA branches are observed in the range of 4x10° Oe to 3x107 Oe, which are
highly different from those of Laln; in the angular dependence.

Among them, a branch with the dHvA frequency of about 3x 107 Qe, denoted by d,
is similar to branch d in Lalns, although this branch is observed in the whole angle
region for Celn,. Correspondingly, the arm orbit, denoted by j, is not observed in Celns.
The branch d Fermi surface in Celn; is thus roughly spherical, possessing no arms. The
angular dependence of the amplitude and the cyclotron mass for branch d is strange
(Ebihara et al. 1993). As shown in fig. 25, the dHvA amplitude for branch d in Celns
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(a)

(b) g 23. (a) Hole and (b) electron Fermi
surfaces in Laln, (Kietowski et al. 1987,
Kitazawa et al. 1985, Hasegawa 1982).
The stippled regions indicate the cross-
sections of the hole Fermi surfaces in
the 100 and 110 planes. The letters a,
b, ..., designate the various orbits.

is strongly reduced in two angle regions where branch 4 in Laln; is not observed by
existence of arms. This is mainly due to the large cyclotron mass in these regions; for
example, it is about 12my for field along the (110} direction, as shown in fig. 26, while
it is rather light in the angular regions around (100) and (111). The broken line in
fig. 25 shows the angular dependence of the dHvA amplitude under consideration of the
reduction factor [sinh(amT/H)]™!, roughly in good agreement with the experimental
data. The strong angular dependence of the amplitude may be explained much better if
we furthermore consider the curvature factor of this closed Fermi surface.

The cyclotron masses 2.02my for field along (100) and 2.88my along (111) in Celn;
are five to eight times larger than the corresponding values 0.40mg and 0.37m, in
Lalns, respectively. The detected largest mass is 20.7m for a branch with the frequency
of 7.6x10%QOe. This may be compared to the electronic specific heat coefficients of
130mJ/K? mol in Celn; and 5.3-6.3 mJ/K? mol in Laln;.

Here we note that Celn; is antiferromagnetic at the usual applied field of 150 kQe.
Fermi surfaces in Celn; are thus strongly modified by the magnetic Brillouin zone
boundaries. A spherical electron Fermi surface in band 7, denoted by a in Lalns, is not
observed in Celns. This is most likely ascribed to the influence of the magnetic Brillouin
zone boundaries because the renormalized mass for this orbit is not extremely large,
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about 10myq, following the relation mj(Celns) = m(Lalna) [v(Celns)/y(Lalns)], where
mc(Laln;) is about 0.5mp for branch a, y (Celns) is 130 mJ/K?mol and y (Lalns) is
5.3-6.3 mJ/K? mol.

The conduction electrons with large masses in the heavy-electron system are believed
to move slowly in the crystal compared to the usual carriers in the s and p electrons for
a similar Fermi surface topology and mean free path. This is one of the fundamental
understandings of the heavy-electron system. Ebihara et al. (1992b) experimentally
confirmed that the product of the cyclotron mass and the inverse scattering lifetime or
the Dingle temperature is constant by using two orbits of branch d in Celns.

The relation between the effective mass m* and the scattering lifetime 7 for the
conduction electrons in metals is defined as follows;

flkp = m*UF (63)
and
I = vpt, (64)

where the wave number kg is half of the caliper dimension of the cross-sectional area S of
the Fermi surface, vr is the Fermi velocity and / is the mean free path. For example, the
equation S= kg applies to a simple circular area.
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From eqs. (63) and (64) the following equation is obtained:

m*  hkg
o 65
. (65)

T

Thus m*/7 is expected to be the same for two similar orbits with the same mean free path.
When the effective mass m™* is enhanced by a factor of (1+ A) from spin fluctuations,
eq. (65) indicates that 7 should also be enhanced by a factor of (1+A). This occurs
because a large mass is translated into a small velocity from eq. (64) so that the scattering
lifetime becomes (1 + A) times larger than that obtained by eq. (64) if the mean free path
is the same. In terms of the Dingle temperature, eq. (65) becomes

# kg

mTo =5 (66)

The effective mass m* is assumed to be the cyclotron mass m} in the dHvA experiments.
Ebihara et al. (1992b) tested whether m} Ty, is the same for similar orbits.

The above relation between the cyclotron mass and the Dingle temperature was applied
to the heavy electrons in Celns. There are two orbits for branch d which possess the same
dHvVA frequency and therefore the same cross-sectional area of the Fermi surface but a
different cyclotron mass, as mentioned above. Thus, kg is the same for the two orbits.
Moreover, the mean free path is considered to be the same because it is approximately
equal to the average distance between impurities.
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The dHvA frequency and cyclotron mass for field along the (111) direction in
branch d are 3.15x107 Oe and 2.44my, respectively. The other orbit for field approx-
imately along the (110) direction, which is now denoted by D, has 3.29x107 Oe and
12mg. Here the cyclotron masses were determined from the temperature dependence of
the dHvA amplitude 4, as shown in fig. 27.

For these two orbits, fig. 28 shows a Dingle plot of In [4H"?sinh(am};T/H)] vs H™.
The slope in fig. 28 gives the product of the cyclotron mass and the Dingle temperature.
The slope for orbit d is almost the same as that for orbit D, indicating that the product
of m}Tp is constant for the two orbits. Orbit d possesses 7'p=0.19K or 7=6.5% 10712,
while Tp=0.04K or 7=3.0x107!'s for orbit D. We can thus conclude that the larger
the mass becomes, the larger the scattering lifetime is such that the value of m 7! or
mTp is constant.
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Figure 29 shows the angular dependence of the dHvA frequency in Prln; (Umehara
et al. 1991c¢). The common dHvA branches are denoted by the letters defined for Lalns.
The Fermi surfaces of Prln;, which has a singlet ground state, are similar to those of
Laln;, although each cyclotron mass of Prln; is twice as large as the corresponding one
for Lalns, as shown in table 8.

NdIn; becomes antiferromagnetic below 5.9 K. The magnetization exhibits metamag-
netic transitions at 76, 85 and 110kOe for field along the (100) direction, and at 73 and
90 kOe for field along (110) (Czopnik et al. 1991). With increasing field, this compound
goes from an antiferromagnetic to a paramagnetic state, passing through an intermediate
magnetic state.

Umehara et al. (1992b) measured the dHvA effect in each magnetic state. The Fermi
surfaces of NdIn; in the paramagnetic (or field-induced ferromagnetic) state, which
are obtained at higher fields than 110kOe, are similar to those of Lalns, as shown in
fig. 30a. Branches a and d are characteristic Fermi surfaces in bands 7 and 6 of Laln;,
respectively. The main branch a consists of two closely separated frequencies, reflecting
the up and down spin states of the electrons. We note that it is difficult in general to
detect dHVA frequencies lower than 107 Oe at high fields.

However, in the antiferromagnetic state, there are many differences between the Fermi
surfaces of NdIn; and those of Lalns, as shown in fig. 30b. This is due to the magnetic
Brillouin zone boundaries. This situation is similar to that of NdBg.
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Table 8
dHvA frequencies and cyclotron masses® in RIn, compounds for field along the (100) direction (Umehara
et al. 1991b,c, 1992a,b, Satoh et al. 1992, Ebihara et al. 1992a)

Rln, d
F mg F mg F mg F my
Laln, 7.47 0.57 2.78 040 138 0.26 0.096 0.17
6.07 0.69 0.330 0.49
Celn, 2.93 2.02 0.76¢ 20.7¢
330 12¢ 0.079¢  48°¢
0.051¢  15°
PtIn, 7.57 0.99 3.02 0.60 1.28 0.36 0.128 0.28
2,57 0.87 0.27 0.68
NdlIn, (paramagnetic) 7.75 1.14 2.67 1.39 1.20 0.91
Ndln, 8.09 1.05 3.17 0.80 1.29 0.60 0.12 031
(antiferromagnetic) 1.70 0.69 0.49 0.60
0.26 042
0.22 0.30
0.19 0.31
Smln, 7.81¢ 1.30° 3.08 0.80 0.95 0.24
1.10 0.80
Gdln, 6.63 0.61 3.07 0.49 0.857 0.32 0.096 0.29
1.64 0.52 0.261 0.17
111 0.31 0.193 0.16

® F values in 107 Oe, m}, expressed in my,. ¢ Field along the (110} direction.

® Field along the (111) direction.

According to the results of neutron experiments (Lethuillier et al. 1973), the magnetic
unit cell possesses a tetragonal structufe which contains double chemical unit cells.
Therefore, the volume of the magnetic Brillouin zone becomes half the chemical one.
Among the observed dHvA branches, the branch d Fermi surface remains in the
antiferromagnetic state because it is fully contained in the tetragonal magnetic Brillouin
zone.

Branch a is also observed in the antiferromagnetic state, although the dHvA amplitude
is strongly damped when the field is tilted by about 10° from (100) to (110} in the
{100} and {110} planes, as shown in fig. 31. Umehara et al. (1992b) constructed the
Fermi surface such that a nearly spherical Fermi surface in the paramagnetic state, which
corresponds to the band 7 electron Fermi surface of Laln;, is changed into a multiply
connected Fermi surface with necks, as shown in fig. 32. Note that no necks exist along
the [001] and [001] directions in the cubic notation. Therefore, cubic symmetry is broken
in the antiferromagnetic state of NdIns. This new Fermi surface in the antiferromagnetic
state favors an open orbit along the [110] direction when field is directed along the
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[110] direction, which is confirmed in magnetoresistance experiments (Umehara et al.
1992b).

If we follow the Fermi surface as shown in fig. 32, the branch a oscillation is not
expected to be detectable for field along (110); but it was experimentally observed
even in the antiferromagnetic and intermediate magnetic states, although its amplitude
is extremely small. This is because an electron can circulate around a closed orbit by
breaking through the neck-Fermi surfaces. These necks, which are introduced by magnetic
ordering, are broken through by the circulating electron in rather low field of 50 kOe.

The antiferromagnetic Fermi surface is thus reconstructed on the basis of the magnetic
Brillouin zone. The same procedure mentioned above should be applied to the band 6
hole Fermi surfaces, probably producing small closed Fermi surfaces. They may possibly
correspond to dHvA branches with frequencies of 1.5x107 Oe and 5x10° Oe as shown
in fig. 30b.

The cyclotron mass of NdIn; is twice that of Laln;. Differences of the cyclotron mass
are small between the antiferromagnetic and paramagnetic states, as shown in table 8.

For SmlIn,, a large number of small spherical Fermi surfaces were also observed, which
are not present in Lalny (Ebihara et al. 1992a), as shown in fig. 33. Branches a and
d in fig. 33 are similar to those of Laln; in the magnitude of dHvA frequency. However,
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branch a for Smin; is observed only around the (110) direction. The Fermi surfaces
are probably modified in topology by the magnetic Brillouin zone boundaries. If we
consider the spherical Fermi surface with arms or bumps along the [100], [100], [010] and
[010] directions, the electron cannot circulate around (100) but can circulate around both
(110) and (111). However, no signal is observed experimentally around (111). Probably,
the (111) direction is less detectable compared to (110), which originates from strong
damping of the signal due to the curvature factor of the Fermi surface with arms or
bumps.

Branch d is also supposed to correspond to branch d in Lalnj, although the arms,
denoted by j, are not present in SmlIns. Its Fermi surface is probably nearly spherical as
in Celns, although the dHVA signal is not observed over the whole angular region.

The cyclotron masses of Smln; are also roughly two or three times larger than those
of Lalns, as shown in table 8.

Branches 4 and j are observed in the antiferromagnetic state of Gdln;, as shown in
fig. 34 (Umehara et al. 1992a). This Fermi surface is probably contained in the magnetic
Brillouin zone. As the magnetic structures of Smln; and GdIn; are unknown, further
analyses are not yet done.
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The cyclotron masses for branches d and j in Gdln; are almost the same as those of
Laln;. We note that the dHvA branch with the frequency of 7.28 x 107 Qe in GdIn;, which
is observed in a narrow region around (111}, is the same frequency as branch g in Lalns.
This branch possesses a relatively large mass of 1.70mg, which is three to four times
larger than that of Laln,, 0.47my if it corresponds to branch a.

In powdered YbIns, one dHvA branch of 4.50x10° Oe is detected at high fields up to
30T, suggesting that there exists a small spherical portion of the Fermi surface (Meyer
et al. 1973).

The magnetoresistances of RIn; (La, Ce and Nd) increase over a wide field region
(Umehara et al. 1991b, 1992b, Satoh et al. 1992, Kurosawa et al. 1990). This result
suggests that these compounds are compensated metals with an equal carrier number of
electrons and holes. This is expected simply from the total number of valence electrons, 12
per primitive cell because of R3* and In**. However, the magnetoresistances in Celn; and
NdIn; saturate for fields along the characteristic field directions, indicating the existence
of open orbits in these Fermi surfaces. For example, the multiply connected Fermi
surface with necks in the antiferromagnetic state of NdIn; favors an open orbit along
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the (110) direction, as mentioned above. These behaviors are compared to those of Laln,
where the magnetoresistance increases over the whole angular region, indicating no open
orbits, A different behavior of the magnetoresistance is observed in GdIny, where the mag-
netoresistance saturates in all field directions in the {100} plane (Kletowski et al. 1985).
For GdlIn, it is necessary to consider the Fermi surface in the antiferromagnetic state.

4.1.4. RSn3

CeSn; at low temperature is thought to belong to the so-called valence-fluctuation regime
with a Kondo temperature of about 200K. Therefore, it is interesting to study the alloy
system Ce(In;,La,)s, clarifying how the Kondo regime changes to the valence-fluctuating
regime. Actually, an experimental work was reported (Benoit et al. 1985). There are some
mysteries hidden in CeSnj; itself (Gschneidner et al. 1985). Some anomalies are attributed
to off-stoichiometry effects and/or to the inclusion of other phases such as Ce;Sns, but
many of the anomalies are not yet well understood. The characteristic properties of the
RSn; compounds are summarized in table 9.

Figure 35 shows the angular dependence of the dHvA frequency in LaSn; (Settai
et al. 1995, Umehara et al. 1991a, Johanson et al. 1981, 1983, Boulet et al. 1982). Main
branches are two branches denoted by « and f§ which exist in the whole range of angles
in the low frequency region, and three branches with high frequencies denoted by y1, 72,
and y; centered at (111},

Compared to Lalns, LaSn; has three electrons more per primitive cell, and hence the
electronic structure of LaSns is that of an uncompensated metal having a Fermi surface
which occupies half of the Brillouin zone (Hasegawa and Yamagami 1991, Hasegawa
1981, Koelling 1982). All sheets of the Fermi surface in Laln; disappear in LaSns.
In LaSn;, band 8 yields a main sheet of the Fermi surface which looks like a composite
sheet, and two small hole pockets lie at the I point in bands 7 and 8, as shown in fig. 36.
The solid lines in fig. 35 are the results of band calculations done by Hasegawa and
Yamagami(1991). A strong resemblance between the experimental and the theoretical
angular dependences of the dHvA branches suggests that the experimental branches ¢ and
B may originate from the small hole Fermi surfaces in bands 7 and 8, respectively.

Hasegawa and Yamagami (1991) revealed that the composite sheet in band 8 actually
consists of a large distorted hole sphere centered at the R point and a network which

Table 9
Characteristic properties of the RSn; compounds with the AuCu,-type cubic crystal structure
RSn, T K) n Y Fermi surface
(mJ/K? mol)
LaSn, Pauli para By 11 distorted sphere with necks; and network (hole, band 8)
CeSn, valence n,=n, 53 distorted sphere (hole, band 8); and complicated electron

fluctuation Fermi surface (band 9)
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Fig. 35. Angular dependence of the dHvA frequency
in LaSn, shown by circles (Umehara et al. 1991a) and
triangles (Settai et al. 1995). The solid lines show the
results of band calculations (Hasegawa and Yamagami
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Fig. 36. Fermi surfaces of LaSn;. (a) Small hole sphere centered at the I point in band 7; (b) small distorted
hole sphere centered at the I' point in band 8. The large hole surface in band 8 is shown in two separate parts:
(c) large distorted sphere; (d) network (Hasegawa and Yamagami 1991). The Greek letters designate the various
orbits.

surrounds the distorted hole sphere with many slender arms, as shown separately in
figs. 36¢, d, respectively. The distorted hole sphere contains about 0.6 holes per primitive
cell and is connected with the network near the M point. Each connection part consists
of a set of four thin necks. Complex structures of band 8 Fermi surface produce many
dHvA branches, as shown in fig. 36¢,d. The detected dHvA branches are thus well
explained by the present band calculations.

Figure 37 shows the angular dependence of the dHvA frequency in CeSny (Umehara
et al. 1990, Johanson et al. 1983). Some Fermi surface parts seem to be similar but other
parts are considerably different from those of LaSnj, and the detected cyclotron masses
are roughly five times larger than those in LaSns, in agreement with the ¥ values, as
shown in tables 10 and 11.
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Fig. 38. (a) Large hole Fermi surface in band 8; (b) large electron Fermi surface in band 9 of CeSn, (Hasegawa
et al. 1990). The letters designate the various orbits.

Table 10
Cyclotron masses and band masses in LaSn, (Umehara et al. 1991a, Hasegawa and Yamagami 1991)*
mass a B 71 Y2 73 6 £ 1 u
(111} {111) {111) {111) (11L) (110) 27% (100) {110)
m: (mg) 0.38 0.74 1.07 0.91 191 1.16 2.33 0.78 045
my, (mg) 0.16 0.42 0.67 0.42 0.67 1.2 1.6 0.69 0.40
m/my, 2.4 1.8 1.6 22 2.9 1.0 1.5 1.1 1.1

2 Note that the y value of 11 mJ/K2 mol is roughly twice as large as the theoretical y,, value of 5.56 mJ/K? mol.
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Table 11
Cyclotron masses m; and their band masses m, in CeSn, (Umehara et al. 1990, Hasegawa et al. 1990). Note
that the y value of 53 mJ/K? mol is roughly three times larger than the theoretical value of 15.4 mJ/K? mol

Mass a b(100) ¢ (110) d (111) e f g (110)
ooy (110)  (I1D)

me(my) 415 3.83 272 6.30 625 4.07

my(mg) 2.1 1.7 0.9 1.7 23 23 3.6 1.4 2.1

mim, 2.4 43 1.6 2.7 2.7 19

Hasegawa et al. (1990) calculated the energy band structure of CeSn; under the
assumption that the 4f electron is itinerant. As shown in fig. 38, the calculated Fermi
surfaces mainly consist of a large band 8 hole Fermi surface centered at R and a large
band 9 electron surface centered at I'. The origin of the analogy in Fermi surfaces between
CeSnj and LaSn; is as follows. Namely, the large distorted spherical hole Fermi surface of
band 8 in LaSn; is similar to the band 8 hole Fermi surface in CeSns. Small spherical hole
Fermi surfaces in bands 7 and 8, denoted by « and 8 in LaSn3, are also present in CeSns,
corresponding to branches p and g, respectively in fig. 37, although their volumes of the
Fermi surfaces in CeSn; are smaller than those of LaSns. The difference between LaSn;
and CeSn; is ascribed to the large electron Fermi surface in CeSn;. Note that this Fermi
surface has no occupied states along the (111} direction, which is different from the results
of band calculations done by Koelling (1982) and the renormalized band calculations done
by Strange and Newns (1986). Later, Norman and Koelling (1993) confirmed the validity
of the electron Fermi surface calculated by Hasegawa and coworkers.

The solid lines in fig. 39 indicate the results of the band calculations done by Hasegawa
et al. (1990). Branch a corresponds to the large hole Fermi surface, while the other main
branches are due to the electron one. Both in the magnitude of the cross-sectional area
and in the observed range of angle, the theoretical branches agree reasonably well with
those of the experimental ones, supporting the validity of both the large hole and the large
electron Fermi surfaces predicted by the calculations.

Here we note that branch a in fig. 39 disappears at angles in the vicinity of the
(100} direction. The reason for the disappearance of branch g is due to the combined
effect of the curvature factor and cyclotron mass, as shown in fig. 40. The hole Fermi
surface is not a perfect sphere, but bulges appreciably towards the (100) direction. In the
(111) direction, the orbit does not pass on any bulges. Therefore, as shown by the broken

line in fig. 40, |52S/0k} l—w' has a sharp peak along (111) and becomes small along (100)
and (110). The minimum value is about 1/20 of the maximum. Another possible origin is
an increase of the cyclotron mass m; for branch a, because it becomes a maximum along
(100) and a minimum along (111). Here we note that the probability amplitude of the
4f state averaged over the orbits perpendicular to the (100), (110) and (111) directions
is found to be 70%, 65% and 60%, respectively. The intensity of the oscillation of the de
Haas-van Alphen effect is thus damped by the factor [sinh(am>T/H)]™'. The solid line
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in fig. 40 shows the angular dependence of the curvature factor multiplied by this factor
which is calculated for branch a by assuming that 7=0.5K and H =150kOe. We see
that this combined damping factor qualitatively explains the experimental result for the
intensity of branch a.

The large hole Fermi surface in band 8§ contains 0.44 holes per primitive cell, and the
large electron one in band 9 contains the compensating number of electrons. The number
of holes and electrons contained in other small Fermi surfaces is fairly small, in total
about 0.1 per cell. Every carrier possesses larger masses than the corresponding band
masses. The ratio of the cyclotron mass m to the band mass m/m;, for each branch is in
the range of 2 to 4, as shown in table 11. This is consistent with the ratio of v to vy, 3.4.

The magnetoresistance is also useful to determine the character of the 4f electrons
in CeSny. Figure 41 shows the angular and field dependences of the magnetoresistance
in LaSny (Umehara et al. 1991a). The sharp dips and spikes around the (100) direction
indicate that the (100) direction is a singular field direction and the spikes mean open
orbits, resulting from the uncompensated nature of LaSn,. This is simply expected from
the total number of valence electrons, 15 for La** and Sn**. These open orbits are
explained well by the results of band calculations done by Hasegawa and Yamagami
(1991). Figure 42 is a typical example of the (100) open orbits running on the large Fermi
surface in band 8. Magnetic field is at 4.5° from the (100) direction on the {100} plane.

On the other hand, the magnetoresistance of CeSnj in fig. 43 increases in the all field
directions (Umehara et al. 1990), indicating compensated carriers and the absence of
open orbits in CeSnjs, which may be compared to the uncompensated state of LaSn,.
These results indicate that Ce is tetravalent, Ce*', confirming the itinerant nature of the
4f electron.

The results of magnetoresistances for LaSn; and CeSnj are consistent with the
results of the band calculations mentioned above (Hasegawa and Yamagami 1991,
Hasegawa et al. 1990). The multiply connected band 8 Fermi surface in LaSn; favors
the experimentally observed open orbits. All of the Fermi surfaces in CeSns are closed
ones, in good agreement with the compensated metal of CeSn; without open orbits.

It is remarkable that the itinerant 4f band model fits the dHvA results so well. From the
viewpoint of the energy band structure we summarize the f-electron behaviors of LaSn,
and CeSn;. In LaSn;, band 8 forms a large distorted hole sphere around the R point,
and each of bands 7 and § forms a small hole sheet at the I' point. These characteristic
features of the energy band structure in the vicinity of the Fermi level (Ef) are shown
schematically in figs. 44a,b. The center of the unoccupied 4f bands is located at about
0.2Ryd. above Er. The energy band structure around the R point in band 8 is similar
to the nearly-free-electron band and the Fermi surface of band 8 is quite insensitive to
the location of the 4f bands (E4f). In contrast, however, since the Bloch states at the
I point in bands 7, 8 and 9, denoted as I'; and I'g, consist dominantly of the Sn 5p states
and have the same symmetry as in the 4f bands, they can hybridize strongly with the
4f states. Hence, the position of their energy levels depends sensitively on the location
of the 4f bands. The size of the small hole sheets is apt to vary easily by a change of the
location of the 4f bands.
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LaSn, and CeSn,. Solid curves show the energy bands, and solid lines show the Fermi level (Ef) and the center
of the f bands (E,;) for LaSn,, and dashed curves and lines show those for CeSn,. (a) Energy band scheme
around the R point; (b) energy band scheme around the I point.
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Based on the itinerant-electron model for the 4f electrons, CeSn; has one more Bloch
electron per primitive cell. As electrons are added to the 4f bands, the 4f bands shift
downwards and the Fermi level rises. In contrast to a small change in the band 8 large
hole sphere shown in fig. 44a, bands 7, 8 and 9 around the I point are modified drastically,
as shown in fig. 44b. The I'y state shifts down to just above Ey, and the two small hole
surfaces diminish considerably. Band 9 around the I' point also sinks so deeply, i.e., the
I'; state shifts toward the same position of the I'y state, that it can form an electron
sheet around the I' point which is dominant enough to compensate the large hole sphere
around the R point. Only a slight rising of the Fermi level is necessary. Therefore, the
large hole sheet contracts a little, and is separated completely from the network. The
energy band structure for CeSn; thus obtained is shown by broken curves in figs. 44a,b.
This is a simple explanation for the fact that CeSns has an isolated, distorted hole sphere
in band 8 which looks quite similar to the distorted hole sphere in band 8 in LaSn;. In
spite of the resemblance between these hole sheets, the Bloch states on the large hole
sheet in CeSns have a large probability of 4f components, about 60% on the average.
A distinct difference between LaSn; and CeSn; is the existence of a large electron sheet
in band 9 in CeSn; which appears to compensate the large hole sheet in band 8.

4.2. Fermi surfaces in the bcc Brillouin zone

4.2.1. RX

Rare earth monopnictides RX possess the NaCl type crystal structure. The primitive cell
contains one molecule of RX. Figure 45 shows the crystal structure and its Brillouin zone.
Especially the CeX compounds, in which X stands for N, P, As, Sb and Bi, have attracted
a particular interest because of various anomalous magnetic and transport properties
(Kasuya et al. 1987). LaX is expected to be a semimetal with a small and equal number
of electrons and holes. A similar semimetallic character is observed in CeX, except
CeN. CeX is a Kondo-lattice compound, having anomalous magnetic properties at low
temperatures. Even though the carrier number is small, the Kondo effect is strong and the

Fig. 45. (a) NaCl type cubic crystal structure of the RX compounds. Spheres with and without pattern show
the X and R atoms, respectively; (b) Brillouin zone of the face-centered cubic crystal Iattice.
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Table 12
Characteristic properties of the RX compounds
Compound Ty K) n y Fermi Surface
(mJ/K? mol)
LaSb Pauli para n,=ny 0.80 three ellipsoidal electron Fermi surfaces (band 4) and

compensated two spherical hole Fermi surfaces
(band 2 and 3). n,=0.014mol’

CeSb 16.5 n,=ny 20 similar to LaSb but spin-split
Kondo lattice

PrSb singlet n,=ny similar to LaSb

SmSb 2.1 n,=ny similar to LaSb

Gdsb 27 n,=ny similar to LaSb

LaBi Pauli para n,=ny 0.95 similar to LaSb

CeBi 25 N, =ny 20 similar to LaBi
Kondo lattice

CeAs 7-8 M =ny similar to LaSh, but n,=0.001 mol™

YbAs 0.5 n,=ny 200 similar to LaSb

y value is large, about 20 mJ/K? mol for both CeBi and CeSb. The characteristic properties
of RX compounds are summarized in table 12.

The angular dependence of the dHvA frequency was clearly observed in LaSb (Settai
et al. 1993, Kasuya et al. 1987, Kitazawa et al. 1983). It is expected from a simple
consideration of the valencies of constituent atoms that LaSb may be an insulator,
but in reality there is a slight overlapping between the Sb 5p valence bands and the
La 5d conduction bands. Thus LaSb becomes a semimetal. Although a self-consistent
relativistic calculation in LDA actually yielded a good fit with the experimental results, it
was found that a better fit can be achieved by shifting the La 5d bands and the unoccupied
4f bands upwards relative to the Sb 5p valence bands (Hasegawa 1985). It was also found
that a correct Fermi surface can be obtained for LaSb by a non-self-consistent calculation
with a full Slater exchange potential. Results of band calculations thus obtained are shown
by solid lines in fig. 46, which are compared with the experimental dHvA results (Settai
et al. 1993).

In later calculations due to an LMTO method performed by Sakai et al. (1985) and
Kasuya et al. (1987), the relative positions of the Sn 5p bands and the La 5d bands were
adjusted artificially so as to reach a proper overlap between them, and the 4f bands were
shifted upward to a level suggested by a BIS experiment. The results of their calculations
are the same as those shown in fig. 46. There is, however, an obvious shortcoming which
is inherent in LDA; the overlap between the valence and conduction bands is too deep.
Such a shortcoming manifests itself most seriously in small Fermi surfaces of semimetals.
Most of this may be removed by taking the self-interaction correction into account.

The Fermi surface consists of three kinds of sheet (Hasegawa 1985), as shown in fig. 47.
Band 2 forms a small and nearly spherical hole Fermi surface centered at the I' point,
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Fig. 46. Angular dependence of the dHvA frequency
in LaSb (Settai et al. 1993). The solid lines show the
results of band calculations (Hasegawa 1985). The
Greek letters designate the various orbits.

Fig. 47. Fermi surfaces of LaSb (Hasegawa 1985):
(a) hole Fermi surface in band 2, centered at T}
(b) hole Fermi surface in band 3, centered at I' and
the three electron Fermi surfaces in band 4, centered
at X.

denoted by f5. Band 3 also forms a hole Fermi surface centered at the I' point, denoted
by B’. It is slightly stretched into the (100) direction. On the other hand, band 4 consists
of three equivalent, nearly ellipsoidal electron Fermi surfaces centered at the X point,
denoted by «; (i=1, 2 and 3).

LaSb is thus a semimetal. Namely, the top of the valence band with the dominant
Sb 5p character is located at I. The bottom of the conduction band with mostly
La 5d character is located at X. They slightly overlap. The narrow 4f bands lie a few
eV above the Fermi level, and thus the mixing of the 4f states into the valence band
states is not large. The cyclotron masses are thus small; 0.14m, for branch a3, 0.15m,
for branch f§ and 0.49m for branch 3 for field along (100) direction (Settai et al. 1993).

LaBi is also a semimetal. The Fermi surface is quite similar to that of LaSh
(Kitazawa 1982). The cyclotron masses are in the range of 0.18my to 0.36my. The
experimental electronic specific heat coefficients of LaSb and LaBi are 0.80 and
0.95mJ/K? mol, respectively. This is in good agreement with the calculated values, 0.50
and 0.85 mJ/K? mol (Hasegawa 1985, Sakai et al. 1985).
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CeSb and CeBi, which show anomalously large magnetic anisotropy and a very
complex antiferromagnetic phase diagram called “devil’s staircase” (Rossat-Mignod et al.
1985), belong to a Kondo-lattice system with a small carrier number. Even though the
cubic I'; state is the ground state in the paramagnetic state, anisotropy in the ordered state
is very strong.

CeSb exhibits at least 15 magnetic phases as a function of temperature and
magnetic field. The low-temperature phases consist of stacks of ferromagnetically aligned
(001) planes with magnetization parallel (T) or antiparallel (|) to field along the
[001] direction; So(TTLL711), S'(111) and F(171). The ordered state thus shows an Ising-
like character with ferromagnetic ordering within (001) or z-plane, while the nearly full
moment of J,=5/2 is oriented along the [001] or z-axis with 4f(I's) character. These
interesting properties are explained by the p—f mixing model (Takahashi and Kasuya
1985). Because of the strong p—f mixing between the 4f(I';) and Sb 5p states at the
I' point, the 4f(I'g) state becomes more stable than the 4f(T';) state at low temperatures
in the ferromagnetic ordered state. This feature is strongly enhanced by the non-linear
effect due to the small Fermi energy. Here the 4f{(I'7) state mixes rather weakly with the
electrons in the Ce 5d conduction band.

The strong magnetic anisotropy leads to domain effects in the presence of a field. In
the absence of fields, the magnetic moment has an equal probability of pointing along
any of the three crystallographically equivalent (100) directions. In field the magnetic
energy is lowered if the moment chooses to point along the (100) direction closest to the
applied field direction, resulting in a single domain sample.



FERMI SURFACES OF INTERMETALLIC COMPQUNDS 63

Figure 48 shows the transition field between S’ and F phases as a function of angle in
the (010) and (110) planes (Crabtree et al. 1987). Domain effects are evident in the sharp
cusp in the transition field occurring at [111]. For field directions between [001] and [111]
in the (110) plane and between [001] and [101] in the (010) plane, the favored moment
direction is [001]. However for directions between [111] and [110] in the (110) plane, the
favored direction switches to either [010] or [100]. The cusp at [111] reflects this switch
in the magnetic domain. The strong magnetic anisotropy can also be seen in the shape
of the transition field. The solid line in fig. 48 is the form H./cosf where 0 is the angle
between the field and the closest (100} type direction. The excellent fit of this curve to the
transition field implies that for an arbitrary direction the transition occurs whenever the
component of field along the closest (100) direction equals H . This behavior is expected
if the moment is pinned along the closest {(100) direction.

Figure 49 shows the dHvA oscillation on the high and low-field sides of the magnetic
transition from §’ to F (Crabtree et al. 1987). The Fermi surface changes significantly
between these two phases. The low-dHvA frequency oscillations with large amplitude
in the high-field region are abruptly replaced by the higher-dHvA frequency oscillations
with smaller amplitude in the low-field region.

dHvA studies in the F phase were reported first by Kitazawa et al. (1983); more
complete studies in the two phases of S’ and F phases were done by Aoki and coworkers
(Aoki et al. 1985, 1991, Crabtree et al. 1987). Figures 50 and 51 show the angular
dependence of the dHvA frequency in the S’ and F phases, respectively.

In fig. 51, the solid lines show the results of band calculations done by Kasuya and
coworkers (Kasuya et al. 1987, Sakai et al. 1985). The band structure calculations were
carried out for a ferromagnetic state by an LMTO method. To represent the Sb 5p bands
and the Ce 5d bands, potential parameters in the LMTO method were determined so as
to reproduce the Fermi surface of LaSb properly. The CeSb 4f state with .J,=5/2 was
located at 1 eV below the Fermi level so as to fit the photoemission spectra (Hillebrecht
et al. 1985). One of the 4f electrons is localized at this level. Hence, there are no
adjustable parameters in calculations of the Fermi surface for CeSb. The 4f electrons
cause ferromagnetism, and affect the Fermi surface, especially the small hole sheets at the
I' point through the 5p—4f hybridization effect. As shown fig. 51, the agreement between
the experimental data and the theoretical results is surprisingly good, supporting validity
of the p—f mixing model. Due to ferromagnetic ordering, two hole bands split into four
different hole bands, named 3, 52, 53 and 4. On the other hand, the electron bands at X
are split by the 5d—4f intra-atomic exchange interaction. The different sizes of the three
electron ellipsoids explain the separation in the dHvA branches ¢;, as shown in fig. 52
(Crabtree et al. 1987). The smaller ellipsoid whose axis is along the moment direction of
the [001] axis gives rise to branch a3, while the larger ellipsoids produce branches ¢ and
a,. The cusp in branch ¢; at [111] is due to the domain switching effect. As mentioned
above, when field is directed from [111] to [110] in (110), the favored magnetic moment
switches from [001] to either [010] or [100]. Figures 51 and 52 are tentatively illustrated
as the [100] moment. Therefore, branch a; corresponds to the smaller ellipsoid. Here all
branches «; are experimentally split into the up and down electron states.
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Fig. 50. Angular dependence of the dHvA frequency in the F phase of CeSb (Aoki et al. 1991, 1985).
in the $' phase of CeSb (Aoki et al. 1985). The solid The solid lines show the results of band calculations
lines connecting the data are guidelines. The Greek (Kasuya et al. 1987, Sakai et al. 1985). The Greek
letters designate the various orbits. letters designate the various orbits.

[001]

[100] [100] [110]

Fig. 52. Ellipsoidal Fermi surfaces of CeSb for the magnetic moment in the [001] and [100] directions (Crabtree
et al. 1987).

According to the p—f mixing model, branch f, is the most important band. In earlier
experiments, however, branch 3, was not observed. This fact caused some investigators to
doubt the strong p—f mixing model and to apply a weak p—f mixing model (Norman and
Koelling 1986). Later, branch B4 was observed by acoustic and usual dHvA measurements
(Aoki et al. 1991, Kasuya et al. 1987). Generally thinking, it may be difficult to detect
branch f4 by the usual dHvA experiments because the small amplitude of FFT spectrum



FERMI SURFACES OF INTERMETALLIC COMPOUNDS 65

Table 13
Cyclotron masses m; for the field along (100) in the RX compounds (Settai et al. 1993, Aoki et al. 1985, Goto
et al. 1993, Ozeki et al. 1991, Tanaka et al. 1993, Takeda 1992, Takeda et al. 1993)

Compound a, a,, o, B I

LaSb 0.14 0.15 0.49

CeSb 0.23 0.94 0.50 (B) 0.89 (3;)

0.82 0.97 (82) B4)

PrSb 0.19 0.40

SmSb 0.21 0.82 0.26 0.74
0.28 0.60 0.27 0.64

GdSb 0.24 0.52 0.23

CeAs 0.35 0.47

YbAs 0.18

for branch 34 with its large mass is masked by the huge amplitudes of higher harmonics
for the other branches with small masses. The difficulty in observing branch f34 is thus
ascribed to its large mass. The mass enhancement in CeSb is quite large, more than twenty.
However, the cyclotron masses in CeSb, except branch 4, are not large, as shown in
table 13. They are in the range of 0.3my to 0.9, mass enhancement factor of two or three
(Kitazawa et al. 1988, Aoki et al. 1985). Therefore the mass of branch 34 should be large,
it is estimated to be about 10m,. Unfortunately, it has not yet been clearly determined by
experiments.

We mention dHvVA measurements in other RX compounds. dHvA measurements on
CeBi were made by Kasuya et al. (1987). The result is not perfect, but the observed
branches ¢;, B and f3; agree very well with the results of band calculations.

dHvA measurements were also done for PrSb, SmSb and GdSb (Goto et al. 1993,
Ozeki et al. 1991, Tanaka et al. 1993). Figures 53—55 show the angular dependence of
the dHvA frequency in PrSb, SmSb and GdSb, respectively. The Fermi surfaces obtained
are similar to that of LaSb. For the antiferromagnetic compound SmSb, the dimensions of
the Fermi surfaces are the same in both paramagnetic and antiferromagnetic states. The
cyclotron masses in the paramagnetic (antiferromagnetic) states are 0.21mq (0.28m) for
branches a3, 0.82my (0.60myp) for branch a; and ay, 0.26m (0.27 myp) for branch f3, and
0.74mg (0.64mg) for branch y for field along the (100} direction, which are 1.5-2 times
larger than those of LaSh.

Shubnikov—de Haas oscillations were detected in CeAs (Kwon et al. 1991, Takeda
et al. 1993). For a good stoichiometric sample of CeAs, the carrier number is one order
of magnitude smaller than that of CeSb. Branches «; and 8 were observed, although
branch " due to a hole Fermi surface in band 3 was not observed. The topology of the
Fermi surface is similar to that of LaSb, although the volume is small compared to LaSbh,
as shown in fig. 56.
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Fig. 57. Angular dependence of the dHvA frequency in YbAs (Takeda et al. 1990, Takeda 1992). The solid
lines connecting the data are guidelines. The Greek letters designate the various otbits.

dHvA measurements were also done for YbAs, as shown in fig. 57 (Takeda et al.
1990, Takeda 1992). It is an interesting compound in the sense that it is a Kondo-lattice
compound which competes strongly with magnetic fluctuations. At low temperatures of
0.6 K, it orders antiferromagnetically. The dHvA signals were observed both above and
below the Néel temperature, without a change of the dHvA frequency but with a decrease
of the dHvA amplitude below the Néel temperature. The Fermi surface of YbAs is similar
to that of LaSb. The y value is estimated at the extremely large value of 200 mJ/K? mol
(Suzuki 1993).

4.2.2. RAL

The RAl, rare earth compounds possess the cubic Laves-phase structure, which is shown
in fig. 58. CeAl, provides a good example of a Kondo-lattice system with the I'; ground
state and an incommensurate sinusoidally modulated antiferromagnetic structure below
3.8K (Barbara et al. 1979), as shown in table 14.

Figure 59 shows the angular dependence of the dHvA frequency in LaAl, (Seitz and
Legeler 1979, Reichelt and Winzer 1978). These dHvA branches are well explained by
the results of APW band calculations by Hasegawa and Yanase (1980a), as shown by solid
lines in fig. 59. The La atoms in fig. 58 form a diamond sublattice, and the tetrahedra of
the Al atoms occupy vacant corners in the La sublattice. Owing to this closely packed
crystal structure, the electronic structure is characterized by strong hybridization between
the La 5d and the Al 3p bands (Hasegawa and Yanase 1980a). In the vicinity of the
Fermi level, the 4f components in the Bloch states are small, less than 3% only. The
Fermi surface consists of various sheets distributed in bands 8, 9 and 10.
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Table 14
Characteristic properties of the RAl, compounds
Compound Ty K) n % Fermi surface
(mJ/K? mol)
YAL Pauli para By =My, 54 sphere (electron, band 10); and a
“jungle-gym” Fermi surface (hole, band 9)
LaAl, Pauli para n.=ny, 11 similar to YAl,
CeAl, 3.8 Ry =My 135 similar to LaAl,, but spin-split

Kondo lattice

A main spherical branch £ is due to a band 10 electron Fermi surface which is a sphere
centered at the T point but has bumps in the (100) direction, as show in fig. 60. The other
branches are ascribed to the multiply connected hole Fermi surface associated with band 9.
The latter “jungle-gym”-Fermi surface favors the (100) and (110) open orbits, consistent
with magnetoresistance results (Reichelt and Winzer 1978). LaAl, is thus a compensated
metal. This is simply understood because the primitive cell contains two molecules of
LaAl;. The cyclotron mass is in the range of 1.7mg to 0.2my, as shown in table 15.

dHvA experiments and band calculations were carried out for YAl, by Seitz (1978)
and Hasegawa and Yanase (1980b), respectively. Although the data are limited only in the
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LaAlg

(a)

Fig. 60. (a) Electron Fermi surface in band 10; (b) hole Fermi surface in band 9 of LaAl, (Hasegawa and
Yanase 1980a). The Greek letters designate the various orbits.

Table 15
dHvA frequencies F, cyclotron masses m; and band masses m, in the RAl, compounds®
Compound £(110) g(111)
F m; my F m; m,
LaAl, 7.23 1.68 0.94 0.362 0.23 0.19
CeAl, 7.61 16.2 0318 1.1
6.98 15.0

@ F values in 107 Oe, m! expressed in my; m, expressed in my.
References: Seitz and Legeler (1979), Hasegawa and Yanase (1980a), Reinders and Springford (1989).

{100} plane, the Fermi surface of YAl, is similar to LaAly. A small difference between
YAl; and LaAl, is found in the band 9 hole Fermi surface.

Figure 61 shows the typical dHvA oscillation for field tilted 45° from the (100) di-
rection in the {110} plane of CeAl, (Reinders and Springford 1989). The metamagnetic
transition from the antiferromagnetic to field-induced ferromagnetic (or paramagnetic)
state occurs at 52.7 kOe at this orientation. One dHvA frequency of 3.10x 10° Oe denoted
by ¢ is observed in the antiferromagnetic state. The same frequency is also seen above
the transition, changing its amplitude to a huge value.

The angular dependence of the dHvA frequency in CeAl, is shown in fig. 62 (Reinders
and Springford 1989, Lonzarich 1988). The dHvA branches of CeAl, are similar to those
of LaAl,. The electron branch Z is clearly split into up and down spin branches due to the
ferromagnetic exchange interaction. The exchange splitting energy defined by eq. (62) is
estimated to be 10 meV.

These spin-split { branches are explained by LMTO band calculations (Guo 1990)
which treat the 4f electron as a spin-polarized core state. The dHvA branch with the
frequency of 1.3x108 Oe, centered at (111), was assigned from a band 9 hole Fermi
surface.
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The measured cyclotron masses in CeAl, are 1.1my for branch ¢ and 16m; for branch Z.
The enhancement factor for the m; value of LaAl, is seen to vary and falls between 5 and
10. Here, the y value of CeAl, at low temperatures (Bredl et al. 1978) is 135mJ/K? mol,
while that of LaAl, is 11mJ/K?mol (Hungsberg and Gschneidner 1972). Therefore,
the enhancements of m} and y in CeAl, over their values in LaAl, are of comparable
magnitudes.

4.3. Fermi surfaces in the hexagonal Brillouin zone

43.1. RGa,
RGa; compounds crystallize in the simple hexagonal AlB,-type structure. The primitive
cell contains one molecule of RGa;. Figure 63 shows the crystal structure of RGa; and its
hexagonal Brillouin zone. Among them, CeGay; is a highly anisotropic ferromagnet with
the easy axis in the basal plane. The magnetic phase diagram is not simple, indicating
the ferromagnetic state below 8.4 K and two or three complicated antiferromagnetic states
in the temperature region between 8.4K and 11.4K (Jerjini et al. 1988, Takahashi et al.
1988). From resistivity data and other magnetic properties, it is concluded that CeGay, is
not a Kondo lattice compound but a usual f-localized one. SmGaj is also an f-localized
compound with a Néel temperature of 20 K. We summarize in table 16 the characteristic
properties of RGa; (Umehara et al. 1992¢, Tang and Gschneidner 1989, Tang 1989,
Dijkman 1982).

We show in figs. 64 and 65 the angular dependences of dHvA frequency in LaGa,
(Sakamoto et al. 1990) and CeGa, (Umehara et al. 1991d, 1992c), respectively. The dHvA
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Fig. 63. (a) The hexagonal AlB, type crystal structure of the RGa, compounds. Spheres with and without
pattern show the Ga atoms and the R atoms, respectively; (b) Brillouin zone of the body-centered tetragonal
crystal lattice for c/a >+/2.

Table 16
Characteristic properties of the RGa, compounds

Compound 7Ty (K) T.(K) n y (mJ/K?mol)  Fermi surface

LaGa, Pauli ny 4.1-5.6 two kinds of ellipsolidal hole Fermi surfaces
para (bands 3 and 4) and a multiply connected hole
Fermi surface (band 5).
CeGa, 84 114 ny 8.9-9.1 similar to LaGa,, but spin-split
SmGa, 20 ny similar to LaGa,, but affected by MBZ

branches in CeGa, are similar to those of LaGa,, although all branches in CeGa, are
split into the up and down spin states of the electrons due to the ferromagnetic exchange
interaction. The exchange energy is estimated to be about 17 meV from the spin factor.

Branches a and B correspond to the ellipsoidal Fermi surfaces of revolution along the
c-axis (I'A direction). We note that the branch denoted by S actually consists of two
separated branches in LaGa;,. Its topology has dumb bell characteristics. It is not easy to
clarify the topologies of branches v, £ and § from the present data.

The magnetoresistance was measured for CeGa; (Umehara et al. 1991d, 1992c). The
magnetoresistance increases in a wide angle range, with a H'3-1% dependence. When field
is applied along the [1010] direction, the magnetoresistance saturates. It was concluded
that CeGa, possesses open orbits in a wide range of angles, namely, in the basal plane
and around the [0001] direction.

Owing to the simple hexagonal crystal structure with one molecule per primitive cell
belonging to the symmorphic space group (P6/mmm), LaGaj, is a compound like LaSb for
which the energy band structure can be calculated most easily if the one-electron potential
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Fig. 64. Angular dependence of the dHvA frequency Fig. 65. Angular dependence of the dHVA frequency
in LaGa, (Sakamoto et al. 1990). The solid lines in CeGa, (Umehara et al. 1991d). The solid lines
connecting the data are guidelines. The dashed lines connecting the data are guidelines. The Greek letters
show the results of band calculations for band 5 designate the various orbits.

(Harima and Yanase 1991b). The Greek letters

designate the various orbits.

is constructed appropriately. Nevertheless, its Fermi surface proved to possess a sheet
with a fairly complicated topology. Harima and Yanase (1991b) performed LAPW band
calculations for LaGa,. An ellipsoidal hole Fermi surfaces exist in bands 3 and 4, centered
at the A point, which correspond to branches a and B, respectively. A multiply connected
hole Fermi surface, which favors the open orbits, exists in band 5, as shown in fig. 66. The
broken lines in fig. 64 are the results of band calculations for band 5. The band 5 Fermi
surface consists of twelve multiply connected arms which stretch from A to K, possessing
a hollow in the center I'. Detected branches ¥, & and ¢ are ascribed to this Fermi surface.
The cyclotron mass of LaGa; is in the range of 0.15mp to 1.83myp, which is similar
to that of CeGay, 0.32mg to 1.44my. The masses of branches a and § in CeGa, are
twice as large as those of LaGa;. On the other hand, the masses of the other branches
in CeGa, are almost the same as those in LaGay. The mass enhancement is anisotropic,
depending on the band, as shown in table 17. Here we note the y value of CeGa,. The
y value determined at temperatures lower than the magnetic ordering temperature is about
9 mJ/K? mol (Umehara et al. 1992c, Dijkman 1982), while Tang and Gschneidner (1989)
estimated it as 32.6 mJ/K? mol from the paramagnetic state. Gschneidner (1993) suggests
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connecting the data are guidelines. The Greek letters designate the various orbits.

Table 17
dHvA frequencies F and their cyclotron masses m;* in the RGa, compounds for the field along [0001] except
in branches 6, 1, ¥ for the field along [100] (Sakamoto et al. 1990, 1992, Umehara et al. 1991d)

RGa, (7] n I} y £ B a
F mg F mg F mg F m; F m; F m; F m;
LaGa, 717 1.83 376 130 183 094 498 027 221 0.15
450 025
CeQGa, 66.0 142 33.0 141 180 133 4.00 041 1.88 032
64.0 160 128 3.75 044
SmGa, 1283 25 77.15 1.6 2885 1.2 496 025 228 0.11

2 F values in 10° Oe; m? expressed in my.

that both values are correct. That is, on ordering, the density of states at the Fermi energy
is reduced by a factor of about 3.5 in CeGa,.

SmGay, is an antiferromagnet. The c-axis corresponds to an easy axis and metamagnetic
transitions occur at 13, 32.5, 35, 36.5kOe and most likely at higher fields. Figure 67
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shows the angular dependence of the dHvA frequency (Sakamoto et al. 1990, 1992). -
Branches a and 8 are split into the up and down spin states of the electrons. The splitting

energies are 10meV at fields of 17kOe to 27kOe and 26 meV at fields of 45kOe to

60kOe. The cyclotron mass in SmGa, is in the range of 0.1mg to 2.5mp, the same

magnitude as in CeGa,. The mass enhancements of CeGa, and SmGa, are due to the

usual electron—-magnon interaction.

4.4. Fermi surfaces in the tetragonal Brillouin zone

4.4.1. RRu,Si; and RRu,Ge;,

RRu;(S5i, Ge); compounds possess the tetragonal ThCr;Sis-type crystal structure with
one molecule per primitive cell. Figure 68 shows the crystal structure and its tetragonal
Brillouin zone. LaRu,Si, or LaRuyGe; is a non-4f reference compound. CeRu,Si, is
thought to be a non-magnetic Kondo-lattice compound. Reflecting a rather low value
of Kondo temperature of about 20K, the electronic specific heat coefficient y is large:
350mJ/K? mol (Besnus et al. 1985). CeRu,Ge; is not a Kondo lattice compound but an
f-localized ferromagnetic compound with a Curie temperature of 8 K, similar to CeGa,,
as shown in tables 1 and 18.

Figures 69 and 70 show the angular dependence of the dHvA frequencies in LaRu,Si,
(Onuki et al. 1992) and LaRu,Ge, (Fukuhara et al. 1993). The detected branches are
simple in their angular dependences. Branch ¢ is the main one. This Fermi surface is
assumed to be an ellipsoid of revolution shrunk along the [001] direction. The volume
of the Fermi surface becomes 1.3x10** ¢cm™ for LaRu,Si,, which is about half of the
volume of the Brillouin zone. Here, the volume of the Brillouin zone is (27/a)*(47/c)
of 2.912x10% cm™ if we use the lattice parameters a=4.215A and ¢=9.930A for

[001]
!

(a)

Fig. 68. (a) Body-centered tetragonal ThCr,Si, type crystal structure. Spheres without pattern, with simple
cross pattern and with complex pattern show the Th, Cr and Si atoms, respectively; (b) Brillouin zone of the
body-centered tetragonal crystal lattice for c¢/a > /2. The rectangular paralielepiped which is equivalent to the
Brillouin zone is indicated by the dashed lines.



FERMI SURFACES OF INTERMETALLIC COMPOUNDS 75

Table 18
Characteristic properties of the RRu,Si, and RRu,Ge, compounds
Compound T, (K) n y (mJ/K?mol) Fermi surface
LaRu,Si, Pauli para ny 6.5 large hole Fermi surface (band 14)
CeRu, Si, valence fluctuation  n.=ny, 350 large hole Fermi surface (band 14); and a

multiply connected electron Fermi surface
(band 15) with open orbits

LaRu,Ge, Pauli para ny similar to LaRu,Si,
CeRu, Ge, 8 ny 20 similar to LaRu,Si,
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Fig. 69. Angular dependence of the dHvA frequency Fig. 70. Angular dependence of the dHvA frequency
in LaRu,Si, (Onuki et al. 1992). The solid lines arethe in LaRu,Ge, (Fukuhara et al. 1993). The solid lines
results of band calculations (Yamagami and Hasegawa connecting the data are guidelines. The Greek letters
1992). The Greek letters designate the various orbits.  designate the various orbits.

LaRu;Si, in calculation. The other branches 1, B, and B3 also originate from small
ellipsoids, similar to rugby balls in topology.

The cyclotron masses for these branches are in the range of 0.5m~2.4my, as shown in
table 19.

It was revealed by a relativistic APW calculation (Yamagami and Hasegawa 1992) that
the main Fermi surface of LaRu,Si; is a large closed hole sheet which is centered at the
Z point in band 14. It is essentially a sphere but highly distorted. Although its volume is
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Table 19
Cyclotron masses for the field along [100]
Compound a B By B, Bs
my my mg my mg my m; my my my
LaRu,Si, 1.44 1.20 0.84 0.85 0.53 0.58 0.52
237°  2.59®  0.67° 0.40° 0.55° 030° 0.51°
047
LaRu,Ge, 1.95 0.76 0.43 0.43 0.63
CeRu,Ge, 56 1.5 0.87 0.85 2.3
0.97° 1.5° 0.62° 1.9°
5.7 1.5 0.81 0.84 1.5
097" 1.5% 0.62° 1.1°
me
4 Y B £ K o
CeRu,Si, ¢ 120 23 1.8 19.7 20 12.3
2.6° 1.0t
* References: Onuki (1993), Aoki et al. (1992), ® Values for the field along [001].
Onuki et al. (1992), Fukuhara et al. (1993), King ® Field along [100] for ¥;, along [110] otherwise.

and Lonzarich (1991), Lonzarich (1988).

nearly equal to half of the Brillouin zone, it has an extraordinarily large cross-sectional
area in the (001) plane which exceeds the size of the Brillouin zone itself. The Fermi
surface is a flat ellipsoid with steep concave and convex curvatures as shown in fig. 71.
The solid lines in fig. 69 are the results of band calculations. Additionally, three rugby
balls are present in bands 11, 12 and 13 centered at Z, which correspond to 3, B2 and f3i,
respectively. Branch 84 seems to be an orbit circulating along the tube of the doughnut in a
band 15 electron Fermi surface. The calculated ¥, value is 6.95 mJ/K? mol for LaRu, Siy,
which is nearly the same as the experimental y value of 6.5 mJ/K? mol. Therefore the
band masses are the same as those of the experimental cyclotron masses, as shown in
table 19.

The field dependence of magnetoresistance for LaRu,Si; shows a saturated behavior
for the whole angle region, indicating that LaRu,Si, (LaRu,Ge;) is an uncompensated
metal and possesses no open orbits (Onuki et al. 1992). This is simply expected because
the primitive cell contains one molecule of LaRu,Si; and the La ion is trivalent, La3*,
which is consistent with the results of band calculations.

The dHvA data for the ferromagnetic compound CeRu,Ge; in fig. 72 (King and
Lonzarich 1991) are similar to those of LaRu,Ge; or LaRu,Si,, although every branch
is split into the up and down spin states. The cyclotron masses for branch « is 5.6
5.7mg which is roughly three to four times larger than 1.95my of LaRu,Ge; or 1.44myq
of LaRu;Si,, as shown in table 19. We note that branch ¢ is not detected around [001]
in LaRu,Ge, and CeRu,Ge;. This is mainly due to a resolution problem because the
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LaRu,S8i,
band 11 band 12 band 13

hole
centered at 7

band 14 band 15
hole centered at Z electron centered at I’

Fig. 71. Fermi surfaces of LaRu,Si, (Yamagami and Hasegawa 1992). The Greek letters designate the various
orbits.

dHvA signal for field along [001] is strongly reduced by both the curvature factor and
the cyclotron mass compared to the signal around [100] in LaRu, Si;.

Figure 73 shows the angular dependence of the dHVA frequency in CeRu,Si, (Onuki
1993, Aoki et al. 1992, Onuki et al. 1992, Lonzarich 1988). Two kinds of rugby balls
denoted by y and 8 are present, which are similar to branches ; and S, of LaRu,Siy,
respectively. On the other hand, branches x, £ and « are not present in LaRu,Si;. The
cyclotron masses are of the order of the free-electron mass for branches y and 3, while the
other branches possess extremely large values, 120my for branch ¥, 20m for branch x,
19.7mq for branch € and 12.3my for branch «, as shown in table 19.

Under the assumption that the 4f electrons are itinerant, Zwicknagl et al. (1990) carried
out band structure calculations for CeRu,Si, by a relativistic LMTO method both with
the LDA and the RB theory, and showed that the Fermi surface consists of four closed
hole sheets centered at the Z point and one complicated multiply-connected electron
sheet. Under the same assumption, Yamagami and Hasegawa (1993) also calculated an
energy band structure for CeRu, Si; by a relativistic APW method with LDA. In fig. 73,
the calculated results for the dHvA frequencies by Yamagami and Hasegawa (1993) are
shown by solid lines which are compared to the experimental results. The theoretical
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Fermi surface sheets which were used to calculate the dHvVA frequencies in fig. 73 are
shown in fig. 74. The Fermi surfaces proposed by Zwicknagl et al. (1990) and Yamagami
and Hasegawa (1993) actually look similar to each other. In calculations of the former,
adjustable parameters were used to fit the theoretical dHvA frequencies to the observed
ones, while no such phenomenological procedure was employed in calculations of the
latter. Therefore, we discuss the origins of dHvA branches on the basis of the Fermi
surfaces calculated by Yamagami and Hasegawa.

The hole Fermi surfaces in CeRu,Siy, centered at Z, are similar to those of LaRu,Si;.
The large hole Fermi surface denoted by a in figs. 73 and 74 corresponds to branch ¥,
although it is observed in a limited angle region. The cyclotron mass of W is
extremely large. The band mass is theoretically calculated as 1.93my for field along
the [100] direction and as 4.12m; for [001] (Yamagami and Hasegawa 1993). The
experimental mass of 120mq is about 60 times larger than the band mass. The cyclotron
mass is thus estimated as 260my for [001]. This extraordinarily large mass is consistent
with the large y value and also the prediction of the renormalized band structure
calculations (Zwicknagl et al. 1990), which gives a mass exceeding 200mo for [001].
Branches f3, v, &, € and a most likely correspond to hole bands 12 (denoted by ¢) and
13 (b), band 15 electron orbits j, & and &, respectively.



FERMI SURFACES OF INTERMETALLIC COMPOUNDS 79

CeRuySig (b) electron {(bandl5)

(a) hole (centered at 7)
bandll bandl2 band13

centered
at Z

centered
at X

Fig. 74. Fermi surfaces of CeRu,Si, (Yamagami and Hasegawa 1992). The letters designate the various orbits.

The magnetoresistance of CeRu,Si, is also useful to determine the nature of the
4f electrons as in CeSnj. In figs. 75 and 76a we show the angular dependence of
the magnetoresistance Ap/p = [p(H) — p(0)]/p(0) under constant fields and in fig. 76b
the field dependence of the magnetoresistance for currents along [110] and [001],
respectively. The magnetoresistance shows a sharp peak at the critical field H, of
75kOe for field along the [001] (c-axis) direction. This corresponds to the metamagnetic
transition.

We will now discuss the magnetoresistances at lower fields than the critical field.
In the configuration of J ||[110] and H | [001], the magnetoresistance Ap/p follows
a H'7-dependence below 65kOe, while in the configuration of J || [110], H || [110]
it saturates with increasing fields, reflecting a Shubnikov—de Haas oscillation with
the dHvA frequency of 2.8x10° Oe. The angular dependence of magnetoresistance
under field of 65kOe shows a maximum and a minimum at H || [001] and H || [110],
respectively. Moreover, when the direction of field is rotated from the [100] direction
to [110] direction for current along the [001] direction, the magnetoresistance increases
over the whole field direction, typically showing a H!#-dependence in the J || [001] and
H ||[110] configuration as shown in fig. 76b. These results indicate that CeRu,Si; in
the ground state is a compensated metal with an equal carrier number of electrons and
holes and that open orbits exist along the J x H direction, namely [001] (c-axis) direction.
The open orbits originate from the multiply connected electron Fermi surface mentioned
above.
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We note that the magnetoresistance under field of 65kOe approximately follows the
angular dependence of Ap/p = acos? + bcos?6, where 6 means the field angle between
the field and open orbit directions, and a and b are constant but are functions of
H. This angular dependence is expected for a compensated metal with open orbits.
If the metamagnetic behavior is not present in this compound, we expect a similar
angular dependence even under field of 150kOe. Here, a sharp peak reflected in the
angular dependence of the magnetoresistance at 150kOe at 0=60°, as shown in fig. 75a,
corresponds to the metamagnetic transition. It follows a 75kOe/cos f-dependence.
Therefore the transition occurs whenever the component of field along the [001] direction
equals 75 kOe and thus it becomes 150k0e at 0=60°.

As mentioned above, LaRu, Si, is an uncompensated metal, while CeRu, Si; is expected
to be a compensated metal from the results of magnetoresistance. As the primitive cell
contains one molecule of LaRu, Si; or CeRu;Si,, we can conclude that the Ce ion becomes
tetravalent, namely implying an itinerant 4f-electron character. Therefore, the situation is
similar to the relationship between LaSns and CeSns.

According to the inelastic neutron-scattering experiments on CeRu, Siz, the ground state
originates from two low-temperature contributions: on-site interactions (Kondo) and inter-
site interactions (antiferromagnetic correlations). The inter-site contribution is drastically
reduced or suppressed at H >> H. (Rossat-Mignod et al. 1988). Correspondingly the low-
temperature specific heat coefficient of 350 mJ/K? mol is reduced to 80mlJ/K? mol at
200k0e (van der Meulen et al. 1991). There remains a possibility that the main Fermi
surfaces with a dominant 4f component disappear in topology when field crosses the
critical field. This is open to future studies.

4.4.2. CeCu,Si,

dHvA oscillations have been observed in the typical Kondo lattice compound CeCu;Sip
(Hunt et al. 1990, Springford 1991), having the same crystal structure as CeRu,Si.
Superconductivity and very weak antiferromagnetic order coexist in this material below
0.7 K. The characteristic properties of CeCu;Si; are shown in table 1.

Figure 77 shows the angular dependence of the dHvA frequency. Although only part of
the Fermi surfaces is observed, the detected carriers possess relatively large masses of 5mq
for field along the a-axis. Judging from the large value of the electronic specific heat co-
efficient, 1000 mJ/K? mol, carriers with much larger masses should exist in this material.

Band calculations were made for CeCu,Si, by Sticht et al. (1986), using a Kondo-lattice
ansatz for the cerium 4f state and LDA potential parameters. Harima and Yanase (1991a,
1992a) also calculated the energy band structure for LaCu, Si; and CeCu,Si,. As regards
the observed part of Fermi surface, the calculated Fermi surface of LaCu;Si; seems to fit
the experimental results of CeCu,Si, better than the itinerant f-electron Fermi surface for
CeCu,Si,. Figure 78 shows the multiply connected Fermi surface in band 19 for LaRu, Si,
which corresponds to the observed dHvA branches. The 4f electrons in CeCu,Si; are thus
most likely localized and do not affect the Fermi surface significantly. Precise experiments
are necessary to clarify the real situation.
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4.5. Fermi surface in the orthorhombic Brillouin zone

4.5.1. RNi

RNi crystallizes in an orthorhombic structure. Figure 79 shows the CrB crystal structure
and its Brillouin zone. The primitive cell contains two molecules of RNi. CeNi can be
characterized as a valence-fluctuating compound, similar to CeSn;. Its Kondo temperature

1
T

A

F L

Fig. 79. (a) c-base centered orthorhombic CrB type-crystal structure. Spheres with and without pattern show
the B atoms and the Cr atoms, respectively. (b) Brillouin zone of the c-base centered orthorhombic crystal
lattice for a < b. The rectangular parallelepiped which is equivalent to the Brillouin zone is shown by the dashed

lines.
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Table 20
Characteristic properties of the RNi compounds
Compound T. (X) n Y Fermi surface
(mJ/K? mol)
LaNi Pauli para N, =ny 5.0 multiply connected Fermi surfaces with open orbits
CeNi valence fluctuation n,=m, 65-85 multiply connected Fermi surfaces with open orbits
PrNi 20 n,=n, similar to LaNi but should be spin-split
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Fig. 80. Angular and field dependencies of the magnetoresistance in LaNi (Onuki et al. 1989b). The solid lines
connecting the data are guidelines.
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Fig. 81. Angular and field dependencies of the magnetoresistance in CelNi (Onuki et al. 1989b). The solid lines
connecting the data are guidelines.

is about 150 K (Gignoux et al. 1983). PrNi is an f-localized anisotropic ferromagnet with
an easy axis along the c-axis, which orders at 7. =20K. The characteristic properties of
RNi are summarized in table 20.

Figures 80 and 81 show the typical angular and field dependences of the transverse
magnetoresistance in LaNi and CeNi, respectively (Maezawa et al. 1989, Onuki et al.
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represent the results of band calculations (Yamagami represent the results of band calculations (Yamagami
and Hasegawa 1991). The Greek letters designate and Hasegawa 1991). The letters designate the
the various orbits. various orbits.

1989b). The magnetoresistance of CeNi is found to be almost the same as in LaNi. The
magnetoresistance of LaNi at 75kOe is similar to that in CeNi at 150kOe, regarding
its shape as well as its magnitude. In other planes the behavior between LaNi and CeNi
is also similar. The magnetoresistance increases with increasing field over a wide angle
region, except for several particular configurations of field and current. These behaviors
suggest that LaNi and CeNi are compensated metals with similar Fermi surfaces. The
open orbits exist along the b- and c-axes.

Figures 82 and 83 show the angular dependence of dHVA frequency in LaNi and CeNi,
respectively (Maezawa et al. 1989, Onuki et al. 1989b). The two branches o (4.10x 107 Oe)
and 8 (1.40x107 Oe) for field along the b-axis in LaNi may correspond to those
a (3.60x107 Oe) and ¢ (1.25x107 Oe) in CeNi, although the angular region for these
branches are different in both compounds. However, two other branches, indicated as
f and A, are observed along the b-axis in CeNi, which are not present in LaNi. From these
experimental results, Onuki and coworkers concluded that the Fermi surface of CeNi is
similar to that of LaNi.

The cyclotron masses of branches a and ¢ in CeNi are 10.3m, and 8.91my, respectively.
The masses of branches @ and f in LaNi are 1.73my and 0.93my, respectively. The
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cyclotron masses of CeNi are about ten times larger than those of LaNi. This is roughly
consistent with the electronic specific heat coeflicient. It is 65 or 85 mJ/K? mol in CeNi,
while it is only 5mJ/K2mol in LaNi (Gignoux et al. 1983, Isikawa et al. 1987).
Yamagami and Hasegawa (1991) calculated the energy band structures of LaNi and
CeNi by the relativistic APW method. The solid curves in figs. 82 and 83 are theoretical
results. The experimentally observed branches are almost in agreement with the calculated
ones. Here the f electron in CeNi is treated as an itinerant electron. The origins of the
branches for LaNi and CeNi are shown in figs. 84 and 85, respectively. The Fermi surfaces
in bands 19 and 20 in LaNi refer to hole and electron, respectively. In CeNi bands 20 and
21 refer to hole and electron, respectively. Both compounds are compensated metals with
an equal carrier number of electrons and holes and possess multiply connected Fermi
surfaces which favor the experimentally observed open orbits along the 5- and c-axes for
both compounds. The fact that LaNi and CeNi have almost the same dHvA frequency
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Table 21
dHvA frequencies F, cyclotron masses m} and band masses m;, in the RNi compounds for the field along the
[010] direction (b-axis)?

Compound a B
F m; my, F m! m,
LaNi 4.10 1.73 1.04 1.40 0.93 0.50
CeNi 3.60 (a) 10.3 (a) 2.62 (a) 1.25 () 8.91 (c) 3.68 ()
0.658 (f) 3.06 (f) 0.91 ()
0.215 (h) 2.58 (h) 0.98 (h)
PrNi 4.30 22 1.30 1.06

2 F values in 107 Oe, m}, expressed in my,.
References: Onuki et al. (1989b), Maezawa et al. (1989, 1992), Yamagami and Hasegawa (1991).

for field along the b-axis is accidental because the topologies of the Fermi surfaces are
different between LaNi and CeNi. Since the main dHvA branches are explained by the
present band calculations, the 4f electron in CeNi is considered to form an itinerant
4f band in the same way as in CeSns.

Every carrier possesses larger masses than the corresponding band masses, as shown
in table 21. The ratio of the cyclotron mass m} to the band mass m, is in the range of
3—4, which is roughly consistent with the ratio of y/yy, 4.6-6.0.

dHvA experiments on the anisotropic ferromagnet PrNi (7. =20K) show that the Fermi
surface seems to be roughly similar to that of LaNi (Maezawa et al. 1992), as shown in
fig. 86. The results of magnetoresistance are also almost similar to those of LaNi, although
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open orbits exist only along the b-axis in PrNi. The cyclotron mass is also comparable
to that of LaNi, as shown in table 21.

The dHvA study in LaNi and CeNi provides an important lesson. When the number
of Ce atoms is even per primitive cell, the band structures of the La and Ce compounds
can be similar even in the itinerant 4f band model. Also the transverse magnetoresistance
has similar characteristics. Careful band calculations and precise experimental studies are
essential.

4.5.2. RCuz

The crystal structure of RCuy is orthorhombic (Larson and Cromer 1961) as shown
in fig. 87. The primitive cell contains two molecules of RCu,. This structure can be
thought of as a distorted hexagonal AIB, structure because the orthorhombic b-axis
approximately corresponds to the hexagonal c-axis and the relation c~+/3a holds.
In fact, only LaCu, possesses the hexagonal AlB; structure. Therefore, instead of
LaCuy, YCu, becomes a non-f reference material for RCu,. CeCu, can be classified
as an antiferromagnetic Kondo-lattice substance with the Néel temperature 75y=3.4K
(Onuki et al. 1990a, 1985a, Gratz et al. 1985). Below T, the magnetization of CeCu,
shows a metamagnetic behavior around 17kOe when magnetic field is applied along
the g-axis. The magnetic susceptibility and magnetization show a large anisotropy
at low temperatures, reflecting the orthorhombic structure. SmCu; is an f-localized
antiferromagnet with Néel temperature of 21.7 K, as shown in table 22.

Figure 88 shows the angular dependence of the dHvA frequency in YCuy (Settai
et al. 1990, 1992, Onuki et al. 1989c). About twenty branches are observed in YCu,.
Many cylindrical arms are detected, showing a nearly 1/cosf behavior of the angular
dependence. Here 6 is the angle between the direction of the cylinder axis and the field
direction. We note that the cylinder axes of branches & and 6 do not coincide with the
symmetry axes. They deviate by 15° and 4° from the b-axis in the plane perpendicular to
the a-axis (a-plane). Branches 8 and y also deviate by 40° in the b-plane and by 10° in
the a-plane from the c-axis, respectively. Theoretically, three closed Fermi surfaces are

Fig. 87. Orthorhombic crystal structure of RCu,. Large and small
spheres show the R atoms and the Cu atoms, respectively.
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Table 22
Characteristic properties of the RCu, compounds
Compound Ty (K) n y (mJ/K*mol)  Fermi surface
YCu, Pauli para n,=ny 6.7 multiply connected Fermi surfaces
CeCu, 35 n, =Ny, 82
Kondo lattice
SmCu, 217 ng=ny

present in bands 30, 31 and 33. They correspond to branches £, 6 and 7, respectively,
which are nearly ellipsoidal Fermi surfaces elongated along the b-axis.

The conduction carriers due to branches o and é are thought to play an important role
in the band Jahn-Teller effect of the Cy4 and Cys modes from the results of the acoustic
dHvA measurements (Settai et al. 1992).

The magnetoresistance was measured for YCu, (Onuki et al. 1989¢c). The magnetore-
sistance increases with increasing field over a wide angle range, following H'!~14 This
behavior indicates that YCu, is a compensated metal. However, the magnetoresistance
saturates only when field is directed along the g-axis with current along the b- and c-
axes. Therefore, open orbits exist along the b- and c-axes. These results suggest that the
Fermi surface is multiply connected.
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Fig. 89. Hole and electron Fermi surfaces in YCu,: (a) hole in band 30; (b) hole in band 31; (c) electron in
band 32; (d) electron in band 33. The solid lines show the first Brillouin zone (Harima and Yanase 1992b).
The thick solid lines correspond to the observed orbits.

The LAPW band calculations were done by Harima and coworkers (Harima and Yanase
1992b, Harima et al. 1990a). The origin of the dHvA branches are shown in fig. 89. YCu,
is a compensated metal, Band 30 consists of small hole ellipsoids. Band 31 consists of
ellipsoidal hole Fermi surfaces centered at the W point and a multiply connected Fermi
surface, stretching in the a-plane. The latter Fermi surface favors the presence of open
orbits along the - and c-axes. Band 32 is also a multiply connected electron Fermi
surface, which favors open orbits along the b-axis. Finally, band 33 consists of small
electron-ellipsoids centered at the I" point. These results are consistent with the results
of magnetoresistance measurements (Onuki et al. 1989c). The fact that the minima of
branches are off-symmetrical is due to the non-cubic crystal structure.

On the other hand, as shown in fig. 90, about ten kinds of dHvA branches are observed
around the g-axis in CeCu,, whereas only one branch is detected around the c-axis (Settai
et al. 1990, 1992, Satoh et al. 1990). As the dHvA experiments were done above 60kOe,
this compound is in the paramagnetic (or field-induced ferromagnetic) state for the field
along the a-axis. On the other hand, it is antiferromagnetic in the a-plane. In general, the
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detectable number of dHvA branches is small in the antiferromagnetic state due to the
magnetic Brillouin zone boundaries, as seen in CeAl, and Celns.

When we compare the Fermi surfaces of CeCu; to those of the reference material
Y Cuy, it is difficult to say whether they are similar or not because too many branches are
thought not to be observed in CeCu,. The effective cyclotron masses in CeCu, range from
0.5myg to 5.3my, and are larger than those in YCuy, 0.1-0.7my. This mass enhancement is
roughly consistent with that of the low-temperature specific heat coefficient ratio. Namely,
the y value of CeCu, is 82mJ/K? mol but is reduced to 50 mJ/K? mol at 80 kOe (Bredl
1987), while it is 6.7 mJ/K? mol in YCu, (Luong et al. 1985).

Magnetoresistance measurements were done for SmCuy, indicating that it is a
compensated metal with open orbits, at least, along the b-axis (Maezawa et al. 1986).
Shubnikov—de Haas oscillations were observed in the magnetoresistance. The detected
dHvA frequencies are in the range of (0.68-1.25)x 10° Oe.

4.5.3. RCus

The f electrons in RCug (R=Ce, Pr, Nd and Sm) show a variety of magnetic behaviors.
CeCugy is a typical non-magnetic Kondo-lattice compound with a Kondo temperature of
about 4K (Onuki and Komatsubara 1987a). PrCug is a nuclear cooling material with
a singlet ground state (Takayanagi et al. 1988). NdCu4 (7'n=6.1K) is a metamagnetic
compound with four discontinuous steps in the magnetization curve (Takayanagi et al.
1991, Onuki et al. 1986), and SmCug (TN =9.6 K) shows a Van Vleck susceptibility due to
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Table 23
Characteristic properties of the RCu; compounds
Compound Ty (K>) n y (mJ/K?mol)  Fermi surface
LaCug Pauli para n,=ny 8.0 four complicated Fermi surfaces
CeCug, Kondo lattice ? 1600 similar to LaCug(?)
PrCu, singlet n,=ny 16 similar to LaCu,
NdCug 6.1 ne=ny similar to LaCug
SmCuy 9.6 ne =n,(?7) strongly altered by MBZ
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Fig. 92. Angular dependence of the dHvA frequency in LaCu, (Onuki et al. 1987b, 1991b). The solid lines
connecting the data are guidelines. The Greek letters designate the various orbits.

the Sm** ion (Onuki et al. 1990b). The characteristic properties of RCug are summarized
in table 23.

The RCug compounds possess the monoclinic structure at low temperatures, which is a
slight modification of the orthorhombic CeCug structure. For example, the orthorhombic
structure of CeCug with a=8.105 f\, b=5.105A and ¢=10.159 A at room temperature,
as shown in fig. 91, changes into the monoclinic one with a=5.080 A, b=10.121A,
c=8.067A and B=91.36° at 65K (Asano et al. 1986). The structural transition
temperature is roughly 200 K. This transition is associated with a complete softening of
the transverse elastic constant Cgs (Suzuki et al. 1985). Here, a, b, ¢ and ¥ (=90°) in the
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Fig. 93. Angular dependence of the dHVA frequency in PrCu; (Onuki et al. 1987b). The solid lines
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The solid lines connecting the data are guidelines. designate the various orbits.

orthorhombic notation are converted into ¢, a, b and f3, respectively, in the monoclinic
one. As the crystal distortion is small, we use the orthorhombic notation. The primitive
cell contains four molecules of RCug.

Figures 92-96 show the angular dependence of the dHVA frequency in RCug where
R represents La, Ce, Pr, Nd and Sm (Onuki et al. 1987b, 1990b, 1991b, Springford
1991, Chapman et al. 1990a, Springford and Reinders 1988, Endoh et al. 1987). The
band calculations for LaCus made by Harima et al. (1990b) show a lot of extremal cross-
sections. The observed signals in LaCug are really quite numerous but they represent only
a part of the signals expected from the band calculations. However, the main observed
signals do correspond to results of band calculations. In the same sense, the signals in
PrCus and NdCug seem to correspond to the band calculations. The common dHvVA
branches are denoted by Greek letters. The detected dHvA branches are many in number,
concentrating at the symmetry axes. The largest branch is o which consists of two or three
branches with the largest dHvA frequencies of about 2x 107 Oe.

The Fermi surface of SmCug is quite different from that of LaCug, probably reflecting
the small magnetic Brillouin zone boundaries. In CeCug, we find both similar but also
different branches along the c-axis, compared to NdCug or LaCug.

As mentioned above, Harima et al. (1990b) calculated the band structure of LaCug with
the orthorhombic structure by an LAPW method. The Cu-3d band and La-4f band are
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Fig. 95. Angular dependence of the dHvA frequency

in NdCu; (Onuki et al. 1991b). The solid lines Fig. 96. Angular dependence of the dHvA frequency
connecting the data are guidelines. The Greek letters in SmCu, (Endoh et al. 1987, Onuki et al. 1990b).
designate the various orbits. The solid lines connecting the data are guidelines.

well localized and are separated from the Fermi level. The conduction bands are mainly
due to the 4s components of Cu. We show in fig. 97 the calculated Fermi surfaces. As
the non-cubic unit cell contains four molecules of LaCug, about 1200 basis functions for
each point are needed especially for 120 d-bands due to the 24 Cu atoms. LaCug is a
compensated metal with hole Fermi surfaces in bands 149 and 150, and electron Fermi
surfaces in bands 151 and 152. The theoretical Fermi surfaces are many in number and are
characterized as corrugated Fermi surfaces with concave and convex curvatures, elongated
along the c-axis. From the magnitudes and angular dependences of the extremal orbits,
most of the experimental dHvA branches can be identified, as shown in fig. 97. The largest
orbit, which is a belly orbit on a “catcher mitt” due to the band 151 electron, corresponds
to branch . The theoretical dHvA frequency of 2.06x 107 Oe in the direction along the
b-axis is in good agreement with the experimental value of about 2x 107 Oe.

The calculated electronic specific heat coefficient of 6.2 mJ/K? mol is almost the same
as the experimental value of 8 mJ/K? mol for LaCus. The detected masses are thus small
and fall into the range of 0.076m, to 2.50my, reflecting the main 4s components of Cu.
Branch a is the main Fermi surface, which possess the cyclotron mass of 1.89m;.

On the other hand, the cyclotron masses of PrCus and CeCug are twice and forty times
larger than that of LaCug, respectively. No mass enhancement is found in NdCus and
SmCug, as shown in fig. 98. Here, the electronic specific heat coefficients of PrCug and
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Fig. 97. Hole and electron Fermi surfaces in LaCu, (Harima et al. 1990b): (2) hole band 149; (b) hole band 150;
(c) electron band 151; (d) electron band 152. The thick solid lines correspond to the observed orbits.

CeCug at zero external field are 16 and 1600 mJ/K? mol, respectively. These values may
be compared to 8 mJ/K? mol of LaCug (Satoh et al. 1989, Takayanagi et al. 1988).

The large mass due to the Kondo-lattice character of CeCug seems to be strongly
reduced by magnetic field. The specific heat coefficient y at low temperatures strongly
depends on the magnitude and direction of the field (Satoh et al. 1989, Amato et al.
1987). Experimental results obtained by Amato and coworkers for field along the c-axis,
which is the most sensitive direction, indicate a metamagnetic transition at about 20 kOe.
Note that the field effect is weak along the a- and b-axes, which are the hard axes. For
the highest applied field of 75kQOe, which almost corresponds to the initial field for the
dHvA measurement, the v value is reduced to 500 mJ/K? mol, which is larger than the
y value of LaCug by a factor of 63. This value is roughly consistent with the cyclotron
mass enhancement ratio of 40.

The field dependence of the cyclotron mass was studied by Chapman et al. (1990b)
for field along the c-axis. The mass of 11mg measured at 41 kOe is reduced to 6.0my at
106kOe for dHvA branch of 1.2x10° Oe. For another branch of 1.03x 107 Oe, 34.6m; at
103 kOe is also reduced to 29.6mq at 122 kOe. These results are shown in fig. 99. Here, a
zero-field cyclotron mass was assumed for which the ratio m*(H)/m*(0) fits with the field
dependence of y(H). Because of the limited range of the field, it is difficult to establish
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zero field are estimated as m*(0)=20m, for a
dHvA frequency F=120x10°0e (open circles)
and m*(0)=120m, for F =1.034x107 Oe (squares).

The results of specific heat coefficients are denoted
by crosses, and the solid line is a guideline.

whether both field dependences are the same or not. Note that the field effect on the
cyclotron mass for the hard axes has to be weak, in order to be consistent for y(H).

Chapman et al. (1990b) concluded that the Fermi surface of CeCug is not well described
by LMTO band calculations performed within the local density approximations, in which
the f electrons are included as either band or core states. Other kinds of band calculations
and more experimental dHvA data, in particular around the b-axis, are desirable.

5. Conclusions

Many lanthanide compounds are clarified in Fermi surface properties. Most of them
are light lanthanide compounds. They most likely order antiferromagnetically and the
4f electrons are localized. Therefore, the Fermi surface in the antiferromagnetically
ordered state should be similar to that of the corresponding non-4f La compound.
The presence of f electrons, however, alters the Fermi surface through the f-electron
contribution to the crystal potential and through the introduction of magnetic Brillouin
zone boundaries. On the other hand, 4f electrons are delocalized, representing an itinerant
character, in some compounds such as CeSnj, CeNi and most likely CeRu,Si,. The many-
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body Kondo effect strongly enhances the effective mass in the Ce (or Yb) Kondo-lattice
compounds.

We summarize the Fermi surface properties of the lanthanide compounds:

(1) As the 4f bands in Y and La compounds are located far above the Fermi level, their
contribution to the conduction electrons is less than 10%. For example, the conduction
electrons are mainly La 5d electrons in LaBg, while they are Cu 4s electrons in LaCug.
The magnetoresistance and dHvA data are in good agreement with the results of band
calculations for the compounds with the cubic, hexagonal and tetragonal structures.
However, even in the cubic case, the spin—orbit interaction is essential to correctly
calculate the energy bands and Fermi surfaces, as shown in LaSn;. As for LaNi, YCu, and
LaCug with the orthorhombic crystal structure, the characteristic topology of the Fermi
surface such as open orbits for LaNi is also explained by the results of band calculations.

(2) Many dHvA measurements were performed in Ce compounds. The 4f-localized
compounds such as CeGa, and CeRu,Ge,, which do not show the many-body Kondo
effect, are similar to the corresponding La compounds in topology of the Fermi surface.
The detected cyclotron mass is not large, comparable to those of the other lanthanide
magnetic compounds.

For the compounds belonging to the valence-fluctuation regime, such as CeSn; and
CeNi, the dHvA data can be fitted very well by the results of band calculations based
on the itinerant 4f model. The mass enhancement is fairly homogeneous for each orbit
and not very large, less than 5, because the 4f band mass is already fairly large. Even
in CeRu,Siy, the 4f electrons are most likely itinerant in the ground state. A main
Fermi surface with the dominant 4f component is observed by the dHvA experiments,
possessing the large cyclotron mass of 120mq for field along the [100] direction. The
mass enhancement is anisotropic for each Fermi surface in CeRu, Sip.

The 4f character in CeSny and CeRu,Si; can be determined by magnetoresistance
measurements because the primitive cell contains one molecule and the valence electrons
are odd in number for LaSn; and LaRu,Si,. If the 4f electron is itinerant, the valence
electrons are even in number for CeSn; and CeRu,Si,. This difference can be clearly
distinguished by the magnetoresistance. The experimental results are as follows. The
magnetoresistance in LaSns and LaRu, Si, saturates over a wide angle region, representing
uncompensated metals. The magnetoresistance in CeSn; and CeRu,Si, increases over a
wide angle region. This result shows that CeSny and CeRu,Siy are compensated metals.
Therefore, it is concluded that the 4f electron is itinerant in CeSns and CeRu,Si, in the
ground state.

For the compounds belonging to the Kondo regime, the dHvA data can be explained
by putting one 4f state below the Fermi energy and the other unoccupied 4f bands
above the Fermi energy. Therefore the Fermi surface is essentially similar to that of the
La compound, as well as to those of the well localized 4f systems. The mass enhancement
factor for the conduction electrons in the Kondo regime is quite large, of the order of 10
to 100 which becomes anisotropic in the some compounds such as in CeSb.






