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2 Magnetic properties of rare earth elements,
alloys and compounds

2.1 Rare earth elements
2.2 Rare earth hydrides

2.3 Alloys between rare earth elements

See Subvolume I11/19d1

2.4 Compounds of rare earth elements and 3d elements

2.4.1 Introduction

2.4.1.1 General

The magnetic properties of binary and pseudo-binary intermetallic compounds between rare-earth (R) and
3d transition metals (M) have been extensively investigated. In addition to their interesting physical properties
some from the above systems are suitable to be used in various technical applications as permanent magnets,
magnetostrictive devices, hydrogen storage, etc. Some review papers [68w1, 71t1, 71w1, 72r1, 73n1, 73t1,
73w1,75b1,77b1, 78k 1, 79b1, 79¢c1, 79k1, 7951, 80b1, 80b2, 80c1, 82b1, 82b2, 82¢1, 83b1, 86b1,
88g2, 88k1, 88w1, 88y1] have been published on the matter, evidencing the development of the field in
different periods of time.

The interesting properties of RM, compounds are the result of the presence in the same compound of both 4f
and 3d atoms. The 4f shells of rare earths are enveloped by the 5s and 5p shells and thus their magnetic moments
are well localized. Because of the influence of the metallic lattice, which results in crystal field effects or other
influences, the theoretical magnetic moment of rare earth ions can differ sometimes from the experimental value.
For example, crystal field and exchange field induce mixing of the excited levels (J = 7/2,9/2) into the ground state
(/=5/2), accounting successfully for the magnetic properties of Sm®* in some intermetallic compounds
[84 A11]. The magnetic interactions between R ions are weaker and take place through the conduction
electrons. The magnetic moments of M atoms are rather sensitive to their environment, the electron
concentration, as well as to the magnetic interactions in the system. Consequently, a large variety of magnetic
behaviours in rare earth (yttrium) compounds is shown.

The strong correlation between the 3d electrons leads to a negative polarization of conduction electrons
[73 B 3]. This polarization by a RKKY-type interaction {54R 1, 56 K 1, 57Y 1] between conduction electrons
and those of the 4f shell, give rise to an antiparallel coupling between the spins of rare earths and those of M
atoms. The sign of the coupling does not depend on the local surrounding, the interatomic distances and electron
concentration. For R belonging to the first subgroup (Pr to Sm) J = L— S and L < §, the negative coupling of spins
leads to a parallel alignment of magnetic moments. In case of heavy rare earths (Gd to Tm) the negative coupling
of spins leads to a ferrimagnetic ordering of R and M sublattices — Fig. 1.
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In the present subsect. 2.4.1 we give a brief survey of the phase diagrams appearing in R-M systems, the
compositions of the compounds, as well as their crystalline structures. Then an attempt for classification of the
magnetic behaviour of binary and pseudobinary R-M compounds and the models used to describe their
magnetic properties are given.

In subsect.2.4.2, representative data on the magnetic properties of binary and pseudobinary R-M
compounds are presented. In each chapter, the crystal structures of compounds and their hydrides are described
at first. Some data on the lattice constants are also tabulated. In addition to the data obtained by magnetic
measurements (mainly saturation magnetizations and Curie temperatures) the results of neutron diffraction
studies, Massbauer effect, NMR, FMR, EPR, anisotropy and magnetostriction, domain structure, magneti-
zation processes, transport properties (electrica! resistivity, specific heat, thermopower), optical studies, etc., are
also given. These data allow a rather comprehensive description of the magnetic properties of R-M compounds.

When lattice parameters and magnetic moments are listed without specifying the temperature, these refer to
room temperature and 4.2 K, respectively.

In the sections “See also”, which provide additional references, studies performed on single crystals are
indicated by asterisks, while theoretical papers are denoted by (T).

2.4.1.2 Phase diagrams. Crystal structure

When forming an alloy, at a microscopic scale, the order of the atoms is generally due to some factors such as:
geometric, electronic, energetic as well as to the type of the chemical bonding. Consequently, it is very difficult to
predict the stability of an atomic arrangement. However, some general features may be qualitatively interpreted
as regards the chemical bonds between rare earths and some 3d transition metals. The main feature of these
metallic bonds is the formation of closely packed structures which may be regarded as arrangement of hard
spheres having different dimensions. The necessity of maximum packing - taking into account geometrical and
energetical restrictions — leads to an ordered arrangement characteristic of the compounds with well defined
stoichiometry, in which the atoms are distributed on specific crystallographic sites. The appearance of the atomic
arrangements is favoured by the loca! environment effects resulting from the great difference between the
electronegativity of M and R atoms.

For a given M element, the R-M phase diagrams show the presence of a number of compounds which due to
similarities between chemical properties of rare earths may be observed (with some exceptions) for all rare earths.

A great volume of works was devoted to the study of R-M phase diagrams. Some examples are given below:

La-Co [67B3, 74K 10, 74R2]; Ce--Co [66E1, 7T0R1, 73R 2, 74K 10, 74R 2]; Pr-Co [70R 1, 73R 2,
74R2]};Nd Co[70R1,73R2,74R 2};Sm Co [69L3,73B22,74K 7,74R 2, 74 W 2]; Gd-Co [61 N 2,62S 1,
69B3,69L3,73B22]; Dy-Co [64W 7,71 B15]; Ho-Co [71 B15]; Er-Co [71 B15]; Yb—Co [72B 16]; Y-Co
[65P1, 71B15,82G 11];

La-Ni, Ce-Ni, Pr-Ni [47V 1]; Gd-Ni [61 C 2]; Er-Ni [68B5]; Yb-Ni [72B16, 73P 1];

Ce -Fe [70B14]; Sm-Fe [71 B17]; Tb-Fe [76 D1]; Dy -Fe [70V 2]; Ho -Fe [70R 2]; Er-Fe [69B 5];
Ce ‘M [74G 13]; R-M [75H2]; R-Fe -Co [86L 3], etc.

Phase diagrams of R-M systems have been collected by many authors [S8h1, 61g1, 6251, 6451, 65¢1,
69K 3,69s1, 70K 4, 71B15, 7551, 78m1, 84m1].

To illustrate the above discussion and to show the compounds which appear in R-M systems, in Fig. 2, the
phase diagrams of Sm -Mn [78 m 1], Sm--Fe [71 B17],Sm -Co [73N 1,77 P 6], and Sm--Cu [75K 6] are plotted.
The phase diagrams of Ce -Fe [70 B 14], Ce-Co [74 G 13,75 M 3], Ce-Ni[78 m 1],and Ce-Cu [74 G 13] systems
are given in Fig. 3. The compounds appearing in Nd--Mn [78 m 1] and Tb-Mn [78 m 1] systems are plotted in
Fig.4, while those of Y-Co [84m 1], La -Co [84m 1] and Y-Ni [65e1] are given in Fig. 5.
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magnetic properties are given.

In subsect.2.4.2, representative data on the magnetic properties of binary and pseudobinary R-M
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arrangements is favoured by the loca! environment effects resulting from the great difference between the
electronegativity of M and R atoms.

For a given M element, the R-M phase diagrams show the presence of a number of compounds which due to
similarities between chemical properties of rare earths may be observed (with some exceptions) for all rare earths.

A great volume of works was devoted to the study of R-M phase diagrams. Some examples are given below:
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74R2]};Nd Co[70R1,73R2,74R 2};Sm Co [69L3,73B22,74K 7,74R 2, 74 W 2]; Gd-Co [61 N 2,62S 1,
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Ce -Fe [70B14]; Sm-Fe [71 B17]; Tb-Fe [76 D1]; Dy -Fe [70V 2]; Ho -Fe [70R 2]; Er-Fe [69B 5];
Ce ‘M [74G 13]; R-M [75H2]; R-Fe -Co [86L 3], etc.

Phase diagrams of R-M systems have been collected by many authors [S8h1, 61g1, 6251, 6451, 65¢1,
69K 3,69s1, 70K 4, 71B15, 7551, 78m1, 84m1].

To illustrate the above discussion and to show the compounds which appear in R-M systems, in Fig. 2, the
phase diagrams of Sm -Mn [78 m 1], Sm--Fe [71 B17],Sm -Co [73N 1,77 P 6], and Sm--Cu [75K 6] are plotted.
The phase diagrams of Ce -Fe [70 B 14], Ce-Co [74 G 13,75 M 3], Ce-Ni[78 m 1],and Ce-Cu [74 G 13] systems
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2.4.1.2 R-3d: phase diagrams, crystal structure

Fig. 2. Phase diagrams of (a) Sm—Mn [78 m 1], (b) Sm—Fe
[71B17], (¢) Sm-Co [73N1, 77P6] and (d) Sm-Cu
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2.4.1.2 R-3d: phase diagrams, crystal structure
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In the R--M phase diagrams there is at least an eutectic (in the composition range rich in rare earth), which has
a low melting point and also intermetallic compounds having a very narrow composition range. The number of
compounds appearing in the R-M systems increases from M =Mn to M =Ni. The compounds are generally
formed by peritectic reactions. Some compounds present crystallographic modifications. In Table 1, the crystal
structure of the compounds appearing in R-M systems are presented together with the sections of the review in

Fig. 4. Phasc diagrams of (a) Nd -Mn and (b) Tb Mn
systems [78 m1].

which their properties are described.

Table 1. Compounds appearing in R-M systems and their crystal structures.

Sub- Compound M Crystal structure R M
section at%
Mn Fe Co Ni
2421 RM 25 orthorhombic: Pnma R X X
2422 RM, 28.6 monoclinic: C2/c Pr, Nd, Sm x
2423 R M, 30 hexagonal: P6;mc La, Ce, Pr, Nd X
2424 R, M|, 314 hexagonal: P6,mc Ce X
2425 R,;M, 36.8 monoclinic: P2,/c Gd, Tb, Dy, Ho, Er X
2426 RgM; 385 monoclinic: P2,/c Y x
2427 R;M, 40 orthorhombic: Pnmm Y X
trigonal: R3 Ho, Er X
monoclinic: C2/m Tb, Dy, Ho X
tetragonal: P4,2,2 Y X
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Tabie 1 {continued)
Sub- Compound M Crystal structure R
section at%
Co Ni
2428 R,M;iR, 42.8(43.8) hexagonal: P6;/m Gd, Tb, Dy, Ho, Er, X
Tm, Lu, Y
2429  RM,sRM 459 hexagonal: P6,/mmc  La, Pr, Nd X
4210 RM 50 orthorhombic: Pnma Tb X
monoclinic: P2,/m Tb X
orthorhombic: Pnma Dy, Ho, Er, Tm, Yb, X
Lu
monoclinic: P2,/c Y X
24211 R, M, 60 orthorhombic: Cmca La X X
24212 RM, 66.6 cubic: Fd3m R X X
Gd, Tb, Dy, Ho, Y
hexagonal: P6;/mmc  R=Pr, Nd, Sm, Ho,
Er, Tm, Lu
24213 RM;, 75 trigonal: R3m Sm, Gd, Th, Dy, Ho, X
Er, Tm, Y
Ce, Pr, Nd, Sm, Gd, X
Tb, Dy, Ho, Er,
Tm, Yb, Lu, Y
La, Ce, Pr, Nd, Sm, X
Gd, Tb, Dy, Ho,
Er, Tm, Yb, Y
hexagonal: P6,/mmc  Ce X
24214 R,M, 71.7 trigonal: R3m La, Ce, Pr, Nd, Sm, X
Gd
Pr, Nd, Sm, Gd, Th, X
Dy, Ho, Er, Y
hexagonal: P6;/mmc  La, Ce, Pr, Nd, Sm, X
Gd, To, Dy
24215 RM, 79.2 trigonal: R3m La, Ce, Pr, Nd X
: hexagonal: P6;/mmc  Sm x
24216 R¢M,, 79.3 cubic: Fm3m Nd, Sm, Gd, Tb, Dy,
Ho, Er, Tm, Yb,
Lu, Y
Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, Y
24217 RM; 83.3 hexagonal: P6/mmm R X X
2.4 R,M,, 89.5 trigonal: R3m Ce, Pr, Nd, Sm, Gd,
Tb, Y
Ce, Pr, Nd, Sm, Gd, X
Tb, Dy, Ho, Y
hexagonal: P6;/mmc  Ce, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu,
Y
Ce, Sm, Gd, Tb, Dy, X
Ho, Er, Tm, YD,
LuY
R : X
24219 RM,, 92.3 tetragonal: I,/mmm Nd, Gd, Tb, Dy, Ho,
Er, Y
24220 RM; 929 cubic: Fm3c La X
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The crystal structures of the R-M compounds may be classified into four groups. In the first one (A), the
compounds rich in rare earths (generally more than 50 at % R) are included. In the second one (B) the compounds
rich in 3d transition metals 66at % <M <90at % are comprised. Between the above groups there are the
compounds having strong directional bonds, such as RCo, _, and R,Co, (C) systems. In the last group (D) are
included compounds having more than 90at% M.

In the following the characteristic features and relationship between the crystal structures of the compounds
having transition metal content smaller than 50 at % (A) and greater than 66 at % (B), respectively, are given.

(A) The structures of RM, compounds with x <1 may be grouped into those having exclusively trigonal
prisms as coordination polyhedra (A1) and those with other polyhedra (A2) [77 P 1]. In the former case all M
atoms are at the centres of trigonal prisms with one R atom at each corner. For the latter situation the M atoms
are at the centres of trigonal prisms, squares, antiprisms, or truncated square antiprisms.

(A1) The crystalstructures based on trigonal prisms can be correlated with trigonal prism linkage coefficient,
LC, which is defined as the average number of M-centred prisms which share one R atom - Table 2. The LC value
isrelated to the overall composition of the trigonal prism framework according to RgM, .. If there are no extra R
atoms outside the trigonal prisms the formula of the compound is then equal to RgM, . Two series of infinite
chains of centred trigonal prisms have been recognized, R, , M, and R, , ,M,. The series R, , M, includes the
following structure types: R;M (n=1), RsM, (n=2), R;M; (n=3), and RM-Pnma (n= o0). The structures of
R;M, R;M; and RM(Pnma) are comprised of infinite zig-zag chains of trigonal prisms, but the R, M, structure
type, although built up of trigonal prisms, has a different stacking. The series R, , ,M, includes the following
structure types [77P1]: R;M (n=1), R,M (n=2), R;M,~-C2/m (n=4) and RM~-Cmcm (n=oo). All four
structures are based on separate bands of infinite columns of trigonal prisms (Fig. 6). The number of columns of
prisms which form each band is given by the number n. When different structures of the same formula are based
on the same elementary unit of construction it is sometimes possible to transform one into the other,
geometrically, by slicing one structure into blocks and stacking these blocks in a different way. In Fig. 7, the
structures of Y,Co, and Dy, Ni, are shown in projection along one main symmetry axis. Starting from the
Y;Co, structure it is possible to imagine a slicing operation by which identical infinite slabs are formed. The
shifting of slabs of equal heights in the same dircction by equal amount leads to a new mode! representing the
Dy ;Ni, structure [75 M 9]. Similar relationship may be evidenced in RM~Pnma, RM--Cmcm, TbNi(h} -Pnma
and TbNi(l) -P2,/m structures [70L 1].

Table 2. Structure types of rare earth - transition
metal compounds where M atoms are at the centres
of trigonal prisms, the kind of M-M linkage and the
trigonal prism linkage coefficient [77 P 1].

Compound Kind of M-M atom LC
linkage

R;M Isolated M atoms 2

R:M, Isolated M atoms 22

R, M, Isolated M atoms 2%

RgM; Pairs and group 33

of 4M atoms

R;M,:

Er;Ni,(R3) M atom pairs 41

Dy,Ni, (C2/m) Chains of 4M atoms 4

Y,Co, (Pnnm) Chains of 4M atoms 4

Y;Ni, (P4,2,2) Group of 4M atoms 4

RM:

CrB (Cmcm) Infinite chains 6

FeB (Pnma) Infinite chains 6

TbNi(h) (Pnma) Infinite chains 6

TbNi(l) (P2,/m) Infinite chains 6

1) Not all R atoms participate in the formation

of a trigonal prism.
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The structures of R;M, RyM,, R;M;, and RM -Pnma can be obtained from unit cell twinning of an ideal
hexagonal close-packed structure. At least two of these structure types occur in R-Co or R-Ni systems. Unit cell
twinning of a rare earth close-packed structure along particular planes leaves regular trigonal prism holes on the
twinning planes. These planes are occupied by M atoms. The ratio between twinned and untwinned segments
determines the overall composition of the compounds. In Fig. 8 it is shown how the R;M, R;M, and RM-Pnma
structures can be derived in such a way from a hexagonal close-packed structure [77 P 1]. The same mechanism
has been used to explain other equiatomic structures like RM--Cmcm, or the high (h)- and low (I)-temperature
modifications of TbNi [76 P 1].

(A2) In case of structures with various coordination polyhedra, the situation is more complicated. The
structures of all R-rich compounds in the R-Ni system are built up exclusively of trigonal prisms. This is perhaps
related to the ideal size of the Ni atom which fits equally well into a trigonal rare earth prism formed by big La
atoms or by small Lu atoms. But geometrical factors can only be of secondary importance. For instance, Co of
nearly the same size as Ni, has a very different structural character as compared with the Iatter. Except for the
R ;M phase, all rare-earth-rich compounds in the R—Co systems are different from the ones in the R-Ni systems.
In particular. equiatomic RCo compounds do not exist and the structures often contain a mixture of
coordination polyhedra. The structure of R,Co, compounds [76 A 1], for example, is characterized by four
Co-centred coordination polyhedra: two with coordination eight (a cube and a square antiprism) and two with
coordination six (a prism and a squarc antiprism with two opposite corners through the centre missing). The
latter can also be viewed as a pentagonwith onc corner replaced by pair of atoms in a direction perpendicular to
the plane of the pentagon. An explanation of the reasons for the variety of coordination polyhedra is difficult
[(77pP1].

(B) A relationship between the structures of the compounds having the M content 66 at% <M <90 at%
may be also considered [75P 3]. Cromer and Larson [59 C 1] reported that the CeNi,, PuNi,, and Ce,Ni,
types can be obtained by alternate stacking of RM, and RM; layers. They also elaborated a description in
which these structure types are based only on the hexagonal CaCu; structure type. By introducing ordered
substitutions of R atoms in the twofold M positions of the RM; structure, followed by appropriate shifts of
layers and small displacements of adjacent R atoms along the ¢ axis, they could derive all the hexagonal and
rhombohedral structure types. Lemaire [66 L 3] has also discussed this substitution scheme and formulated
equations expressing the substitution mechanism for the different structure types.

Khan [74K 9,74 K 11] noted that the substitution scheme for the derivation of RM, structure types appears
very simple but the determination of the atomic positions for a particular structure type is quite laborious. He
described a procedure by which the lattice parameters and atomic positions for any of the hexagonal and
rhombohedral structure types could be easily calculated. Khan scheme [74K 9, 74 K 11] reverts to the earlier
[59 C 1] proposed sequence of RM, and RM layers. The structures are considered to be divided into blocks of
RM, as in the Laves phases and blocks of RM; as in the CaCuj type. The various structure types differ in the
ratio of the number of RM, blocks to the number of RM; blocks.

A construction scheme rather complicated has been also proposed to show that the Zr,Ni, structure may be
derived from the CaCug structure by removal of a layer of M atoms, collapse of the remaining structure, and
shifts of atoms [72E 2].

The hexagonal-thombohedral serics were discussed assuming a stacking of blocks of different size. The
general formula in the composition range 66 to 83 at% M is RM, with x=(5n+4)(n+2)"! and n being zero or
any positive integer [74 K 9]. However, it was not possible to isolate a single-phase compound having the M
concentration higher than that in the RsM 4 compound (n=3). In the rhombohedral subseries, the stacking of
R,M, blocks is described only by the intraplanar translation Ty, while in the hexagonal subseries successive
R,M, blocks are derived from each other by translation followed by a 180° rotation.

For each structure type it is possible to formulate a mininum block sequence which leads to the complete
structure after repeated stacking with the same orientation for the rhombohedral series, or alternate rotations of
the R,M, block for the hexagonal subseries. According to [75 P 3], these structure types are described by
R, +M;,_, - Fig.9. Here only contour lines of the structure blocks are shown. The RM block is denoted by 15
and is represented by a rectangle and the R,M,, block is denoted by 24 and represented by a parallelogram. If the
sum of the printed numbers in the minimum block sequence is formed, first ciphres separately from the second
ciphres, the two totals correspond to the overall composition formula for the particular structure type.
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Fig. 8. (a) R3;M, (b) RsM, and {(¢) RM—Pnma
structure types interpreted from periodic unit
cell twinning of a hexagonal close-packed base
structure. The untwinned segments are alter-
nately shaded and unshaded. The M sites,
indicated by small black circles, are situated at
the twin planes in the centres of the trigonal
prismatic holes only [77P 1].
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Fig. 9. Crystal types of the hexagonal-thombohedral
R, ., M;,_, structure scrics described by stacking of
R,;M, and RMj structure blocks (24 denotes the R,M,,
block and 15 an RM; block) [75P 3].

Other subseries can be constructed by assuming more complex stacking sequence of the R,M, blocks.

The monoclinic subseries of the R, , My, , , structure series were also analysed [75P 3]. A study of the
Zr,Ni, and PuNi, structure types reveals that these two types belong to the monoclinic subseries of a new series
involving R,M; blocks and RM; blocks. The Zr,Ni, type is the first member of this series and may be
constructed by stacking R,M; blocks alone. The block-stacking model for this structure type shows that it
should be possible to describe this structure type with a unit-cell of half the volume of the one reported by
[72 E 2]. The next member in the monoclinic subseries with n=2 has the crystal structure of PuNi,. The block
stacking of the hypothetical RyM,, structure obtained with n=3 is described in [75 P 3].

The other series of the R, , M, ., structure series may be generated [75 P 3]. Whereas in the monoclinic
subseries the stacking of R,M; blocks involves only T, translation, new subseries are generated when
successive blocks are not only translated by T,y but also rotated by 60°, 120° or 180°. At the present no
structures of these subseries are known.

(C) The structures of the LaCo, -, and La,Co; compounds which show a strong directional order are
described in subsects. 24.2.9 and 2.4.2.11.

(D) The structures of RM,, and RM,; compounds having very high M content are described in
subsects.2.4.2.19 and 2.4.2.20.

The formation and stability of RM, binary intermetallic compounds was correlated by Miedema et al.
[75M 10, 76 M 11, 88 d 1] with the heat of formation, AH. The AH values for some RM, compounds were
tabulated [77b 1, 88 d 1]. The analysis predicts an increase of the stability of RM, compounds in the sequence
M =Mn, Fe, Co, Ni and for R from La to Lu, in agreement with the observed behaviour.
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2.4.1.3 General view on the magnetic behaviour of RM, compounds

2.4.1.3.1 General

The magnetic properties of rare-earth-3d transition metals are rather complex. Depending on the magnetic
contributions of M and R elements, several types of magnetic behaviours may be evidenced:

1. Compounds in which the 3d transition metal atoms do not carry a magnetic moment. Two situations are
observed:

1.1. If the R atom is not magnetic, the compounds are Pauli paramagnets. As example we mention YCo,,
LuCo,, YNis, YNi, compounds (subsect. 2.4.2.12, Fig. 118).

1.2. If the R atoms carry a magnetic moment, the compounds are ferromagnetic, antiferromagnetic, or show
a complex magnetic structure.

2. Compounds in which the magnetization of M elements is driven by the 4f rare earth magnetic moment.
The most representative class of compounds is the RCo, system. The compounds LuCo, or YCo, are Pauli
paramagnets. Substituting Lu(Y) by a magnetic rare earth, a Co magnetic moment is induced (subsect.2.4.2.12,
Fig. 139). The Co magnetic moment may be also induced under the action of an external magnetic field
(subsect.2.4.2.12, Fig. 119).

3. Compounds with a strange magnetic behaviour. As example we mention that Y,Co, at low temperatures
is a superconductor and at higher ones is a ferromagnet (see subsect. 2.4.2.8).

4, Compounds in which M atoms have a magnetic moment sustained by the 3d band. This class contains the
greatest number of RM, compounds. Even in this case a fraction of M magnetic moments may be induced by
magnetic interactions involving R atoms (subsect. 2.4.2.12, Fig. 139). These systems may be ordered ferromagnet-
ically, ferrimagnetically, show a mictomagnetic or a more complex type of magnetic ordering.

In the following, some general features of the magnetic behaviour of ferromagnetic and ferrimagnetic RM,
compounds will be presented:

(1) The magnetic moments of R and M atoms are generally dependent on the lattice sites. By magnetic
measurements only their mean contributions can be obtained. Because of the high symmetry of the crystalline
cell, the Laves phase compounds, RM,, are an exception, both R and M atoms being situated on one type of
lattice site.

(2) The magnetic moments of 3d transition metals determined by neutron diffraction studies are somewhat
greater than those obtained by saturation measurements. The last values include also the conduction electron
polarization, negative at M site. As example, the Fe magnetic moment determined by saturation measurements
in LuFe, is 1.45 pg [71 G 3], while from neutron diffraction studies a value of 1.74 p was obtained [80 G 6].
The value of conduction electron polarization p,,= —0.29 yz/Fe is close to that determined in iron metal,
Pas= —0.25 ug/Fe [6282].

(3) In RM, compounds with non-S state rare earth atoms, generally the saturation is hardly to be obtained
because of the high anisotropy. Thus, even in high magnetic fields, reliable values of the saturation magnetization
may be obtained only in single crystals along the easy axis of magnetization, or in polycrystalline compounds
with gadolinium or a nonmagnetic rare earth atom (yttrium). To determine the magnetic contributions of M
atoms, frequently it is supposed that the magnetic moment of R is given by the free-ion g;J values. Really, a
reduction of the non-S state rare earth ionic magnetic moment by crystal field effects is sometimes observed. The
above considerations may explain the differences in saturation magnetizations given by various authors as well
as the estimated magnetic contributions of M atoms.

The thermal variations of spontaneous magnetization for some YFe, ferromagnetic compounds are plotted
in Fig. 10[82 b 1]. As seen in the same figure, at temperatures higher than the Curie temperature T the reciprocal
magnetic susceptibility follows a Curie-Weiss law.

The reduced spontaneous magnetizations, as function of reduced temperatures for GdFe, and GdCo,
compounds are given in Fig. 11 [72B 11, 82b1]. The Gd;Co compound shows a metamagnetic behaviour,
while other compounds are ferrimagnetic. According to the Néel classification [48 N 1] these are of Q-type for
GdFe,, GdCo, and GdCos, of N-type for GdFe, and Gd,Co-,, and of P-type for GdCo; and Gd,Co, ;. As seen
in Fig. 12, the thermal variations of the reciprocal magnetic susceptibilities for ferrimagnetic compounds are
nonlinear. -

The composition dependences of the mean Fe and Co magnetic moments, determined in yttrium, pY;, and
gadolinium, pS%, compounds are plotted in Fig. 10 [81b1]. The py, values decrease by increasing yttrium
(gadolinium) content. The transition metal magnetic moments are greater in gadolinium compounds than in
corresponding yttrium ones. This fact is attributed to stronger exchange interactions in the gadolinium systems.
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The effective 3d magnetic moments determined from the Curie constants are greater than the M magnetic
moments obtained from saturation measurements. The ratio r =n,/n, between the number of magnetic carriers
per atom deduced from the Curie constants, n,, and the number of carriers obtained from saturation data, n,, give
a measure of the localization of M magnetic moments. For a localized magnetic moment, we have r=1. The r
values obtained for the M atoms in rare earth (yttrium) compounds, as function of the Curie temperature, are
plotted in Fig. 13 [78 B 12]. The points are approximately arranged on a unique curve. The degree of localization
of the 3d transition metal magnetic moments is a function of the Curie temperature. This behaviour is similar to
that observed for 3d transition metal altoys [62 W 3].
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2.4.1.3.2 Magnetic interactions in RM, compounds

The RM, systems are generally characterized by the presence of magnetic interactions between rare earths
(R-R). 3d transition metals (M-M), as well as between rare earths and 3d transition metals (R-M).

The interactions between rare earth ions (R-R) are the weakest ones and seem to be best described by the
RKKY model [54R 1, S6K 1, 57Y1, 68K 1, 71R7, 72C1, 81b1]. This type of magnetic coupling may be
evidenced in RM, compounds where the magnetic contribution of M elements is nil. A system of magnetic R
ions with a localized moment g,J, yy situated at the site R,, induces at the site r a conduction electron
polarization, o(r). Supposing that the exchange coupling, J,, is wavevector-independent, the electrons
described by plane waves and a spherical Fermi surface, the polarization, o(r), is given by:

In , Ju(g;—1
o= 5 22 220 1Rk R,) 0)
where ze is the ionic charge, v the atomic volume, E the Fermi energy and kg the corresponding wavevector. The
function F(x) has the form

X cOsx —sinx
FX)= —————. @
X
The polarization of conduction electrons leads to an indirect exchange interaction between the magnetic R ions.
The paramagnetic Curie temperature is given by

3n ,JHg, —1)2JJ+1)
o= 4 E ke % F(2keR,). (3)

For the same type of structure and supposing J; constant, the Curie temperatures are proportional to the
De Gennes factor, G =(g,—1)2J(J +1) [58 D 1, 62 D 1]. The above prediction is fulfilled in RNi, compounds in
which Niis nonmagnetic (subsect. 2.4.2.12, Fig. 121). The reciprocal magnetic susceptibilities of these compounds
follow a Curie-Weiss law. The determined effective magnetic moments of R ions are close to those of the free rare
earth ions.

The dominant interactions between R and M ions seem to be those by indirect exchange and consequently
may be described by the RKKY model (subsect. 2.4.1.1). Since the 4f electrons are well localized, only a small
mixing with the 3d electron wave functions takes place. Supposing that the exchange interactions do not
depend on ¢, the difference between the wavevectors of electrons before and after scattering by the magnetic
ions, the following exchange Hamiltonian has been obtained [71 B 18]

3n\? 2n
Hen=| =) 7 JrOIM0) ¥ FQk:R Mg, " Sy, - @
N/ E; nom
where N is the number of lattice points and n is the number of conduction electrons. The summation over n and
m involves all R-M distances R, present in the underlying structure. The quantities Jg(0) and J,{0) are the
effective s—f and s—d exchange integrals.

Analysing the magnetic properties of R,(Co, - ,M,);; with R=Sm, Y and M=Fe, Mn, or Cr [77P3] an
indirect exchange propagated by s- and p-conduction states was considered. The exchange Hamiltonian has
the form:

H oxen= Z-’(Rij)si‘(g.r—”-’j, (5)
ij

with

n 2

4
J(R,)= ﬁ; nkeJ (2 (0A9F(2k;R,) +0.266k2F (2k,R, ).

where mis the electron mass, kg the Fermi wavevector, J4 the s-d exchange integral, and {r?) the mean square of
the 4f radius. F(2k:R) and F'(2k¢R) are the RKKY-type functions corresponding to s- and p-type states,
respectively.

The M-M-type interactions appearing in metallic systems are rather difficult to analyse. A large variety of
models was used to describe their magnetic behaviour, covering the extreme descriptions: band and localized
models.

Landolt-Bérnstein

Kirchmayr, Burzo New Series 11171942



Ref. p. 405] 2.4.1.3 R-3d: general magnetic behaviour 17

In the following we mention only some models which take into account both localized and band features.

The concept of localization in the band model [61 F2, 62F 1, 66 L 2] was used to analyse the magnetic
behaviour of Co in rare earth compounds [69T2, 71 B18, 71B21, 72B 10, 72B 11].

Stearns [71S6, 7387, 76 S10] proposed an interaction model supposing that the ferromagnetism of
metals is due to the indirect coupling of the localized d electrons by a small number of itinerant d electrons. The
model suggests that in case of iron approximately 5% of d electrons are itinerant and 95% are in sufficiently
narrow bands to be considered as localized. The model has been used to account for the magnetic behaviour of Fe
in rare earth compounds [77B15, 78 B12, 79B 13, 80B13]. The ®°Y magnetic hyperfine fields in YFe,
compounds [73 O 9] are interpreted in terms of a long-range exchange polarization of the s-conduction electrons
by means of the Fe magnetic moments according to Stearns’ model. In the same model the Co magnetic hyperfine
field in some RCo, compounds was analysed [75 H 1]. The high-pressure behaviour in R,M; ; compounds was
discussed also in the above model [75J1].

2.4.1.3.3 Models used to analyse the magnetic properties of RM, compounds

It is a difficult matter to analyse the magnetic properties of RM, systems on a microscopic scale, having in
view the complexity of the interactions. Therefore, for systems in which both R and M are magnetic, some
simplified models were used in order to describe their magnetic behaviour.

At the beginning, the prediction of the molecular field model for ferrimagnetic RM, systems, both in the
supposition that the M atoms have at T>T; an intrinsic magnetic moment or an exchange-enhanced
paramagnetism, are presented. The above situations were evidenced by neutron diffraction studies. An exchange-
enhanced magnetic susceptibility was observed in RCo, (R=Ho, Tm) compounds at T > T (subsect.2.4.2.12,
Fig. 164). On the other hand a magnetic moment of Fe of 1.0 puy was obtained, for example, in CeFe, above the
Curie temperature [81 D 4]. This value is close to 1.15py determined at 4.2K in the ferromagnetic state.
Generally the value for p,, obtained at low temperatures by magnetic measurements is smaller than that
determined from Curie constants, but the reason for this difference is not clear. Probably, the Curie constants
need to be corrected for thermal variations of magnetic interactions [37N1]. On the other hand small
quantities of phases with Curie temperatures higher than that of the phase studied may affect substantially the
paramagnetic data. If the data are correct, the above difference gives a measure of the itinerancy degree of M
moment (subsect. 2.4.1.3).

Admitting a two-sublattice model, corresponding to mean R and M magnetizations, the thermal variation of
the resultant magnetic moment for ferrimagnetic compounds may be described by the Néel model [48 N 1]. At
temperatures greater than the Curie temperature, the magnetic moments of R and M atoms are aligned under the
action of the external and molecular fields,

(Mg>=CrT ™Y (H + Agg{Mg) + Agm{ M), ©)
My =CyT ™ (H + i M) + Axm{ MR)), U]

where Agg, Apy and Ay are the molecular field coefficients characterizing the magnetic interactions inside and
between magnetic sublattices.
The relation (7) may be written as

<MM>=AI(H+;LRM<MR>) (8)
with
r_ CMT_ !
A= T N ©)

The thermal variation of 4’ is of the form
A=Cy(T-0)7", (10)
where @ = Cyhypy.
The temperature dependence of the reciprocal magnetic susceptibility of a two-sublattice ferrimagnet follows
a Néel-type law [48 N 1]:
=)' =xo ' +TC ' —o(T-O)7", (11

where yp denotes a Pauli-type magnetic susceptibility. The parameters y,, C,o and @ are related to the molecular
field coefficients.
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In the following we mention only some models which take into account both localized and band features.

The concept of localization in the band model [61 F2, 62F 1, 66 L 2] was used to analyse the magnetic
behaviour of Co in rare earth compounds [69T2, 71 B18, 71B21, 72B 10, 72B 11].

Stearns [71S6, 7387, 76 S10] proposed an interaction model supposing that the ferromagnetism of
metals is due to the indirect coupling of the localized d electrons by a small number of itinerant d electrons. The
model suggests that in case of iron approximately 5% of d electrons are itinerant and 95% are in sufficiently
narrow bands to be considered as localized. The model has been used to account for the magnetic behaviour of Fe
in rare earth compounds [77B15, 78 B12, 79B 13, 80B13]. The ®°Y magnetic hyperfine fields in YFe,
compounds [73 O 9] are interpreted in terms of a long-range exchange polarization of the s-conduction electrons
by means of the Fe magnetic moments according to Stearns’ model. In the same model the Co magnetic hyperfine
field in some RCo, compounds was analysed [75 H 1]. The high-pressure behaviour in R,M; ; compounds was
discussed also in the above model [75J1].

2.4.1.3.3 Models used to analyse the magnetic properties of RM, compounds

It is a difficult matter to analyse the magnetic properties of RM, systems on a microscopic scale, having in
view the complexity of the interactions. Therefore, for systems in which both R and M are magnetic, some
simplified models were used in order to describe their magnetic behaviour.

At the beginning, the prediction of the molecular field model for ferrimagnetic RM, systems, both in the
supposition that the M atoms have at T>T; an intrinsic magnetic moment or an exchange-enhanced
paramagnetism, are presented. The above situations were evidenced by neutron diffraction studies. An exchange-
enhanced magnetic susceptibility was observed in RCo, (R=Ho, Tm) compounds at T > T (subsect.2.4.2.12,
Fig. 164). On the other hand a magnetic moment of Fe of 1.0 puy was obtained, for example, in CeFe, above the
Curie temperature [81 D 4]. This value is close to 1.15py determined at 4.2K in the ferromagnetic state.
Generally the value for p,, obtained at low temperatures by magnetic measurements is smaller than that
determined from Curie constants, but the reason for this difference is not clear. Probably, the Curie constants
need to be corrected for thermal variations of magnetic interactions [37N1]. On the other hand small
quantities of phases with Curie temperatures higher than that of the phase studied may affect substantially the
paramagnetic data. If the data are correct, the above difference gives a measure of the itinerancy degree of M
moment (subsect. 2.4.1.3).

Admitting a two-sublattice model, corresponding to mean R and M magnetizations, the thermal variation of
the resultant magnetic moment for ferrimagnetic compounds may be described by the Néel model [48 N 1]. At
temperatures greater than the Curie temperature, the magnetic moments of R and M atoms are aligned under the
action of the external and molecular fields,

(Mg>=CrT ™Y (H + Agg{Mg) + Agm{ M), ©)
My =CyT ™ (H + i M) + Axm{ MR)), U]

where Agg, Apy and Ay are the molecular field coefficients characterizing the magnetic interactions inside and
between magnetic sublattices.
The relation (7) may be written as

<MM>=AI(H+;LRM<MR>) (8)
with
r_ CMT_ !
A= T N ©)

The thermal variation of 4’ is of the form
A=Cy(T-0)7", (10)
where @ = Cyhypy.
The temperature dependence of the reciprocal magnetic susceptibility of a two-sublattice ferrimagnet follows
a Néel-type law [48 N 1]:
=)' =xo ' +TC ' —o(T-O)7", (11

where yp denotes a Pauli-type magnetic susceptibility. The parameters y,, C,o and @ are related to the molecular
field coefficients.
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The magnetic behaviour of a number of RM, compounds was analysed by using the above model. We
mention the RFe, compounds[73B 18, 73B 19,73 H 3,8012],RCo,-based compounds [73B18,73B19,75T 2,
76 B16], or RFe,-based compounds [78 B12, 78H 5, 79B 13].

Starting from a molecular field model, the high-temperature magnetic behaviour of systems with indirect
exchange interactions was analysed [75F 1]. The model describes correctly the Curie temperatures of RFe,
compounds. The T, values of the same system were also analysed by [76 R 1]. Considering a two-sublattice
molecular field model, the T values are described with the following values of the exchange constants
Jrere=832K, Jgg.=—137K and Jz =98K.

The molacular fiald mode! wac nced tao analvee the denendence of M m
1 0¢ MOICCWiar &G modaei was us€d 10 analyse in€ aepenaence ¢i M i

interactions. As result of the substitution of magnetic M atoms by nonmagnetic ones or of the magnetic rare
earths by La, Lu or Y, the exchange interactions appearing in the system are modified. This fact is reflected in the
variation of M magnetic moments. As seen in Fig. 4, the induced M magnetic moments, Ap,,, scaie fineariy with
the variation of exchange field [76 B13]

Apr 'MA“exch' (12)
“6 up/Oe and Ve, =(1/18)107 6 pup/Oe. ¥y

nr\r\cnr‘ for T>T. to vary slowly with
upposeg ior i ic 1O vary siowly win

The proportionality constants in the above relation are V(1

hac the came dimencion ag the maonetic euccentihility an
adas wic Sailil UGRMChSION as e Haghtllsc Susiepuviiily and

temperature. The Ap,, induced magnetic moments calculated with relation (12) are in good agreement with the
experimental data [76 B13, 76B17, 78 B12, 79B 13, 80B 13, 81 B10].

o
-
w
w _

35 .
ta 011Fe,_—
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Fig. 14. Variation of Co and Fe induced magnetic mo-
ments in Gd,Y, . M, (M=Fe or Co) compounds as
function of the variation of the exchange field [76 B 13].
Apc,=(1/3)-107° AH.,.,, up/Oc and
Aplc=(]/1 8)2)) . 10—6 AHexch “B/oe'

As mentioned above the Co magnetization in RCo, compounds is driven by the 4f magnetic moments. The
ErCo,, HoCo,, and DyCo, compounds show first-order transitions between the ordered and the paramagnetic
state [66 L 4, 72B 10, 75 B 4]. In case of systems with light rare earth compounds, or in TbCo, and GdCo,, a
second-order phase transition is observed [72 B 10]. The possible existence of a first-order phase transition in
TmCo, cannot be shown, because of the strong crystal field effects compared to the exchange interactions
[76 G 4]. The analysis of the pressure dependence of T;, values in RCo, compounds [71 B 9] suggests that the
type of phase transition may be connected with the Co band structure. Based on this observation a mode! has
been proposed [70B4] in which, at T> T, only the rare earths have an intrinsic moment. The ordered Co
magnetic moment, in this model, is induced in the 3d band, being associated with the Co paramagnetic
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susceptibility, at T > T supposed to be only weakly temperature-dependent. In this case, the Cy,/T in relation (9)
is replaced by yy, o, the paramagnetic susceptibility of M metal when the magnetization of the R atoms is nil. The
total magnetic susceptibility is the exchange-enhanced susceptibility

M, 0
A=y=—"" 13
t 1 —2wmitn, 0 a3)

The total susceptibility of RM, (M =Co) samples is given by
y= Cr+ 1y [ T—(Agg — 2gm)Cr]

T-0 ’ (14
where
O =(Jrr + 1y AR0)Cr - (15)
The spontaneous magnetization of Co atoms may be described by
My = Igmty My . (16)

The above model [ 70 B 4] neglects the temperature dependence of the magnetic susceptibility associated with
the Co 3d band. This was later considered [75B4] when the magnetic properties of RCo, compounds were
correlated with those of YCo,. The type of transition from ordered to paramagnetic state is connected with the
Landau parameter B(T). B(T) is negative at low temperatures and becomes positive above 250 K. Thus, the
presence of the first-order phase transition in DyCo,, HoCo,, and ErCo, (To<150K) and of the second-order
phase transitions in GdCo, and TbCo, (T > 250 K) is associated with the sign of the Landau parameter B in the
expression of the free energy of YCo, as function of magnetization.

The form of the thermal variation of the YCo, magnetic susceptibility, having a maximum at 72250 K, may
be understood when the Fermi level is situated near a minimum of the state density of the d-band. This
supposition is not in agreement with the effect of impurities on T, values [78 G 13. The model [75 B4] cannot be
used to analyse the nonsymmetric behaviour of RCo, compounds with light rare earths which show a second-
order phase transition, although T;; values of PrCo, and NdCo, are smaller than 100K [66 L 4, 72B 10]. The
above data suggest that the state density at the Fermi level varies in the rare earth series.

The problem of RM, compounds was further theoretically analysed by Cyrot and Lavagna [79 C 8, 79 C9].
The state density of YM, compounds was computed in tight-binding approximation by using the method of
moments [75D 1]. The matter is treated in two steps. The computing of the paramagnetic density of states is
carried out self-consistently on the atomic level within Hartree-Fock approximation in order to take the charge
transfer into account. Then, the magnetism of the compounds is accounted for by splitting up and down spin
bands in the Stoner model. The substitution of Y by a magnetic rare earth increases the splitting energy by
Jolgs—1)<J,>, where in the molecular field approximation J,=2g, uzd(g,—1)" 1. Then, the mean magneti-
zation is computed. The calculated Fe magnetic moments in RFe, compounds agree with the experimental data.
In case of RNi, compounds, the density of states near the Fermi level is flat, the Ni magnetization is nil, being not
affected by the band splitting. A more complicated situationisevidenced in RCo, compounds. If the temperature of
the second-order phase transition, T, is greater than Tg, corresponding to the first-order phase transition, the
magnetization develops continuously by decreasing temperature, and thus a second-order phase transition takes
place. When T¢ < Tt,, the magnetization appears suddenly at T and the transition is of the first-order. By using
this model, the calculated phase transition temperatures of DyCo,, HoCo, and ErCo, agree with the
experimental data. In case of RCo, compounds with light rare earths, a slight increase of the 5d atomic level
across the rare earth series is expected. This probably leads to a state density at the Fermi level somewhat larger
and thus a paramagnetic susceptibility greater than the critical value. Consequently, a second-order phase
transition is expected.

This model has been also used to discuss the magnetic properties of compounds with complex crystalline
structure where the transition metal atoms occupy M’- and M”-type of sites, as in CaCu,-type structure (see
subsect. 2.4.2.18) [81 G 6]. The local density of states of M’ and M” atoms is situated in a region of the high
density of states when the number of rare earth neighbours is small. This is shown in Fig. 15. The M’ atoms with
lower R coordination show a permanent magnetic moment. The Stoner criterion is not fulfilled for the M” atoms
having a greater number of R nearest-neighbours. In this case, their magnetic susceptibility resembles that of
YCo, (subsect. 2.4.2.12, Fig. 118). Under the action of the molecular field, the condition for the magnetism of M”
atoms is fulfilled. The magnetic properties of other RM, were discussed in this model [80 G 4, 83 G 3].
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Fig. 15. Schematic plot of the magnetic behaviour of
ThCog compound. In (a) and (b) thermal variations of
magnetizations and magnetic susceptibilities for Co(2c)
and Co(3g) sites arc given. In (c) the total magnctization
and magnetic susceptibility of ThCos compound is
plotted [81 G 6].

Wohlfarth [79 W 4] extended the model of Bloch et al. [75 B 4] to analyse the magnetic behaviour of RCo,
(x 2 3) compounds in which Co is already ferromagnetic. The composition dependence of the Curie temperatures
shows the trend of those experimentally determined. The agreement with T values of (Gd, Y, _ ,)Co, compounds
is also good, but not for Gd(Co,Al, _,); compounds [81S5].

Gomes and Guimaraes [74 G 9] analysed the magnetism of RM, compounds when the M magnetic moment
is driven by the localized f moments or is sustained by the d band. These two situations are discussed in terms of
an effective s—d coupling and s exchange interaction.
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n 7=0K
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Fig. 16. Composition dependence of the mean magnetic
ReMyy moments at 0K of Co and Fe atoms determined in Gd
03 RM RM B Voo RM A RM and Y compounds by saturation magnetization [73 B 18].
(3 3 35 T3 \r In all cascs a decrease of the Fe and Co mean magnetic
‘ ‘ ‘ 1 ‘ contributions is observed when increasing the R (R =Gd
0 5 10 15 20 25 0 at%35  or Y) fraction in the compound.
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Other band structure calculations have been performed on the RM, systems. The complexity of the crystal
structure of RM, compounds means that some simplifying approximations are inevitable. The first self-
consistent band structure calculation for a whole range of rare earth concentrations was realized by Szpunar
[77S16, 77817, 77518]. The CPA theory when applied to RM, compounds is only a very rough
approximation. This model explained the decrease of the magnetic moment of the transition metals with
increasing rare earth content, Fig. 16 [73 B 18], and also predicts the antiparalle! coupling between R and M
spins. For RM; compounds the self-consistent augmented-plane-wave method has also been used in band
structure calculations with the simplifying assumption that the magnetic moments of the transition metals on
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different sites are indistinguishable {77 M 4, 82 M 1]. By moauymg CPA theory to the first four moments, the
magnetic moment of Co in different sites has been calculated and is in satisfactory agreement with experimental
data [82S25]. Then, the density of states of YCos and Y,Co,, has been computed in the tight-binding
approximation using the continued fraction method [85 S 257. The origin of antiparallel coupling between the
spins of 3d electrons of the transition metals and spins of 4d electrons of the R metals has been explained. The
calculated magnetic moments for different sites in YCos and Y,Co,, are in close agreement with the measured
values.

The electronic structure of a number of Laves phase compounds, RM,, has been also computed by the tight-
binding approximation both for paramagnetic and ferromagnetic states [84 Y 1,85Y 1,85Y3,86Y 1,86 Y 2]. By
using the spin-density-of-states curve in the paramagnetic range and taking into account the effect of spin
fluctuations, the temperature dependence of the paramagnetic spin susceptibility of RFe, (R=Lu, Zr, Hf) is
analysed [86 Y 1]. The same problem was discussed in case of RCo, compounds (R =Lu, Sc, Ti, Zr, Hf) [85 Y 3].
The energy band structure of CeCo, was calculated by using a self-consistent APW method [86Y 4]. The local
density of states at Ni and Y sites and the total density of states are computed for Y,Ni, ,, YNis, Y,Ni; and
'YNi, in the recursion method. The occurrence of ferromagnetism in Y,Ni, ;, Y,Ni, and YNi, is attributed to a
peak in the density of states near the Fermi level [84 S 8].

Thelocal band models [79C 1,79 M 17,79 P 4,84 B 8, 85K 13] were used to describe the magnetic behaviour
of 3d transition metals in rare earth compounds. In these cases a local mean field is assumed whose direction may
vary in space and time. These directional fluctuations play the role of spin wave excitations. At and above the
Curie temperature, only the average vector magnetization must vanish, so there may remain a local
magnetization. Strong correlations are maintained above T, which can be regarded as a clustering of
incompletely ordered magnetic moments. The magnitude of spins remains essentially constant for temperatures
very much less than the Stoner temperature, but their directions become increasingly random. The above models,
for example, may describe the magnetic behaviour of CeFe, [81 D 4]. The magnetic behaviour of Y(Mn, _ Al),
compounds was analysed in the model developed by Moriya [79M 17].

The maxima in y(T) of exchange-enhanced paramagnets, as YCo, or LuCo, (see subsect. 2.4.2.12, Fig. 118) —
if using a band description — involves a peculiar shape of the energy band. The state density curves which give a
peak in the temperature dependence of the magnetic susceptibility have to be reflected in a corresponding peak in
the electronic specific heat coefficient y. The specific heat measurements on YCo, and YNi, [72 B 9] show that no
anomalies are observed in the density of states as suggested by the maximum in the temperature dependence of
the magnetic susceptibility. Consequently, the magnetic behaviour of RCo, exchange—enhanced paramagnets
may be analysed in the spin fluctuation model. The electrical resistivity measurements in Y(Fe,Co, _,), [7711]
suggest that the fairly large temperature variation of the resistivity near composition x=0 seems to be
determined by the paramagnon scattering. The paramagnon scattering is suppressed by the substitutional Fe
atoms. Analyses based on several theoretical models of the quenching of spin fluctuations by high magnetic fields
suggest that the characteristic spin-fluctuation temperature is T,;~20K for ScCo,, T,;~35K for YCo,, and

T,=16K for LuCo, [8414].

The paramagnon picture of the low magnetic susceptibility of a nearly magnetic fermion system was
generalized from a parabolic band to a band of itinerant fermions of arbitrary shape [80 B 3]. The model may
account for the observed thermal variation of YCo, magnetic susceptibility. Analysing the magnetic properties
associated with the onset of ferromagnetism in Y-Ni, Y-Co and Th-Co compounds [81 G 6], it was concluded
that the paramagnon model accounts for the experimental data.

The magnetic properties of some RM, compounds were analysed considering various descriptions based on
the Fermi-liquid model [77C1, 80B3, 76 M 16, 80N 2]. As example we mention CeNi [84F 2], YCo,,
LuCo, [76B15, 76 M 16, 77B 6, 78 M 12, 78 M 13], etc.

A number of other studies was devoted to the magnetic behaviour of 3d metals in rare earth compounds. For
a longer time, the variation of the M magnetic moments in RM, compounds was attributed to band-filling effects
by the conduction electrons contributed by rare earths [71t 1,73 w 1]. Then, the effect of exchange interactions
was emphasized [66 L5, 74 B 12, 75B9]. The photoemission studies performed on RFe, compounds suggest
that the charge transfer as a dominant cause of the reduction of the Fe magnetic moment is excluded [79 A 6].
The same behaviour was observed in case of Gd-Fe amorphous alloys [76 G 131, La(NiCu)s compounds
[82 W 2], etc. The variation of the Fe magnetic moment is attributed to the modification of the exchange splitting
of the Fe 3d states. On the other hand it is difficult to consider band filling effects in pseudobinary systems, where
the electron concentration is constant, as for example in Gd(Co,Ni, _,), [74B 12] or Y(Fe,Co,_,), [78 B13,
80Y 1] compounds. A different behaviour was suggested by the analysis of L;; absorption spectra in Dy(MAl),,
M =Fe, Co compounds [82 § 20,82 S 21, 84 S 14]. In these cases a charge transfer between 3d M and 5d Dy bands
is considered. Chiu et al. [79 C 3] assumed that the susceptibility for band magnetization associated with Co is
dependent on the magnitude of the Co magnetic moment, which in its turn depends on the Co concentration.
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The exchange interactions are also dependent on the distances between the 3d transition metal atoms as
previously evidenced by Néel [36 N 1] - Fig. 17. Thus, the variations in the distances between M atoms are to be
reflected in their magnetic contributions. The first evidence for the Néel-Slater curve in case of
rare-earth-transition metal compounds has been obtained by pressure studies [73B3] on RFe, systems,
although previously suggested [69 G 1,71 B 12]. From the experimental results each compound can be placed on
the curve - Fig. 17. The pressure studies on R,M,; (M =Fe, Co or Ni) [75J 1] can be also considered on the
basis of the Néel-Siater curve. The Fe magnetic moments in RFe, compounds also exhibit the general feature
of the above curve [81S11].
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Fig. 17. Neécl-Slater curve describing the dependence of
the exchange interactions on the distance between 3d
transition mctal atoms [36N1, 73B3]. 2r: atomic
diamecter.

Two mechanisms were considered to take into account the effect of the exchange interactions on the
transition metal magnetic moments in rare earth compounds. The first is the collective electron metamagnetism
[62 W 3] and was used to explain the magnetic properties of some RCo, compounds [75B 4, 81G 6]. This
involves the change of the number of electrons in the spin-up and spin-down subbands under the action of the
exchange field. A second one considers the effect of the relative shifts of the majority spin subband relative to the
minority spin subband and has been called induced magnetism or epamagnetism [78 B 11, 81 B 10]. These shifts
are proportional to the exchange field (the sum of external and molecular fields) starting with a threshold value.
The NMR measurements really show that the Co magnetic moment does not change continuously from
nonmagnetic to magnetic state [79 H 7]. The formation of M magnetic moment takes place only on a local scale,
as evidenced by NMR or neutron diffraction studies (see subsect. 2.4.2.12).

The local environment model [65J1, 74 B 12] is also strongly connected with the presence of exchange
interactions. The model may describe the magnetic behaviour of some R(M;M{ _,), compounds. In its simple
form, the model supposes that the variation of the M’ mean magnetic moment may be ascribed to a loss of
magnetic moments of those M’ atoms which have a smaller number of similar atoms as nearest neighbours thana
critical value n.. For a given concentration, x, the probability for a M’ atom to have n similar atoms as nearest
neighbours from the maximum number of N is given by

N! n N-n
P(x,n,N)= mx (1—x) . (17)
The probability for a M’ atom to be surrounded by at least n, M’ atoms as nearest neighbours is given by
N
P,(x)= ¥ P(x,n,N). (18)

The mean magnetic moment of the alloy is

Pu(X)=xP, (X)py (x=1). (19
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If the short-range interactions dominate, the atoms situated only in the first coordination shell should be
considered. This is the case of compounds with M’=Co. By the solid line in Fig. 18 the calculated 3d transition
metal magnetization is plotted according to the relation (19) in case of Gd(Co,Ni, _,), compounds. The
experimental data are correctly described by a critical number n =3 for N=8. If there are also long-range
magnetic interactions, as in case of iron compounds, the atoms situated in more than one coordination shell may
be considered [75 B 10, 77 B 10]. In addition, the transition metals can loose only a fraction of their magnetic
moments.
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Fig. 18. Composition dependence of the 3d magnetic

moments in Gd(Co,Ni, _,), compounds at 4.2 K, normal-

ized to the value of the Co magnetic moment in GdCo, 02 /
[74B12]. Open circles are data from [69T 1] and full

P3g /Pyylx

circles are data from [74 B12]. By the solid curve the 0
relation (19) with n,=3 and N =8 is plotted [74 B 12]. 0 02 0.4 0.6 08 10
GdNi, X —— 6dCo,

The above model was used to analyse the composition dependence of the magnetic moments of 3d transition
metals in pseudobinary rare earth compounds as Y¢(Fe,Al, _,),3 [79B 5], Y(Fe,Co,_,), [78B13, 80Y 1],
Y(Co,Ni, _,)s and Y(Co,Cu, _,)s [77 B 23], Y(Mn,Co, _,), [79 O 1], Gd(Co,Al, _,), [81 B10], Gd(Co,Ni, _,),
[75C1], etc. The NMR studies show also local environment effects, as for example in Y(Fe,Co,_,), [7609,
80Y 1], Gd(Co,Ni, _,), [80 T 3], Gd(Fe,Co, ), [78 B11] compounds.

Local environment effects were observed by the analysis of 37Fe hyperfine field values in Y(Fe,Mn, _,), and
Hf(Fe,Co, _,), [79V 2, 80V 1]. The shape of the observed spectra indicates that the localized Fe magnetic
moment is present, its value being sensitively dependent upon the number of and distances from the
neighbouring Fe atoms. The effective hyperfine field at a Fe site surrounded by n and m nonmagnetic atoms in
the first and second coordination shells, respectively, are

Hiyyoln,m)= Hy 0,00~ 3. AH,j) 20)

in which AH(n, m)=mAH(n,0)/3 for AH(n,m)=H,,(0,0)— H, (n,m).

Local environment effects on the >"Fe hyperfine field has been also reported in R(Fe,Co, _,), [76 W 3,
79M 16], Y(Fe,Al, _,), [77V 4] compounds, etc.

Atlow temperatures the presence of spin waves is evidenced by using the inelastic neutron scattering [76 N 7,
77R 1,78 R 1] (see subsect. 2.4.2.12, Figs. 165and 166). A nearest-neighbour interaction spin wave model was used
to analyse the experimental data. The dispersion relation is given by solving

6
hw(q)si+(4) =-2 '21 [<Siz>Jij(q)Sj+(q) - <sz>Jij(0)Si+(q)]
=
+485(9) (8,1 +8; 5), @1
where
Tlg)= T Jyreaenre,
and 4 is the crystal field gap parameter.n, m and i, j, respectively, label the unit cells and the six atomic positions

therein. For rare earth ions, 1=1, 2, the spin S is replaced by J. There are also six equivalent relations for S~. The
model fits well the experimental results.
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The studies performed on pseudobinary compounds show in some cases the disappearance of long-range
magnetic order and the presence of a mictomagnetic behaviour. The appearance of a percolation limit for the
onset of long-range ferromagnetic order has been evidenced in Y(Fe,M, _,), (M=Al, Co, Rh) compounds
(79 S 8]. The percolation limit depends strongly on the matrix magnetic susceptibility. Mictomagnetic behaviour
can be deduced from magnetic, Mdssbauer and neutron depolarization measurements for M = Co, Al below the
percolation limit. For M =Rh a similar behaviour should occur as indicated by the dependence of the magnetic
moment upon the magnetic pretreatment as well as by the magnetically split Mdssbauer spectra, although no
maxima of the low-field magnetization as a function of the temperature are observed. The mictomagnetic
behaviour of Y(Fe, Al _,), compounds was discussed also by other authors [82 H 5, 84 R 3]. The same behaviour
was observed in pseudobinary Laves phase compounds [82 H 4], La(Fe, _ Ni,)s [87 L 1], or some hydrides.

The presentation of the models used to describe the magnetic properties of RM, compounds is not
exhaustive. This may give only a general view of the complexity of matter. References to other models will be
made in subsect. 2.4.2 in connection with the experimental evidence.

For studies involving different types of structures see:

Crysta! structure and lattice constants

RM, [64M2,69K 2, 69K3,73B17, 74K 11, 79i1]; R=Nd, Sm [70K 4]

RFe, R=Sm [71B17]; R=Tb [76 D1]; R=Dy [70V1, 70V 2]; R=Ho [71M6]; R=Er [69B5];
R=Th [71 B16]

[66BS, 7T1B1S,75P3,76 A2, 77A4, 7T7P1];
R=La {67B3, 74K 10]; R=Ce [73R 2, 74K 10]; R=Pr [73R2]; R=Nd [73R2]; R=Sm
[69L3, 74K 7, 7821, 79L8, 83T1]; R=Gd [62S1, 69B3, 69B6, 69L3, 70B6]; R=Er
[68B7]; R=Yb[72B16]); R=Lu [71G1,71G2]; R=Y [71G1, 71 G2]; R=Th [71 B16]

RNi, [77P1]); R=La [72B17]; R=Sm [83T1, 8 H3]; R=Er [68 B5]; R=Yb [72B 16, 73P 1]

RM,H, [74K 18]; YFe,H, [80V 3]; CeCo,H, [80V 3]; LaNiH, [76 M1, 760 5]; CeNiH, [80V 3];

YNi,H, [80V 3]; YCo,H, [80V 3]
(RR"M, (SmPr)Co, [79L 8]; R(GaNi), [80G 13]; Ce(MnNi), [76 K 1]
R(M'M"), Dy(FeRe),, Dy(CoRe),, Dy(NiRe), [85S 20]

Enthalpies of formation
RM, R=Gd, Dy, Er, M=Co, Ni [8689]; CeM, [79D2]; YbFe,, YbCo, [79D 2]; YFe, [85S24];
YCo, [85S24]; CeNi, [86C8]; GdNi, [86C8, 87 C4]; YbNi, [79D2]; YNi, [87C4]

Thermal expansion
SmCo,, GdCo, [74 B 14]

Hydrogen absorption and desorption

RM,H, [75B16,76G9,77G15,78B21,78 w1, 79B 18, 79i1,84b1, 87S9, 8811, 88g1, 88p1]

RMnH, [76V3]

RFe.H; [76 V3]; R=Ce [78C2]; R=Y [80V3]; R=Th [75B16]

RCo,H, R=Ce[78C2,80V3]; R=Pr[75C4]; R=Th [75B16]

RNi H, R=La [72B17, 76 M1, 7605, 77B17, 78C3]; R=Ce [78C2, 80V3]; R=Y [80V3];
R=Th [75B16]; LaNi,MnH, [86] 3]

Magnetic studies

RCo

X

RM, [71B21,73B16, 73B17, 73B19, 73K 10, 74B8, 76 D11, 79b2, 80B 14, 84K 5, 84K 6, 85K 6,
85N 2];
R=Sm [72S2(T)}; R=Y [8513(T), 7S 11(T)]

RFe, [69G1,74D1, 8416(T), 85B9, 86 P7, 86 R 3, 87 B§];

R=Gd [71G3,76B17, 778 16(T), 77S17(T), 77S 18(T), 78 L A(T), 86 14]; R=Dy [T0V1, 70V 2,
79S11(T)]; R=Ho [71M6); R=Er [69B5]; R=Lu [73B3]; R=Y [71G3, 73B3, 76B17,
78 L 3(T), 79 H 3,79 S 11(T), 84 V1,851 3(T), 86 S 13(T), 87S 11(T), 88 G 2. 88 11]: R="Th [71 B 16]
RCo, [68L1,71B15 72B 11, 73B 18, 74G %(T), 79W 4, 8416(T), 85B9, 87B7];
R=La [87G3]; R=Ce [81S13]; R=Sm [78Z1]; R=Gd [S9N1, 60H3, 66BS, 69B3,
70B6, 70B7, 73B15, 74B10, 76B17, 77S16(T), 77S17(T), 77S18(T), 78L1, T8 L(T),
81K 2%85517,8614,87B1];R=Dy[81G17];R=Er[68B7];R=Lu[71G1,71 G2];R=Y
[71G1,71G2,73B 15,76 B17,77S17(T), 78 L 3(T), 81 G 7, 82 B 14, 851 3(T), 85 P 3(T), 86 C 6,
86S13(T), 87B 1, 87S11(T), 88 G2]; R=Th [71 B16, 81 G 7]

Landolt-Bdrnstein
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RNi, [86L1, 83J1]; R=La [52W1]; R=Ce [81S13]; R=Gd [72B14, 77S17(T), 8614]; R=Er
[68B5]; R=Y [81G5,81G7, 83B4, 84S8(T), 86S13(T), 87G 3]

RM,H, [78B21,78W1, 80 W1];
RMn,H,, RFe H, [78 W3]

R(M'M”), [85W2]; Y(CoFe),, Y(CoNi), [71 P2]

Neutron diffraction

RM, [87V1]; YNi_ [81G 5]
Nuclear y-resonance
57Fe RFe, [82S13]; YFe, [74G 16]

155Gd GdM, [76V 4, 85D 5, 85D 6]
161y DyCo, [81G 17, 82 B 14]

FMR and EPR studies
GdNi, [80B 15]

Anisotropy
GdCo, [81K 2*]; YCo, [85T 7]

Magnetoelastic effect
RM, [79G4]; YFe, [78S22]

Specific heat .
RFe, [74D1]; YFe, [86S13]; YCo, [85M6, 86C6, 86513, 87M 6]; YNi, [86S13]

Resistivity studies
CeNi, [85B8]

Thermopower studies
YFe,, YCo,, YNi, [86S13]; RNi, [85G 17]; CeNi, [84L7]

Magnetization processes
RM, [76 D 11, 83b1]; RFe, [86 R 3]; GdFe, [69G 1]; YFe, [69 G 1]; RCo, [78 S9]; ErCo, [68 B 7]; YNi,
[81G4]

Domain structure
HoCo, [79K 6]; ErCo, [79K 5]

Landolt-Bérnstein
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Table 4a. Lattice parameters of R;Co compounds (A).

2421 R-3d: R;M [Ref. p. 405
2.4.2 Data
2.4.2.1 R;M compounds
Crystal structure, lattice parameters
Table 3. Structural parameters of Ho,Co compound R3Co,R3Ni
[69B4]. z
Atom Site x y z
Ho(1) 4c 0.033 0.250 0.135 ?
Co 4c 0.391 0.250 0.936
Ho(2) 8d 0.180 0.064 0.680
Table 4b. Lattice parameters of R;Ni
compounds (A) [67L2].
4 x
a b c
La,Ni 7.22 10.24 6.60 Or
Pr;Ni 1.07 9.96 6.49 o CoNi
Nd;Ni 7.04 9.86 6.43 . )
Sm.Ni 6.99 972 6.37 Fig. 19. Crystal structurc of RyM (M=Co, Ni) com-
Gd;Ni 6.95 968 6.36 p_ound's. The positions of the atoms in R;M lattice are
Tb,Ni 6.88 961 629 given in Table 3.
Dy;Ni 6.85 9.60 6.26
Ho;Ni 6.83 9.54 6.25
Er;Ni 6.79 9.45 6.23
Tm;Ni 6.77 9.40 6.19
Y, Ni 6.92 9.49 6.36

[61C3] [68G1,70F1,73G 1] [69B4]
a b ¢ a b c a b c

La,Co 7.279 10.088 6.578 7.28 10.09 6.58 7277 10.020 6.575
Pr,Co 7.12 9.81 6.43 7.143 9.780 6.410
Nd,Co 7.11 9.76 6.41 7.107 9.750 6.386
Sm,Co 7.06 9.61 6.35 7.055 9.605 6.342
Gd,Co 7.03 9.51 6.30 7.031 9.496 6.302
Tb,;Co 6.99 9.43 6.27 6.985 9.380 6.250
Dy,Co 697 9.34 6.25 6.965 9.341 6.233
Ho,Co 6.96 9.30 6.20 6.920 9.293 6.213
Er,Co 6.90 9.19 6.19 6.902 9.191 6.189
Tm,Co 6.91 9.12 6.19

Lu,Co 6.88 9.03 6.13

Y,Co 7.01 9.39 6.34 7.026 9.454 6.290

Kirchmayr, Burzo

Landolt-Borastein
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Table 4a. Lattice parameters of R;Co compounds (A).

2421 R-3d: R;M [Ref. p. 405
2.4.2 Data
2.4.2.1 R;M compounds
Crystal structure, lattice parameters
Table 3. Structural parameters of Ho,Co compound R3Co,R3Ni
[69B4]. z
Atom Site x y z
Ho(1) 4c 0.033 0.250 0.135 ?
Co 4c 0.391 0.250 0.936
Ho(2) 8d 0.180 0.064 0.680
Table 4b. Lattice parameters of R;Ni
compounds (A) [67L2].
4 x
a b c
La,Ni 7.22 10.24 6.60 Or
Pr;Ni 1.07 9.96 6.49 o CoNi
Nd;Ni 7.04 9.86 6.43 . )
Sm.Ni 6.99 972 6.37 Fig. 19. Crystal structurc of RyM (M=Co, Ni) com-
Gd;Ni 6.95 968 6.36 p_ound's. The positions of the atoms in R;M lattice are
Tb,Ni 6.88 961 629 given in Table 3.
Dy;Ni 6.85 9.60 6.26
Ho;Ni 6.83 9.54 6.25
Er;Ni 6.79 9.45 6.23
Tm;Ni 6.77 9.40 6.19
Y, Ni 6.92 9.49 6.36

[61C3] [68G1,70F1,73G 1] [69B4]
a b ¢ a b c a b c

La,Co 7.279 10.088 6.578 7.28 10.09 6.58 7277 10.020 6.575
Pr,Co 7.12 9.81 6.43 7.143 9.780 6.410
Nd,Co 7.11 9.76 6.41 7.107 9.750 6.386
Sm,Co 7.06 9.61 6.35 7.055 9.605 6.342
Gd,Co 7.03 9.51 6.30 7.031 9.496 6.302
Tb,;Co 6.99 9.43 6.27 6.985 9.380 6.250
Dy,Co 697 9.34 6.25 6.965 9.341 6.233
Ho,Co 6.96 9.30 6.20 6.920 9.293 6.213
Er,Co 6.90 9.19 6.19 6.902 9.191 6.189
Tm,Co 6.91 9.12 6.19

Lu,Co 6.88 9.03 6.13

Y,Co 7.01 9.39 6.34 7.026 9.454 6.290

Kirchmayr, Burzo

Landolt-Borastein
New Series 11171942
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Fig. 20. Thermal variations of lattice parameters a and b
(a), lattice parameters ¢ and unit cell volume V (b) for
(Tb, _,Y,);Co single crystals. The above data suggest a
change of the magnetic structure for x=0.3 [86A7].

For structure and lattice parameters, see also:

R;Co [68G1,70B10, 71 B15, 73 G 1]; R=La, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Y [69 B4]; R= Gd, Dy,
Ho, Y [88T2*]; R=Gd [87C1]; R=Yb [86 T6]; R=Dy [64 W 7]

R,Ni [69 P1];R =La, Pr,Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Y [67 L 2]; R =Pr,Nd, Gd, Tb, Dy, Ho, Er, Tm
[68 F 1]; R=Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm [70B2]; R=La [61 C3]; R=Yb [86T 6]

R'R;M  (TbGd);Co [80D 5, 838 5, 845 4%, 87C 1] :

R,(M'M") Gd,(FeCo) [73 P 3]; Gd;(CoNi) [72P1, 73 P 3]

For thermal expansion see also
(TbGd);Co [83S5]; (TbY);Co [86 A7]

Landolt-Bornstein .
New Series I11/19d2 Kirchmayr, Burzo
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Magnetization, Curie temperatures

Table 5a. Magnetic properties of R;Co compounds.

P.(1s/R) TvK) Te(K) @ (K) Petc(Ha/R) H,(kOe)®)
68G1'), T72P33? 70B63) 68G1, 70B6 72P3%) 68G1, 68F1 70B6 68G1, 70B6 72P3%) 68G1,
70F1 70F 1 70F1 73G1 73G1
La,Co Pauli paramagnet [77b1, 73G 1] %p=48.10"3cm3/mol [77b1]
Pr,Co 1.1 1.3 7 18 3.2 5
Nd;Co 1.7 14 14 35 34 10 2; 20
Sm;Co Pauli paramagnet [68G1]
Gd,Co 7.3 8.1 7.2 127 130 143 159 160 8.1 8.05 9 4.7
Tb;Co 53 8.0 82 76 85 10.1 63 10
Dy,Co 54 6.4 45 45 65 10.3 52
Ho;Co 5.9 7.6 24 23 44 10.1 2
Er;Co 6.0 6.9 13 7 20 94 0
Tm,Co 35 5 0 74
Y,Co Pauli paramagnet [68G1, 73G1]  x,=6.5-10"*cm?/mol

1} At 4.2K in fields of 60kOe.

2) At 4.2K in pulsed fields of 160 kQe.

3) At 4.2K in fields of 30 kOe.

4) Temperature of the peak in initial susceptibility.
5) Determined in pulsed magnetic field.

$) At 42K.
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Table 5b. Magnetic properties of R;Ni compounds.

ps(us/R) T (K) T (K) H, (kOe) oK) Pese(Mp/R)

68F11) 70B22) 72P33) 68F 1 72P 34 68F1 72P39) 73P3 68F 1 68F 1
Pr,Ni 0.64 0.72 2 —24 3.70
Nd,Ni 0.50 0.70 15 0 3.60
Gd,Ni 420 510 8.10 100 100 51 25(5) 60 8.10
Tb,Ni 3.40 4,00 6.70 62 62 97 5 10.00
Dy,Ni 2.80 3.70 5.70 33 33 76 29 10.60
Ho,Ni 490 5.30 730 20 20 50 -6 11.10
Er,Ni 5.50 5.80 7.10 9 9 0 -5 9.80
Tm,Ni 3.60 3.70 12 0 7.40

1} At 42K in fields of 60kOe.
2) At 42K in fields of 70kOe.
%) At 4.2K in pulsed field of 160kOe.

4) Temperature of the peak in initial susceptibility.

5) In pulsed magnetic field.
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Fig. 21. Magnetic ficld dependence of the magnetization in Ry;Co and R4Ni compounds in pulsed magnetic ficlds
[72 P 3]. By broken lincs the data obtained in static magnetic ficld arc plotted [68 F 1]. These show a field-induced
phase transition in preponderantly antiferromagnetic compounds (R =Nd, Gd, Tb, Dy, Ho). The critical field strength
in pulsed magnetic ficld is greater than that for static field, cf. Table 5.
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Fig. 22. Temperature dependence of the critical magnetic
field in Gd;Co compound [68 G 1].
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Fig. 24. Thermal variations of reciprocal magnetic sus-
ceptibilities for some R3M-based compounds [73G 1].In
all cases a Curie-Weiss behaviour is shown.

For magnetic properties see also
R,;Co

R,Ni
R=Tb [82G 4*]

For magnetization processes see
R;Co
R;Ni R=Gd, Tb, Dy, Ho, Er [72P 3]
(R'R");Co (TbY);Co [72T2, 86B5]

R, (M'M") Gd;(CoFe); Gd;(CoNi) [72P1, 73P 3]

[70F1]; R=Nd, Gd, Tb, Dy, Ho, Er [72P3]; R=Gd, Tb, Dy, Ho [71T3]; R=Gd [70S8,
87C1, 88 T2*]; R=Tb [74G6]; R=Dy [80B 1, 88 T2*]; R=Ho [88 T 2*]
[69P1, 70F 1]; R=Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm [68 F1]; R=Gd, Tb, Dy, Ho, Er [72P3];

(RR");M  (TbGd),Co [80D 5, 86S 10, 87 C 1]; (TbY)sCo [72T2, 77D4, 86 B 5]
R4(M'M") Gd4(CoFe) [72P 1, 73 P 3]; Gd4(CoNi) [72P1, 73P3]

[68G1, 71 P3]; R=Nd, Gd, Tb, Dy, Ho, Er [72P3]; R=Dy [72T3, 80B 1]

20 //
10
0
0.25 0 0.25 050 0.75 1.00
~——x Gd;Lo 6d;Ni

X —

Fig. 23. Composition dependence of the critical magnetic
field at 42K in some pseudobinary Gd;Co,_,M,
(M =Fe, Ni) compounds [73 P 3]. The field at which the
transition takes place decreases continuously with in-
creasing Co content for the Gd,(Co, Ni) system and by
extending the observations into the Gdy(Fe, Co) system, a
value H_ =0 is obtained for a composition close to
Gd,Fe, Cog.o.
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Neutron diffraction studies

Tb3E0
T=42K

T

\
\
b

d

=0

o @Co

Fig. 25. Projection of the Tb;Co magnetic structure, at
42K on the (a,c) and (b,¢) planes. The Tb magnetic
moments are pr(4c)=pr,(8d)=8.8 pp. cosx = —0.44,
cosx* =090, cosx2=031, cosa®®=044 and cosad’
=084, and p.,~0. This magnetic structure reflects the
strong anisotropic interactions. Such an anisotropy
comes from crystal potential, low symmetry of the
crystalline structures, and from the crystal field effect on
the conduction band. In the magnetic lattice the resul-
tant moment is parallel to the ¢ axis having the
mean magnetization pr,=(8.8/2) (0.90+0.84) uy=7.6pup
[73G1].

Fig. 26. Projection of thc magnetic structure of Er;Co at
4.2K on the (a, b) and (b, ) plancs determined by ncutron
diffraction mecasurements {73G1]. The Er magnetic
moments on 4c and 8d sites arc pg(4c)=pg(8d)
=6.0(5)pp. with cosxi =1, cosa®!=028(1), cosd
=0.80(10) and cosx8¢ = —0.52(1). This structurc shows a
preponderantly ferromagnetic behaviour.
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T

moment.

For neutron diffraction studies see

(TbY),Co [86A7, 86 B 5]

Maossbauer effect

For nuclear y-resonance see
57TFe  Dy,Fe [82Z2]
161Dy  Dy,Co [81G17]

Anisotropy, magnetostriction

For magnetostriction see
Dy;Co [80D6]

For elastic properties see
Gd;Co [84B1]

For anisotropy see
(TbGd);Co [80D 5]

a

7\
O e

Fig. 27. Projection of the magnetic structure of Er;Ni at
4.2K on the (a, b) plane, which shows an antiferromag-
netic arrangement of the Er moments. The magnetic
structure belongs to Pl magnetic group. The magnetic
lattice is four times that of chemical one with the
parameters 2a, 2b, and ¢ [73G 1]. Ni has no magnetic

Tb;Co [74G 6, 83B2]; Er;Co [70G 1]; Tb,Ni [70L 2, 82G 4*]; Er;Ni [70B2, 70F 1, 70G 1]
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Fig. 28. Composition dependence of the volume mag-
netostriction of (Tb,_,Y,);Co compounds.at T=0K
[86 A 7]. These values may be analysed in correlation with
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X w——

the magnetic phase transitions.
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Transport properties
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Fig.29. Thermal variation of the electrical resistivity
measurced along the ¢ axis of (Tb, _,Y,);Co compounds.
The data denoted by f were obtained on samples before
the magnetic field was applicd and by 2 after the samples
were magncetized from 0 to 3.5 T. The Néel temperatures
are indicated by arrows. T, is the spin glass temperature
and T, the transition temperature from the field-induced
magnetic state to the antiferromagnetic state [86 B 51.

250 K 300

For electrical resistivity studies see

(Tb,Y);Co [86B5]
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Fig. 30. Temperature dependence of the specific heat in
La;Co and Tb;Co. The maximum observed at 81 K in
Tb,Co corresponds to the ordering temperature. The
maximum evidenced at 71 K is due to the appearance of
the spontancous magnetization [73G1]. The La,Co
compound shows a Pauli-type paramagnetism.

R;Co [82D5]; R=Gd, Dy, Ho, Y [88 T 2*]; R=Dy [80D6]
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Crystal structure, lattice parameters

2.4.2.2 R;M, compounds

Fig. 31. Linkage of trigonal prisms in Sm;Co, shown in
projection down b. Large circles represent Sm atoms,
small circles at the centres of the prisms, Co atoms. The
number inscribed correspond to the numbers of the atoms
given in Table 6. (a) Arrangement of prisms centred at Co
atoms with yc,=3/4. White Sm atoms with y=~1/2 and
black Sm atoms with y=¢1.0. (b) Arrangement of prisms
centred at Co atoms with y., = 1/4. White Sm atoms with
y=1/2 and black Sm atoms with y=20.0 [76 M 18].

Table 6. Atomic positions in SmsCo, (space group C2/c) compound [76 M 18].

Atom Site x y z

Sm(1) 8f 0.0940(1) 0.1116(3) 0.4156(2)
Sm(2) 8f 0.2162(1) 0.5701(3) 0.3156(2)
Sm(3) 4e 0.00 0.5750(4) 0.2500
Co 8f 0.1107(3) 0.2901(7) 0.0738(6)

Table 7. Lattice parameters of RsCo, compounds [76 M 18].

a(A) b(A) c(A)

B

Pr;Co,

Nd;Co,
Sm5C02

16.540 6.480 7.100
16.370 6.430 7.080
16.282 6.392 7.061

98.6°
96.7°
96.61°

Landolt-Bérnstein
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Crystal structure, lattice parameters

2.4.2.3 R,M; compounds

Fig. 32. Crystal structure of Ce,Ni; compound. (a) The
structure in projection down the ¢ axis showing the
polyhedron around Ce(1). (b) The structure in projection
down the b axis showing from left to right the polyhedra
around Ni, Ce(2) and Ce(3). The large open circles are
Ce(1), the dotted circles are Ce(2), the lined circles are
Ce(3) and the small open circles are Niatoms. The zand y
coordinates are also given in (a) and (b), respectively. The
positions of the atoms in the lattice are presented in
Table 8 [61 R1].

Table 8. Atomic positions in Ce,Ni;-type structure
(hexagonal having P6;mc-space group) [61 R1].

Atom Site x z

Ce(1) 2b 1/3 0.7888(24)
Ce(2) 6¢c 0.1250(5) 0.0

Ce(3) 6¢c 0.5391(5) 0.8011(12)
Ni 6¢c 0.8118(11) 0.0496(26)

Kirchmayr, Burzo
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Table 9. Lattice parameters of R;M, compounds (A).

56F1 61R1 69P1 7308 78B18 78F6 7603
a ¢ a c a c a ¢ a ¢ a c al) cl)

La,Ni, 1006 646 10140 6383 10.138(1) 6471(1) 10.140(5) 6475(3) 10.138(1) 6.471(1)

Ce,Ni, 9.930(20) 6.330(20) 9926 6311 9.920(20) 6.330(20)

Pr,Ni, : 987 631 9904 6322

Nd,Ni, 9.81 629 9.879 6.289

Th,Fe,  9.850 6.150
Th,Co,  9.830 6.170
Th,Ni,  9.860 6.230

La,Ni;H,, amor-
phous

1) Neutron diffraction study.

For lattice parameters see also

R,Ni; [61R 1, 73038];

La,Ni;, La;Ni;D_  [78 F 6, 78 F 7]. By hydriding

La,Ni;D, decomposes in LaD;+ LaNis [78 F 7], Ce,Ni, [78 F 6]
Th,Co,;H,, Th,Ni;H, [80M 1]

Th,M;H,, M=Fe, Co, Ni [56F 1, 82S11]

For hydrogen absorption in R,M; compounds see

La,NiyH, 5, Ce,NisH,o , [78B 18, 78 B19]
La,Ni,H, [7605, 77B 17, 78 B19, 78 F 7]; La,Ni,H,, Ce,Ni,H, [78 B 18]
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Magnetization, Curie temperatures
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Fig. 33. (a) Magnctic ficld dependence of the Ce,Ni, 50 - mnl
magnetizations measured at 1.5K along the @, b and ¢ axis ﬂw—; ° %
of the orthohexagonal cell. (b) shows the thermal vari- cm o A“.vv'
ation of the total electrical resistivity at low temperatures. 40 ° o 80
In this compound Ce is close to the trivalent state and ,v"
orders antiferromagnetically at 1.8 K. Although the mag- & e 60
netic structure is rather complex due to the low symmetry ) 30 S =
of the Ce sites, the magnetic susceptibility is the highest = LR ®
along the ¢ axis. Along this direction the magnetic field 1o Nl d=
dependence of magnetization exhibits a mctamagnetic ?E a0, 47 ~ R=lo ®
transition in low ficld. The minimum of the electrical = PRI 9 oa (e
resistivity observed around 4K shows that Ce,Ni, is a 10 A Av"v oa  Pr 20
Kondo lattice system [85G 6]. In case of Ce,Ni H, no >y v Nd
magnetic order was observed [760 5, 78 B18]. é;A
0 0
0 100 200 300 400 K 500

| ——

Fig. 34. Thermal variation of the reciprocal magnetic
susceptibilitics for R;Ni; (R=La, Ce, Pr, Nd) com-
pounds. Triangles [66K 2], other symbols [7308].
La,Ni, shows a Pauli-type paramagnetism. For R=Pr,
Nd and Ce (T260K) a Curie-Weiss behaviour is
evidenced.

For magnetic properties see also

R.Ni; [66K 2, 730 8]; Ce,Ni, [85G 6]

Ce,Ni;H, [78 B18, 78 F 6]; Th,Fe;H, [78 M4, 78 W 3, 80M 1, 82S11]; Th,Co,H, [80M 1]
Th,Ni;H, [80M 1]

. Landolt-Bdrnstein
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Table 10. Magnetic properties of R,M; compounds.

T (K) Ps (np/fu) Pese (Ma/R) 6 ()

85G6 78M 4 78B 18 78M 4 66K 2 7308 78B18 66K 2 7308
La,Ni, Pauli paramagnet

x=0.70(5)- 10 S cm3g ™!
Ce,Ni, 1.8 2.41 2.16 —38 13
Pr,Ni, 3.60 3.55 -2 23
Nd,Ni, 3.33 48
Th,Fe,; 1) Pauli paramagnet
La,Ni;H,, 5 Pauli paramagnet
xz="0.8(1)- 10" cm3g~!

Th,Fe H, 4.2

1) Th,Fe, is a superconductor below 1.86 K [78 M 4].
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2.4.2.3 R'3d . R7M3

[Ref. p. 405

Mbossbauer effect
57Fe: Th,Fe, [80B 18]

Transport properties

For electrical resistivity of Ce,Ni, see [85G17].
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Fig. 35. Thermoelectric power (TEP) as function of tem-
perature for CeNi, (a) and LaNi, (b) compounds
[85G 17]. For CeNi a maximum in Q(T) of 55 /K, at
T=110K, is observed. The peak decreases with increas-
ing Ni concentration, and a more complex behaviour is
observed at low temperatures. At low temperatures the
TEP of CeNi,, Ce,Ni; and CeNis is determined by
scattering from Ni-derived 3d states [84C1]. Ce,Ni,
exhibits a double structure in Q(T). Comparison with the
results for the La,Ni, suggests that the low-lying peak is
duc to phonon drag. After subtraction of the phonon drag
contribution onc is left with a negative diffusion TEP at
low T, being characteristic of a Kondo lattice.
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4.4.2.4 K,,4ivl , compounas
Crystal structure, lattice parameters
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Fig. 36. Projection of the structure of Ce,,Co, ; on a plane
normal to the b axis. The numbers inscribed correspond
to the numbers of the atoms given in Table 11. The
compound crystallizes in a hexagonal structure having
the space group P6;mc [62L1].

)
*
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Table 11. Atomic positions in Ce,,Co,; compound [62L1].

Atoms Site X z

Ce(1) c 0.2011(7) 0.0

Ce(2) c 0.2016(8) 0.1628(6)
Ce(3) c 0.2029(6) 0.4414(6)
Ce(4) c 0.2065(8) 0.7091(6)
Ce(5) c 0.4580(6) 0.3057(6)
Ce (6) c 0.4586(5) 0.5748(6)
Ce(7) c 0.1245(6) 0.8542(6)
Ce(8) b 1/3 0.8647(8)
Ce(9) a 0 0.2070(10)
Ce(10) a 0 0.0526(12)
Co(1) c 0.1456(19) 0.2762(12)
Co(2) c 0.1503(21) 0.5881(15)
Co(3) c 0.4819(16) 0.9290(12)
Co(4) b 1/3 0.0845(27)
Co(5) a 0 0.4326(22)

Table 12. Lattice parameters of Ce,,Co,, (space group P6;mc) compound (A).

[62L1] [8403]
a c a [4
Ce,,Coy4 9.587(3)  21.825(10) 9.587(3)  21.840(10)

Landolt-Bérnstein .
New Series 111/19d2 Kirchmayr, Burzo
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Magnetic properties

Photoemission studies
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Fig. 37. Thermal variation of the reciprocal magnctic
susceptibility for Ce,4Co,, compound in the temperature
range (a) 4.2---1000K, and (b) 4.2---100K. The Curic-
Weiss law is not followed and no magnetic order occurs
down to 42K. A very small change in the thermal
behaviour of the magnetic susceptibility appears above
the melting point, Ty, =750 K. The abnormally low values
of the magnctic susceptibility could be understood by
assuming that Co is nonmagnetic and Ce is a
temperature-dependent mixed-valence-state ion [84 O 3].

Fig. 38. Temperature dependence of the valence of Ce in

330 T T

EeuCOH
125 I ] 3\

i P
AT

N =
315 X
\
310
0 10 200 300 400 500 600 K 700

Ce,4Co,, deduced from XPS measurements (broken
linc). The dash-dotted line gives the slope one would
obtain from the magnetic susceptibility by treating the Ce
ion as isolated. The smooth but not negligible tempera-
turc dependence of the valence deduced from XPS is a
strong and direct experimental support in favour of the
importance of the interaction of Cc4f with Bloch states.
This interaction is the origin of the slower temperature
dependence than expected for isolated ions [85A1].
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Crystal structure, lattice parameters

2.4.2.5 R,,M, compounds

Fig. 39. Projection of the Ho, ,Co,, structure on the (100) plane showing three of the four different types of Co-centred
rare-earth polyhedra. Co(1) is at the center of trigonal prism, Co(2) is surrounded by an Archimedian antiprism and
Co(4) is at the center of a cube. For clarity of presentation the coordination figure around Co(3) has not been given. If
3.10 A is to be considered the upper limit of the acceptable coordination distances, Co(3) is surrounded by six Ho
atoms. The coordination can be described by two equivalent figures: either a truncated Archimedian antiprism with
two opposite corners through the center of the antiprism missing or a pentagon with one corner being replaced by a
pair of atoms along a direction perpendicular to the pentagon plane [76 A1].

Table 13. Atomic sites in Ho,,Co-, (space group P2,/c) compound [76 A 1].

Atom Site x y z

Ho(1) 4e 0.8799(7) 0.5704(3) 0.8031(4)
Ho(2) 4e 0.5982(7) 0.2027(3) 0.1729(4)
Ho(3) 4e 0.9449(7) 0.5719(3) 0.5863(4)
Ho(4) 4e 0.6879(7) 0.2957(3) 0.4604(4)
Ho(5) de 0.8213(7) 0.8100(3) 0.6603(4)
Ho (6) 4e 0.5565(7) 0.0050(3) 0.3472(4)
Co(1) de 0.787(2) 0.694(1) 0.348(1)
Co(2) de 0.678(2) 0.089(1) 0.594(1)
Co(3) 4e 0.976(2) 0.836(1) 0.529(1)
Co(4) 2b 1/2 0 0

Table 14. Lattice parameters of R, ,Co, compounds [76 A 1].

a(A) b(A) c(d) B
Gd, ,Co, 8.410 11.390 14.020 138.8°
Tb,,Co, 8.390 11.320 13.970 138.8°
Dy, ,Co, 8.360 11.250 13.920 138.8°
Ho, ,Co, 8.327 11.191 13.871 138.8°
Er,,Co, 8.300 11.160 13.820 138.7°

Landolt-Bérnstein
New Series I111/19d2
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Crystal structure, lattice parameters

Y8C05

2.4.2.6 R;M, compounds

Y€y £

Fig. 40. Linkage of the trigonal prisms in YgCos demon-
strated in a projection along b. Large circles represent Y
atoms and the small circles at the centres of the prisms, the
Co atoms. The numbers inscribed correspond to the
numbers of the atoms given in Table 15: (a) Arrangement
of prisms centred at Co atoms with 1/4<y.,<3/4. (b)
Arrangement of prisms centred at Co atoms with 3/4 < yc,
<5/4. (¢) Superposition of drawings (a) and (b). The
structure is built up from structural units consisting of
trigonal prisms formed by Y and centred at Co atoms.
Thesc units are linked in different ways: some sharing
faces, some sharing edges and some sharing corners. The
linkage cocfficient is in agrecment with the overall
composition of the compound [76 M 19].

Kirchmayr, Burzo
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Table 15. Positions and isotropic thermal parameter of the atoms in
YsCos compound [76 M 19].

Atom x y z U(10"2A?)
Y(1) 0360(1)  01851)  0963(1)  12(2)
YQ) 0471(1)  0473(1)  0823(1)  12(2)
Y(3) 0.308(1)  0815(1)  0298(1)  1.1(2)
Y (4) 0212(1)  0835(1)  0441(1)  13()
Y(5) 0000(1)  0481(1)  0337%(1)  12(2)
Y(6) 0.188(1)  01821)  0.196(1)  1.002)
Y(7) 0685(1)  0956(1)  04151) 0902
Y(8) 0.441(1)  0976(1)  0064(1)  1.52)

Co(1) 0.025(1) 0.142(1) 0.479(1) 1.6(3)
Co(2) 0.835(1) 0.028(1) 0.133(1) 1.1(3)
Co(3) 0.637(1) 0.029(1) 0.282(1) 1.6(3)
Co(4) 0.097(1) 0.030(1) 0.765(1) 1.3(3)
Co(5) 0.489(1) 0.884(1) 0.905(1) 1.5(3)

Table 16. Lattice parameters of Y3Cos compound [76 M 19].

a(A) b(A) c(d) B

Y,Cos 7.058(2) 7.286(2) 24.277(8) 102.11(7)°

Magnetic properties

Table 17. Physical properties of Y4Cos compound determined in the temperature range
1.6 and 7K [86 C6].

Y 6p XAm D x(EF)/ D(Er) 1)
mJmol 1K ™?2 K -10"*cm3 mol !
Y,Cos?) 46 21 6.7 48

1y Ratio between the electronic density of states at the Fermi level determined from
magnetic susceptibility and specific heat measurements, respectively.
%) Superconducting transition temperature is 0.117K.

Landolt-Bérnstein .
New Series T11/19d2 Kirchmayr, Burzo
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2427 R-3d: R,M, [Ref. p. 405

24.2.7 R;M, compounds

Crystal structure, lattice parameters

For the structure of Y;Co, and Dy;Ni, see Fig.7.

Erghi, < =
< -2z =]
—/’x\\
=—2z="2
S -
N ‘—Z:O
D

Fig. 41. Coordination polyhedra in projection along the ¢
axis of Er,Ni, structure. Thick lincs: upper edges; thin
lines: intermediate edges; dashed lines: lower edges. (a), (b)
and (c) show, respectively, the Er(1)-, Er(2)- and Er(3)-
centred coordination polyhedra. (d) Trigonal prism of Er
atoms surrounding one Ni atom (x) with three outer
atoms: 2Er+Ni [74M 10].

Fig. 42. Stacking of polyhedra along the ¢ axis in one
hexagonal cell of EryNi,. Successively, one regular octa-
hedron of Er atoms centred at the origin (z=0), the CN16
polyhedron centred at Er(2) as described in Fig. 41(b), and
the CN14 polyhedron centred at Er(1) at z=1/2 as
described in Fig. 41a. The upper part (1/2 <z <1) of the
figurc is rclated to the lower part (0<z<1/2) by a
symmetry centrc at z=1/2 [74 M 10].

Kirchmayr, Burzo
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Fig.43. Three-dimensional view along the ¢ axis of two
layers of Er and Ni atoms. Thin lines represent the unit
cell. Ni atoms are shown smaller than the Er atoms. The

"Er;Ni, structure can also be described by layers per-
pendicular to ¢ axis since Er(3) and Ni atoms have very
similar z parameters [74 M 10].

Table 18a. Atomic sites in Y;Co, — Table 18b. Atomic sites in Er;Ni, — R3 space group

Pnnm space group [75M9]. [74M 10].

Atom x y z Atom Site x y z

Y(1) 0.128(1) 0.193(1) 0 Er(1) 3b 0 0 172

Y2 0.387(1) 0.373(2) 0 Er(2) 6c 0 0 0.2915(3)

Y(3) 0.137(1) 0.574(2) 0 Er (3) 18f 0.2357(3) —0.0175(3) 0.0930(1)

Co(1) 0.269(2) 0.860(2) 0 Ni 18f 0.580(1)  —0.0229(9) 0.0630(4)

Co(2) 0.462(2) 0.883(3) 0

Table 18c. Atomic sites in Dy;Ni, — Table 18d. Atomic positions in Y;Ni, — P4,2,2 space group

C2/m space group [75M 9]. [771L1].

Atom x y z Atom Site x y z

Dy(1) 0.1322(2) 0  0.9972(2) Y(1) 4a 0.966(2) 0.966(2) 0

Dy(2) 04038(2) 0 032842 Y(2) 4a 0.317(2) 0.317(2) 0

Dy (3) 0.1442(2) 0  0.3696(2) Y(3) 8b 0.808(2) 0.443(2) 0.0156(4)

Ni(1) 0.5352(6) O  0.1435(7) Y@ 8b 0.163(2) 0.659(2) 0.0680(4)

Ni(2) 0.74394) 0  0.2266(7) Y(5) 8b 0.645(2) 0.809(2) 0.0747(4)
Y (6) 8b 0.012(2) 0.163(2) 0.0891(4)
Y() 8b 0.514(2) 0.293(2) 0.0933(4)
Ni(1) 8b 0.310(3) 0.008(3) 0.0484(4)
Ni(2) 8b 0.630(3) 0.101(3) 0.0257(5)
Ni(3) 8b 0.840(3) 0.510(3) 0.1063(5)
Ni4) 8b 0.322(3) 0.943(3) 0.1167(5)

Landolt-Brnstein

New Series 111/19d2 Kirchmayr, Burzo
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a Vi<x <Y, b Yo<x <%

Fig. 44. Linkage of trigona! prisms in Y,Ni, in projection
down a. Large circles represent Y atoms, small circles in
the centers of the prisms, the Ni atoms. The inscribed
numbers correspond to the x parameters multiplied by
100. (a) Arrangement of prisms centred at Ni atoms with
1/4<x<3/4. For crystal structure of Dy,;Co,, see
[64 W 7]. (b) Arrangement of prisms centred at Ni atoms
with 3/4<x<5/4. The drawing of the trigonal prisms
becomes significant if 100 is added to the underlined
inscribed values of 100x [77L 1].
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Table 19. Structure and lattice parameters of R;M, compounds.
Crystal Space a(A) b(A) c(A) B Ref.
structure group
Y,Co, orthorhombic Pnnm 12.278 9.389 3975 - 75M9
Ho;Ni,(h)?) orthorhombic R3 8.520 - 15.750 - 74M 11
Er,Ni, orthorhombic R3 8.472 - 15.680 - 74M 10
Tb;Ni, monoclinic C2/m 9.640 3.710 13.380 106.0° 74M 11
Dy;Ni, monoclinic C2/m 9.512 3.662 13.321 105.72° T4M 11
Ho,Ni,(1) 1) monoclinic C2/m 9.510 3.650 13.300 105.6° 75M 11
Y;Ni, tetragonal P4,2,2 7.104 - 36.547 - 77L1
') h indicates high-temperature modification and 1 low-temperature modification.

Magnetic properties

Table 20. Physical properties of Y ;Co, compound determined in the temperature range 1.6 and
7K [86C6].

@D Xm Dl(EF)/Dy(EF) 1)
mJmol 1K 2 K 10~*cm3mol !
Y,Co, 5.5 21 24 155

!) The ratio between the electronic density of states at the Fermi level determined from
susceptibility and specific heat measurements, respectively.

Landolt-Bornstein
New Series 111/19d2
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24.2.8 R,;M;(RyM,) compounds
Crystal structure, lattice parameters
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Fig. 45. Crystal structurc of RyCo,; compounds. The
presence of ¢ axis Co sites with z="7/8 were suggested in
[82G11,82S56,83Y8].26 Y and 28 Co atoms of Y4Co,
are contained in the unit cell. The nonequivalent sites of Y
and Co atoms arc denoted by large solid (6h,) and large
open (6h,) circles for Y, and by small solid circles (2d),
small opcen circles (6h), and crosses (2b,, 2b,, 2b;) for Co.
Initially, the composition of these compounds has been
considered to be R,Co; [68 B3, 69B 3].
Table 21. Lattice parameters of R,Co, compounds (A).
[68B3] [70B10] [(71G2] [86S 4}
a c a c a c a c
Gd,Co, 11.591(4) 4.054(2) 11.61 4.048
Tb,Co; 11.514(4) 4.007(2) 11.49 4.005
Dy,Co, 11.461(4) 4.005(2) 11.48 3.994
Ho,Co, 11.410(4) 3.984(2) 11.40 3.980
Er,Co, 11.352(4) 3.973(2) 11.32 3.967
Tm,Co, 11.290(4) 3.952(2)
Lu,Co, 11.21 392
Y,Co; 11.529(4) 4.041(2) 11.48 4.04 11.45 4.04
For crystal structure and lattice parameters sec
R,M; Yb,Mn, [83T7]
R,Co; [68B3, 70B10, 71 B15]; R=Gd, Tb, Dy, Ho, Er, Tm [69L2]; R=Ho [67L 3]
Y,Co, [82G 11,84 C2, 87K 9]
For thermal expansion see
Y Co, [8404]
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Magnetization, Curie temperatures
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Fig. 46. Thermal variations of the spontaneous magne-

tizations and reciprocal magnetic susceptibilities for
R,Co; (R=Gd, Dy, Ho, Er) compounds [68 B 3].

YqCo,

For Fig. 47, see next page.

E

S
Fig. 48. Temperature dependence of the magnetic ac
susceptibility for various applied pressures for Y,Co,.
The superconductivity is enhanced under pressure ! ; A
[84S2]. 0 2 4 6 g Kk 1
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Fig. 49. Low field behaviour of 6—H curves in the
neighbourhood of the superconducting transition tem-
perature. A superconducting fraction of material of the
order of 25% at T=1.14K is estimated from these data
[81G12].

Fig. 47. (a) Temperature dependence of the zero-field
magnetization deduced from Arrott plots for Y,Co; o4
and Y, (Cog ¢gNig.02)3.03 samples. Open symbols mean
that the values are speculative. Around the Curie points
the magnetization follows the relation M2oc(T3? — T4'3)
characteristic of weak itinerant-electron ferromagnet
[83Y 3]. The superconducting transition temperature is
denoted by T;, the magnetic phase transition temperature
by T, T... is the annealing temperature. (b) Thermal
variation of reciprocal magnetic susceptibilities for Y ,Co,
compound [80G 9]. This curve fits the relation x,, =y,
+C(T—6)"! with C=0.125cm3K/mol, ®=12K and
Xo=1.2-10"3 cm3/mol. Similar data were obtained in
[76B17, 84Y5].
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Fig. 50. Composition dependence of the Curie tempera-
tures in (Gd,_,Y),Co; and Gd,(Co,_.,Ni); (0=x
<0.2), respectively, and of the magnetization of
Gd,(Co, _,Niy); at 42K in a field of 7T [82G8].

Table 22. Magnetic properties of R,Co; compounds.

Pen Tc e C. Ref.

wp/fu. K K cm3 K mol ™!
Gd,Co, 26.3 230 242 314 68B3
Dy,Cos ) 209 55 62 561 68B3
Ho,Co, !) 20.6 44 50 557 68B3
Er,Co, 1Y) 231 25 28 459 68B3
Lu,Co, <2 1G1
Y,Co, 0.11 13 68B3

For magnetic properties see also:

84K 81;

!} A phase transition of metamagnetic type has been suggested at T,=6,
1.8, and 1.6K for the Dy-, Ho-, and Er-compounds, respectively.

R,Co;, [68B3];R=Tb,Dy,Er, Tm[78Y1];R=Y [80G9,80K 13,81 G12,8153,82C6,82N1,82V2,

Y,Co, [82S3, 8254, 8255, 8256, 83G 13, 83HS, 83K 3, 84C2, 84K 7, 8404, 84S 1, 8452,
84Y4,84Y5,85K8, 85K 9, 85K 11, 85R 8, 8554, 86S 3, 8654, 86S 15(T), 87K 8, 87K 9]

(R'R"),Co, (GdY),Co, [80G8, 80G 11]

(RY)eCos, R="Zr, Sc, Lu [86Y 3]; (GdY);Co, [83G 13, 84S 1]

R (M'M"); Y,(CoNi), [83Y 3]; Y(CoSi), [83Y 8]; Gd,(CoNi), [81 G 14, 82G 8]

Y,(CoM),, M=Ni, Mn [84 S 1]; Yo(CoNi), [82S3, 83G 13]

Landolt-Bornstein
New Series I11/19d2
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Neutron diffraction

1.000 — " Fig. 51. Depolarization of polarized neutrons observed in
YqCoy e field of 4.6 Oc applied perpendicular to the direction of
0975 ‘7 polarized neutron spin (as indicated in inset) for two
samples of YoCo,. For T>4K the depolarization is
j almost zcro and this varics suddenly at T=4K. The
0550 el depolarization scen by polarized neutrons describes a
S = ,,01 spatially inhomogencous mcdia. At 23K where the
0925 . » — onsct of superconductivity is observed, a reduction in
- P/P, is evidenced, suggesting a reduction in the magnetic
o corrclations [87S4].
< 0900 —]
o
0875
17.5°
0.850 Yg [:07 A 16
0825 10 ] °
0 2 4 ) K 8 \H =225 Oe 35
] —— 125°
Fig. 52. Change in Larmor precession angle, Ap, and the 100° ] \ ¢
average local ficld (AB) of Y,Co, as function of tempcra-
ture for different magnetic ficlds as determined by neutron . 43 I
spin echo and neutron spin depolarization studies. In zero 75 15
field. the absence of spin rotation effects in both “hybrid” l \ \ ~
(T, < T < T*) and superconducting (T £ T)) state is shown, S 123
whercas considerable ficld - induced effects have been 6 v
observed in small ficlds. The “hybrid” state results show . ?’[ 1
evidence for rapid fluctuation effects, and was associated 25 T 0
with the ¢ axis Co spin hopping in the two minima of the " \\&
double-well potential. The presence of a ficld tends to 0° M%W 0
affect the hopping by trapping some Co spins off their °
local positions, giving risc to localized spins which may Zfé
coexist with the rest of the quasiparticles. This suggests -25° 11
that the observed ncutron spin rotations arc thercfore g! I, '7*
associated with the spatially variable local ficlds and are -50°
duc to ficld-induced localized ¢ axis Co spins [87S4]. 1 3 5 7 kK 9

] —— -

Table 23. Magnetic moments determined by neutron diffrac-
tion studies [78 Y 11.1)

Pr(1) Pre2) Pco Direction
Hp Hp Hp of moments
Er,Co, 8.7 8.1 —0.2(2) Preyl c 2xis
Pr2)L caxis
Ho,Co, 8.7(5) 21(4)  —0.2(3) Pray Prnl
caxis

‘) The crystal field parameters and direction of the rare
earth magnetic moment for R,Co; compounds were also
calculated [78 Y 11.

For neutron depolarization see
Y Co, [82S3,82S54,85S5, 87541; Y,(Cog 97Nig 03); [855 5]

For muon spin rotation sec
Y,Co, [85A16]

. Landolt-Bdrnstein
Kirchmayr, Burzo New Serics 111/19d2
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Mossbauer effect

Yg E07 = 300K 100 o S, oS i Lo e
-l[][] P --w,&‘i'l':y\'.‘\'\.':“'\( . B Ay T SR O ':-1-.....\_.'..\," ::v<.~..1 -1
A . “-".’5{ . J:‘..A:““x’- = o ” r 117K
= 8 | sy ST
i) = . : 5 - R
‘e ..f E v
Lo e £2K = ok L
o T00FSwemenan, L O % »
S % n\ e /.’f‘ ’ ' 1 L
@ . i -5.0 -25 0 25 mm/s 50
‘e 90F % J b v
g Y g 17K
B V1] T SN RO, g Fig. 53. Mdssbauer spectra of (a) 37Co and (b) !°Sn in
o LG L™ . \Y AR * .
7o L 9 e Y Co, at various temperatures [85 K 10]. The shape and
51¢ 5 fd asymmetry of the quadrupole spectra reveal the indi-
0 by :,f vidual features of the h, d and b Co atoms in the Y,Co,
3 S structure. Below the Curie temperature and in zero
v _,/.tl'-'“" : magnetic field an apparent broadening of the Méssbauer
80 hSSal quadrupole spectra is observed. This may be evidence that
! | . A the ferromagnetic ordering survives the appearance of the
1 0 1 mm/s superconducting ordering in Y,Co,. For Mdssbauer
a R effect study of 14'Dy in Dy,Co, see [81G 17].

For Mossbauer effect see also
39Co, 11°8n in Yo,Co, [85K 10]
161Dy in Dy,Co, [81 G 17]

NMR
1
k< 2
E g
11

a b
Fig. 54.(a) Frequency-dependent NMR spectrum of >°Co 1+ Y A Co ]
in Gd,Co, at 4.2K for zero magnetic field and a field of T 179K

0.25T. When applying an external magnetic field both the
main lines (I, IT) split into two due to antiparallel coupling
between Gd and Co magnetic moments. (b) Field-
dependent NMR spectrum of 3°Co in Y,Co; compound
at4.2K and for 9.12 MHz. The broken line represents the
position of the paramagnetic resonance without Knight
shift [81 F 4]. (c) 5°Co NMR spectrum of Y,Co; at 1.79K
and for 4 MHz [83 L 2]. The first resonant line (P) with
Knight shift K= +2.5% originates from Co atoms in
h-type sites in the paramagnetic state and the second line
(K= —2%) denoted by N originates from the same atoms 0 01
in the superconducting state. c

58(g

Normalized spin-echo height

Landolt-Bérnstein .
New Series 111/19d2 Kirchmayr, Burzo
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Table 24. Magnetic moments of Co at 42K determined by NMR in
R,Co; compounds (R=Y, Gd).

Pco{(6h) Pco(2d) Pco(2b) Ref.

Hp Hp Hp
Y,Co,!) 0 0.026 0.007 80F4,81F4
Gd,Co, 0.51(1) 0.73(1) 0.58(1) 81F4

!y After Wada et al. [83 W 1] the 6h and 2d sites enclosed within Y
prisms are almost nonmagnetic.

For NMR measurements see

5°Co Y,Co, [80F4,81F4,83K1,83L2 83T2, 83W1]}; Gd,Co, [81F4]
Y,Co, [83K 3, 87F 1]
(GdY),Co, [83K 1, 85F 1]

Transport properties

25 T 40
kQe Yg Co; Oe
20 QN\:’% ML
N 30 AN

ch —
A
//

y ‘% = N
% 10 \\

Z
-15 kQe /K %
Y

0 1 2 3 4 5 K 6 0 05 10 15 20 25 K 30

a ] —— b 7

Fig. 55. (a) Upper critical field H_, vs. temperature for
Y,Co, [86S4]. Assuming a conventional type-II super-
conductivity at 7=0, the initial slope (dH,/dT);,
=~ —15kO¢/K was estimated. The behaviourof H, vs. T

12 T in abscnce of the “hybrid” state is shown by the dashed
KL Yi-x Rx )g[:07 line. The shading depicts the coexistence region. (b) shows

10 S¢ H_, vs. T data below T,

/‘”TF
L/ Fig. 56. Composition dependence of (solid symbols) the
8 /7r Curic temperature T and (open symbols) the super-
conducting transition temperature, T,, in (Y, _,R)sCo,.
o Ir / Zr and Sc strongly suppress the superconductivity and
= v stabilize the magnetic state, while Lu scarcely affects these
~ St k L properties [86 Y 3]. Up to 10° ppm the substitution of 3d,
L 4d and 4f impurities smears out effects associated with the
hybrid state of pure YoCo,. Gd and Ni substitution at
higher concentration push the system towards long-range
2 magnetic order [83 G 13]. The sample with 3 at% Niisan
5 : T B itinerant weak ffzrromagnct with 'T9=6.3 K apd T, <'0.5 K.
s Lu The sample with 0.72at% Mn is magnetic, while for
olLZr 0.5at% Gd long-range ferrimagnetic order is evidenced.
0 02 04 06 08 10 These samples arc not superconducting down to 70 mK.
Yo Co, X——— Rq Coy

. Landolt-Bérnstein
Kirchmayr, Burzo New Series I11/19d2
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125 , ) :
0" 7=300K
B N
1.00 -20 \\\‘ .
//
P=2kbur2‘ﬂ \\\
075 a4 1 40

N

TN

150 S YgCo, \\\
\\\

025 i )
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/ j/ \\§ 18
y 42

£ -100
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|
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L5 I 0

=11kbar 407
P m3/C
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0 20 40 60 80 K 100

b [ —

Fig. 57. Temperature dependence of the Y,Co,, electrical
resistivity at various pressures [83HS5]. As evidenced
also in Fig. 48, the superconductivity is enhanced by
pressure.

-70
0 50 100 150 200 250 K 300
b f— -
28
nQ H=15K0e
A
Fig. 58. (a) Hall resistivity gy of YoCo, as function of the 2%
magnetic field for some temperatures. A linear field ‘ %\
dependence is observed at high temperatures, as expected 2
for the ordinary Hall voltage caused by Lorentz force, and R
a nonlinear field dependence of g at low temperatures is X\
emphasized, associated with the extraordinary Hall vol- 20
tage seen in materials with a magnetic moment. (b) o \
Temperature dependence of the Hall coefficient Ry (c) 18 .
shows the low-temperature resistance R at two different ) D, 10 k0e
magnetic fields. The |Ry| values increase by decreasing f f\ 5\
temperature to a maximum at approximately 25 K. Below 16 4
this temperature, |Ry| decreases and finally tends to a
constant value below 6 K. These features are associated 14 3 \
with spin glass freezing below 25K [87 A 5] in agreement e
with [85R 8], which show the absence of long-range 12
magnetic order. 0 20 40 60 80 K 100
c ] —=

Landolt-Bornstein .
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58 24.2.8 R-3d: R,M,(RM,)
08 T
mJ &
mo(ﬁKé Yaloy E
1 d oo | %ﬁig; )
N L oor 009 0
04 0 2202 : l
= ° °° \K‘q‘*mm (6dyY1-x)4Cog w
:) o oc "\'\'\f.,, R K
< 02 o o 0 \ } _5
i\ \ X =10
K v [
0 1 23 4 5 6 K 7 -5 B qh 0
\ et 08 [k
03 0 — | =
w
v <
K ur |
f\/ -5 Y = 0
\ }IV
01 Nt w
T 0.4
! D ] \ < -10 = —5
o -01 ) *'! o P 10
B 02
-02 K
[ & 5N
0 AN
l \ A0 o
-04 \ \\\\ X=0
-05 -15
0 ? 4 ) 8 0 K 12 50 100 150 200 250 K 300
b [ —— [ —
Fig. 59. (a) Temperaturc dependence of the excess heat  Fig. 60. Thermopower, @, as function of temperature and
capacity, AC/T, of Y,Co, after substracting latticc and ~ Gd-concentration in (Gd,Y, _,),Co;. The Curie tempera-
elcctronic contributions. A broad hump in the magnetic  tures arc indicated by arrows [80G 11]. A pronounced
region, followed by a pecak at 2.5K typical of super-  influence of the magnetic order is observed. In the high-
conductivity, is shown [82 S 3. (b) shows the temperature  Gd concentration range in particular, the Curic tempera-
dependence of the thermopower Q of Y,Co,. Itisnegative  tures arc manifested by a change in slopes of Q vs. T
below ~9K and shows a maximum at =5K which is  curves. It is suggested that the thermopower of these
compatible with the AC/T curve. The Q valucs reveal a  materials has contributions from the effect of the pure Co
superconducting transition tempceraturc with a pcak at  3d matrix in Y,Coy and from the admixture of the 4f
=~ 3K which is followed by an abrupt drop of Q including  moments which give an additive contribution arising
a sign change [82S3]. from scattering processes of conduction electrons on these
more or less perfectly ordered materials.

Kirchmayr, Burzo
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59

007 :
W Y Coy
Fig 61. Thermal conductivity » of YsCo, and T y h,

Yo(Cog.97Niy 93); samples. On cooling Y,Co, from high 06
temperatures, » decreases and shows a minimum at

80K, before it passes through a maximum at =20K. 0.05
This resembles the behaviour of » in metallic super- éi

Yg(CO

owNingly o o

in o(T) and Q(T) of Y,Co,. In Ni-doped specimen, the

conductors and is strongly related to the high-T anomaly I 00
high-T anomaly of x is much reduced and smeared out

in comparison with Y,Co, [86S5]. By solid lines = 003

b0

exp[ —(Tp/aoT)"*]1+yT "2, where a, f and y are scattering
parameters due to stacking faults, local modes and 002

ordinary phonons, respectively. The a, is a parameter that
characterises the dispersion in the frequency spectrum of

are  plotted the relation % !=aT '4+87 2. ) ; s

temperature which determines the crossover between the
region dominated by strong and weak temperature

the local modes, and T, is the effective characteristic 0.01%

dependences. 0 20

For electrical resistivity see

Y,Co, [80G9, 80K 13,82V2, 8312, 83525]

Y,Co, [82S54,83H5,83S54,84K 7,85S4,86S3,87A5]
(GdY),Co; [80G8,80G11,81G14]

Gd,(CoNi); [82G?8]

For thermopower studies see
Y,Co; [80GY, 81G10]; Gd,Co; [81 G 10]; YsCo, [8554, 86S 3]
(GdY),Co [80G 11]; Gd,(CoNi), [82G 8]

For superconducting properties see
Y,Co, [81G12,8153,82C6,82N1]

86S4]
(YR)Co,, R=Zr, Sc, Lu [86 Y 3]; (YGd)oCo, [83G 13, 84S 1]

For thermal conductivity and specific heat
Y,Co; [83L2]; Y,Co, [83K 3,84K 7, 8404, 86S5]
Yo(Cog.07Nig.03)7 [86S 5]

Magnetization processes

For magnetization processes see
Dy,Co; [72T3]; YoCo, [86R 5]

40

Y,(CoSi); [83Y 8]; Y4(CoNi), [82S3, 83G 13, 84S1]; Yo(CoMn), [84S 1]

60

Y,Co, [8253,8254,8285,8256,83G13,83H5,84C2,84K 7,84 N1(T),8451,8452,84Y4,84Y5,85R 8,

80 180 120 K 40

J o—

Landolt-Bornstein .
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Crystal structure

Fig. 62. Crystallographic structurc of LaCo, _, [86 B4].
This consists of a skeleton of R ions forming an ABAB
hexagonal packing and Co chains along the 6-fold axis.
The smallest Co-Co distance, dec,, in these chains is
incommensurate with the ¢ parameter of the R skelcton.
Because of this peculiarity these compounds were de-
nominated RCo, _,, where 1—¢ is the half ratio of dc.c,
over cand depends on R (1 —€)=0.913 with La and 0.863
with Nd) [87 B5]. The distance between the chains is large
compared to the Co—Co distance inside a chain and only
weak correlations in the positions of Co atoms manifest
themselves between these chains. Therefore Co has a
quasi onc-dimensional character.

Magnetic properties, neutron diffraction

/ 1c

K \\/ /
,N

o \/

0 50 100 150 200

b J—

250 K 300

24.29 RCo,_.(RCo, g5) compounds

)

o (o
@ Lalz=)

O lalz=%)

Fig. 63. (a) Magnetic structure of LaCo, _ . and (b) thermal
variation of the reciprocal magnetic susceptibility, x, !,
parallel and perpendicular to the chain axis (¢ axis)
[85G 10, 86 B4, 87 B1]. The compound is a basal-plane
triangular antiferromagnet. The one-dimensional and
compact arrangement of Co atoms is the origin of strong
magnetic corrclations which lead to ferromagnetism in
the chains and the presence of Co magnetic moments. The
triangular arrangement is ascribed to the frustration of
ncgative exchange interactions between Co atoms of
ncighbouring chains. Because of the large interchain
distances they originate from indirect Co-La-Co ex-
change through the 3d-5d hybridization. The y; ' vs. T
curves, at T>Ty, follow a Curic-Weiss behaviour, y,
=10+ C{(T—6, ) !, with paramagnetic Curie tempera-
tures along the a and ¢ axes, @,= —246K, .= —295K,
respectively, and yo= —2.2-10"%cm?®- g~ !, At low tem-
peratures the 6-fold axis appears as the easy-magnetiza-
tion axis, but becomes a hard-magnetization axis at
higher temperatures.

Kirchmayr, Burzo
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Fig. 64. Magnetization isotherms along the a, b, and ¢ axes
at 42K and magnetic structures for PrCo, _, (a) and
NdCo, _, (b) [86 B4, 87 B 1]. Both compounds are col-
linear ferromagnets. The magnetic coupling between R
(Pr, Nd) and Co is ferromagnetic and is responsible for
parallel alignment of Co magnetic moments. High mag-
netocristalline anisotropy is evidenced between ¢ axis and
(a, b) plane, as well as in the (a, b) plane. The easy axes of
magnetizations are the b and a axes for PrCo,_, and
NdCo, _,, respectively.

Ref. p. 405] 2429 R-3d: RCo, _(RCo0, ) 61
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Fig. 65. Thermal variation of spontaneous magnetization
and reciprocal magnetic susceptibility for PrCo; _, (a) and
NdCo, _, (b) compounds. The anisotropy of the paramag-
netic Curie temperature is 56 K for PrCo, _, and 69K for
NdCo, _, [87B1].
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Fig. 66. Variation of thc magnctic ordering temperature
as function of Nd content in La, _ Nd,Co, _, compounds
[87B 1]. The expcrimental results strongly suggest the
occurrence of magnetic clusters in the composition range

Table 25. Physical properties of RCo, _, compounds. Magnetic properties are from [85G 10,86B4, 87B1].

[7182] [73R2] [84M2,
85G 10]
a ¢ a (4 a ¢ Tc v m') Pe') Per
A A A A A A K K Hp pp/Co
LaCo, _, 4890 4312 146 - 0.7(1) 240
PrCo, _, 4810 4090 4.810(10) 4.090(20) 142 24(2) 0.7(2)
NdCo, _, 4790 4.070 4.795(2)  4.080(20) 202 2.8(2) 0.7(2)

1) From neutron diffraction at T=4.2K.

Table 26. Crystal field parameters in the
Hamiltonian H [kp=0.0672 K /kOe
(Heen+ H)g,<0>+ ¥ B7Oy of RCo,_,

compounds [87B1].

PrCo, NdCo, _,

BY(K) 2.0 29
B (K) 0.005 0.008
B2(K) 0002  — 0.001
BS(K) 0035  — 0.020
H.,., (kOe) 525 750

Kirchmayr, Burzo

Landolt-Bdrnstein
New Series 111/19d2



63

Ref. p. 405] 2.4.29 R-3d: RCo, _(RCoyq g5)
NMR
laCoq-¢ .
%o Wt
¢ * Table 27. Magnetic hyper-
. * fine fields at *°Co in
. . RCo,_, compounds at

F e ke

Spin echo amplitude lew (relative)

Hap = 52 kDe
I 1 | | 1
35 L0 45 50 55 60 MHz 65
() m——

Fig. 67. ®Co NMR spectrum in LaCo,_, compound
[87 B 1]. Because of the incommensurate structure, a large
peak is shown. The relative spin and orbital contributions
to the Co magnetic moment are estimated at 70% and
30%, respectively.

Transport properties

T=42K [87B1].
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Fig. 68. Thermal variation of the specific heat in LaCo, _,
compound. By solid line the electronic and lattice contri-
butions (y=35mJmol ! K2 and Op=270K) are
plotted. A A-type anomaly is evidenced at the Néel
temperature, T,=146K. Below 150K a large magnetic
contribution to the specific heat is observed [84 M 2].
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Crystal structure, lattice parameters

RNi OR eNi

2.4.2.10 RNi compounds

P\i ;\i /

/
/ ~
~ /
/ ~

=

DyNi (FeB) ayyp

Fig. 69. (a) The crystal structure of RNi (R =Dy to Lu)
compounds. This is orthorhombic of FeB-type, having
Pnma space group [64 A 1]. There are four R and four Ni
atoms in the unit cell, located in 4c-sites: 1: (x, 1/4, z), 2:
(—x, —1/4, —z2);3:(1/2—x, —1/4,1/2+ z)and 4:(1/2 +x,
1/4,1/2—z). The RNi (R =La to Gd) compounds crystal-
lize in a CrB-type structure (Cmcm-space group). TbNi
shows dimorphism. The structure of the quenched
sample, TbNi (h), is of Pnma-space group, while that of
the annealed sample, TbNi(l), is of P2,/m-space group.
YNi crystallizes in orthorhombic structure having P2, /c
space group. (b) The structure block relationship between
the FeB, CrB and two TbNi structure types. The open
circles are the R atoms. The solid circles are Ni atoms:
(large circles) —1/4 sites; (small circles) —3/4 sites
[74G3].
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Table 28a. Lattice parameters of RNi compounds (A), CrB-type structure (Cmcm-space group).

64A11Y) 64W32?) 65D2 69P1 866G 6
a b c a b c a b ¢ a b c a b ¢
LaNi 3.810(10) 10.62(3) 4.36(1) 3.907(1) 10.810(1) 4.396(1) - 391 1080 439 390 10.79 4.38
CeNi 3.733(8)  10.372(12) 4.286(8) 3.76 1042 432  3.788(1) 10.556(1) 4.366(1) 3.77 10.54 4.36
PrNi 3.817(3) 10.501(6) 4.347(4) 379 1039 433  3816(1) 10.503(1) 4.354(1) 3.81 1051 435
NdNi 3.801(3) 10.444(10) 4.338(4) 378 1035 431  3.803(1) 10461(1) 4339(1) 3.80 1047 434
SmNi 3.772(1)  10.341(3)  4.270(2) 3.73 1023 426  3.776(1) 10.358(1) 4.291(1) 3.77 1037 4.28
GdNi 3.764(1)  10.329(2)  4.242(1) 372 1019 421 3.766(1) 10.316(1) 4244(1) 376 1030 424 381 1032 4.21
TbNi 3.749(8)  10.260(2) 4.2198) 3.70 10.10 4.19
!y After [64 A 1] the RNi (R =Ho, Er, Tm, Y) crystallize also in a CrB-type structure. This fact has not been confirmed later [77 P 1].
%) Inaccuracy +1%.
Table 28b. Lattice parameters of RNi compounds (A), FeB-type structure (Pnma-space group).
64A1 65D2Y) 73G1 73P1
a b c a b c a b c a b ¢
DyNi 7.043(1) 4.164(1) 5.451(1) 7.03 4.17 5.44
HoNi 7.016(1) 4.143(1) 5.432(1) 7.022(1) 4.140(1) 5.435(1) 7.01 4.14 5.43
ErNi 7.000(2) 4.118(1) 5.414(1) 6.991(1) 4.114(1) 5.418(1) 6.99 4.12 541
TmNi 6.960(3) 4.100(2) 5.391(2) 6.959(1) 4.099(1) 5.398(1) 6.96 4.10 5.39
YbNi 6.934 4.075 5.387
LuNi 6.910(2) 4.068(2) 5.362(6) 6.912(1) 4.073(1) 5.366(1) 6.91 4.07 5.36

1) After [65D 2] the YNi compound crystallizes also in a FeB-type structure. This statement is not in agreement with [77 P1].
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Table 28c. Lattice parameters of RNi compounds (A), other structure types.

Space group 73G1 6551
a b c B a b c B
TbNi(h) Pnma 21.09 422 545
TbNi(l) P2,/m 21.26 421 5.45 97°25'
YNi P2,/e 4114 7.140 5.501 90°
R NI] ~-X [:U X
X 6d Tb Dy Ho Er

0 trB ToNi
0.1 ToNi(1)
0.2
03
04
05
0.6

07 7,
08 | /A

Fig. 70. Stability range of FeB-typc structure in the
RNi, _,Cu, (R=Gd, Tb, Dy, Ho and Er) compounds
[76 G 2]. The FeB-lattice is stabilized if 10at% of Tb is
replaced by smatler Y atoms or 10at% of Ni atoms are
substituted by greater Cu onecs. For 65at% Cu the
diffraction lines become larger and for 85at% Cu a CsCl-
type structurc appcears (of TbCu-type).

fFeB

For crystal structure and lattice parameters see

RNi [64A1,69P1]; R=Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Y [64 W 3]; R=Pr, Nd, Sm, Gd, Dy,
Ho, Er, Tm, Lu, Y [65D 2]; R=Tb, Dy, Ho, Er, Tm [73G2]; R=Ce [61 F1]; R=Gd [72U 1];
R=Tb [70L1,76P1]; R=Y [65S1]}

RNiH, R=La,Er,Yb[83E1];R=La[78B18§]

(RR M (CeLa)Ni [8615]; (GdDy)Ni [80K 11]; (GdY)Ni [80K 11]; (TbY)Ni [73G 1]

R(M'M") R(NiCu), R=Gd, Tb, Dy, Ho, Er [76G2]; R=Tb [73G1]; R=Yb [7911]; La(NiPt) [84 G 1];
Ce(NiPt) [84G 1, 87 G 4]

For thermal expansion see
RNi R=Ce [83G3a,85C7,86C10,87G3,87G5]; R=La [86C10,87G5]

For hydrogen absorption and desorption see:
RNiH, R=La Er, Yb[83E1]; R=La[78B18, 7§B19]

. Landolt-Bérnstein
Kirchmayr, Burzo New Series 111/19d2
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Magnetization, Curie temperatures

Table 29. Magnetic properties of RNi compounds.

Te(K) ps(pp/fu) oK) Pese(pp/fu.)
64A1 64W3 72B 14 73G1 64A13% 64W3Y 72B14 73G1 64W3 72B14 64A1 64W3 72B 14
LaNi Pauli paramagnet [64A1] x,=1.5-10"*cm3mol ™! [86G 6]
CeNi Pauli paramagnet [64A 1, 64 W 3]
PrNi 20 22 2.33 2.07 23 3.60 39
NdNi 35 28 27 2.22 2.65 24 3.20 3.7
SmNi 45 45 0.33 0.21
GdNi 73 ! 73 7.22 7.25 7.00 77 76 8.30 8.1 8.01
TbNi 50 52 8.00 6.49 40 9.74 9.7
DyNi 48 C62 7.80 8.54 6.32) 64 10.75 10.7
HoNi 3 37 9.30 8.32 6.93) 36 10.60 10.7
ErNi 10 13 13 7.58 13 9.8
TmNi 4 8 7 5.30 472 414 7.60
YbNi Pauli paramagnet [64 A 1]
LuNi Pauli paramagnet [64 A 1]
YNi Pauli paramagnet [64 A 1]

1) Saturation magnetic moment at 4.2K in fields of 21 kQe. -
%) Determined in a field of 21 kOe.
3) Determined in a field of 70kOe.
4y At 1.5K in a field of 20kOe.
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Fig. 71. Magnetization isotherms at 1.5K for PrNi and
NdNi single crystals for magnetic fields applied along the
threc principal crystallographic directions [84 F 2]. The
easy direction of magnetization for PrNi is the ¢ axis. For
NdNi the spontancous magnctization lies in the (ac)
planc. At 1.5K the magnctic moment for PrNi is
2.35 pp/fu. For NdNi a value of 2.66 py/f.u. was deter-
mined. The angle ¢ with the a direction is 23.5(5)°.
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Fig. 72. Thermal variation of the spontaneous magnetiza-
tion for a NdNi single crystal and of the angle ¢ of p, with
the a direction [84 F 2]. As temperature is increased, the
spontancous magnetization component along ¢ decreases
more rapidly than along a and disappears completely at
15K, the a axis becoming the easy axis.
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Fig. 73. Thermal variation of the reciprocal magnetic
susceptibilities for PrNi and NdNi compounds along the
three principal crystallographic directions [84 F 2]. For
PrNi the susceptibility variations for fields applied along
the ¢ and a axis follow a Curie-Weiss law with identical
slopes corresponding to the effective moment of the Pr3*
ion, p.er=3.58 pg/Pr. The ! vs. T curve for ficlds applicd
along the b axis is not monotonous, but above 250K this
is linear having the same slope as previously mentioned.
The paramagnetic Curie temperatures are ©,=41K,
6,=13K, and €,=—67K. Similar y~! vs. T depen-
dences are observed for the NdNi compound. The slopes
of lincar portions correspond 10 p.=3.62ug/Nd. The
paramagnetic Curic temperatures are ©,=27K,
€.=25K, and &,= -9K.
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Fig. 74. Magnetization isotherms for a DyNi single
crystal along the ¢ axis. A drastic change at 4.2K due to
the spin flopping at about 50 kOe is observed [86 S 6]. For
ErNi the critical field at 4.2 K is 2 5 kOe. The critical fields
decrease by increasing temperature.,
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22 f—
‘10_33 H=0 Celi Fig. 76. Thermal variations of the magnetic susceptibility
% e of CeNi measured along the ¢ axis at ambient pressure
20 and under 3 and Skbar, and thermal variation of the
: / magnetic susceptibility of a polycrystalline sample of
LaNi at ambient pressure [87 G 3]. Magnetization, elec-
trical resistivity, and thermal expansion measurements
1.8 under hydrostatic pressure show the existence of a first-
N AW% p order phase transition associated with a large decrease of
c

the magnetic susceptibility, an increase of the electrical
/ conductivity and a huge lattice change. This lattice change
is, as for the other properties of this compound, strongly
anisotropic and corresponds to a 4.6% decrease of the
volume. The p— T phase diagram of this transition shows
14 that the variation of p at the transition is quadratic versus
Sm 40 60 80 K 100  temperature and indicates the existence at 0 K of a critical

b ] — - pressure of 1.3 kbar. The strong anisotropy of the tran-
sition, on the lattice parameter, can be associated to the

Fig. 75. (a) Thermal variations of the initial magnetic  covalent character of the Ce-Ni hybridization responsi-
susceptibilities of a CeNi single crystal along the three e for the intermediate valence of Ce.

principal crystallographic directions and of a LaNi poly-
crystalline sample. In(b) the variations at low temperatures
of the CeNi differential ¢ axis susceptibilities in zero
magnetic field, in a field of 40 kOe, and corrected fora C/T
term with C=2.3-10"3 cm®*Kmol ™! [84F2, 87G 5].
CeNi is an enhanced paramagnet in which the magnetic
susceptibility passes through a maximum at about 140 K.
This behaves as an anisotropic magnetic Fermi liquid in
which the spin fluctuations are mainly longitudinal due to 8

1.6
* corrected

the crystal field effects. The magnetic susceptibility of Mg oo
LaNi is mainly independent of temperature. Hiia f

. b

l f JFH c

. =

& .
Fig. 77. Magnetization isotherm at 4.2K along the q, b, f b [15Y(].5 Ni
and c axis in Tby 5Y, sNi single crystal [73G 1, 74 G 3]. T=4.2K
The field dependence of the magnetization along the a axis ) )
is typical of a metamagnetic behaviour (critical field H,
=45kOe). By decreasing the field, the transition shows a JJ_'_L,_(
hysteresis, the critical field being 18.8 kOe. The magneti- N
zation along the b axis is linearly dependent on field up to = i
H=38.8kOe and then a sudden increase occurs. 0 20 40 60 kOe 80

Landolt-Bérnstein .
New Series I11/19d2 Kirchmayr, Burzo
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Fig. 78. Tempecrature dependences of (a) the spontancous
magnctization along the a axis and (b) the reciprocal
magnetic susceptibilities y, ! for a Tby Y, sNi single
crystal. The y, ! vs. T curves along the principal crystallo-
graphic axcs are different due to great second-order
anisotropy. The paramagnetic Curic temperatures arc
©,=70K, €,=11K, and ©,=27K. The Curic tempcra-
turc is Te=66K [73G 1, 714G 3].
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Fig. 79. Composition dependences of the Curic tempera-
turcs obtained from initial magnetic susceptibilities, Tg,
and Arrott plots, T, paramagnetic Curic temperature, €,
saturation magnctization, p,, at 4.2 K (and poH="7T) and
the effective moment, p., in Gd,La, _,Ni compounds
[86 G 6]. Long-range ferromagnetic order exists for the
composition range 0.3<x<1.0.

Fig. 80. Curie temperatures Tc, Kondo temperatures Ty
and saturation magnetizations p, extrapolated to zero
internal magnetic field at 1.5K in CeNi,Pt, _, com-
pounds, as function of the Nicontent [84 G 1,85G 6]. For
CeNig 5Pt o5 and CeNi compounds, which are Pauli
paramagnetic and intermediate valence compounds, it is
not possible to define a Kondo temperature. In this case
were reported half of the paramagnetic Curie tempera-
tures, ©/2, which well extend the variation of T¢. of the
ferromagnetic compounds. The substitution of Ce by La
in CeNiPt, _, leads to a decrease of the Curie tempera-
ture, T, and hence to an enhancement of the Kondo
character in the thermal dependence of the electrical
resistivity [87 G 4].
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Fig. 81. Pressure dependence of the relative Curie temper-
atures and spontaneous magnetizations at 42K for
CeNi,Pt, _, compounds with x £0.85. The large pressure
effects observed for ferromagnetic alloys (x<0.9) are
consistent with the Kondo lattice model [86 G 2].

For magnetic properties see also:

RNi [69P1];R=Ce, Pr,Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Y [64 W 3]; R =Ce, Pr, Nd, Gd, Tb, Dy, Ho,
Er, Tm [70B2]; R=Nd, Tb, Ho, [70L4]; R=Dy, Ho, Er, Tm [73G1, 74G3]; R=La
[85G6, 85G9* 87GS5]; R=Ce [83G 18, 84F2* 85C7, 85G6, 85G7, 85G9* 86G 5,
87G3, 87G5]; R=Pr, Nd [84F2*]; R=Sm [8517*]; R=Gd [80S1, 81S1*, 8314*];
R=Dy [83S2, 86S6*]; R=Ho [81M12*% 82S7* 82S8* 83S3*]; R=Er [86S6*];
R=Tm [72G 3*]

(R'R")Ni (LaCe)Ni [8615, 8716]; (LaGd)Ni [86 G 6]; (GAY)Ni [78 C1]; (TbY)Ni [73G1,74G 3, 74G5,
84 P 4]; (HoY)Ni [79G 9]

RM'M") R(NiCu); R=Gd, Tb, Dy, Ho, Er {76G2]; R=Tb [71B5, 73B3, 73G1, 74G3]; R=Ho
[79G8]; R=Yb [7911]

La(NiPt) [84 G 1]; Ce(NiPt) [84G1,85G 6,85G 8,86 G2, 87F 2, 87 G 4]; Gd(NiCo) [80G 10]
RM'M"H, Ce(NiCu)H, [87 W 3]

Landolt-Bornstein
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Neutron diffraction

Table 30. Ferromagnetic moments of R
atoms at 42K determined by neutron
diffraction in RNi compounds [74G 3,

73G11.Y)

» !) The magnetic structures for ErNi

Ps 4 and DyNi [73G1, 74G3] were con-

/R firmed [86 S 5]. In case of HoNi according

. to [82S7, 82S8, 83S3] in the tempera-
NdNi 27035) 25050 ture range T,,(15K)<T<T,(37K), the
Dy N', 8.6(5) 292 magnetic moments have ferromagnetic
HON' 8.6(5) 25(2° components along the a axis and antifer-
Eer' 7905) 61(2° romagnetic components along the ¢ axis.
TmNi . 5.90) 5202 Below T, ferromagnetic components
Tbo.sYo.sNi 8.6 33° along the b axis occur and grow with

studies.

decreasing temperature. At 4.2K the
direction of ferromagnetic components
incline about 30° from the a axis in the
(ab) plane. SmNi has a canted spin struc-
ture [8517].

2) Angle between ferromagnetic mo-
ment and a axis.

Table 31. Magnetic structures and the magnetic moments in RNi compounds determined by neutron diffraction

T

Magnetic structure

Ref.

NdNi 42

DyNi 42

HoNi 42

HoNi 4.2

20

ErNi 42

TmNi 13

The Nd moments (pyg =2.70(35) ) are parallel to (g, c) plane and make an
angle ¢ =25(5)° with a axis. The Ni moment is nil.

Noncollinear magnetic structure. The ferromagnetic arrangement is of F,-
type and antiferromagnetic of C,-type'). py;=0 and p;, =8.6(5) . the
moments making an angle 1 29(2) with a axis.

Noncollincar magnetic structure. The ferromagnetic arrangement is of
F,-type and antiferromagnetic of C,-type. py;=0 and p;;,=8.6(5) 1. the
moments making an angle of +25(2)° with a axis.

The magnetic arrangement is of (F,F,C,)-type. py;=0. The ferromagnetic
components of Ho moments are p,=72p, p,=4.2ps The antifer-
romagnetic zcomponent is p,=2.9 u;. The angle with the (a, b) planeis 19.1°,
and the angle of the projection in this plane with a axis is 30.7°.

The magnetic arrangement is of (F,C_)-type. The x ferromagnetic component
of Ho moment is p,=6.6 5 and the antiferromagnetic z component is
2.5 pg. The angle with a axis is ¢,=0 and with (a, b) plane, ¢, ,,=20.8°.

Noncollinear magnetic structure. The antiferromagnetic arrangement is
parallel to a axis and may be described by C,. The ferromagnetic
component is paralle! to ¢ axis and shows a F, arrangement. py;=0,
Pe. = 1.0(5)pg and makes an angle of +61(2)° with a axis.

Noncollinear magnetic structure. The antiferromagnetic arrangement is
parallel to a axis and may be represented by C.. The ferromagnetic
component is parallel to ¢ axis and shows a F, arrangement. py;=0,
Pra=35.9(5) 1ty and makes an angle of +52(2)° with a axis.

70L4

74G3

74G3

8417

74G3

74G3

') The significations of F,, F, and C, notations are F,=p,,+p,,+Par+Pas; Fo=pi.4py.+ps.+ps:;
C:=plz+p2:_p3:—p4:'

Kirchmayr, Burzo

Landolt-Bornstein
New Series 11H/19d2



Ref. p. 405] 2.4.2.10 R-3d: RNi 73
CeNi
H=1462k0e lic
0 y 05 0 y 0.5
T T Ay T 1 M { RN 7 LA
oA o \_ T=20K R AN AT
J /| \_,/// -~ \\ {/ \\ ~ F~ ) 7. \\] ( R {/ N 4
- P >~ - ! T ~
/ e < P \\ \| \ \\ P VAN \ ‘\_// ] \\‘/\\
Ly VAR AN ~) MmN /N /]
~ A I N\ N o / \ - ! /D) ~’
T~ \ I\ \ -~ / 5 L) Ty (A~
I AN N~ - ;N = p—
Y D) O @)
X /l - // 0 ll I X // ,/ l\\__// N | %ﬁ) / _
/’/// // \\ // //—_\\\ \ \\ ~ \\_///\\ — /\ I/ \’\\\ (/’// ]
—— / ) { // > o \\ // ( T ) ) N
~—J / { / //\\ / J /’\\’ \ N i /
\ AN / s / ;TN i
— | / \ !/ Yy s
\ R < / ‘ / - ~ f \ \ — —
N ~ / / / - No\ ) 7 ~ ( 77N
\\ \ S // \\ / //// _\///; ~3 // l\ \__/ -
| — —_——
! ! //_—\\ { ! l/ f/:\\\ L NN /’ {
1.0 1.0
1k 14
—y . r . .
0 ~ ° 05 . ~ 10 Fig. 82. Projections of the magnetic moment densities of
l -/ ~ CeNi on the (ab) plane induced at 20 and 140K by a
magnetic field of 46.2kOe applied along the ¢ axis.
X Contours are in 10~ uy/A? [85G9]. The induced mag-
0o—e— O O ®—— netization is localized on the Ce sites at both temperatures
and no magnetic density appears on the Ni sites. The
magnetism in CeNi arises from the 4f electrons of Ce
N ° ° ) which is in an intermediate-valence state.
10 -/ b _/
Ot e

Fig. 83. Magnetic structure of NdNi at 4.2 K and projec-
tion on the (ac) plane. The magnetic moments of the given
site are parallely oriented (see Table 32) [69 P 1, 70 L 4].

The large/small open and solid circles are
two successive prisms. The larger circles indi
the front planes of the prisms.

Nd atoms in
cate atoms in

Landolt-Bornstein
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Fig. 84. Magnetic structure of ErNi at 42K and projec-
tion on the (ac) planc. The structure belongs to Pnma
space group. Large circles: 1/4 sites, small circles: 3/4 sites.
Ni has no magnetic moment. The magnetic moment of Er
atoms and their directions are given in Tables 30 and 31
[70L4,73G 1]

Table 32. Magnetic structures determined in some RNi, _,Cu, compounds [74G 3, 76 G 2].

T Magnetic Propagation Periodicity Prmax oV
K structure vector A Up
TbNio ¢Cug 4 13 sinusoidal 0.136b* 320 7.9(5) 3802
HoNi, ;Cu, 13 sinusoidal 0.254¢* 21.1 8.8(5) 36(2)°
ErNij (Cu, 4 42 sinusoidal 0.143b* 30.1 7.2(5) 4402y°
ErNi, (Cug 13 antiphase 0.143b* 30.1 7.0(5) 4402y
0.429b*
Tby <Y, sNi 42 DyNi-type - - 90(5)  +33°

1) Angle between R magnetic moment and a axis.

Kirchmayr, Burzo
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Fig. 85. Magnetic structures of FErNi, (Cu,, and
HoNi, sCu, s at 4.2 K. For ErNi, ¢Cu, , the propagation
vector Q at 4.2 K is parallel to the b axis (Q =0.143b%*). The
magnetic cell is incommensurate with the crystallo-
graphic one, its periodicity in the b direction being 6.9b.
The magnetic arrangement is noncollinear; it has a
ferromagnetic component parallel to ¢ and an antifer-
romagnetic component parallel to a. From one cell to the
other the magnetic moments have a sinusoidal variation
with distance in the b direction. The maximum magnetic
moment on the Er atoms is 7.2(4) pug. The angle ¢, between
the moments and the a axis is 44(2)°. Below 1.5K the HoNin<Cu
modulated structure transforms into an antiphase struc- 05++05
ture, with periodicity 1/Q. The arrangement in the [=4.2K
chemical cell and the periodicity are the same as at 4.2 K,

but all the moments have become equal. The magnetic -
moment on Er atoms is 7.0(5) py and the angle ¢, is the T~
same as at 4.2 K. In case of HoNi, sCu, 5 the propagation /
vector is parallel to ¢ (Q =0.254c*). The magnetic struc- /
ture is modulated, the periodicity in the ¢ direction is 3.9¢.
The magnetic arrangement is noncollinear; it has a
ferromagnetic component parallel to a and an antifer-
romagnetic component parallel to ¢. The maximum
magnetic moment on Ho atoms is 8.8(4) uy and makes an
angle ¢, =36(8)° with the a axis. This modulated structure
is stable at very low temperature. The noncollinearity of
the structures results from the crystal field effects on the
rare earths which lie in low-symmetry sites. The principal
directions of the quadrupole surroundings are not paralle!
to the crystallographic axes. The R atoms are then divided
into two sublattices with different easy directions of A O Ho.Er
magnetization. Replacing Ni by Cu in RNi compounds, ErNi 05 EUU.A '
where magnetic interactions are strongly positive, intro-  7_; 7 @ Ni Cu
duces negative interactions. The competition between
these interactions gives rise to the observed modulated
structures. The thermal stability of the magnetic moment
modulation depends on the nature of the R ion. In the
compounds with Kramers rare-earth ions (as Er), the T
modulated structure is stable only in the vicinity of T¢ and {
transforms at low temperature into an antiphase structure /
in order to decrease the entropy. In compounds withnon- ¢
Kramers ions (as Ho), no entropy can be associated with
the modulation of the p; moment because of the low
symmetry, the crystal field splits completely the multi-
plets, the ground state is a singlet. However, the exchange
field induces a magnetic moment. The magnetic moment
modulation results from a modulation of exchange field.
Thus the observed modulation can remain stable down to
0K [74G 4, 76 G2].

For neutron diffraction studies see also:

RNi [69P1]; R=Tb, Dy, Ho, Er, Tm [73G2]; R=La [85G9*]; R=Ce [85G9*]; R=Nd [70L4];
R=Dy [72G1,73B3, 74G3]; R=Ho [70B2, 7014, 74G3, 8417*]; R=Er [70B2, 70L4,
74G3]; R=Tm [72G3*, 73B3, 714G 3]

(RR”Ni  (TbY)Ni [73G1,74G3, 714G 5]

R(NiCu) R=Gd, Tb, Dy, Ho, Er [76G2]; R=Tb [72G2, 73B3, 73G 1, 74 G 3]; Ex(NiCu) [74 G 4]

For inelastic neutron scattering see
CeNi [85G11]

)
Landolt-Bérnstein
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Massbauer effect

For nuclear y-resonance studies '*°Gd see

GdNi [85D5]. For Dy in DyNi see also Table 59;

$7Fc in TiFeH, [80 B8]

FMR, EPR

For EPR and FMR studies see
Gd Ni [72U1, 80B15]

NMR

For NMR studies see
139La in (GdLa)Ni [77D 7]

Anisotropy, magnetostriction
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Fig. 86. Magnetization curves of SmNi at 4.2 K along the
a, b and ¢ axis. The anisotropy constant was estimated to
be 107ergem™3 [8517]. The anisotropy constants of

GdNi at 42K arc K,=40-10%rgcm™? and
K;=-27-10% ergcm™3 [81S1].
—
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Fig. 87. Magnctic ficld dependence of the longitudinal
magnctostriction at 4.2 K, along the ¢ axis of a DyNi single
crystal. Below about 50kOc, Al/l shows a positive and
approximately lincar ficld dependence with a slope of
121078 0c™ . A contraction duc spin flopping is ob-
served between about 50 and 62 kOc. Above 62kOc, Al/l
valucs are constant and correspond to the saturation
magnctization [86S 6].
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Fig. 88. Anomalous thermal expansion cocfficients of
CeNi in three crystallographic directions, obtained by
subtracting the thermal expansion of LaNi[85G 11]. The
anisotropic dilatation of the lattice is correlated with the
fact that the elastic constant ¢,, undergoes significant
softening around 110K, while c,, varies little with
tempcrature.
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For anisotropy see also:
CeNi [85C7]; GdNi [80S 1*, 81S1*]; HoNi [81 M 12*, 82 S 8*]; Ce(NiPt) [87 F 2]

For spin reorientation see
HoNi [828 8*]; Ce(NiPd) [88 N 2]

For magnetostriction see also:
RNi CeNi [85C7, 86 C10]; DyNi, ErNi [86 S 6*]

For elastic constants see
RNi CeNi[85C7,85G11, 87B10]

Transport properties

i
0 20 40 60 80 k0e 100

H —

Fig. 89. Transverse magnetoresistance Ag/p, for DyNi
single crystal at 42K as function of applied field H for
(open circles) increasing and (solid circles) decreasing H.
The negative magnetoresistance was observed with a spin
flopping of the magnetization along the ¢ axis when the
field was applied along the ¢ axis and the current was
parallel to the b axis. The negative magnetoresistance was
not observed when the current was parallel to the a axis.
The magnetoresistance increases monotonically with in-
creasing magnetic induction. It was inferred that there are
open orbits along the a and ¢ axis [85M 2].
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Fig. 90. Composition dependence of the residual electrical o~ [
resistivity, g,, and spin-disorder electrical resistivity, g,,4. O\SES
in Gd, _,La,Ni compounds [80G 10, 82g1]. The g,,q 15] - =]
values deviate from the parabolic shape predicted by o / 0.9
Nordheim’s rule. The asymmetrical shape indicates that // T
additional spin-disorder scattering from domain walls 0
contributed to the residual resistivity for increasing Gd v 1.0
concentration (x £0.6). The magnetic contributions to the
resistivity are given by the difference to the ¢ values of -15
nonmagnetic isostructural LaNi. 45 —\\ 0 X
u X= ¢ axis
80 : - K \ [\
. oo 30
uSem] 6dCo, Nis- M#_JLM-—""" x=0 0.25
x N I1-x \
40 - %§
oNi aou
0 W/ LLJBISES ey 15
80 — e 09
’MJ x =005 / / m
40 i e e
0 Sl -15
80 X010 0 50 100 150 200 250 K 300
=0. 7
M—"""
40 il Fig. 92. Thermoclectric power, Q, of Ce, _,La Ni samples
o /..—1 along the a, b, and ¢ axis as function of temperature. The
0 el huge peak of Q in CeNi, observed for the three directions
80 around 100 K, gradually decreases with the change of the
L.ML——M—"'“L""’ Ce 4f-electron state [87 O 2].
- x =015
40 =
e
0
80 P
aﬁ,m—«—“""" x=020
40 v// { Fig. 91. Temperature dependence of the electrical resistiv-
Wﬂ itics in GdCo,Ni, _, system {80G10]. The ordering
0 temperaturcs arc indicated by arrows and increase with
0 50 100 150 200 250 K 300 incrcasing Co content. The system is unstable for x> 0.25.
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Fig.93. Thermal variation of the specific heat of 08 / \\_ =
ErNiy ¢Cu, , and HoNi, sCuy 5. In case of ErNig Cu, 4
a A-type anomaly at Ty="7K is observed. Below Ty the
specific heat decreases with temperature. However, a 4 06
quicker decrease appears near 1.5K, as shown in the /
insert. This anomaly corresponds to a quicker decrease of 04 4
the magnetic entropy and is attributed to the transforma-
tion of the modulated magnetic structure towards the
antiphase magnetic structure. In case of HoNig sCug 5 a 02—%55
maximum in specific heat is observed at Ty, =11 K. Below
2.2 K, the specific heat increases with decreasing tempera- 0
ture because of the nuclear contribution [77 G 6]. 0 3 6 9 12 5 K 18

For electrical resistivity and magnetoresistivity studies see:

RNi R=La[82g1,8702];R=Ce[83G 18,85G6,85G7,87S3]; R=Gd [80M 9*]; R=Ho [82S5 7%,
8258*]; R=Er [84 M 3]

(R'R")Ni (GdLa)Ni [86 G 6, 87 02*]

R(M'M") La(NiPt) [84G1]; Ce(NiPt) [84G 1, 85G 6, 87G4]; Ce(NiPd) [88N2]; Gd(CoNi) [80G 10,
82g1]

For specific heat measurements

ErNi [84 M 3]; (LaCe)Ni [8716, 87 O 2*]; Ho(NiCu) [77 G 6]; Er(NiCu) [77 G 6]; Ce(NiPd) [88 N 2]

For thermopower studies see
LaNi [81 G 10]; CeNi [87 S 3]; GdNi [81 G 10]; (CeLa)Ni [87 S2]

Magnetization processes

For magnetization processes see

RNi [70B2}; R=Gd [8314*]; R=Dy [85M 2*]
(R'R"Ni (TbY)Ni [84P4]

RM'M") Tb(NiCu) [71B4, 71B5]

Spectroscopy

For spectroscopic studies see
L, absorption spectra
CeNi [85P1]

X-ray absorption spectra
CeNi [86 H4]

Landolt-Bornstein .
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2.4.2.11 R,M; compounds

Crystal structure, lattice parameters

La,Co,
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Fig. 94.(a) Crystal structurc of La,Co, compoundand (b) © \

projection of the crystal structurc along the x axis. The
structure is orthorhombic having the space group Cmca
and can be described as a packing of alternative layers of
Co and La along the b axis. Atoms of the same layer arc
connected in (b) by dashed lines. In a layer formed by Co
atoms, the distances between nearest neighbours are small
(2.43---2.47 A), while the distances between the Co atoms
of two successive layers are greater than 4.84 A [84 M 2].
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Fig. 95. Composition dependence of the lattice constants
in La,(Ni,Co, ..,); compounds at room temperature. The
abnormal behaviour of a and ¢ parameters seems to be
connected with the appearance of Co magnetic moments.
The effects of crystal field on the magnetic orbitals are
responsible for the observed deformations [84 M 2]. For
La,Ni, structure see [76 V 6].
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Table 33. Atomic sites in La,Co, compound (space group
Cmca) [84 M 2].
Atom Site x y z
La 8f 0.0 0.1538(1) 0.4075(1)
Co(1) 8e 0.25 0.4117(2) 0.25
Co(2) 4a 0.0 0.0 0.0
Table 34. Lattice constants (A) of R,M, compounds (space group
Cmca).
a b c Ref.
La,Co, 4.886(7) 10.340(10) 7.811(5) 67B3
La,Co, 4.853 10.350 7.801 85G10
La,Co, 4.895 10.350 7.799 84M2
Nd,Co, 4.963(4) 10.006(2) 7.549(4) 73R2
La,Ni; 5.101 9.697 7.866 84 M2
La,Ni, 5.113 9.7316 7.9075 76V 6
Magnetization, Curie temperatures
17.45 T T
| LazNixCorc)g
kOe f.u,
125 \- 400
x=0 K
J 00 N S . .
04 300
750 > % >\<‘\ 02 l \
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a ] — b LGZC03 X —

Fig. 96. (a) Thermal variation of initial magnetic suscepti-
bilities for some La,(Ni,Co,_,); compounds and (b)
composition dependences of the Néel temperatures. For
x<0.35 the compounds are antiferromagnetic. By in-
creasing the Ni content, the antiferromagnetic interac-
tions decrease and for x 0.4 the compounds are para-
magnetic [84 M 2].
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Neutron diffraction
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Fig. 97. Projections of La,Co; magnctic structurc on the
(ab) and (bc) plancs, respectively. The numbers give the
values of the 100z and 100x coordinates, respectively, of
the different atoms [84 M 2, 85G 10]. The ferromagne-
tism inside the layers arises because of the small Co--Co
distances. The antiferromagnetic interactions occur be-
tween Co atoms at around 5A scparated by La atom
zones. The negative interactions arise from an indirect
Co -La-Co interaction through the 3d-5d hybridization
and the ncgative polarisation of the spins of the 5d
electrons by Co magnetic moments. These interactions
are very similar to the superexchange interactions in the
insutators.

Table 35. Magnetic moments of Co atoms in La,Co, and La,(Co, gNij ,); determined by neutron
diffraction studies at T=5K.

Site p.p/M)  pup/M)  pp/M)  pelus)  Ref

La,Co, 4a 0.0 0.0 0.35(5) 0355) 84M2,85G10
8e 0.34 0.0 —0.85(5) 0.92(7)

Lay(Cop sNig,);  4a 0.0 0.0 0.09(5) 0.09(5) 84M2
8¢ 0.27(5) 0.0 —0.56(5) 0.62(7)

Kirchmayr, Burzo

Landolt-Bdrnstein
New Series 111719d2



Ref. p. 405]

24.212 R-3d: RM,

83

2.4.2.12 RM, compounds

Crystal structure, lattice parameters

RM,
\ o [
\\ O // 6 N ”
D /* S5
N e b
N T ] i A
j: N SHRCAA DY
= / . NS
Q N\
/ (] Cr\ [ ]
// O 2 ~ ! _ A
- ===
€15 C14
OR oM

Fig. 98. Schematic drawings of cubic (C15) and hexagonal
(C14) Laves phases in which RM, compounds crystallize.
The R atoms are plotted as open circles and M atoms as
solid circles. Three types of interstices are also shown: 1:
M, site; 2: RM; site; 3: R,M,, site [86 1 7]. The ideal C14
and C15 structures are in fact very similar, the only
difference being a slightly different stacking arrangement
[53B1,80K 6]. The R atoms in both cases are stacked as
tetrahedra, joined alternatively point-to-point and base-
to-base in the cubic structure and point-to-point in the

hexagonal case.
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Table 36. Metal and deuterium atom positions and occupancies of ZrMn, D, (C14 structure having space group
P6,/mmc) as obtained by a profile analysis of the neutron diffraction pattern!). For comparison the metal
position of ZrMn, are shown in parenthesis and the predicted D atom positions in brackets [79 D 8]. The
number of formula units in the cell is Z=4.

Atom Site Coordinates Neighbours Occupancy
Zr 4f z=0.0661(8) (0.0635(1)) 1.00
Mn (1) 2a - - 1.00
Mn (2) 6h x=0.8357(7) (0.8297(2)) 1.00
Zr,Mn,
D(1) 241 x=0.042(2) [0.041] 1Mn(1) 0.179(4)
1Mn(2)
y=0.325(2) [0.330] 2Zr
z=0.562(1) [0.563]
D(2) 12k x=0.456(1) [0.458} 2Mn(2) 0.376(4)
2Zr
z=0.632(1) [0.628]
D(3) 6h x=0.463(2) [0.461] 2Mn(2) 0.312(1)
27Zr
D@ 6h x=10.202(9) [0.206] 2Mn(2) 0.052(2)
27Zr
Zr;Mn,
D(5) 12k x=[0.132] 1Mn(1), 2Mn(2)
z=[0.138] 1Zr
D(6) 4f z=[0.665] IMn(2),1Zr
Mn,
D) 4e z=[0.188] 1Mn(1), 3Mn(2)

1} The data show that D atoms occupy tetrahedral interstices of Zr,M,-type. The interstices are partially
occupied and represent a 3-dimensional infinite network of diffusion paths for the D atoms. Each D atom site in
this network is about 1.3 A away from at least two other D atom sites. It is suggested that the positional disorder
of the D atoms is thermally induced [79 D 8].
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Table 37. Metal and tetrahedral sites in RM, compounds having C15-type structure (space group Fd3m), with the origin at the center of symmetry. The
thombohedral structure for a hydride model [79 S 6] having space group R3mis also shown 1).

Cubic (Fd3m) Rhombohedral (R3m)
Atom Site Coordi- Sym- Neigh- Tetrahedron No. per Site Sym- Coordi- Neigh- No. per
nates metry bours faces shared RM, metry nates bours RM,
: with
R 8a X, X, X
x=1/8 43m 2¢ 3m
M) 16d x=1/2 3m 1b 3m
M(2) 3e 2/m
Tetra- 8b X, X, X 43m 4M 4(32¢) 1 2c, 3m X, X, X 1M(1),3M©2) 1
hedral x=3/8 , x=3/8
sites 32e X, X, X 3m 1R3M 1(8b); 3(96g) 4 2c, 3m X, X, X 1R, 3M(2) 1
x=9/32 x=9/32
6h, m X, X, Z 1R, 1M(1), 3
x=9/32, 2M(2)
z=21/32
96g X, X, z m 2R2M 1(32¢) 6h, m X, X, Z 2R,2M(2) 3
x=5/16, 1(96g) x=1/8,
z=1/8 2(96g) z=1/2
6h, m X, X, z 2R,2M(2) 3
x=1/8,
z=3/4
12i 1 X, ¥,z 2R, 2M(1) 6

3/4,1/2,1/8

') The number of formula units in the cell is Z=8 for C15-type structure and Z=2 for rhombohedral structure.
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Table 38a. Lattice constants of RMn, compounds at room temperature (A). >
Type 61W2 64M2 67K 1 7101 77b1
struc-
ture a c a c a c a c a c

PrMn, Ci4

NdMn, Ci4

SmMn, Ci15
C14

GdMn, Ci5 7.728 7.750

TbMn, Ci5

DyMn, Ci15 7.569 7.602

HoMn, Ci5 7.507 7.592
Ci4 5368  8.764

ErtMn, C14 5281 8621 5281 8621 5307 8702 5321 8719

TmMn, C14 5241  8.565

LuMn, Ci4 5227 8.537
YMn, CI5 7.679 7.692

Table 38b. Lattice constants of RFe, compounds at room temperature (A).

60W1 64C4 65K3 69Gt1 70B13 71B12 72C2 73N5 T74A3 T9F5

CeFe, 7303 7.304 7.250  7.301

PrFe, 7.467

NdFe, 7.452

SmFe, 7415 7411 7.450

GdFe, 7394 7.389 7.390  7.396 7.389 7400  7.3875

TbFe, 7.348 7.347 7.348

DyFe, 7325 17320 7.325 7.322 7.330

HoFe, 7.300 7300 7.304 7.301 7.280 7.300
ErFe, 7.274 7.280 7.283 7.276 7.280
TmFe, - 7.250
YbFe, 7.239

LuFe, 7.217 1227 7.233

YFe, 7.359 7363 - 7.290

Table 38c. Lattice constants of RCo, compounds at room temperature (A).

60H1 60W1 64C4 65H1 66L4 6702 71G1 72B10 72B16 7589 76L2 81M6

CeCo, 7161 7162 7.1609

PrCo, 7312 7305 73061 7.287 7.309 7.307
NdCo, 7.300 7.300 7300 7.2984 7.300 7.298 7.305
SmCo, 7.260 7.260 7.2625 7.263

GdCo, 7.255 17258 7.2570 17.259 7.258 7.258
TbCo, 7.206 7.209 7.2100 7.206 7.200
DyCo, 7.187 7188 7.1902 7.188 7.188 7190
HoCo, 7.168 7.168 7.1733 7171 7.166 71470 7170 17173
ErCo, 7144 7151 71539 7.154 7.150 7156
TmCo, 7.121 7.1351

YbCo, 7.122

LuCo, 7.120

YCo, 7.217 7.215 7.220 7.220

. Landolt-Bornstein
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Table 38a (continued)
81 M1 82H1 83G1 83M1 85T1 8602
a a ¢ a c a ¢ a ¢ a c
5590 9106 5577 91415 PrMn,
5574 9.082 5560 9.060 NdMn,
7.790 SmMn,
5493 8945 5511 8978
7.724 7.748 7.750 7.758 7.740 GdMn,
7.648 7.640 7.626 TbMn,
7.564 7.590 7.590 7.573 DyMn,
7.507 7.518 7.530 7.520 HoMn,
5282 8660 5330 8600 5320 8.680 5282 8.622
5255 8695 5280 8.620 5280 8620 FErMn,
5238 8.660 5241 8565 TmMn,
5215 8550 LuMn,
7.687 7.681 YMn,
Table 38d. Lattice constants of RNi, compounds at room temperature (A).
60H 1 60W1 63n1 64C4 64M2 68M1 72B13 81M5 8311
64M2
LaNi, 7.3650 7.3612
CeNi, 7.202 7.211 7.2240 7.2275
PrNi, 7.285 7.286 7.2898 7.287 7.2857
NdNi, 7.270 7.265 7.2709 7.267 7.2683
SmNi, 7.226 7.230 7.2328 7.230 7.2247
GdNi, 7.202 7.205 7.2082 7.205 7.2026
TbNi, 7.160 7.178 7.1778 7.182 7.1770
DyNi, 7.148 7.161 7.1637 7.155 7.160 7.1604
HoNi, 7.136 7.142 7.1465 7.138 7.147 7.1397
ErNi, 7.110 7.125 7.1321 7.125 7.127 7.1280
TmNi, 7.088 7.1089 7.105
YbNi, 7.060
LuNi, 7.085
YNi, 7.188 7.1810

Table 39. Lattice distortions in RFe, compounds. The variation of the
angle, o,, between cube edges, a,=n/2—¢ in rad, at 300 and OK is
tabulated. The 4f quadrupole, AE/Ae=0,{r*>J(2J—1), is also given
[77B4]. n.o.: not observed. AE is the CEF energy decrease due to the
distortion and A is a constant.

Type of AE/Ae &

distortion A?

below Tg, T=300K T=0K
SmFe, rhombohedral 0.10 —0.0023 n.o.
TbFe, rhombohedral  —0.14 0.0029 0.0045
DyFe, tetragonal —0.13 n.o. n.o.
HoFe, tetragonal —0.05 n.o. n.o.
ErFe, rhombohedral 0.04 n.o. n.o.
TmFe, rhombohedral 0.12 n.o. —0.0026
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Fig. 99. (a) Thermal variation of lattice paramecters for NdMn, compound, determined by X-ray diffraction studies.
For temperatures higher than the Nécl point (Ty =104 K) the structurc is hexagonal (a, =a,=a,=a,, c;, and y=120°).
The a and c lattice parameters as well as the volume increase with temperature. The thermal dilatation coefficients at
250K are a,=3-10"3K ", 0,=4-10"3K "' and B,=10"* K ~*. For T< Ty, the structure is distorted to monoclinic
onc (a=a,, b=a,.y=120"). A great discontinuity in the volume, AV/V'=0.9%, is evidenced at Ty,. The great anomalies
in the dilatation arc attributed to the distance dependence of the exchange encrgy between Mn atoms [86 O 2]. (b)
Thermal variation of the latticc parameter a and of the linear dilatation coefficient, Al/l, in YMn,. In the paramagnetic
state, the thermal dilatation coefficient is high (at 250 K, a,=5-1073 K ~*, which corresponds to 8, =1.5-10"*K %)
In the antiferromagnetic phase (T<S50K) the thermal variation of the latticc parameter is nil. The region of
cocxistence of the paramagnetic and antiferromagnetic phases (AF + P) depends on the sample preparation [86 O 2].
According to [83N3, 83N4, 85N2, 8602] the structure in the antiferromagnetic phase is cubic. A small
crystallographic, tetragonal [82 G 1] distortion has been also suggested. The arrow corresponds to the temperature at
which the sample was crushed. Solid and dashed lines indicate results from neutron scattering and macroscopic
measurements, respectively.
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