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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 III/l 9dl 

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 [68 w 1, 71 t 1, 71 w 1, 72 r I, 73 n 1, 73 t 1, 
73~1, 75b1, 77b1, 78k1, 79b1, 79c1, 79k1, 79s1, 80b1, 80b2, 80~1, 82b1, 82b2, 82g1, 83b1, 86b1, 
88 82, 88 k 1, 88 w 1, 88 y I] 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 
(J= 5/2), accounting successfully for the magnetic properties of Sm3+ in some intermetallic compounds 
[84A II]. 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 31. This polarization by a RKKY-type interaction [54 R 1, 56 K I, 57 Y l] 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 < S, 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, Miissbauer effect, NMR, FMR, EPR, anisotropy and magnetostriction, domain structure, magneti- 
zation processes. transport properties (electrical 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 
sphcrcs 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 
stoichiomctry, in which the atoms are distributed on specific crystallographic sites. The appearance ofthe atomic 
arrangements is favoured by the local 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.Someexamplesaregiven below: 
La--Co [67B3, 74Kl0, 74R2]; Ce-Co [66El, 70R1, 73R2, 74Kl0, 74R2]; Pr-Co [70Rl, 73R2, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
69B3,69L3,73B22];Dy Co[64W7,7lBlS];Ho Co[7lBl5];Er--Co[7lBl5];Yb-Co[72Bl6];Y-Co 
[65Pl, 71 Bl5, 82Gll-J; 

La--Ni, Ce -Ni, Pr--Ni [47V 11; Gd -Ni [61 C 23; Er-Ni [68 B 53; Yb -Ni [72 B 16, 73 P 11; 
Ce -Fe [70B 143; Sm -Fe [71 B 173; Tb--Fe [76 D 11; Dy -Fe [7OV 21; Ho -Fe [70 R 2-j; ErrFe [69 B 5-J; 
Ce EM [74 G 133; R-M [75 H 23; R-Fe Co [86 L 33, etc. 

Phase diagrams of R-M systems have been collected by many authors [58 h 1, 61 g 1, 62 s 1, 64s 1, 65e 1, 
69K3, 69~1, 70K4, 7lBl5, 75~1, 78m1, 84ml]. 

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 I], Sm Fe [71 B 171, Sm Co [73 N 1,77 P 63, and Sm Cu [75 K 63 are plotted. 
The phase diagrams ofCe -Fe [70 B 141, Ce Co [74 G 13,75 M 33, Ce-Ni [78 m I], and CeCu [74 G 133 systems 
are given in Fig. 3. The compounds appearing in Nd -Mn [78 m l] and Tb--Mn [78 m l] systems are plotted in 
Fig.4, while those of Y---Co [84 m I], La Co [84 m 1] and Y-Ni [65e I] are given in Fig. 5. 
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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 
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 

2.4.2.1 R,M 2s 
2.4.2.2 R,M, 28.6 
2.4.2.3 R,M, 30 
2.4.2.4 R,,M r , 31.4 
2.4.2.5 R,2M, 36.8 
2.4.2.6 RaM, 38.5 
2.4.2.1 R,M, 40 

orthorhombic: Pnma R x x 

monoclinic: C2/c Pr, Nd, Sm X 

hexagonal: P6,mc La, Ce, Pr, Nd X 

hexagonal: P6,mc Ce X 

monoclinic: P2,/c Gd, Tb, Dy, Ho, Er X 

monoclinic: P2,/c Y X 

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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2.4.2.8 R,M&M,) 42.8 (43.8) hexagonal: P6,/m Gd, Tb, Dy, Ho, Er, X 

Tm, Lu, Y 
2.4.2.9 RW,.,,Wf, -J 45.9 hexagonal: P6,/mmc La, Pr, Nd X 

2.4.2.10 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 

2.4.2.11 R,M, 60 orthorhombic: Cmca La x x 
2.4.2.12 RM, 66.6 cubic: Fd3m R x x x 

Gd, Tb, Dy, Ho, Y x 
hexagonal: P6,/mmc R=Pr, Nd, Sm, Ho, x 

Er, Tm, Lu 
2.4.2.13 RM, 75 trigonal: R3m Sm, Gd, Tb, 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 

2.4.2.14 R,M, 77.7 trigonal: R3m La, Ce, Pr, Nd, Sm, X 

Gd 
Pr, Nd, Sm, Gd, Tb, X 

Dy, Ho, Er, Y 
hexagonal: P6,/mmc La, Ce, Pr, Nd, Sm, X 

Gd, Tb, Dy 
2.4.2.15 R,M,, 79.2 trigonal: R3m La, Ce, Pr, Nd X 

hexagonal: P6,/mmc Sm X 

2.4.2.16 R,M,, 79.3 cubic: Fm3m Nd, Sm, Gd, Tb, Dy, x 
Ho, Er, Tm, Yb, 
Lu, Y 

Gd, Tb, Dy, Ho, Er, X 

Tm, Yb, Lu, Y 
2.4.2.17 RM, 83.3 hexagonal: P6/mmm R x x 
2.4.2.18 R,M,, 89.5 trigonal: R3m Ce, Pr, Nd, Sm, Gd, X 

Tb, Y 
Ce, Pr, Nd, Sm, Gd, X 

Tb, Dy, Ho, Y 
hexagonal: P6,/mmc Ce, Gd, Tb, Dy, Ho, X 

Er, Tm, Yb, Lu, 
Y 

Ce, Sm, Gd, Tb, Dy, X 

Ho, Er, Tm, Yb, 
Lu, Y 

R X 

2.4.2.19 RM,, 92.3 tetragonal: I,/mmm Nd, Gd, Tb, Dy, Ho, x 
Er, Y 

2.4.2.20 RM,, 92.9 cubic: Fm3c La X 

Table 1 (continued) 

Sub- Compound M Crystal structure R M 
section at% 

Mn Fe Co Ni 
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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 66 at % <M ~90 at % 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 90 at% 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 (Al) and those with other polyhedra (A2) [77P 11. 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. 

(Al) The crystal structures 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 
is related to the overall composition of the trigonal prism framework according to R,M,,. If there are no extra R 
atoms outside the trigonal prisms the formula of the compound is then equal to R,M,,. Two series of infinite 
chains of centred trigonal prisms have been recognized, R,, + r M, and R, + zM,. The series R,, + r M, includes the 
following structure types: R,M (n = l), RsM, (n = 2) R,M, (n = 3) and RM-Pnma (n = co). 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 [77Pl]: R,M (n=l), R,M (n=2), R,M,-C2/m (n=4) and RM~-Cmcm (n=Ocj). 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&o, 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 direction by equal amount leads to a new model representing the 
Dy,Ni, structure [75 M 91. Similar relationship may be evidenced in RM-Pnma, RM-Cmcm, TbNi(h) -Pnma 
and TbNi(l) P2Jm structures [70 L I]. 

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 [77P 11. 

Compound Kind of M-M atom 
linkage 

LC 

R,M 
R,M, 
R,M, 
R,M, 

Isolated M atoms 
Isolated M atoms 
Isolated M atoms 
Pairs and group 

of 4M atoms 

2 
25 
24 
3; 

R,M,: 
Er,Ni,(R3) M atom pairs 4t ‘1 
W3Ni2 (W-4 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 

‘) Not all R atoms participate in the formation 
of a trigonal prism. 
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b 

00 R 

00 M 

R,M, -CZ/m RM -Cmcm 

c 

Fig. 6. Members of the R, + 2 M, structure series having bands of trigonal prisms. The large circles are R atoms and the 
small circles correspond to M atoms. The open circles are at relative height zero, the solid ones at one half: (a) R,M 
(n = 1); (b) R,M (n =2); (c) R,M,-C2/m (n = 4); (d) RM-Cmcm (n = co) [77 P 11. 

y3c02 

a b 
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Fig. 7. Structures of (a) Y&o, and (b) Dy,Ni, geometrically related by block stacking. The large circles are R atoms 
and the small circles correspond to M atoms. The white circles are the relative height zero, the black one at one-half 
[77P I]. 
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The structures of R,M, R,M,, 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 ofa 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-J. 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 [76P 11. 

(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 oftrigonal 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 latter. 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 [76A 11, 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 square antiprism with two opposite corners through the centre missing). The 
latter can also be viewed as a pentagon with one 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 
[77P 1-J. 

(B) A relationship between the structures of the compounds having the M content 66at% <M<90at% 
may be also considered [75 P 33. Cromer and Larson [59 C l] 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 c axis, they could derive all the hexagonal and 
rhombohedral structure types. Lemaire [66 L 33 has also discussed this substitution scheme and formulated 
equations expressing the substitution mechanism for the different structure types. 

Khan [74K 9,74K I l] 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 [74 K 9,74 K 1 l] reverts to the earlier 
[59 C l] 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 CaCu, 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 CaCu, structure by removal of a layer of M atoms, collapse of the remaining structure, and 
shifts of atoms [72 E 23. 

The hexagonal-rhombohcdral series 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)-l and n being zero or 
any positive integer [74 K 93. However, it was not possible to isolate a single-phase compound having the M 
concentration higher than that in the R,M,, compound (n= 3). In the rhombohedral subseries, the stacking of 
R,M, blocks is described only by the intraplanar translation TRIMI, 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 [75P 31, 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 
ciphrcs. the two totals correspond to the overall composition formula for the particular structure type. 
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Fig. 8. (a) R,M, (b) R,M, and (c) 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 [77 P 11. 
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Fig. 9. Crystal types of the hexagonal-rhombohcdral 
R,, ,MSn-, structure series described by stacking of 
R,M, and RM, structure blocks (24 denotes the R,M, 
block and 15 an RM, block) [75P3]. 

Other subseries can be constructed by assuming more complex stacking sequence of the R,M, blocks. 
The monoclinic subseries of the R,, ,M5n+2 structure series were also analysed [75 P3]. 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 23. The next member in the monoclinic subseries with n = 2 has the crystal structure of PuNi,. The block 
stacking of the hypothetical R,M,, structure obtained with n = 3 is described in [75 P 33. 

The other series of the Rn+,MSn+2 structure series may be generated [75 P 33. Whereas in the monoclinic 
subseries the stacking of R2M, blocks involves only TRIM, translation, new subseries are generated when 
successive blocks are not only translated by &+,, but also rotated by 60”, 120” or 180”. At the present no 
structures of these subseries are known. 

(C) The structures of the LaCo, --L and La,Co, compounds which show a strong directional order are 
described in subsects. 2.4.2.9 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, 76M 11, 88d l] with the heat of formation, AH. The AH values for some RM, compounds were 
tabulated [77 b 1,88d 11. 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,, YNi,, 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&o, 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 ur, [71 G 31, while from neutron diffraction studies a value of 1.74 uu was obtained [80 G 61. 
The value of conduction electron polarization phs = - 0.29 urJFe is close to that determined in iron metal, 
phs= -0.25 pB/Fe [62 S 21. 

(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. IO [82 b I]. As seen in the same figure, at temperatures higher than the Curie temperature Tc 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 [72 B 11, 82 b I]. The Gd,Co compound shows a metamagnetic behaviour, 
while other compounds are ferrimagnetic. According to the Ntel classification [48 N I] these are of Q-type for 
GdFe,, GdCo, and GdCo,, 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, phf;, and 
gadolinium, p$“, compounds are plotted in Fig. 10 [Sl b 11. The PM 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, np, and the number ofcarriers 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 123. 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 alloys [62 W 33. 
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Fig. 10. Thermal variation of spontaneous magnetization 
and of reciprocal magnetic susceptibilities for YFe, (x = 3, 
23/6, and 17/2) compounds [82 b 11. 

Fig. 11. Thermal variation of the reduced spontaneous 
magnetization as function of the rcduccd temperature in 
(a) Gd Co and (b) Gd -Fe compounds [69 G 1, 72 B 11, 
73 B 16-J. 

Kirchmayr, Burzo 
Landolr-Emnstein 
h’ew Series 111/19d2 



Ref. p. 4051 2.4.1.3 R-3d: general magnetic behaviour 15 

30 
mol 
cm3 
25 

120 
mol 

I 20 cm3 90 
15 

‘g I 

IO 
60’. 

5 30 

0 0 

% - 
cm3 
120 

I 90 

‘g 
60 

30 

Ob I/I ‘1 
0 200 400 600 800 1000 1200 K 1’ 

Fig. 12. Thermal variation of reciprocal magnetic suscep- 
tibilities for (a) Gd-Co and (b) Gd-Fe compounds 
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Fig. 13. Ratio r between the number of spins obtained 
from the Curie constant and saturation magnetization at 
4.2K, determined for M atoms in RM, compounds, as 
function of Curie temperatures [78 B 121. 
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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, 56K 1, 57Y 1, 68K 1, 71 R7, 72C 1, 81 b 11. 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,u, situated at the site R,. induces at the site r a conduction electron 
polarization, a(r). Supposing that the exchange coupling, Jsfr is wavevector-independent, the electrons 
described by plane waves and a spherical Fermi surface, the polarization, u(r), is given by: 

(1) 

where ze is the ionic charge, o the atomic volume, E, the Fermi energy and k, the corresponding wavevector. The 
function F(s) has the form 

F(x)= 
xcosx-sinx 

x4 . (2) 

The polarization of conduction electrons leads to an indirect exchange interaction between the magnetic R ions. 
The paramagnetic Curie temperature is given by 

*=-~z2Js21(RJ-1)25(5+1) 
4 C Wh4). v’E,k, n 

(3) 

For the same type of structure and supposing J,, constant, the Curie temperatures are proportional to the 
De Gennes factor, G =(g, - l)2J(J + 1) 158 D I,62 D 11. The above prediction is fulfilled in RNi, compounds in 
which Ni is nonmagnetic(subsect. 2.4.2.12, Fig. 121). The reciprocal magnetic susceptibilities ofthese 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 q, the difference between the wavevectors of electrons before and after scattering by the magnetic 
ions, the following exchange Hamiltonian has been obtained [71 B 181 

.a&,= 
0 

; ’ ; J,(O)J,(O) 1 F(2k,R,,,&. S,_ . (4) 
F n.m 

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 JR(O) and Jh((0) are the 
effective s-f and sd exchange integrals. 

Analysing the magnetic properties of R,(Co, -XM,), , with R = Sm, Y and M = Fe, Mn, or Cr [77 P 33 an 
indirect exchange propagated by s- and p-conduction states was considered. The exchange Hamiltonian has 
the form: 

3Y)crch = C J(RijFi . (RJ - 1)Jj 9 (5) 
ij 

with 

J(Rij)= 4nre2 7rr3hZ nk$J,,(r2) (0.49F(2kFRij)+0.266kFF’(2k,Rij)). 

where m is the electron mass, k, the Fermi wavevector, .I,, the s-d exchange integral, and (r’) the mean square of 
the 4f radius. F(Zk,R) and F’(Zk,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 diflicult to analyse. A large variety of 
models was used to describe their magnetic behaviour, covering the extreme descriptions: band and localized 
models. 
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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 F 2, 62 F I, 66 L 21 was used to analyse the magnetic 

behaviour of Co in rare earth compounds [69 T 2,71 B 18, 71 B 21, 72 B 10, 72 B 111. 
Stearns [71 S 6, 73 S 7, 76s IO] 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 [77B 15, 78 B 12, 79 B 13, 80B 133. The 89Y magnetic hyperline fields in YFe, 
compounds [73 0 91 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 hyperllne 
field in some RCo, compounds was analysed [75 H I]. The high-pressure behaviour in R,M,, compounds was 
discussed also in the above model [75 J I]. 

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 > Tc (subsect. 2.4.2.12, 
Fig. 164). On the other hand a magnetic moment of Fe of 1.0 ur, was obtained, for example, in CeFe, above the 
Curie temperature [81 D4]. This value is close to 1.15ps determined at 4.2K in the ferromagnetic state. 
Generally the value for pM 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 [37N I]. 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 Ntel model [48 N I]. 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, 

(MR)=CRT-~(H+~RR(MR)+~RM(M~M)), (6) 

(M,)=C,T-‘(H+a,,(M,)+a,,(M,)), (7) 

where 1,, L,, and &, are the molecular field coefficients characterizing the magnetic interactions inside and 
between magnetic sublattices. 

The relation (7) may be written as 

04,) = k(ff + 4dwa (8) 

with 

A’= CMT-’ 

1 -a,,C,T-” (9) 

The thermal variation of A’ is of the form 

where 0 = C,,&. 
A’=C,(T-O)-‘, (10) 

The temperature dependence of the reciprocal magnetic susceptibility of a two-sublattice ferrimagnet follows 
a Neel-type law [48 N I]: 

(x-xJ~=x;~+TC-‘--~(T-O’)-‘, (11) 

where xp denotes a Pauli-type magnetic susceptibility. The parameters x0, C,a and 0’ 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 F 2, 62 F I, 66 L 21 was used to analyse the magnetic 

behaviour of Co in rare earth compounds [69 T 2,71 B 18, 71 B 21, 72 B 10, 72 B 111. 
Stearns [71 S 6, 73 S 7, 76s IO] 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 [77B 15, 78 B 12, 79 B 13, 80B 133. The 89Y magnetic hyperline fields in YFe, 
compounds [73 0 91 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 hyperllne 
field in some RCo, compounds was analysed [75 H I]. The high-pressure behaviour in R,M,, compounds was 
discussed also in the above model [75 J I]. 

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 > Tc (subsect. 2.4.2.12, 
Fig. 164). On the other hand a magnetic moment of Fe of 1.0 ur, was obtained, for example, in CeFe, above the 
Curie temperature [81 D4]. This value is close to 1.15ps determined at 4.2K in the ferromagnetic state. 
Generally the value for pM 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 [37N I]. 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 Ntel model [48 N I]. 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, 

(MR)=CRT-~(H+~RR(MR)+~RM(M~M)), (6) 

(M,)=C,T-‘(H+a,,(M,)+a,,(M,)), (7) 

where 1,, L,, and &, are the molecular field coefficients characterizing the magnetic interactions inside and 
between magnetic sublattices. 

The relation (7) may be written as 

04,) = k(ff + 4dwa (8) 

with 

A’= CMT-’ 

1 -a,,C,T-” (9) 

The thermal variation of A’ is of the form 

where 0 = C,,&. 
A’=C,(T-O)-‘, (10) 

The temperature dependence of the reciprocal magnetic susceptibility of a two-sublattice ferrimagnet follows 
a Neel-type law [48 N I]: 
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where xp denotes a Pauli-type magnetic susceptibility. The parameters x0, C,a and 0’ 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 [73 B 18,73 B 19,73 H 3,8012], RCo,-based compounds [73 B 18,73 B 19,75T 2, 
76 B 163, or RFe,-based compounds [78 B 12, 78 H 5, 79 B 133. 

Starting from a molecular field model, the high-temperature magnetic behaviour of systems with indirect 
exchange interactions was analysed [75 F 11. The model describes correctly the Curie temperatures of RFe, 
compounds. The T, values of the same system were also analysed by [76R 11. Considering a two-sublattice 
molecular field model, the T, values are described with the following values of the exchange constants 
J rcFc = 832 K, JRFc = - 137 K and J,, = 98 K. 

The molecular field model was used to analyse the dependence of M magnetic moments on the exchange 
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. 14, the induced M magnetic moments, Aph(, scale linearly with 
the variation of exchange field [76 B 133 

APT, = V~AHelcr,. (12) 

The proportionality constants in the above relation are Vc,~(1/3)10-~ pa/Oe and V,,r(l/18)10-6p,/Oe. I$ 
has the same dimension as the magnetic susceptibility and is supposed for T>Tc to vary slowly with 
temnerature. The An,,, induced magnetic moments calculated with relation (12) are in good agreement with the 
experimental data c76 B 13, 76 B 17, 78 B 12, 79 B 13, 80 B 13, 81 B lo]. 

0 2 6 8 10~060e' 
AH,,,, - 

Fig. 14. Variation of Co and Fe induced magnetic mo- 
mcnts in Gd,Y, -,M, (M =Fe or Co) compounds as 
function of the variation of the exchange held [76 B 131. 
A~,,=(1/3).10-~AH,,,, un/Oc and 
Ap,pr:,=(1/18)2)).10-6AH,,,, uo/Oe. 

As mentioned above the Co magnetization in RCo, compounds is driven by the 4f magnetic moments. The 
ErCo,, HoCo,, and Dy<‘oz compounds show first-order transitions between the ordered and the paramagnetic 
state [66 L 4, 72 B 10, 75 B 43. In case of systems with light rare earth compounds, or in TbCo, and GdCo,, a 
second-order phase transition is observed [72 B lo]. 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 41. The analysis of the pressure dependence of T, values in RCo, compounds [71 B 91 suggests that the 
type of phase transition may be connected with the Co band structure. Based on this observation a model has 
been proposed [70 B 41 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 > Tc supposed to be only weakly temperature-dependent. In this case, the &/Tin relation (9) 
is replaced by xrrr, ,,, the paramagnetic susceptibility of M metal when the magnetization of the R atoms is nil. The 
total magnetic susceptibility is the exchange-enhanced susceptibility 

A’=-&= XM,O 

I- hf XM, 0 . 

The total susceptibility of RM, (M = Co) samples is given by 

where 

@ = Km + X&&R . 

The spontaneous magnetization of Co atoms may be described by 

(15) 

(16) 

The above model [70 B 43 neglects the temperature dependence of the magnetic susceptibility associated with 
the Co 3d band. This was later considered [75 B 41 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 250K. Thus, the 
presence of the first-order phase transition in DyCo,, HoCo,, and ErCo, (T,< 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 T~250 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 I]. The model [75 B 41 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 100 K [66 L 4,72 B IO]. 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 C 91. 
The state density of YM, compounds was computed in tight-binding approximation by using the method of 
moments [75 D I]. 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 
Jo(g,- 1) (J,), where in the molecular field approximation Jo = 2g, u& (g,- I)- ‘. 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 situation is evidenced in RCo, compounds. Ifthe temperature of 
the second-order phase transition, T&, is greater than T, corresponding to the first-order phase transition, the 
magnetization develops continuously by decreasing temperature, and thus a second-order phase transition takes 
place. When Td < T,, 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 61. 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 [SO G 4, 83 G 31. 
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Co(2c) 
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l- 

Fig. 15. Schematic plot of the magnetic behaviour of 
ThCo, 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 magnetization 
and magnetic susceptibility of ThCo, compound is 
plotted [Sl G 63. 

Wohlfarth [79 W 43 extended the model of Bloch et al. [75 B 43 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 Tc values of(Gd,Y, _ JCos compounds 
is also good, but not for Gd(Co,AI, -&s compounds [81 SS]. 

Gomes and Guimaraes [74 G 93 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-f exchange interaction. 

0.6 

R- 

Fig. 16. Composition dependence of the mean magnetic 
moments at 0 K of Co and Fe atoms determined in Gd 
and Y compounds by saturation magnetization [73 B 183. 
In all casts a decrease of the Fe and Co mean magnetic 
contributions is observed when increasing the R (R = Gd 
or Y) fraction in the compound. 

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 
[77S 16, 77s 17, 77s 181. 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 183, and also predicts the antiparallel 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 I]. By modifying 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 YCo, and Y,Co,, has been computed in the tight-binding 
approximation using the continued fraction method [SS S 251. 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 YCo, 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 I,85 Y I,85 Y 3,86 Y I,86 Y 21. 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 11. The same problem was discussed in case of RCo, compounds (R = Lu, Sc,Ti, Zr, Hf) [SS Y 31. 
The energy band structure of CeCo, was calculated by using a self-consistent APW method [86 Y 43. The local 
density of states at Ni and Y sites and the total density of states are computed for Y,Ni,,, YNi,, 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 81. 

The local band models [79 C 1,79 M 17,79 P 4,84 B 8,85 K 131 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 Tc, 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, [Sl D 41. The magnetic behaviour of Y(Mn, -XAl,), 
compounds was analysed in the model developed by Moriya [79 M 171. 

The maxima in x(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 91 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, -J2 [77 I I] 
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,, g 20 K for ScCo,, T,, 2 35 K for YCo,, and 
T,,EI~K 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 31. 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 [Sl G 61, 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 [77 C I, 80B 3, 76M 16, 80N2]. As example we mention CeNi [84F2], YCo,, 
LuCo, [76Bl5, 7611116, 77B6, 78Ml2, 78Ml31,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 [71 t I,73 w I]. Then, the effect of exchange interactions 
was emphasized [66 L 5, 74 B 12, 75 B 91. 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 61. 
The same behaviour was observed in case of Gd-Fe amorphous alloys [76 G 13’1, La(NiCu), compounds 
[82 W 21, 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, -X)z [74 B 121 or Y(Fe,Co, -.Jz [78 B 13, 
8OY 11 compounds. A different behaviour was suggested by the analysis of L,,, absorption spectra in Dy(MAl),, 
M = Fe, Co compounds [82 S 20,82 S 21,84 S 141. In these cases a charge transfer between 3d M and 5d Dy bands 
is considered. Chiu et al. [79 C 33 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 Niel[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 NCel-Slater curve in case of 
rare-earth-transition metal compounds has been obtained by pressure studies [73 B3] on RFe, systems, 
although previously suggested [69 G 1,71 B 121. From the experimental results each compound can be placed on 
the curve - Fig. 17. The pressure studies on R2M,, (M = Fe, Co or Ni) [75 J l] can be also considered on the 
basis of the Ntel-Slater curve. The Fe magnetic moments in RFe, compounds also exhibit the general feature 
of the above curve [81 S 111. 

d-2r- 

Fig. 17. Necl-Slatcr curve describing the dcpcndcncc of 
the exchange interactions on the distance bctwccn 3d 
transition metal atoms [36N 1, 73 B 33. 2r: atomic 
diamctcr. 

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 33 and was used to explain the magnetic properties of some RCo, compounds [75 B 4,81 G 63. 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 lo]. 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 73. 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 [65 J 1, 74 B 123 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 ofsimilar atoms as nearest neighbours than a 
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 

P(x, n, N) = 
N! 

n!(N--n)! 
x”(1 -X)N-“. (17) 

The probability for a M’ atom to be surrounded by at least n, M’ atoms as nearest neighbours is given by 

P,Jx)= ; P(x,n,N). (18) n=nc 

The mean magnetic moment of the alloy is 

Phftx)= xp”ctxb, tx = 1). 
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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, -Jz 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 IO,77 B lo]. In addition, the transition metals can loose only a fraction of their magnetic 
moments. 

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, 
[74 B 121. Open circles are data from [69 T l] and full 
circles are data from [74 B 121. By the solid curve the 
relation (19) with n,=3 and N=8 is plotted [74B 12-j. 

0 
0 

GdNi, 
0.4 0.6 0.8 1.0 

x- GdCo, 

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, -J13 [79 B 51, Y(Fe,Co, -& [78 B 13, 80Y I], 
Y(Co,Ni, J5 and Y(Co,Cu, -& [77 B 231, Y(Mn,Co, -Jz [79 0 I], Gd(Co,Al, -J2 [81 B IO], Gd(Co,Ni, -JZ 
[75 C 11, etc. The NMR studies show also local environment effects, as for example in Y(Fe,Co, -JZ [76 0 9, 
80Y 11, Gd(Co,Ni, -JZ [8OT 31, Gd(Fe,Co, -JZ [78 B 1 I] compounds. 

Local environment effects were observed by the analysis of 57Fe hyperfine field values in Y(Fe,Mn, -J2 and 
Hf(Fe,Co,-,), [79V2, 80V 11. 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 

f4,,,(n, m) = ff,,,(O, 0) - n? AH 6, j) (20) 
i,j 

in which AH(n, m) = mAH(n, 0)/3 for AH@, m) = H,,,(O, 0) - H,,,(n, m). 
Local environment effects on the 57Fe hyperfine field has been also reported in R(Fe,Co, -.JZ [76 W 3, 

79 M 161, Y(Fe,Al, JZ [77 V 41 compounds, etc. 
At low temperatures the presence of spin waves is evidenced by using the inelastic neutron scattering [76 N 7, 

77 R 1,78 R l] (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 

where 

hw(qFi+(q)= -2 ,f, C(si,>Jij(dsf(4)-(sj,>Jij(o)s+(dl 

+ Asi+(qJ (4,1+ 6i, 2) 9 (21) 

and A 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, i = 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 83. The percolation limit depends strongly on the matrix magnetic susceptibility. Mictomagnetic behaviour 
can be deduced from magnetic, Miissbauer 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 Mossbauer spectra, although no 
maxima of the low-field magnetization as a function of the temperature are observed. The mictomagnetic 
behaviour ofY(Fe,AI, -X)2 compounds was discussed also by other authors [82 H $84 R 3). The same behaviour 
was observed in pseudobinary Laves phase compounds [82 H 43, La(Fe, -,Ni,), [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: 

Crystal structure and lattice constants 
RW [64M2,69K2, 69K3, 73B17, 74Kl1, 79il]; R=Nd, Sm [7OK4] 
RFe, R=Sm [71B17]; R=Tb [76Dl]; R=Dy [7OVl, 7OV2]; R=Ho [71M6]; R=Er [69B5]; 

R=Th [71 B16] 
RCo, [66B5, 71B15, 75P3,76A2,77A4, 77Pl); 

R=La [67B3, 74KlO); R=Ce [73R2, 74KlO]; R=Pr [73R2]; R=Nd [73R2]; R=Sm 
[69L3, 74K7, 7821, 79L8, 83Tl-J; R=Gd [62Sl, 69B3, 69B6, 69L3, 70B6]; R=Er 
[68B7];R=Yb[72B16];R=Lu [71G1,71G2];R=Y [71G1,71G2];R=Th [71B16] 

RNi, [77Pl]; R=La [72B17]; R=Sm [83T1, 88H3]; R=Er [68B5]; R=Yb [72B16, 73Pl] 
RM,H, [74K IS]; YFe,H, [8OV3]; CeCo,H, [8OV3]; LaNi,H, [76M 1, 76051; CeNi,H, [8OV3]; 

YNi,H, [8OV3]; YCo,H, [8OV33 
(R’R”)M, (SmPr)Co, [79 L 81; R(GaNi), [SO G 13); Ce(MnNi), [76 K l] 
R(M’M”), Dy(FeRe),, Dy(CoRe),, Dy(NiRe), [SS S 201 

Enthalpies of formation 
RN R=Gd, Dy, Er, M=Co, Ni [86S9]; CeM, [79D2]; YbFe,, YbCo, [79D2]; YFe, [85S24]; 

YCo, [85 S 24-j; CeNi, [86 C 81; GdNi, [86 C 8, 87 C4]; YbNi, [79 D 2-J; YNi, [87 C 41 

Thermal expansion 
SmCo,, GdCo, [74 B 143 

Hydrogen absorption and desorption 
RM,H, [75B16,7669, 77(315,78B21,78wl, 79B18,79i1,84bl, 8789, 88f1, 88g1, 88~11 
RMn,H, [76 V 31 
RFe,H, [76V3]; R=Ce [78C2]; R=Y [8OV3]; R=Th [75B16] 
RCo,H, R=Ce [78C2, 8OV3]; R=Pr [75C4]; R=Th [75B16] 
RNi,H, R=La [72B17, 76M1, 7605, 77B17, 78C3]; R=Ce [78C2, 8OV3]; R=Y [8OV3]; 

R =Th [75 B 163; LaNi,Mn,H, [86 J 31 

Magnetic studies 
RMx [71B21,73B16, 73B17, 73B19, 73K10, 74B8, 76D11, 79b2, 80B14, 84K5, 84K6, 85K6, 

85N2]; 
R=Sm [72S2(T)]; R=Y [8513(T), 87Sll(T)] 

RFe, [69Gl, 74D1,8416(T), 85B9, 86P7, 86R3, 87B8-j; 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
79Sll(T)l; R=Ho [71M6]; R=Er [69B5]; R=Lu [73B3); R=Y [71G3, 73B3, 76B17, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

RCo, [68Ll,71 B15,72Bll, 73B18, 74G9(T), 79W4, 8416(T), 85B9, 87B7]; 
R=La [87G3]; R=Ce [81S13]; R=Sm [78Zl]; R=Gd [59Nl, 60H3, 66B5, 69B3, 
70B6, 70B7, 73B15, 74B10, 76B17, 77Sl6(T), 77S17(T), 77S18(T), 78L1, 78L2(T), 
81K2*,85S17,8614,87B1];R=Dy[81G17];R=Er[68B7];~=Lu[71G1,71G2];R=Y 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
86S13(T),87B1,87S11(T),88G2];R=Th[71B16,81G7] 
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RNix [86Ll, 83511; R=La [52Wl]; R=Ce [81Sl3]; R=Gd [72B14, 77S17(T), 86141; R=Er 
[68B5]; R=Y [81G5, 8lG7, 83B4, 84S8(T), 86S13(T), 87G3] 

RKH, [78B21, 78W1, SOWI]; 
RMn,H,, RFe,H, [78 W 31 

R(M’M”), [SS W 21; Y(CoFe),, Y(CoNi), [71 P 21 

Neutron diffraction 
RN [87Vl]; YNix [81 G5] 

Nuclear y-resonance 
57Fe RFe, [82S13]; YFe, [74Gl6] 
“‘Gd GdM, [76 V 4, 85 D 5, 85 D 61 
16rDy DyCo, [Sl G 17, 82B 141 

FMR and EPR studies 
GdNi, [SOB 151 

Anisotropy 
GdCo, [81 K 2*]; YCo, [SST 71 

Magnetoelastic effect 
RM, [79 G4]; YFe, [78 S 221 

Specific heat 
RFe, [74Dl]; YFe, [86Sl3]; YCo, [85M6, 86C6, 86813, 87M6]; YNix [86Sl3] 

Resistivity studies 
CeNi, [SS B 81 

Thermopower studies 
YFe,, YCo,, YNix [86 S 13-J; RNix [85 G 171; CeNi, [84 L 73 

Magnetization processes 
RM, [76 D 1 I, 83 b I]; RFe, [86 R 31; GdFe, [69 G I]; YFe, [69 G 11; RCo, [78 S 91; ErCo, [68 B 7-J; YNix 

[Sl G4] 

Domain structure 
HoCo, [79K6]; ErCo, [79K5] 
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2.4.2 Data 

2.4.2.1 R,M compounds 

Crystal structure, lattice parameters 

Table 3. Structural parameters of Ho,Co compound 
C69B4-J. 

Atom Site x Y Z 

Ho(l) 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) [67 L 23. 

a b C 

La,Ni 7.22 10.24 6.60 
Pr,Ni 7.07 9.96 6.49 
Nd,Ni 7.04 9.86 6.43 
Sm,Ni 6.99 9.72 6.37 
Gd,Ni 6.95 9.68 6.36 
Tb,Ni 6.88 9.61 6.29 
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 

Table 4a. Lattice parameters of R,Co compounds (A). 

R3 Co, RJ Ni 

Fig. 19. Crystal structure of R,M (M=Co, Ni) com- 
pounds. The positions of the atoms in R,M lattice arc 
given in Table 3. 

[61 C 33 [68G1,70F1,73Gl] [69 B 43 

a b c a b C a b c 

La,co 7.279 10.088 6.578 7.28 10.09 6.58 7.277 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 6.97 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 
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2.4.2 Data 

2.4.2.1 R,M compounds 

Crystal structure, lattice parameters 

Table 3. Structural parameters of Ho,Co compound 
C69B4-J. 

Atom Site x Y Z 

Ho(l) 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) [67 L 23. 

a b C 

La,Ni 7.22 10.24 6.60 
Pr,Ni 7.07 9.96 6.49 
Nd,Ni 7.04 9.86 6.43 
Sm,Ni 6.99 9.72 6.37 
Gd,Ni 6.95 9.68 6.36 
Tb,Ni 6.88 9.61 6.29 
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 

Table 4a. Lattice parameters of R,Co compounds (A). 

R3 Co, RJ Ni 

Fig. 19. Crystal structure of R,M (M=Co, Ni) com- 
pounds. The positions of the atoms in R,M lattice arc 
given in Table 3. 

[61 C 33 [68G1,70F1,73Gl] [69 B 43 

a b c a b C a b c 

La,co 7.279 10.088 6.578 7.28 10.09 6.58 7.277 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 6.97 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 
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nm (Tb,-,Y,)3Co o nAa A*" 
0.704 I I h 
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0.942 
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0.2 ;: 
.* 0 

cd “* 0.932 
ooo.~” 

0 
0.930 

0 50 100 150 200 250 K 300 
T- 
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0.632 

0.630 
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0.414 

0.410 
0 50 100 150 200 250 K 300 

b l- 

Fig. 20. Thermal variations of lattice parameters a and b 
(a), lattice parameters c and unit cell volume V (b) for 
(Tb, -xYx)3Co single crystals. The above data suggest a 
change of the magnetic structure for x 2 0.3 [86 A 71. 

For structure and lattice parameters, see also: 

R,Co [68G1,70B10,71B15,73G1];R=La,Pr,Nd,Sm,Gd,Tb,Dy,Ho,Er,Y[69B4];R=Gd,Dy, 
Ho, Y [88T2*]; R=Gd [87Cl]; R=Yb [86T6]; R=Dy [64W7] 

R,Ni [69 P 11; R = La, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Y [67 L 21; R = Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm 
[68Fl]; R=Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm [70B2]; R=La [61C3]; R=Yb [86T6] 

(R’R”),M (TbGd),Co [80D5, 83S5, 84S4*, 87Cl] 
R,(M’M”) Gd,(FeCo) [73 P 31; Gd,(CoNi) [72P 1, 73 P 31 

For thermal expansion see also 
(TbGd),Co [83 S 51; (TbY),Co [86 A71 

Landolt-Bornstein 
New Series IW19d2 

Kirchmayr, Burzo 



Magnetization, Curie temperatures 

Table 5a. Magnetic properties of R&o compounds. 

Ps h3m TN (W T,(K) 0 WI Pelf hm H, We) ‘? 

68Gl ‘), 72P32) 70B63) 68G1, 70B6 72P34) 68G1, 68Fl 70B6 68G1, 70B6 72P3’) 68G1, 
70Fl 70Fl 70Fl 73Gl 73Gl 

La&o 
Pr,Co 
Nd,Co 
Sm,Co 
Gd,Co 
Tb,Co 
DY,CO 
Ho,Co 
Er,Co 
Tm,Co 
Y,Co 

1.1 
1.7 

7.3 
5.3 
5.4 
5.9 
6.0 
3.5 

Pauli paramagnet [77 b I, 73 G I] 
1.3 

14 
Pauli paramagnet [68 G I] 
8.1 7.2 127 
8.0 82 
6.4 45 
7.6 24 
6.9 

Pauli paramagnet [68 G I, 73 G I] 

~,,=48.10- 3 cm3/mol [77 b I] 
7 18 

14 35 

130 143 159 160 
76 85 
45 65 
23 44 
13 7 20 

5 0 
xp = 6.5 . 10m4 cm3/mol 

3.2 5 
3.4 IO 2; 20 

8.1 8.05 9 4.7 
10.1 63 IO 
10.3 52 
10.1 2 
9.4 0 
7.4 

‘) At 4.2 K in fields of 60 kOe. 
‘) At 4.2 K in pulsed fields of 160 kOe. 
‘) At 4.2 K in fields of 30 kOe. 
4, Temperature of the peak in initial susceptibility. 
5, Determined in pulsed magnetic field. 
6, At 4.2K. 



Table 5b. Magnetic properties of R,Ni compounds. 

68Fl’) 70B2’) 72P33) 68Fl 72P34) 68Fl 72P3 “) 73P3 68Fl 68Fl 

Pr,Ni 0.64 0.72 2 -24 3.70 
Nd,Ni 0.50 0.70 15 0 3.60 
Gd,Ni 4.20 5.10 8.10 100 100 51 W) 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 4.90 5.30 7.30 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 

‘) At 4.2 K in fields of 60 kOe. 
‘) At 4.2K in fields of 70 kOe. 
3, At 4.2 K in pulsed field of 160 kOe. 
4, Temperature of the peak in initial susceptibility. 
‘) In pulsed magnetic fie!d. 
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2 

PB R&o /c- R = Nd 
/' 

/' 

Ed 

1 

2 

PB R3Ni 

1 

R = Nd 

0 40 80 120 kOe 160 
H- 

0 

0 &O 80 120 kOe 160 
H- 

Fig. 21. Magnetic field dcpcndcncc of the magnetization in R&o and R,Ni compounds in pulsed magnetic fields 
[72P 33. By broken lines the data obtained in static magnetic field arc plotted [68 F 11. These show a field-induced 
phase transition in preponderantly antiferromagnetic compounds (R =Nd, Gd, Tb, Dy, Ho). The critical field strength 
in pulsed magnetic field 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 I]. 

8 
mol 
cm3 
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6 
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-!g 4 
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0 50 100 150 200 250 K 300 

60, I I I I I 

-x Gd,Co X- Gd3Ni 

Fig. 23. Composition dependence of the critical magnetic 
field at 4.2K in some pseudobinary Gd,Co,-,M, 
(M = Fe, Ni) compounds [73P 33. 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 Gd,(Fe, Co) system, a 
value H,zO is obtained for a composition close to 
Gd3%.lCoo.g. 

T- 

Fig. 24. Thermal variations of reciprocal magnetic sus- 
ceptibilities for some R,M-based compounds [73 G 11. In 
all cases a Curie-Weiss behaviour is shown. 

For magnetic properties see also 
R&o [70Fl]; R=Nd, Gd, Tb, Dy, Ho, Er [72P3]; R=Gd, Tb, Dy, Ho [71T3]; R=Gd [7OS8, 

87C1, 88T2*]; R=Tb [74G6]; R=Dy [80Bl, 88T2*]; R=Ho [88T2*] 
R,Ni [69 P 1, 70 F 11; R=Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm [68 F I]; R=Gd, Tb, Dy, Ho, Er [72P 31; 

R=Tb [82G4*] 
(R’R”),M (TbGd),Co [80 D 5, 86 S 10, 87 C 1-j; (TbY),Co [72 T 2, 77 D 4, 86 B 51 
R,(M’M”) Gd,(CoFe) [72P 1, 73 P 31; Gd,(CoNi) [72P 1, 73 P 31 

For magnetization processes see 
R,Co [68Gl, 71P3]; R=Nd, Gd, Tb, Dy, Ho, Er [72P3]; R=Dy [72T3, 80B13 
R,Ni R = Gd, Tb, Dy, Ho, Er [72 P 31 
(R’R”),Co (TbY),Co [72 T 2, 86 B 5-J 
RJM’M”) Gd,(CoFe); Gd,(CoNi) [72P 1, 73 P 31 

Landolt-BOrnstein 
New Series IIV19d2 Kirchmayr, Burzo 
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Neutron diffraction studies 

TbJo 
1=4.2K 

a- 0 lb 0 co 
-b 

Fig. 25. Projection of the Tb,Co magnetic structure, at 
4.2 K on the (0,~) and (h,c) planes. The Tb magnetic 
moments are p&c) = pTb(8d) = 8.8 pa, COSZ:~ = -0.44, 
cosz~=O.90, ~os,*,8~=0.31, c0sr,8~=0.44 and cosrgd 
=0.84, and p,,zO. This mapnctic 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 c axis having the 
mean magnetization pTb =(8.8/2) (0.90 + 0.84) ua = 7.6 us 
[73 G 11. 

Fig. 26. Projection of the magnetic structure of Er,Co at 
4.2 K on the (o,b) and (h,c) planes dctcrmincd by neutron 
diffraction mcasurcmcnts [73 G 11. The Er magnetic 
moments on 4c and 8d sites arc p,,(4c) =p,,,(8d) 
=6.0(S) 11~. with cosrr!‘= 1 c0sr;~=0.28(1), cos;” 
=O.SO(lO) and cosxfd= :0.52(l). This structure shows a 
preponderantly ferromagnetic bchaviour. 

Er, Co 
l=L?K 

C 
1 

1 

a 

OEr l Co 
q,--& 

Kirchmayr, Burzo 
LandoIl-BWwein 
New Serie 111/19d2 
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+a------! 0 or l Ni 

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

For neutron diffraction studies see 
Tb,Co [74 G 6, 83 B 23; Er,Co [70 G I]; Tb,Ni [70 L 2, 82 G 4*]; ErsNi [70 B 2,70 F 1, 70 G l] 
(TbY),Co [86A 7,86 B 51 

Miissbauer effect 

For nuclear y-resonance see 
57Fe Dy,Fe [82 Z 23 
r61Dy Dy,Co [81 G 171 

Anisotropy, magnetostriction 

For magnetostriction see 
Dy ,Co [SOD 61 

For elastic properties see 
Gd,Co [84 B 11 

For anisotropy see 
(TbGd),Co [SOD 51 

.& 

3 

I 
G2 

1 

0 
Cl 0.2 Ok 0.6 0.8 1.0 

Tb$o, x- Y&o 

Fig. 28. Composition dependence of the volume mag- 
netostriction of (Tb,-,YJ,Co compounds.at T=OK 
[86 A7]. These values may be analysed in correlation with 
the magnetic phase transitions. 

Landok-B6irnstein 
New Series IIV19d2 Kirchmayr, Burzo 
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Transport properties 

160 
p&m 
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160 40 

80 160 
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1 I I I IQ I 160 80 

Q 
120 
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160 
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160 

120 
0 50 100 150 200 250 K 300 

Fig. 29. Thermal variation of the electrical rcsistivity 
measured along the c axis of (Tb, -,Y,),Co compounds. 
The data denoted by I wcrc obtained on samples bcforc 
the magnetic field was applied and by 2 after the samples 
were magnctizcd from 0 to 3.5 7: The N&cl tcmpcraturcs 
are indicated by arrows. TB is the spin glass tcmpcraturc 
and T, the transition tcmpcraturc from the held-induced 
magnetic state to the antifcrromagnctic state [86 B 51. 

175 
A-- 
mol K 

150 

0 20 40 60 80 K 100 

Fig. 30. Temperature dependence of the spccitic heat in 
La&o 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 spontaneous magnetization [73 G 11. The La&o 
compound shows a Pauli-type paramagnctism. 

For electrical resistivity studies see 
R,Co [82D5]; R=Gd, Dy, Ho, Y [88T2*]; R=Dy [SOD63 
(Tb, Y),Co [86 B 51 

Kirchmayr, Burzo 
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2.4.2.2 R,M, compounds 

Crystal structure, lattice parameters 

Sm5Coz 

a 

1 Sm 

co 

ho = I/4 b 

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= l/2 and 
black Sm atoms with y z 1.0. (b) Arrangement of prisms 
centred at Co atoms with yc, z l/4. White Sm atoms with 
yg l/2 and black Sm atoms with ygO.0 [76 M 181. 

Table 6. Atomic positions in Sm,Co, (space group C2/c) compound [76 M 181. 

Atom Site 

Sm(1) 8f 
Sm(2) 8f 
Sm(3) 4e 
co 8f 

x Y Z 

0.0940(l) 0.1116(3) 0.4156(2) 
0.2162(l) 0.5701(3) 0.3156(2) 
0.00 0.5750(4) 0.2500 
0.1107(3) 0.2901(7) 0.0738(6) 

Table 7. Lattice parameters of R,Co, compounds [76 M 183. 

4% b(A) c(4 B 

PrsCo, 16.540 6.480 7.100 98.6” 
NdsCo, 16.370 6.430 7.080 96.7” 
SmsCo, 16.282 6.392 7.061 96.61” 

Land&-B6mstein 
New Series 111/19d2 

Kirchmayr, Burzo 
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2.4.2.3 R,M3 compounds 

Crystal structure, lattice parameters 

a 

Cell I 
0 

Ce(21 

Ce(3) 0 Ni 

b -’ 

Fig. 32. Crystal structure of Ce,Ni3 compound. (a) The 
structure in projection down the c 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 G(3). The large open circles are 
Cc(l), the dotted circles are Ce(2), the lined circles are 
Ce(3) and the small open circles are Ni atoms. The z and y 
coordinates are also given in (a) and (b), respectively. The 
positions of the atoms in the lattice are presented in 
Table 8 [61 R 11. Table 8. Atomic positions in Ce,Ni,-type structure 

(hexagonal having P6,mc-space group) [61 R 1-J. 

Atom Site x z 

Ce(1) 2b 
Ce(2) 6c 

Ce(3) fk 
Ni tic 

113 0.7888(24) 
0.1250(5) 0.0 
0.5391(S) 0.8011(12) 
0.8118(11) 0.0496(26) 

Kirchmayr, Burzo 
Landolt-BOrnstein 
New Series lllr’l9d2 



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

56Fl 61Rl 69Pl 7308 78B18 78F6 7603 

a c a C a C a c a C a C a ‘1 c ‘) 

La,Ni, 
Ce,Ni, 
Pr,Ni, 
Nd,Ni, 
Th,Fe, 
Th,Co, 
Th,Ni, 
La,Ni,H,, 

10.06 6.46 10.140 6.383 10.138(l) 6.471(l) 10.140(5) 6.475(3) 10.138(l) 6.471(l) 
9.930(20) 6.330(20) 9.926 6.311 9.920(20) 6.330(20) 

9.87 6.31 9.904 6.322 
9.81 6.29 9.879 6.289 

9.850 6.150 
9.830 6.170 
9.860 6.230 

amor- 
phous 

‘) Neutron diffraction study. 

For lattice parameters see also 
R,Ni, [61 R 1, 73 0 81; 
La,Ni,, La,Ni,D, [78 F 6, 78 F 71. By hydriding 
La,Ni,D, decomposes in LaD, + LaNi, [78 F 71, Ce,Ni, [78 F 61 
Th,Co,H,, Th,Ni,H, [80 M I] 
Th,M,H,, M = Fe, Co, Ni [56 F 1,82 S 1 I] 

For hydrogen absorption in R,M, compounds see 
La,Ni,H,,.,, Ce,Ni,H,,., [78 B 18,78 B 191 
La,Ni,H, [76 0 5,77 B 17, 78 B 19, 78 F 71; La,Ni,H,, Ce,Ni,H, [78 B 183 
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Magnetization, Curie temperatures 
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Fig. 33. (a) Magnetic field depcndcncc of the Ce,Ni, 50 
magnetizations measured at 1.5 K along the a, hand c axis mol 

of the orthohcxagonal cell. (b) shows the thermal vari- cm3 

ation ofthe total electrical resistivity at low temperatures. 

I 

40 

In this compound Ce is close to the trivalent state and 
orders antiferromagnetically at 1.8 K. Although the mag- 
netic structure is rather complex due to the low symmetry 2 30 

of the Ce sites, the magnetic susceptibility is the highest 
along the c axis. Along this direction the magnetic field 

2 

dcpcndcncc of magnetization exhibits a mctamagnctic 
II 2. 

transition in low field. The minimum of the electrical 
FE 
H 

00 
nol 
:m3 
80 

rcsistivity observed around 4K shows that Ce,Ni, is a 
Kondo lattice system [85 G 63. In case of Ce,Ni,H, no 
magnetic order was observed [76 0 5, 78 B 18-j. 

10 

0 
0 100 200 300 400 K 500 

l- 

Fig. 34. Thermal variation of the reciprocal magnetic 
susceptibilities for R,Ni, (R=La, Ce, Pr, Nd) com- 
pounds. Triangles [66 K 23, other symbols [73 0 81. 
La,Ni, shows a Pauli-type paramagnetism. For R = Pr, 
Nd and Ce (Tk60K) a Curie-Weiss behaviour is 
evidenced. 

For magnetic properties see also 
R,Ni, [66 K 2, 73 0 83; Ce,Ni, [SS G 63 
Ce,Ni,H, C78 B 18,78 F 63; Th,Fe,H, [78 M 4,78 W 3,80 M I,82 S 11-J; Th,Co,H, [SO M l] 
Th,Ni,H, [SO M I] 

Kirchmayr, Burzo Landolt-BOrnstein 
NW S&cc 111/19dZ 



Table 10. Magnetic properties of R,M, compounds. 

T,(K) Ps Wf.u.) 

85G6 78M4 78B18 

Peff ww @ (K) 

78M4 66K2 7308 78B18 66K2 7308 

La,Ni, 

Ce,Ni, 
Pr,Ni, 
Nd,Ni, 
Th,Fe, ‘) 
LWi3H19.3 

‘SFe3K 

1.8 

Pauli paramagnet 
~~=0.70(5).10-~cm~g-’ 

2.41 2.16 -38 13 
3.60 3.55 -2 23 

3.33 48 
Pauli paramagnet 

Pauli paramagnet 
xg=0.8(1)+ 10v6cm3g-’ 

4.2 

‘) Th,Fe, is a superconductor below 1.86 K [78 M 41. 



40 2.4.2.3 R-3d: R,M, [Ref. p. 405 

B&barter effect 

‘Fe: Th,Fe, [80 B 183 

ransport properties 

or electrical resistivity of Ce,Ni, see [85G 173. 

I- 

Fig. 35. Thermoelectric power (TEP) as function of tem- 
perature for CeNi, (a) and LaNi, (b) compounds 
[85G 173. For CeNi a maximum in Q(r) of 55 uV/K, at 
T= 1 lOK, is obscrvcd. 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,, Ce2Ni, and CeNi, is determined by 
scattering from Ni-dcrivcd 3d states [84 C 11. Ce,Ni, 
exhibits a double structure in Q(T). Comparison with the 
results for the La,Ni, suggests that the low-lying peak is 
due to phonon drag. After subtraction of the phonon drag 
contribution one is left with a negative diffusion TEP at 
low 7; being characteristic of a Kondo lattice. 

Kirchmayr, Burzo 
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2.4.2.4 R,,M, 1 compounds 

41 

Crystal structure, lattice parameters 

Fig. 36. Projection of the structure of Ce,,Co, r 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 [62 L I]. 

Table 11. Atomic positions in Ce,,Co,, compound [62 L 11. 

Atoms Site x 

Ce(1) c 0.2011(7) 
Ce(2) c 0.2016(8) 
Ce(3) c 0.2029(6) 
Ce(4) c 0.2065(8) 
Ce(5) c 0.4580(6) 
Ce(6) c 0.4586(5) 

Ce (7) 
t 

0.1245(6) 

Ce (8) 113 
Ce(9) a 0 
Ce(l0) a 0 
Co(l) c 0.1456(19) 
Co(2) c 0.1503(21) 

co (3) 0.4819(16) 

co (4) i 113 
CO(~) a 0 

Z 

:::628(6) 
0.4414(6) 
0.7091(6) 
0.3057(6) 
0.5748(6) 
0.8542(6) 
0.8647(8) 
0.2070(10) 
0.0526(12) 
0.2762(12) 
0.5881(15) 
0.9290( 12) 
0.0845(27) 
0.4326(22) 

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

[62 L l] [8403] 

a c a C 

Ce2&ol 1 9.587(3) 21.825(10) 9.587(3) 21.840(10) 

Land&Bthstein 
New Series IIV19d2 Kirchmayr, Burzo 
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Magnetic properties 
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Fig. 37. Thermal variation of the reciprocal magnetic 
susceptibility for Ce,,Co,, compound in the temperature 
range (a) 4.2...1OOOK, and (b) 4.2...1OOK. The Curic- 
Weiss law is not followed and no magnetic order occurs 
down to 4.2K. A very small change in the thermal 
bchaviour of the magnetic susceptibility appears above 
the melting point, TM = 750 K. The abnormally low values 
of the magnetic susceptibility could bc understood by 
assuming that Co is nonmagnetic and Ce is a 
tempcraturc-depcndcnt mixed-valcncc-state ion [84 0 33. 

Photoemission studies 

3.30 , I 

Ce24b 

I I25 - 

I I 

%A. I I / 

--t---d 

0 100 200 300 400 500 600 K 1 00 

Fig. 38. Temperature depcndencc of the valence of Ce in 
Ce,,Co,, deduced from XPS measurements (broken 
lint). 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 ncgligiblc tempcra- 
turc dcpcndence of the valence deduced from XPS is a 
strong and direct expcrimcntal support in favour of the 
importance of the interaction of Cc4f with Bloch states. 
This interaction is the origin of the slower temperature 
depcndencc than expcctcd for isolated ions [85A 11. 

Kirchmayr, Burzo Landok-B(lmctein 
Ncu Seriec 111/19d2 
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2.4.2.5 R, 2M, compounds 

Crystal structure, lattice parameters 

0 Ho . Co 

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(l) is at the center of trigonal prism, CO(~) is surrounded by an Archimedian antiprism and 
CO(~) is at the center of a cube. For clarity of presentation the coordination figure around CO(~) has not been given. If 
3.10 A is to be considered the upper limit of the acceptable coordination distances, CO(~) 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 [76A I]. 

Table 13. Atomic sites in Ho&o, (space group P2,/c) compound [76A I]. 

Atom Site x Y Z 

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

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

a(4 b (A) cc& B 

Gd,,Co, 8.410 11.390 14.020 138.8” 

Tb,Ko, 8.390 11.320 13.970 138.8” 

DYI&O, 8.360 11.250 13.920 138.8” 

Ho&v 8.327 11.191 13.871 138.8” 

Er12C07 8.300 11.160 13.820 138.7” 

Land&-Bornstein 
New Series IW19d2 Kirchmayr, Burzo 
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2.4.2.6 RsM, compounds 

rystal structure, lattice parameters 

a 

Fig. 40. Linkage of the trigonal prisms in Y&o, demon- 
stratcd 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 ccntrcd at Co atoms with 1/4~yc,,~3/4. (b) 
Arrangement ofprisms ccntrcd at Co atoms with 3/4syc0 
65/4. (c) 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. 
Thcsc units are linked in different ways: some sharing 
facts, some sharing edges and some sharing corners. The 
linkage cocfhcient is in agreement with the overall 
composition of the compound [76 M 193. 

Kirchmayr, Burzo 
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Table 15. Positions and isotropic thermal parameter of the atoms in 
Y&o, compound [76 M 191. 

Atom x Y Z u(10-2A2) 

Y(1) 
y (2) 
Y(3) 
y (4) 
Y(5) 
Y(6) 
Y(7) 
Y(8) 
Co(l) 
co (2) 
Co (3) 
co (4) 
co (5) 

0.360(l) 
0.471(l) 
0.308(l) 
0.212(l) 
0.000(1) 
0.188(l) 
0.685(l) 
0.141(l) 
0.025(l) 
0.835(l) 
0.637(l) 
0.097(l) 
0.489(l) 

0.185(l) 
0.173(l) 
0.815(l) 
0.835(l) 
0.181(l) 
0.182(l) 
0.956(l) 
0.976( 1) 
0.142(l) 
0.028( 1) 
0.029( 1) 
0.030( 1) 
0.884( 1) 

0.963(l) 
0.823(l) 
0.298(l) 
0.441(l) 
0.337(l) 
0.196(l) 
0.415(l) 
0.064( 1) 
0.479(l) 
0.133(l) 
0.282(l) 
0.765( 1) 
0.905(l) 

1.2(2) 
1.2(2) 
1.1(2) 
1.3(2) 
1.2(2) 
1.0(2) 
0.9(2) 
1.5(2) 
1.6(3) 
1.1(3) 
1.6(3) 
1.3(3) 
1.5(3) 

Table 16. Lattice parameters of YsCo, compound [76 M 191. 

44 

7.058(2) 

b(A) 

7.286(2) 

4) B 

24.277(8) 102.11(7) 

Magnetic properties 

Table 17. Physical properties of YsCo, compound determined in the temperature range 
1.6 and 7 K [86 C 63. 

Y 0 
KD 

Xm 
mJmol-1K-2 . 10-4cm3mol-1 

q-w~gw 7 

Y&o, 2, 4.6 221 6.7 4.8 

‘) Ratio between the electronic density of states at the Fermi level determined from 
magnetic susceptibility and specific heat measurements, respectively. 

‘) Superconducting transition temperature is 0.117 K. 

Land&B&mstein 
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2.4.2.7 R,M, compounds 

Crystal structure, lattice parameters 

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

a Er 

Ni Er 

Er 

b 

Er 

Er 

Er 

d 

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

Fig. 42. Stacking of polyhedra along the c axis in one 
hexagonal ccl1 of Er,Ni,. Successively, one regular octa- 
hedron of Er atoms ccntred at the origin (z=O), 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 (l/2 <z < 1) of the 
figure is rclatcd to the lower part (O<z<1/2) by a 
symmetry ccntrc at z = l/2 [74 M lo]. 

Kirchmayr, Burzo Landolr-B&imctein 
New Serirc 111119d2 
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Fig. 43. Three-dimensional view along the c 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 c axis since Er(3) and Ni atoms have very 
similar z parameters [74 M IO]. 

Table 18a. Atomic sites in Y&o, - 
Pnnm space group [75 M 91. 

Atom x Y Z 

Y(1) 0.128(l) 0.193(l) 0 

Y(2) 0.387(l) 0.373(2) 0 

Y(3) 0.137(l) 0.574(2) 0 

Co(l) 0.269(2) 0.860(2) 0 

co (2) 0.462(2) 0.883(3) 0 

Table 18b. Atomic sites in ErsNi, - R3 space group 
[74 M IO]. 

Atom Site x Y Z 

Er(1) 3b 0 0 112 
Er(2) 6c 

Er (3) 18f :.2357(3) -i.O175(3) 
0.2915(3) 
0.0930(l) 

Ni 18f 0.580(l) - 0.0229(9) 0.0630(4) 

Table 18~. Atomic sites in DysNi, - 
C2/m space group [75 M 91. 

Table 18d. Atomic positions in YsNi, - P4,2,2 space group 
[77 L 11. 

Atom x Y z 

DY (1) 0.1322(2) 0 0.9972(2) 

DY (2) 0.4038(2) 0 0.3284(2) 

DY (3) 0.1442(2) 0 0.3696(2) 
Ni(l) 0.5352(6) 0 0.1435(7) 
Ni (2) 0.7439(4) 0 0.2266(7) 

Atom Site x Y Z 

Y(1) 4a 
Y(2) 4a 
Y(3) 8b 

Y(4) 8b 

Y(5) 8b 
Y(6) 8b 
Y(7) 8b 
Ni(1) 8b 
Ni(2) 8b 
Ni(3) 8b 
Ni(4) 8b 

0.966(2) 0.966(2) 0 
0.317(2) 0.317(2) 0 
0.808(2) 0.443(2) 0.0156(4) 
0.163(2) 0.659(2) 0.0680(4) 
0.645(2) 0.809(2) 0.0747(4) 
0.012(2) 0.163(2) 0.0891(4) 
0.514(2) 0.293(2) 0.0933(4) 
0.310(3) O.OOS(3) 0.0484(4) 
0.630(3) O.lOl(3) 0.0257(5) 
0.840(3) 0.510(3) 0.1063(5) 
0.322(3) 0.943(3) 0.1167(5) 

Land&-Bbmstein 
New Series III/19d2 
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Ni, 

oy 
0 Ni 

a ‘/L < x c 3/L b 3/b c x < 5/k 

Fig. 44. Linkage of trigonal 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 7J (b) Arrangement of prisms centred at Ni atoms 
with 3/4 <x< S/4. The drawing of the trigonal prisms 
becomes significant if 100 is added to the underlined 
inscribed values of 100x [77 L 11. 

Kirchmayr, Burzo 
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Table 19. Structure and lattice parameters of R,M, compounds. 

Crystal 
structure 

Space 
group 

44 Ref. 

y3co2 orthorhombic Pnnm 12.278 9.389 3.975 - 75M9 
Ho,Ni,(h) ‘) orthorhombic RJ 8.520 - 15.750 - 74MII 
Er,Ni, orthorhombic R3 8.472 - 15.680 - 74MlO 
Tb,Ni, monoclinic C2/m 9.640 3.710 13.380 106.0” 74MIl 
Dy3Ni2 monoclinic C2/m 9.512 3.662 13.321 105.72” 74MIl 
Ho,Ni,(l) ‘) monoclinic C2/m 9.510 3.650 13.300 105.6” 75Mll 
Y,Ni, tetragonal P4,2,2 7.104 - 36.547 - 77Ll 

‘) h indicates high-temperature modification and 1 low-temperature modification. 

Magnetic properties 

Table 20. Physical properties of Y&o, compound determined in the temperature range I.6 and 
7K [86C6]. 

Y 0 XIII 
mJ mol-’ Km2 KD IOm4 cm3 mol-’ 

Y,Co, 5.5 221 2.4 I.55 

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

Land&-Btirnstein 
New Series IW19d2 
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2.4.2.8 R,M,(R,M,) compounds 

Crystal structure, lattice parameters 

2b2 + 

-0-I X0. co 

Fig. 45. Crystal structure of R&o, compounds. The 
prcscncc of c axis Co sites with z = 7/8 were suggested in 
[82 G 11,82 S 6,83 Y 81.26 Y and 28 Co atoms of Y&o, 
arc contained in the unit cell. The nonequivalent sites of Y 
and Co atoms arc dcnotcd by large solid (6h,) and large 
open (6hJ circles for Y, and by small solid circles (2d), 
small open circles (6h), and crosses (2b,, 2b,, 2b,) for Co. 
Initially, the composition of thcsc compounds has been 
considcrcd to bc R&o, [68 B 3,69 B 3-j. 

Table 21. Lattice parameters of R,Co, compounds (A). 

a C a C a c a C 

Gd,Co, 
Tb,Co, 

DY&o, 
Ho&o, 
Er,Co, 
Tm,Co, 
Lu,Co, 

Y,C% 

11.591(4) 4.054(2) 11.61 4.048 
11.514(4) 4.007(2) 11.49 4.005 
11.461(4) 4.005(2) 11.48 3.994 
11.41q4) 3.984(2) 11.40 3.980 
11.352(4) 3.973(2) 11.32 3.967 
11.290(4) 3.952(2) 

11.21 3.92 
11.529(4) 4.041(2) 11.48 4.04 11.45 4.04 

For crystal structure and lattice parameters see 
R,M3 Yb,Mn, [83T7] 
R,Co, [68B3, 70B10, 71 B15]; R=Gd, Tb, Dy, Ho, Er, Tm [69L2]; R=Ho [67L3] 

Y&o, [82 G 11, 84 C 2, 87 K 93 

For thermal expansion set 
Y,Co, [84 0 43 

Kirchmayr, Burzo 
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1 

Magnetization, Curie temperatures 

T- 

Fig. 46. Thermal variations of the spontaneous magne- 
tizations and reciprocal magnetic susceptibilities for 
R,Co3 (R = Gd, Dy, Ho, Er) compounds [68 B 31. 

For Fig. 47, see next page. 

Fig. 48. Temperature dependence of the magnetic ac 
susceptibility for various applied pressures for Y&o,. 
The superconductivity is enhanced under pressure 
[84S2]. 2 4 6 8 K 

T- 

Landolt-BOrnstein 
New Series IW19d2 Kirchmayr, Burzo 
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0.20 
G*cm6 

9’ 

0.05 

0 
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. 0.02 C50 4.6 

2 4 6 K4’3 8 
,03 

7OC 
mol 
Gc 
600 

100 

0 50 100 150 200 250 300 K 350 
b l- 

Fig. 47. (a) Temperature dependence of the zero-field 
magnetization deduced from Arrott plots for Y,Co,,c3 
and Y, (C~c,~~Nr~,c~)~,~~ samples. Open symbols mean 
that the values are speculative. Around the Curie points 
the magnetization follows the relation M: cc(Tcj3 - T4j3) 
characteristic of weak itinerant-electron ferromagnet 
[83 Y 33. The superconducting transition temperature is 
denoted by T,, the magnetic phase transition temperature 
by T,, T,,, is the annealing temperature. (b) Thermal 
variation ofreciprocal magnetic susceptibilities for Y,Co, 
compound [80 G 93. This curve fits the relation x,,, = x0 
+C,,,(T-8)-r with C=0.125cm3K/mol, 8=12K and 

Fig. 49. Low field behaviour of a-H curves in the x0= 1.2. 10e3 cm3/mol. Similar data were obtained in 
neighbourhood of the superconducting transition tem- 
pcrature. A superconducting fraction of material of the 

[76B17, 84Y5-J. 

order of 25% at T= 1.14 K is estimated from these data 
[Sl G 12). 

II06 
Gcm3 YJo3 

I I 

9 
l=l.ZLK 1=1.43K 

A 

0.06 
Gcm3 

A703 

I 0 
b 

-0.06 
-3.0 -1.5 0 1.5 Oe 3.0 -3.0 -1.5 0 1.5 Oe 3.0 -3.0 -1.5 0 1.5 Oe 3.0 

H- 
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I 125 

500 

25 

1.0 0.8 0.6 04 0.2 0 0.1 0.2 

y4 co3 -x EdLEo x - 

Fig. 50. Composition dependence of the Curie tempera- 
tures in (Gdr-,YJ,Co, and Gd,(Co,-,Ni,), (OS x 
sO.2) respectively, and of the magnetization of 
Gd,(Co, -xNi,), at 4.2 K in a field of 7 T [82 G 81. 

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

Pm T, 0 G Ref. 
un/f.u. K K cm3Kmol-’ 

Gd,Co, 26.3 230 242 31.4 68B3 
DY,CO,‘) 20.9 55 62 56.1 68B3 
Ho&o, ‘) 20.6 44 50 55.7 68B3 
Er,Co, ‘) 23.1 25 28 45.9 68B3 
Lu,Co, <2 71Gl 
y4co3 0.11 13 68B3 

‘) A phase transition of metamagnetic type has been suggested at ?; = 6, 
1.8, and 1.6 K for the Dy-, Ho-, and Er-compounds, respectively. 

For magnetic properties see also: 
hCo3 [68B3];R=Tb,Dy,Er,Tm[78Y1];R=Y[80G9,80K13,81G12,81S3,82C6,82N1,82V2, 

84K8-J; 
Y,Co, [82S3, 8284, 82S5, 8286, 83G13, 83H5, 83K3, 84C2, 84K7, 8404, 84S1, 8482, 

84Y4, 84Y5, 85K8, 85K9, 85Kl1, 85R8, 8584, 8683, 8684, 86S15(T), 87K8, 87K9] 
(R’R”),Co, (GdY),Co, [SO G 8, 80 G 1 I] 

(RY),Co,, R = Zr, SC, Lu [86 Y 33; (GdY),Co, [83 G 13, 84 S l] 
R,(M’M”), Y,(CoNi), [83 Y 33; Y,(CoSi), [83 Y 83; Gd,(CoNi), [Sl G 14,82 G S] 

Ys(CoM),, M =Ni, Mn [84 S I]; Y,(CoNi), [82 S 3, 83 G 131 

Landolt-BOrnstein 
New Series IIIA9dZ 
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eutron diffraction 

1.000 

0.975 

0.950 

0.925 

0.825 1 I I I I 
0 2 L 6 K 8 

I- 

ig. 52. Change in Larmor precession angle, Arp, and the 
leragc local field (AB) of Y&o, as function of tcmpcra- 
re for different magnetic fields as determined by neutron 
Iin echo and neutron spin depolarization studies. In zero 
:Id. the absence of spin rotation effects in both “hybrid” 
; < ‘I< T*) and superconducting (Tg ‘&) state is shown, 
hcrcas considerable field - induced effects have been 
,served in small fields. The “hybrid” state results show 
,idcncc for rapid fluctuation effects, and was associated 
ith the c axis Co spin hopping in the two minima of the 
ruble-well potential. The presence of a field tends to 
icct the hopping.by trapping some Co spins off their 
cal positions, grvmg rise to localized spins which may 
jcxist with the rest of the quasiparticles. This suggests 
lat the observed neutron spin rotations arc thcrcforc 
:sociatcd with the spatially variable local fields and arc 
.JC to field-induced localized c axis Co spins [87 S 41. 

Fig 51. Depolarization of polarized neutrons observed in 
field of 4.60~ applied perpendicular to the direction of 
polarized neutron spin (as indicated in inset) for two 
samples of Y,Co,. For T>4 K the depolarization is 
almost zero and this varies suddenly at Tr4K. The 
depolarization seen by polarized neutrons describes a 
spatially inhomogeneous media. At ~3 K where the 
onset of superconductivity is observed, a reduction in 
P/P, is evidenced, suggesting a reduction in the magnetic 
correlations [87 S 43. 
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Table 23. Magnetic moments determined by neutron diffrac- 
tion studies [78 Y 11. ‘) 

PR(l) Pw PC0 Direction 

PI3 Pn PII of moments 

Er,Co, 8.7 8.1 -0.2(2) 

Ho,Co, 8.7(5) 2.1(4) -0.2(3) 

P~~~~II taxis 
pR& c axis 

PR(lb PIId 
c axis 

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

or neutron depolarization see 
',Co, [82 S 3, 82 S 4, 85 S 5, 87 S 41; Ys,(Co0,97Ni0,03)7 185 S 51 

or muon spin rotation see 
',Co, [SS A 163 

Kirchmayr, Burzo 
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Miissbauer effect 

1 I I I 
-1 0 . 1 mm/s 

a "- 

For Miissbauer effect see also 
“Co, “‘Sn in Y,Co, [85 K lo] 
161Dy in Dy,Co, [81 G 171 

NMR 

0 40 50 60 MHz70 
a Y- 

Fig. 54. (a) Frequency-dependent NMR spectrum of 5gCo 
in Gd,Co, at 4.2 K for zero magnetic field and a field of 
0.25 T. When applying an external magnetic field both the 
main lines (I, II) split into two due to antiparallel coupling 
between Gd and Co magnetic moments. (b) Field- 
dependent NMR spectrum of “Co in Y,Co, compound 
at 4.2 K and for 9.12 MHz. The broken line represents the 
position of the paramagnetic resonance without Knight 
shift [Sl F 41. (c) 5gCo NMR spectrum of Y&o, at 1.79 K 
and for 4 MHz [83 L2]. 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 
in the superconducting state. 

I I t 

-5.0 - 2.5 0 2.5 mm/s 5.0 
b v- 

Fig. 53. Miissbauer spectra of (a) 57Co and (b) “‘Sn in 
Y,Co, at various temperatures [85 K lo]. The shape and 
asymmetry of the quadrupole spectra reveal the indi- 
vidual features of the h, d and b Co atoms in the Y,Co, 
structure. Below the Curie temperature and in zero 
magnetic field an apparent broadening of the Miissbauer 
quadrupole spectra is observed. This may be evidence that 
the ferromagnetic ordering survives the appearance of the 
superconducting ordering in Y,Co,. For Miissbauer 
effect study of 161Dy in Dy,Co, see [Sl G 171. 

TE4.2 K 
vo= 9.12MHz 

\\-. 

1.0 T 

T cl.79 K 

0.1 0.2 0.3 0.4 0.5 0.6 T 0.7 
POH - 
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Table 24. Magnetic moments of Co at 4.2K determined by NMR in 
R,Co, compounds (R = Y, Gd). 

PcoVW 
PB 

PcoW) 
PB 

p&b) 
PJJ 

Ref. 

Y,C% ‘) 
Gd,Co, 

0.026 0.007 80F4, 81 F4 
L(1) 0.73(l) 0.58(l) 81 F4 

t) After Wada et al. [83 W l] the 6h and 2d sites enclosed within Y 
prisms are almost nonmagnetic. 

For NMR measurements see 
59Co Y&o, [80F4,81F4,83K1,83L2,83T2,83Wl];Gd,Co, [8lF4] 

Y&o, [83 K 3, 87 F 1-J 
(GdY),Co, [83 K 1, 85 F I] 

Transport properties 

2: 
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0 a5 1.0 1.5 2.0 2.5 K 3.0 
b l- 
Fig. 55. (a) Upper critical field H,, vs. temperature for 
Y&o, [86 S 4). Assuming a conventional type-11 super- 
conductivity at T=O, the initial slope (dH,,/dT), 
z - 15 kOc/K was estimated. The behaviour of H,, vs. T 
in abscncc of the “hybrid” state is shown by the dashed 
line The shading depicts the coexistence region. (b) shows 
H,, vs. Tdata below T,. 

Fig. 56. Composition dependence of (solid symbols) the 
Curie temperature Tc and (open symbols) the super- 
conducting transition temperature, T,, in (Y, -,RJ,Co,. 
Zr and SC strongly suppress the superconductivity and 
stabilize the magnetic state, while Lu scarcely affects these 
propcrtics [86 Y 33. Up to lo3 ppm the substitution of 3d, 
4d and 4f impurities smears out effects associated with the 
hybrid state of pure Y&o,. Gd and Ni substitution at 
higher concentration push the system towards long-range 
magnetic order [83 G 131. The sample with 3 at% Ni is an 
itinerant weak ferromagnct with Tc=6.3 K and T,<O.5 K. 
The sample with 0.72at% Mn is magnetic, while for 
0.5 at% Gd long-range ferrimagnetic order is evidenced. 
Thcsc samples arc not superconducting down to 70 mK. 
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Fig. 57. Temperature dependence of the Y&o, electrical 
resistivity at various pressures [83H5]. As evidenced 
also in Fig. 48, the superconductivity is enhanced by 
pressure. 

Fig. 58. (a) Hall resistivity mu of Y&o, as function of the 
magnetic field for some temperatures. A linear field 
dependence is observed at high temperatures, as expected 
for the ordinary Hall voltage caused by Lorentz force, and 
a nonlinear field dependence of eu at low temperatures is 
emphasized, associated with the extraordinary Hall vol- 
tage seen in materials with a magnetic moment. (b) 
Temperature dependence of the Hall coefficient R,. (c) 
shows the low-temperature resistance R at two different 
magnetic fields. The lRHl values increase by decreasing 
temperature to a maximum at approximately 25 K. Below 
this temperature, lRHl decreases and finally tends to a 
constant value below 6 K. These features are associated 
with spin glass freezing below 25 K [87A 51 in agreement 
with [85R 83, which show the absence of long-range 
magnetic order. 
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Fig. 59. (a) Tempcraturc dcpcndcncc of the excess heat 
capacity, AC/T, of Y&o, after substracting lattice and 
electronic contributions. A broad hump in the magnetic 
region, followed by a peak at 2.5 K typical of supcr- 
conductivity, is shown [82 S 31. (b) shows the tcmpcraturc 
dcpcndcncc of the thcrmopowcr Q of Y&o,. It is ncgativc 
below r9 K and shows a maximum at z 5 K which is 
compatible with the AC/T curve. The Q values rcvcal a 
superconducting transition tcmpcraturc with a peak at 
2 3 K which is followed by an abrupt drop of Q including 
a sign change [82 S 33. 
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Fig. 60. Thcrmopower, Q, as function of temperature and 
Gd-concentration in (Gd,Y r -&Co3. The Curie tempera- 
tures arc indicated by arrows [8OG 111. A pronounced 
influcncc of the magnetic order is obscrvcd. In the high- 
Gd concentration range in particular, the Curie tempcra- 
turcs are manifested by a change in slopes of Q vs. 7’ 
curves. It is suggested that the thermopowcr of thcsc 
materials has contributions from the effect of the pure Co 
3d matrix in Y.&o, and from the admixture of the 4f 
moments which give an additive contribution arising 
from scattering processes ofconduction electrons on these 
more or less pcrfcctly ordered materials. 
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Fig. 60. Thcrmopower, Q, as function of temperature and 
Gd-concentration in (Gd,Y r -&Co3. The Curie tempera- 
tures arc indicated by arrows [8OG 111. A pronounced 
influcncc of the magnetic order is obscrvcd. In the high- 
Gd concentration range in particular, the Curie tempcra- 
turcs are manifested by a change in slopes of Q vs. 7’ 
curves. It is suggested that the thermopowcr of thcsc 
materials has contributions from the effect of the pure Co 
3d matrix in Y.&o, and from the admixture of the 4f 
moments which give an additive contribution arising 
from scattering processes ofconduction electrons on these 
more or less pcrfcctly ordered materials. 
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Fig. 61. Thermal conductivity x of Y&o, and 
Y900.97Ni e,& samples. On cooling Y&o, from high 
temperatures, x decreases and shows a minimum at 
~80K, before it passes through a maximum at ~20K. 
This resembles the behaviour of II in metallic super- 
conductors and is strongly related to the high-T anomaly 
in e(T) and Q(T) of Y&o,. In Ni-doped specimen, the 
high-T anomaly of x is much reduced and smeared out 
in comparison with Y&o, [86S 51. By solid lines 
are plotted the relation 
exp[-(To/aoT)“2] +yT”* 

x-l=~T-‘+pT-2. 
, where CI, /I and y are scattering 

parameters due to stacking faults, local modes and 
ordinary phonons, respectively. The a, is a parameter that 
characterises the dispersion in the frequency spectrum of 
the local modes, and T, is the effective characteristic 
temperature which determines the crossover between the 
region dominated by strong and weak temperature 
dependences. 
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For electrical resistivity see 

y,co, [8OG9, 80K13, 82V2, 83L2, 83S25] 
y,co, [82S4, 83H5, 83S4, 84K7, 85S4, 86S3, 87A5] 

WYKo, [8OG8, 80Gl1, 8lG14] 
Gd,(CoNi), [82 G S] 

For thermopower studies see 
Y&o, [80G9,81 GIO]; Gd,Co, [81GlO]; Y&o, [85S4, 86S33 

(GdY),Co [SO G 111; Gd,(CoNi), [82 G S] 

For superconducting properties see 
Y&o, [Sl G 12, 81 S 3, 82C 6,82N l] 
Y&o, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

86841 
(YR),Co,, R =Zr, SC, Lu [86 Y 31; (YGd),Co, [83 G 13,. 84 S I] 
Y,(CoSi), [83 Y 81; Y,(CoNi), [82 S 3, 83 G 13, 84 S I]; Y,(CoMn), [84 S l] 

For thermal conductivity and specific heat 
Y&o, [83 L 2-J; Y&o, [83 K 3, 84 K 7, 84 0 4, 86 S 51 

Y9(Coo.97%.03)7 C86 S 51 

Magnetization processes 
For magnetization processes see 
Dy,Co, [72 T 3-J; Y&o, [86 R 51 
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Crysfal structure 

2.4.2.9 RCo, -&RCoO& compounds 

Fig. 62. Crystallographic structure of LaCo, --r [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, dcocor in thcsc chains is 
incommensurate with the c parameter of the R skeleton. 
Because of this peculiarity these compounds wcrc de- 
nominated RCo, --p where 1 --E is the half ratio of clcf10 
over c and depends on R (( 1 -E) = 0.913 with La and 0.863 
with Nd) [87 B 5). The distance bctwecn the chains is large 
compared to the C+Co distance inside a chain and only 
weak correlations in the positions of Co atoms manifest 
themselves between these chains. Thercforc Co has a 
quasi one-dimensional character. 

C’ 

Magnetic properties, neutron diffraction 
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Fig. 63. (a) Magnetic structure of LaCo, -,and (b) thermal 
variation of the reciprocal magnetic susceptibility, xi l, 
parallel and perpendicular to the chain axis (c axis) 
[85 G lo,86 B4,87 B I]. The compound is a basal-plane 
triangular antiferromagnet. The one-dimensional and 
compact arrangement of Co atoms is the origin of strong 
magnetic correlations which lead to ferromagnetism in 
the chains and the presence ofCo magnetic moments. The 
triangular arrangement is ascribed to the frustration of 
negative 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 xi * vs. T 
curves, at T> TN, follow a Curie-Weiss behaviour, x8 
=x0+ C,(T- O,J-l, with paramagnctic Curie tempcra- 
tures along the a and c axes, 0, = - 246 K, 0, = - 295 K, 
respectively, and x0= -2.2. 10e6cm3 ‘g-l. At low tem- 
peratures the 6-fold axis appears as the easy-magnetiza- 
tion axis, but becomes a hard-magnetization axis at 
higher temperatures. 
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Fig. 64. Magnetization isotherms along the a, b, and c axes 
at 4.2K and magnetic structures for PrCo,-, (a) and 
NdCo,-, (b) [86B4, 87B I]. 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 c axis and 
[n, 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, m-E) respectively. 
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Fig. 65. Thermal variation of spontaneous magnetization 
and reciprocal magnetic susceptibility for PrCo, -E(a) and 
NdCo, -,(b) compounds. The anisotropy of the paramag- 
netic Curie temperature is 56 K for PrCo, -E and 69 K for 
NdCo, --E [87 B I]. 
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Fig. 66. Variation of the magnetic ordering tcmpcraturc 
as function of Nd content in La, -,Nd,Co, -(compounds 
[87 B 11. The expcrimcntal results strongly suggest the 
occurrcncc of magnetic clusters in the composition range 
O.lO~x~O.25. 

Table 25. Physical properties of RCo, -r: compounds. Magnetic properties are from [85 G lo,86 B 4,87 B 1-J. 

[71 s23 [73 R 23 [84 M 2, 
85G lo] 

ti i 1 i 
T /JR’) Pcol) Pcff 

i a 2 K” pa pa b/CO 

L&o, --c 4.890 4.312 146 - 0.7(l) 2.40 
PrCo, --L 4.810 4.090 4.810(10) 4.090(20) 142 2.4(2) 0.7(2) 
NdCo, eE 4.790 4.070 4.795(2) 4.080(20) 202 2.8(2) 0.7(2) 

‘) From neutron diffraction at T=4.2K. 

Table 26. Crystal field parameters in the 
Hamiltonian H/k, = 0.0672 K/kOe 

W,xc,+~k~(J)+ E W:: of RCo,-, 

compounds [87 B lf.m 

B; W 
B: W) 
B: WI 
B: WI 
kh We) 

PrCo, -E NdCo, -I: 

2.0 2.9 
0.005 0.008 
0.002 - 0.001 
0.035 - 0.020 

525 750 
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Table 27. Magnetic hyper- 
tine fields at 59Co in 
RCo,-, compounds at 
T=4.2K [87B 11. 

LaCo, -E +52 
PrCo, -E 3.5 
NdCoi -E 8.7 

Fig. 67. 5gCo NMR spectrum in LaCo,-, compound 
[87 B I]. Because ofthe 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 
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T- 

Fig. 68. Thermal variation of the specific heat in LaCo, -E 
compound. By solid line the electronic and lattice contri- 
butions (y=35mJmol-’ K-’ and 0,=270K) are 
plotted. A h-type anomaly is evidenced at the NCel 
temperature, TN= 146 K. Below 150K a large magnetic 
contribution to the specific heat is observed [84 M 21. 
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2.4.2.10 RNi compounds 

Crystal structure, lattice parameters 

RNi OR oNi Fig. 69. (a) The crystal structure of RNi (R = Dy to Lu) 
compounds. This is orthorhombic of FeB-type, having 
Pnma space group [64A 11. There are four R and four Ni 
atoms in the unit cell, located in 4c-sites: 1: (x, l/4, z), 2: 
(-x,-1/4, -+3:(1/2-x, -1/4,1/2+z)and4:(1/2+x, 
1/4,1/2-z). The RNi (R = La to Gd) compounds crystal- 

r 

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 

C the annealed sample, TbNi(l), is of P2,/m-space group. 

1 

YNi crystallizes in orthorhombic structure having P2Jc 
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) -l/4 sites; (small circles) -3/4 sites 

a [74 G 33. 

b TbNi 1 h ) 30~~~ GdNi (CCB) 2a,, 

Kirchmayr, Burzo Landdt-Bbmsrein 
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Table 28a. Lattice parameters of RNi compounds (A), CrB-type structure (Cmcm-space group). 

64Al’) 64W3’) 65D2 69Pl 8606 

a b c a b C a b c a b c a b c 

LaNi 3.810(10) 10.62(3) 4.36(l) 3.907(l) 10.810(l) 4.396(l) 3.91 10.80 4.39 3.90 10.79 4.38 
CeNi 3.733(8) 10.372(12) 4.286(8) 3.76 10.42 4.32 3.788(l) 10.556(l) 4.366(l) 3.77 10.54 4.36 
PrNi 3.817(3) 10.501(6) 4.347(4) 3.79 10.39 4.33 3.816(l) 10.503(l) 4.354(l) 3.81 10.51 4.35 
NdNi 3.801(3) 10.444(10) 4.338(4) 3.78 10.35 4.31 3.803(l) 10.461(l) 4.339(l) 3.80 10.47 4.34 
SmNi 3.772(l) 10.341(3) 4.270(2) 3.73 10.23 4.26 3.776(l) 10.358(l) 4.291(l) 3.77 10.37 4.28 
GdNi 3.764(l) 10.329(2) 4.242( 1) 3.72 10.19 4.21 3.766(l) 10.316(l) 4.244( 1) 3.76 10.30 4.24 3.81 10.32 4.21 
TbNi 3.749(8) 10.260(2) 4.219(8) 3.70 10.10 4.19 

‘) After [64A l] the RNi (R = Ho, Er, Tm, Y) crystallize also in a CrB-type structure. This fact has not been confirmed later [77 P I]. 
‘) Inaccuracy * 1%. 

Table 28b. Lattice parameters of RNi compounds (A), FeB-type structure (Pnma-space group). 

64Al 65D2’) 73Gl 73Pl 

a b c a b c a b C a b c 

DyNi 7.043(l) 4.164(l) 5.451(l) 7.03 4.17 5.44 
HoNi 7.016(l) 4.143(l) 5.432(l) 7.022(l) 4.140(l) 5.435(l) 7.01 4.14 5.43 
ErNi 7.000(2) 4.118(l) 5.414(l) 6.991(l) 4.114(l) 5.418(l) 6.99 4.12 5.41 
TmNi 6.960(3) 4.100(2) 5.391(2) 6.959(l) 4.099(l) 5.398(l) 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(l) 4.073(l) 5.366(l) 6.91 4.07 5.36 

‘) After [65 D 21 the YNi compoundcrystallizes also in a FeB-type structure. This statement is not in agreement with [77 P 11. 
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Table 28~. Lattice parameters of RNi compounds (A), other structure types. 

Space group 73Gl 65Sl 

a b C B a b C B 

TbNi (h) Pnma 21.09 4.22 5.45 
TbNi (I) Wm 21.26 4.21 5.45 97”25’ 
YNi We 4.114 7.140 5.501 90’ 

RNi,-,Cu, 
X Gd lb DY Ho Er 

0 
0.1 
0.2 
0.3 
0.L 
0.5 
0.6 
0.7 
0.8 

Fig. 70. Stability range of FeB-type structure in the 
RNi, -,Cu, (R=Gd, Tb, Dy, Ho and Er) compounds 
[76G 21. The FeB-lattice is stabilized if lOat% of Tb is 
replaced by smaller Y atoms or lOat% of Ni atoms are 
substituted by greater Cu ones. For 65at% Cu the 
diffraction lines bccomc larger and for 85 at% Cu a CsCI- 
type structure appears (of TbCu-type). 

For crystal structure and lattice parameters see 
RNi [64A 1,69 P 11; R = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Y [64 W 33; R = Pr, Nd, Sm, Gd, Dy, 

Ho,Er,Tm,Lu,Y[65D2];R=Tb,Dy,Ho,Er,Tm[73G2];R=Ce[61Fl];R=Gd[72Ul]; 
R=Tb [7OLl, 76Pl-J; R=Y C65Sl-j 

RNiH, R = La, Er, Yb [83 E 11; R = La [78 B 183 
(R’R”)M (CeLa)Ni [86 151; (GdDy)Ni [SO K 111; (GdY)Ni [80K 11); (TbY)Ni [73 G I] 
R(M’M”) R(NiCu), R=Gd, Tb, Dy, Ho, Er [76G2]; R=Tb [73Gl]; R=Yb [791 I]; La(NiPt) [84Gl]; 

Ce(NiPt) [84 G 1,87 G 43 

For thermal expansion see 
RNi R=Ce [83G3a, 85(37,86ClO, 87G3, 87G5]; R=La [86ClO, 87G5] 

For hydrogen absorption and desorption see: 
RNiH, R=La, Er, Yb [83El]; R=La [78B18,78B19] 
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Magnetization, Curie temperatures 

Table 29. Magnetic properties of RNi compounds. 

T, 09 PshI/f.U.) @ (K) PeffWW 

64Al 64W3 72B14 73Gl 64Al 3, 64W3’) 72B14 73Gl 64W3 72B14 64Al 64W3 72B14 

LaNi Pauli paramagnet [64A I] x,,= 1.5. 10e4 cm3 mol- 1 [86 G 61 
CeNi Pauli paramagnet [64A I,64 W 31 
PrNi 20 22 2.33 2.07 
NdNi 35 28 27 2.22 2.65 
SmNi 45 45 0.33 0.21 
GdNi 73 71 73 7.22 7.25 
TbNi 50 52 8.00 6.49 
DyNi 48 62 7.80 8.54 
HoNi 31 37 9.30 8.32 
ErNi 10 13 13 7.58 
TmNi 4 8 7 5.30 4.72 
YbNi Pauli paramagnet [64 A I] 
LuNi Pauli paramagnet [64A I] 
YNi Pauli paramagnet [64A l] 

23 
24 

7.00 77 
40 

6.3 “) 64 
6.93) 36 

13 
4.1”) 

3.60 3.9 
3.20 3.7 

76 8.30 8.1 8.01 
9.74 9.7 

10.75 10.7 
10.60 10.7 

9.8 
7.60 

1) Saturation magnetic moment at 4.2 K in fields of 21 kOe. 
‘) Determined in a field of 21 kOe. 
3, Determined in a field of 70 kOe. 
4, At 1.5 K in a field of 20 kOe. 



68 2.4.2.10 R-3d: RNi [Ref. p. 405 

10 
E 
2.5 

2.0 

1.5 
z 

1.0 

a.5 

0 125 kOe 150 
H- 

$3.71. Magnetization isotherms at 1.5K for PrNi and 
VdNi single crystals for magnetic fields applied along the 
hrcc principal crystallographic directions [84 F 23. The 
:asy direction of magnetization for PrNi is the c axis. For 
VdNi the spontaneous magnetization lies in the (ac) 
,lanc. At 1.5K the magnetic moment for PrNi is 
2.35 pJf.u. For NdNi a value of 2.66 p&t. was deter- 
mined. The angle cp with the a direction is 23.5(S)“. 
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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 23. For 
PrNi the susceptibility variations for fields applied along 
the c and a axis follow a Curie-Weiss law with identical 
slopes corresponding to the effective moment of the Pr3+ 
ion, pclr= 3.58 paler. The x; r vs. Tcurve for fields applied 
along the h axis is not monotonous, but above 250 K this 
is linear having the same slope as previously mentioned. 
The paramagnetic Curie temperatures are 8,=4l K, 
8,=13 K, and 8,= -67K. Similar x-t vs. T depen- 
dences are observed for the NdNi compound. The slopes 
of linear portions correspond to pLrr=3.62p,JNd. The 
paramagnetic Curie tempcraturcs are 8, = 27 K, 
8,=25K, and @,= -9K. 

5 10 15 20 25 K 30 
T- 

Fig. 72. Thermal variation of the spontaneous magnetiza- 
tion for a NdNi single crystal and of the angle cp of p, with 
the a direction [84 F 21. As temperature is increased, the 
spontaneous magnetization component along c decreases 
more rapidly than along a and disappears completely at 
15 K, the a axis becoming the easy axis. 

0 15 30 45 60 kOe 75 
H- 

Fig. 74. Magnetization isotherms for a DyNi single 
crystal along the c axis. A drastic change at 4.2 K due to 
the spin flopping at about 50 kOe is observed [86 S 63. For 
ErNi the critical held at 4.2 K is g 5 kOe. The critical fields 
decrease by increasing temperature. 
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Fig. 75. (a) Thermal variations of the initial magnetic 
susceptibilities of a CeNi single crystal along the three 
principal crystallographic directions and of a LaNi poly- 
crystalline sample. In(b) the variations at low temperatures 
of the CeNi differential c axis susceptibilities in zero 
magnetic field, in a field of 40 kOe, and corrected for a C/T 
term with C=2.3.10m3 cm3Kmol-’ [84F2, 87G5]. 
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 
the crystal field effects. The magnetic susceptibility of 
LaNi is mainly independent of temperature. 

Fig. 77. Magnetization isotherm at 4.2K along the a, b, 
and c axis in Tb,,,Y,,,Ni single crystal [73 G 1, 74 G 31. 
The field dependence of the magnetization along the a axis 
is typical of a metamagnetic behaviour (critical field H, 
=45 kOe). By decreasing the field, the transition shows a 
hysteresis, the critical field being 18.8 kOe. The magneti- 
zation along the b axis is linearly dependent on field up to 
H = 8.8 kOe and then a sudden increase occurs. 

50 100 150 200 K 2 
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T- 

Fig. 76. Thermal variations of the magnetic susceptibility 
of CeNi measured along the c axis at ambient pressure 
and under 3 and 5 kbar, and thermal variation of the 
magnetic susceptibility of a polycrystalline sample of 
LaNi at ambient pressure [87 G 31. Magnetization, elec- 
trical resistivity, and thermal expansion measurements 
under hydrostatic pressure show the existence of a first- 
order phase transition associated with a large decrease of 
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 
that the variation of p at the transition is quadratic versus 
temperature and indicates the existence at 0 K of a critical 
pressure of 1.3 kbar. The strong anisotropy of the tran- 
sition, on the lattice parameter, can be associated to the 
covalent character of the Ce-Ni hybridization responsi- 
ble for the intermediate valence of Ce. 
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Fig. 78. Tempcraturc depcndenccs of (a) the spontaneous 
magnetization along the D axis and (b) the reciprocal 
magnetic susccptibilitics xi’ for a Tb,,sYo,,Ni single 
crystal. The xi r vs. Tcurvcs along the principal crystallo- 
graphic axes arc different due to great second-order 
anisotropy. The paramagnctic Curie tempcraturcs arc 
8, = 70 K, 8, = 11 K, and 0, = 27 K. The Curie tcmpcra- 
turc is Tc=66K [73Gl, 74G33. 

0 
0 a2 0.4 0.6 0.8 

CePt x- CeNi 

50 I 
I.5 

Fig. 80. Curie temperatures Tc, Kondo temperatures TK 
and saturation magnetizations ps extrapolated to zero 
internal magnetic field at 1.5 K in CeNi,Pt, -I com- 
pounds, as function of the Ni content [84 G 1,85 G 63. For 
Ce%d’to.05 and CeNi compounds, which arc Pauli 
paramagnetic and intermediate valence compounds, it is 
not possible to define a Kondo temperature. In this case 
wcrc reported half of the paramagnetic Curie tcmpera- 
turcs, Q/2, which well extend the variation of Tc of the 
ferromagnetic compounds. The substitution of Ce by La 
in CeNi,Pt, -= leads to a decrease of the Curie tempera- 
ture, Tc. and hence to an enhancement of the Kondo 
character in the thermal dependence of the electrical 
resistivity [87 G 43. 
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Fig. 79. Composition depcndcnccs of the Curie tempcra- 
turcs obtained from initial magnetic susceptibilities, Tc, 
and Arrott plots, Te, paramagnctic Curie temperature, 8, 
saturation magnetization, ps, at 4.2 K (and u,,H= 7T) and 
the effcctivc moment, pETI, in Gd,La, -,Ni compounds 
[86G6]. Long-range ferromagnetic order exists for the 
composition range 0.3 s x 2 1 .O. 
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P- 

Fig. 81. Pressure dependence of the relative Curie temper- 
atures and spontaneous magnetizations at 4.2K for 
CeNi,Pt,-, compounds with x SO.85 The large pressure 
effects observed for ferromagnetic alloys (x50.9) are 
consistent with the Kondo lattice model [86 G 21. 

For magnetic properties see also: 
RNi [69 P l] ; R = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Y [64 W 33; R = Ce, Pr, Nd, Gd, Tb, Dy, Ho, 

Er, Tm [70B2]; R=Nd, Tb, Ho, [7OL4]; R=Dy, Ho, Er, Tm [73Gl, 74633; R=La 
[85G6, 85G9*, 87651; R=Ce [83Gl8, 84F2*, 85C7, 8566, 8567, 85G9*, 8665, 
8763, 87G5]; R=Pr, Nd [84F2*]; R=Sm [8517*]; R=Gd [SOSI, 81Sl*, 8314*]; 
R=Dy [83S2, 86S6*]; R=Ho [8lMl2*, 82S7*, 82S8*, 83S3*]; R=Er [86S6*]; 
R=Tm [72G3*] 

(R’R”)Ni (LaCe)Ni [86 I 5,87 161; (LaGd)Ni [86 G 61; (GdY)Ni [78 C I]; (TbY)Ni [73 G I, 74 G 3,74 G 5, 
84 P 41; (HoY)Ni [79 G 91 

R(M’M”) R(NiCu); R=Gd, Tb, Dy, Ho, Er [76G2]; R=Tb [71B5, 73B3, 73G1, 74G33; R=Ho 
[79G8]; R=Yb [7911] 

La(NiPt) [84Gl]; Ce(NiPt) [84Gl, 8506, 8568,86(32,87F2,8764]; Gd(NiCo) [8OGlO] 
R(M’M”)H, Ce(NiCu)H, [87 W 31 
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Neutron diffraction 

Table 30. Ferromagnetic moments of R 
atoms at 4.2K determined by neutron 
diffraction in RNi compounds [74G 3, 
73Gll.l) 

qn2’ 
‘) The magnetic structures for ErNi 

and DyNi [73G 1, 74G 31 were con- 
firmed [86 S 51. In case of HoNi according 

NdNi 2.70(35) 
DyNi 845) 
HoNi 8.W) 
ErNi 7.w 
TmNi 5.9(5) 
Tb,,,Ye,,Ni 8.6 

25(5) 
29(2) 
25(2) 
61(2) 
52(2) 
33” 

to [82 S 7, 82 S 8, 83 S 33 in the tempera- 
ture range T,,(15K)<T<T,,(37K), the 
magnetic moments have ferromagnetic 
components along the a axis and antifer- 
romagnetic components along the c axis. 
Below T,, ferromagnetic components 
along the b axis occur and grow with 
decreasing temperature. At 4.2K the 
direction of ferromagnetic components 
incline about 30” from the a axis in the 
(ah) plane. SmNi has a canted spin struc- 
ture [85 173. 

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

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

T 

NdNi 4.2 

DyNi 4.2 

HoNi 4.2 

HoNi 4.2 

20 

ErNi 4.2 

TmNi 1.3 

Magnetic structure Ref. 

The Nd moments (pNd = 2.7q35) u,J are parallel to (a, c) plane and make an 7OL4 
angle cp=25(5)” with a axis. The Ni moment is nil. 

Noncollinear magnetic structure. The ferromagnetic arrangement is of F,- 7463 
type and antiferromagnetic of C,-type ‘). pNi=O and poy=8.6(5)p,, the 
moments making an angle *29(2) with a axis. 

Noncollinear magnetic structure. The ferromagnetic arrangement is of 74G3 
F,-type and antiferromagnetic of C,-type. pNi=O and p,,,,=8.6(5) pn, the 
moments making an angle of +25(2)0 with a axis. 

The magnetic arrangement is of (F,F,C,)-type. pNi=O. The ferromagnetic 8417 
components of Ho moments are px=7.2 u8, p,=4.2 uB. The antifer- 
romagnetic z component is pL = 2.9 uB. The angle with the (a, b) plane is 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 ~~‘6.6~~ and the antiferromagnetic z component is 
2.5 uo. The angle with a axis is q7.=0 and with (a, b) plane, cpt0,hJ=20.80. 

Noncollinear magnetic structure. The antiferromagnetic arrangement is 7463 
parallel to a axis and may be described by C,. The ferromagnetic 
component is parallel to c axis and shows a F, arrangement. pNi=O, 
pEr=7.0(5)p, and makes an angle of &- 61(2)” with a axis. 

Noncollinear magnetic structure. The antiferromagnetic arrangement is 7463 
parallel to a axis and may be represented by C,. The ferromagnetic 
component is parallel to c axis and shows a F, arrangement. pNi=O, 
pTm = 5.9(5) 11” and makes an angle of + 52(2)” with a axis. 

‘) The significations of F,, 
C:=Pl:+Pz:-P3:-P4r. 

F, and Cz notations are ~,=p,.+~,,+p~~+p,,~; F,=p,,+p2L+p3z+p41; 

Kirchmayr, Burzo 
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CeNi 
H = 46.2 kOe II c 

NdNi 
1=4.2K 

8 Ni 

Fig. 82. Projections of the magnetic moment densities of 
CeNi on the (ab) plane induced at 20 and 140K by a 
magnetic field of 46.2 kOe applied along the c axis. 
Contours are in 10m3 ur,/~%’ [85 G 91. The induced mag- 
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 
which is in an intermediate-valence state. 

Fig. 83. Magnetic structure of NdNi at 4.2 K and projec- 
tion on the (UC) plane. The magnetic moments of the given 
site are parallely oriented (see Table 32) [69 P 1, 70 L 41. 
The large/small open and solid circles are Nd atoms in 
two successive prisms. The larger circles indicate atoms in 
the front planes of the prisms. 
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l= 4.2K 

l . Ni 

Fig. 84. Magnetic structure of ErNi at 4.2 K and projec- 
tion on the (ac) plant. The structure belongs to Pnma 
space group. Large circles: l/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 
[7OL4, 73G 13 

Table 32. Magnetic structures determined in some RNi, -$Ir, compounds [74 G 3, 76 G 23. 

T Magnetic Propagation 
K structure vector 

Tb%.6Cuo.4 1.3 sinusoidal 0.136h* 
Ho%sCuo.s 1.3 sinusoidal 0.254c* 
E~~~o.6Cuo.4 4.2 sinusoidal O.l43b* 
Er%6Cuo.4 1.3 antiphase 0.143lI* 

0.429b* 
Tbo.sYo.5Ni 4.2 DyNi-type - 

‘) Angle between R magnetic moment and a axis. 

Periodicity mar P v” 
A CLB 

32.0 7.9(5) 38(2) 
21.1 8.8(5) 36(2) 
30.1 7.2(5) 440 
30.1 7.w 44M” 

- 9.w rt33” 
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Fig. 85. Magnetic structures of ErNi,,,Cu,,, and 
HoNi,.,Cu,,, at 4.2 K. For ErNi,,,Cu,,, the propagation 
vector Q at 4.2 K is parallel to the b axis (Q =O.l43b*). 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 c 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) pii. The angle (pa between 
the moments and the a axis is 44(2)“. Below 1.5 K the 
modulated structure transforms into an antiphase struc- 
ture, with periodicity l/Q. The arrangement in the 
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) ur, and the angle rp, is the 
same as at 4.2 K. In case of HoNi,,,Cu,,, the propagation 
vector is parallel to c (Q = 0.254c*). The magnetic struc- 
ture is modulated, the periodicity in the c direction is 3.9~. 
The magnetic arrangement is noncollinear; it has a 
ferromagnetic component parallel to a and an antifer- 
romagnetic component parallel to c. The maximum 
magnetic moment on Ho atoms is 8.8(4) ua and makes an 
angle rp, = 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 parallel 
to the crystallographic axes. The R atoms are then divided 
into two sublattices with different easy directions of 
magnetization. Replacing Ni by Cu in RNi compounds, 
where magnetic interactions are strongly positive, intro- 
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 
modulated structure is stable only in the vicinity of Tc and 
transforms at low temperature into an antiphase structure 
in order to decrease the entropy. In compounds with non- 
Kramers ions (as Ho), no entropy can be associated with 
the modulation of the pR 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 
OK [74G4, 76G2]. 

For neutron diffraction studies see also: 
RNi [69Pl]; R=Tb, Dy, Ho, Er, Tm [73G2]; R=La [85G9*]; R=Ce [85G9*]; R=Nd [7OL4]; 

R=Dy [72Gl, 73B3, 74633; R=Ho [70B2, 7OL4, 7463, 8417*]; R=Er [70B2, 7OL4, 
74633; R=Tm [72G3*, 73B3, 74033 

(R’R”)Ni (TbY)Ni [73 G 1,74 G 3,74 G 51 
R(NiCu) R = Gd, Tb, Dy, Ho, Er [76 G 21; R = Tb [72 G 2, 73 B 3, 73 G 1, 74 G 31; Er(NiCu) [74 G 41 

For inelastic neutron scattering see 
CeNi [85 G 1 I] 
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Miissbauer effect 

For nuclear y-resonance studies 1 55Gd see 
GdNi [SSDSJ. For “‘Dy in DyNi see also Table 59; 
“Fe in TiFeH, [8OB S] 

FMR, EPR 

For EPR and FMR studies see 
Gd Ni [72Ul, 80B153 

NMR 

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

Anisotropy, magnetosbiction 

kOe 20 

Fig. 86. Mag.netization curves of SmNi at 4.2 K along the 
a, h and c axls. The anisotropy constant was estimated to 
bc 107ergcmm3 [8517]. The anisotropy constants of 
GdNi at 4.2K arc K,=4.0.106crgcm-3 and 
K,= -2.7.106 ergcme3 [81 Sl]. 
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Fig. 87. Magnetic field depcndencc of the longitudinal 
magnctostriction at 4.2 K, along the c axis of a DyNi single 
crystal. Below about 50kOc, AI/l shows a positive and 
approximately linear &Id dcpcndcncc with a slope of 
12.10-*Oe-‘. A contraction due spin flopping is ob- 
served bctwccn about 50 and 62 kOc. Above 62 kOc, A//l 
values arc constant and correspond to the saturation 
magnetization [86 S 63. 

2! I 
“!r, CeNi u - oxis 

0 50 100 150 200 250 K 300 
I- 

Fig. 88. Anomalous thermal expansion coeflicicnts of 
CeNi in three crystallographic directions, obtained by 
subtracting the thermal expansion of LaNi [SS G 11-J. The 
anisotropic dilatation of the lattice is correlated with the 
fact that the elastic constant clI undergoes significant 
softening around llOK, while cz2 varies little with 
tempcraturc. 
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For anisotropy see also: 
CeNi [85C7]; GdNi [8OSl*, 81 Sl*]; HoNi [Sl M12*, 82S8*]; Ce(NiPt) [87F2] 

For spin reorientation see 
HoNi [82 S 8*]; Ce(NiPd) [SS N 21 

For magnetostriction see also: 
RNi CeNi [SS C 7,86 C IO]; DyNi, ErNi [86 S 6*] 

For elastic constants see 
RNi CeNi [SS C 7,85 G II,87 B lo] 

Transport properties 

Dy Ni 
T,CZK 

0.8 
J 

0.6 

0 

I I I I 

0 20 40 60 80 kOe 100 
H- 

1 
/ 

Fig. 89. Transverse magnetoresistance AQ/Q, for DyNi 
single crystal at 4.2K 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 c axis when the 
field was applied along the c 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 c axis [85 M 23. 

Landolt-Bbmstein 
New Series IIV19d2 Kirchmayr, Burzo 



78 2.4.2.10 R-3d: RNi [Ref. p. 405 
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Fig. 90. Composition dependence of the residual electrical 
rcsistivity, e, and spin-disorder electrical resistivity, eSpd. 
in Gd, -,La,Ni compounds [80G 10, 82g 11. The es,,,, 
values deviate from the parabolic shape predicted by 
Nordhcim’s rule. The asymmetrical shape indicates that 
additional spin-disorder scattering. from domain walls 
contributed to the residual resistlvlty for increasing Gd 
concentration (x 50.6). The magnetic contributions to the 
rcsistivity arc given by the diffcrcncc to the e values of 
nonmagnetic isostructural LaNi. 
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Fig. 92. Thermoelectric power, Q, of Ce, -,La,Ni samples 
along the a, b, and c axis as function of temperature. The 
huge peak of Q in CeNi, observed for the three directions 
around 100 K, gradually decreases with the change of the 
Ce 4f-electron state [87 0 23. 

Fig. 91. Temperature dependence ofthc electrical rcsistiv- 
itics in GdCo,Ni,-, system [8OG lo]. The ordering 
temperatures arc indicated by arrows and increase with 
increasing Co content. The system is unstable for x > 0.25. 
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Fig. 93. Thermal variation of the specific heat of 
ErNi,&u,,,, and HoNi,,&ua,s. In case of ErNi,,,Cu,,, 
a h-type anomaly at TN = 7 K is observed. Below TN the 
specific heat decreases with temperature. However, a 
quicker decrease appears near l.SK, as shown in the 
insert. This anomaly corresponds to a quicker decrease of 
the magnetic entropy and is attributed to the transforma- 
tion of the modulated magnetic structure towards the 
antiphase magnetic structure. In case of HoNi,,,Cu,,, a 
maximum in specific heat is observed at TN = 11 K. Below 
2.2 K, the specific heat increases with decreasing tempera- 
ture because of the nuclear contribution [77 G 61. 
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For electrical resistivity and magnetoresistivity studies see: 
RNi R=La[82g1,8702];R=Ce[83G18,85G6,85G7,87S3];R=Gd[80M9*];R=Ho[82S7*, 

82S8*]; R=Er [84M3] 
(R’R”)Ni (GdLa)Ni [86 G 6,87 0 2*] 
R(M’M”) La(NiPt) [84Gl]; Ce(NiPt) [84Gl, 8566, 87G4]; Ce(NiPd) [88N2]; Gd(CoNi) [8OGlO, 

82gll 
For specific heat measurements 
ErNi [84 M 31; (LaCe)Ni [87 16, 87 0 2*]; Ho(NiCu) [77 G 61; Er(NiCu) [77 G 61; Ce(NiPd) [88 N 21 

For thermopower studies see 
LaNi [81 G IO]; CeNi [87 S 31; GdNi [Sl G IO]; (CeLa)Ni [87 S 21 

Magnetization processes 

For magnetization processes see 
RNi [70B2]; R=Gd [8314*]; R=Dy [85M2*] 
(R’R”)Ni (TbY)Ni [84 P 41 
R&I’M”) Tb(NiCu) [71 B 4, 71 B 51 

spectroscopy 

For spectroscopic studies see 
Lnl absorption spectra 
CeNi [SSP I] 

X-ray absorption spectra 
CeNi [86 H 41 

Land&-Btirnstein 
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2.4.2.11 R,M, compounds 

Crystal structure, lattice parameters 

n ‘/l n 

b 

Fig. 94. (a) Crystal structure of La,Co, compound and (b) 
projection of the crystal structure along the x axis. The 
structure is orthorhombic having the space group Cmca 
and can bc described as a packing ofalternativc 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 ncarcst ncighbours arc small 
(2.43...2.47&, while the distances bctwecn the Co atoms 
of two successive layers arc greater than 4.84 A 184 M 23. 
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Fig. 95. Composition dependence of the lattice constants 
in La,(Ni,Co, -J3 compounds at room temperature. The 
abnormal behaviour of a and c 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 23. For 
La,Ni, structure see [76 V 6). 
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Table 33. Atomic sites in La&o, compound (space group 
Cmca) [84 M 21. 

Atom Site x Y Z 

La 
Co(l) 
CO(~) 

8f 0.0 0.1538(l) 0.4075(l) 
8e 0.25 0.4117(2) 0.25 
4a 0.0 0.0 0.0 

Table 34. Lattice constants (A) of R2M, compounds (space group 
Cmca). 

a b Ref. 

La&o, 
La&o, 
La&o, 
Nd,Co, 
La,Ni, 
La,Ni, 

4.886(7) 10.340(10) 7.81 l(5) 67B3 
4.853 10.350 7.801 85GlO 
4.895 10.350 7.799 84M2 
4.963(4) 10.006(2) 7.549(4) 73R2 
5.101 9.697 7.866 84M2 
5.113 9.7316 7.9075 76V6 

Magnetization, Curie temperatures 

I I I.--l 0.25 
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Fig. 96. (a) Thermal variation of initial magnetic suscepti- 
bilities for some La,(Ni,Co,-J, compounds and (b) 
composition dependences of the N&e1 temperatures. For 
x50.35 the compounds are antiferromagnetic. By in- 
creasing the Ni content, the antiferromagnetic interac- 
tions decrease and for x20.4 the compounds are para- 
magnetic [84 M 21. 
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Neutron diffraction 

4 75 4 25 
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Fig. 97. Projections of La&o, magnetic structure on the 
(oh) and (hr) planes, rcspcctivcly. The numbers give the 
values of the 1002 and 100x coordinates, rcspcctivcly, of 
the diffcrcnt atoms [84 M 2, 85 G lo]. The fcrromagnc- 
tism inside the layers arises bccausc of the small Co Co 
distances. The antifcrromagnctic interactions occur bc- 
twccn Co atoms at around SA separated by La atom 
zones. The negative interactions arise from an indirect 
Co -La-Co interaction through the 3d -5d hybridization 
and the negative polarisation of the spins of the 5d 
electrons by Co magnetic moments. These interactions 
arc very similar to the supcrcxchangc interactions in the 
insulators. 

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

Site Px(VnW Pyww P,WW Pdid Ref. 

hC% 4a 0.0 0.0 0.35(5) ci.35(5) 84M2,85GlO 
8e 0.34 0.0 -0.85(S) 0.92(7) 

La2V%dh.J3 4a 0.0 0.0 0.09(5) 0.09(5) 84M2 
8e 0.27(5) 0.0 -0.56(5) 0.62(7) 

Kirchmayr, Burzo 
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2.4.2.12 RM, compounds 

Crystal structure, lattice parameters 

Cl5 

OR 
Cl4 

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: I: 
M, site; 2: RM, site; 3: R,M, site [86 171. The ideal Cl4 
and Cl5 structures are in fact very similar, the only 
difference being a slightly different stacking arrangement 
[53 B 1,80K6]. 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. 

Land&B6mstein 
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Table 36. Metal and deuterium atom positions and occupancies of ZrMn,D, (Cl4 structure having space group 
P6Jmmc) 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 S]. The 
number of formula units in the cell is Z=4. 

Atom Site Coordinates Neighbours Occupancy 

Zr 
Mn(l) 
Mn (2) 

4f z = 0.0661(g) (0.0635(l)) 1.00 
2a - 1.00 
6h x = 0.8357(7) (0.8297(2)) 1.00 

D(l) 241 

D(2) 12k 

D (3) 6h 

D (4) 6h 

x = 0.042(2) 

y=O.325(2) 
2=0.562(l) 
x=0.456(1) 

z = 0.632(l) 
x = 0.463(2) 

x = 0.202(9) 

[0.041] 

co.3301 
CO.5631 
CO.4581 

[0.628-J 
[0.461] 

[0.206] 

Zr,Mn, 
1 Mn(1) 
1 Mn (2) 
2Zr 

2 Mn (2) 
2Zr 

2 Mn (2) 
2Zr 
2 Mn (2) 
2Zr 

0.179(4) 

0.376(4) 

0.312(l) 

0.052(2) 

D (5) 

D (6) 

12k 

4f 

x=[O.132] 
z=[O.138] 
z = CO.6651 

Zr,Mn, 
1 Mn (l), 2 Mn (2) 
IZr 
3 Mn (2), 1 Zr 

Mn4 
D (7) 4e z=[O.188] 1 Mn(l), 3Mn(2) 

‘) 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 83. 
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Table 37. Metal and tetrahedral sites in RM, compounds having Cl5type structure (space group Fd3m), with the origin at the center of symmetry. The 
:hombohedral structure for a hydride model [79 S 61 having space group R3mis also shown I). 

9tom 

Cubic (FdTm) 

Site Coordi- 
nates 

Sym- Neigh- 
metry bours 

Tetrahedron No. per 
faces shared RM, 
with 

Rhombohedral (RTm) 

Site SF- Coordi- 
metry nates 

Neigh- 
bours 

No. per 
RMz 

i 

M(1) 
fl(2) 
fetra- 

hedral 
sites 

8a 

16d 

8b 

32e 

9% 

x, x, x 
x=1/8 ;53m 2c 3m 
x=1/2 3m lb 3m 

3e 2/m 

& x, x J3m 4M 4(32e) 1 2c, 3m x, & x 
x=3/8 

1 M(l), 3M(2) 1 
x=3/8 

x, x9 x 3m lR3M l(8b); 3(96g) 4 2c, 3m x, x, x 1 
x = 9132 

IR, 3 M(2) 
x = 9132 

6h, m x, 5 z IR, lM(l), 3 
x = 9132, 2W2) 

z=21/32 
& x, z m 2R2M l(32e) 6b m 4 x, z 
x=5/16, 

2R, 2M(2) 3 
W-2 x = l/8, 

z=1/8 2Wg) z=l/2 

6h, m x, & z 2R,2M(2) 3 
x= l/8, 

z=3/4 
12i 1 x, Y, z 2R, 2M(l) 6 

314, W, 118 

‘) The number of formula units in the cell is Z= 8 for Cl5type structure and Z=2 for rhombohedral structure. 
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Table 38a. Lattice constants of RMn, compounds at room temperature (A). b 

Type 61W2 64M2 67Kl 7101 77bl 
struc- 
ture a c a C a c a C a C 

PrM nz 
NdMnz 
SmMnz 

GdMn, 
TbMn, 
DyMn, 
HoMn, 

ErMn, 
TmMn, 
LuMn, 
YMnz 

Cl4 
Cl4 
Cl5 
Cl4 
Cl5 7.728 
Cl5 
Cl5 7.569 
Cl5 7.507 
Cl4 
Cl4 5.281 8.621 5.281 8.62 
Cl4 5.241 8.565 
Cl4 
Cl5 7.679 

7.750 

7.602 
7.592 
5.368 8.764 

1 5.307 8.702 5.321 8.719 

5.227 8.537 
7.692 

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

6OWl 64C4 65K3 69Gl 70B13 71B12 72C2 73N5 74A3 79F5 

CeFe, 7.303 7.304 7.250 7.301 
PrFe, 7.467 
NdFe, 7.452 
SmFe, 7.415 7.411 7.450 
GdFez 7.394 7.389 7.390 7.396 7.389 7.400 7.3875 
TbFe, 7.348 7.347 7.348 
DyFe, 7.325 7.320 7.325 7.322 7.330 
HoFe, 7.300 7.300 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 7.227 7.233 
YFe, 7.359 7.363 - 7.290 

YCO, 7.217 7.215 7.220 7.220 

Kirchmayr, Burzo 
Landolr-Bdmctein 
Nev Serin 111/19d2 

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

6OHl 60Wl 64C4 65Hl 66L4 6702 71Gl 72BlO 72B16 7589 76L2 81M6 

CeCo, 
P&o, 
NdCo, 
SmCo, 
GdCo, 
TbCo, 
DYCO, 
HoCo, 
ErCo, 
TmCo, 
YbCo, 
LUCO, 

7.161 7.162 
7.312 7.305 

7.300 7.300 7.300 
7.260 7.260 
7.255 7.258 
7.206 7.209 
7.187 7.188 
7.168 7.168 
7.144 7.151 

7.121 

7.1609 
7.3061 7.287 7.309 7.307 
7.2984 7.300 7.298 7.305 
7.2625 7.263 
7.2570 7.259 7.258 7.258 
7.2100 7.206 7.200 
7.1902 7.188 7.188 7.190 
7.1733 7.171 7.166 7.170 7.170 7.173 
7.1539 7.154 7.150 7.156 
7.1351 

7.122 
7.120 
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Table 38a (continued) 

81 Ml 82Hl 83Gl 83Ml 85Tl 8602 

a a c a c a c a c a c 

7.724 

7.564 

5.590 9.106 5.577 9.115 PrMn, 
5.574 9.082 5.560 9.060 NdMn, 

7.790 SmMn, 
5.493 8.945 5.511 8.978 

7.748 7.750 7.758 7.740 GdMn, 
7.648 7.640 7.626 TbMn, 
7.590 7.590 7.573 DyMn2 

7.507 7.518 
5.282 8.660 

7.530 7.520 HoMn, 
5.330 8.600 5.320 8.680 5.282 8.622 
5.255 8.695 5.280 8.620 5.280 8.620 ErMn, 
5.238 8.660 5.241 8.565 TmMn, 

5.215 8.550 LuMn, 
7.687 7.681 YMn, 

Table 38d. Lattice constants of RNi, compounds at room temperature (A). 

60Hl 6OWl 63nl 64C4 64M2 68M 1 72Bl3 81 M5 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 
DyNiz 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, CQ, between cube edges, u4= n/2-~ in rad, at 300 and 0 K is 
tabulated. The 4f quadrupole, AE/A.z=a,(rZ)J(2.1- l), 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 AEfA8 E 
distortion A2 
below Tc T=300K T=OK 

SmFe, rhombohedral 0.10 - 0.0023 
TbFe, rhombohedral -0.14 0.0029 
Dy% tetragonal -0.13 n.0. 
HoFe, tetragonal -0.05 n.0. 
ErFe, rhombohedral 0.04 n.0. 
TmFe, rhombohedral 0.12 n.0. 

Landolf-Bbmstein 
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9.02 1 

u 

8.99 

8.96 

250 K 300 
a I- 

7.750 
a 

7.725 

7.675 

O 7.650 

7.625 

7.600 

-12.5 
0 50 100 150 200 250 K 300 

b l- 

Fig. 99. (a) Thermal variation of lattice parameters for NdMn, compound, determined by X-ray diffraction studies. 
For temperatures higher than the N&cl point (TN= 104 K) the structure is hexagonal (q,=ar=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 arc x0=3.10-’ K-r, a,=4.iO-‘K-’ and /I,=10-4K-‘. For T<T, the structure is distorted to monoclinic 
one (o=o,. b=o,.yz120’).A great discontinuity in the volume AV/V=O.9%, is evidenced at Tn. The great anomalies 
in the dilatation arc attributed to the distance depcndencc of the exchange energy between Mn atoms [8602]. (b) 
Thermal variation of the lattice parameter a and of the linear dilatation coefficient, A//1, in YMn,. In the paramagnetic 
state, the thermal dilatation coefticicnt is high (at 250 K, a,= 5. IO-’ K- ‘, which corresponds to /IV= 1.5. 10e4 K - ‘). 
In the antiferromagnetic phase (T<50K) the thermal variation of the lattice parameter is nil. The region of 
cocxistencc of the paramagnctic and antiferromagnctic phases (AF + P) depends on the sample preparation [86 0 23. 
According to [83N 3, 83 N4, 85N2, 86021 the structure in the antiferromagnetic phase is cubic. A small 
crystallographic, tetragonal [82G l] 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 
mcasuremcnts, respectively. 
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0.996 

0.996 

0.995 
0 50 100 150 200 250 K 300 

T- 

Fig. 100. Temperature dependence of the lattice param- 
eters of HoCo, and NdCo, normalized to the respective 
RT values. A tetragonal distortion of the cubic MgCu,- 
type structure has been shown to occur below the Curie 
temperature. A spin reorientation at 15 K in HoCo, and 
43 K in NdCo, changes the distortion from tetragonal to 
orthorhombic [83 G 73. 

7.165 
w 

7.155 

I 

%I&5 

u 7.135 
d 

7.125 

7.115 

7.105 
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a T- 

6 
t 

I 
r----l-&I I I I 

7.125 1" 
ya 

7.1151 
0 5 10 15 20 25 K 30 

b T- 

Fig. 101. Temperature dependence of the lattice param- 
eters in DyNi,, HoNi, and ErNi, between 5 and 290 K. A 
tetragonal distortion of the cubic MgCu,-type structure 
has been shown to occur below the Curie temperature. 
;The Curie temperature of ErNi, is below 5 K. The values 
p are plotted by full circles [81 M 51. 
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85 I 
1 YMn2H, 
83 I P , 

RT 

I 
8.1 

b 
7.9 / 

.I’ 
7.7 bN t 

7.5 I I I 
0 1 2 3 4 5 

a v&l, x- 

.’ 

I I I 
0 1 2 3 4 5 

b ZrKn, x- 

Fig. 102. Lattice constants as a function of hydrogen 
content in (a) YMn,H, and (b) ZrMn,H, at room 
tempcraturc. The intermediate mctastablc p phases arc 
obscncd bctaccn the u-phase and the fully charged 
I3-phase in both hydrides. The b’-phase has the same 
crystal structure as in the hydrogen-free compound and 
the unit cell volume is smaller than in the g phase. In 
YMn,H,. the f3’ phase exists as a single phase for 0.5 <x 
~3.5 and the lattice constant expands continuously with 
increasing x, while it dots not exist as a single phase in 
Zrh?nzH,. Thcrc arc two phases, the CL + fi’ for O<x < 1.5 
and the p’+g phases for 1.5~~ ~3.0 and the lattice 
constants remain unchanged with increasing x in each 
phase [87 F63. 

Fig. 104. Variation of the cell parameters o of LaNi, and 
CeNi? as function of the hydrogen content, at 298K 
[87P 23. It is assumed that the crystalline phase corrc- 
sponds to the a-phase and that the amorphous g-phase 
LaNi,H, replaces it progrcssivcly. In case of hydrogcn- 
atcd samples, an increase in the cell paramctcr for LaNi, 
up to LaNi,H, (AVIV= 1.4%) and decrcasc for CeNi,H, 
(AVIV= -0.5%) is shown. Beyond x = 1, the cell param- 
eter is almost constant. Above x = 3.5, the X-ray diffrac- 
tion lines disappear completely. Also shown is the hydro- 
gen content vs. hydrogen prcssurc. 

7.8 

I 7.6 0 

7.2 
0 1 2 3 

Rk, x- 

Fig, 103. Variation of the lattice parameter as a function 
of the hydrogen content x in ErFc,H, and TbFe,H, at 
room temperature [87 F4]. Filled and half filled symbols 
correspond to [79 V 3,79 V 43 and [76 G lo], respcctivcly. 
The arrows indicate the critical hydrogen concentration 
for rhombohcdral distortion. For XC 1.2 a two-phase 
region is observed corresponding to a broad equilibrium 
plateau. In range 1.2~~ <2.5 for Tb and 1.2<x<3.0 for 
Er, the lattice constant a is quasi-linear with respect to x. 
This corresponds to a volume expansion AV/H of 3.2A’ 
(H atom)-‘, a value which is very close to the mean value 
observed in metal hydrides [83 W 4, 83 W 51. The rhom- 
bohcdral distortion (prcscnt at higher hydrogen con- 
ccntrations) appears at x = 2.4 for TbFe,H, and x = 3.2 for 
ErFc,H,, with angular values of 91.3” and 91.2^, rcspcc- 
tivcly. In cast ofTb compounds, the lattice cell prcscnts an 
expansion along [l 1 l] in the virgin alloy (7 = 89.4”) owing 
to a large magnctostriction and contraction along the 
same direction for x > 2.5 [87 F 43. 

7.41 

I 

8, 

7.38 

7.32 

7.21 I I 

I 

A CeNi,H, omor- 
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Kirchmayr, Burzo 
Landoh-B6mcrein 
New Seriec lWl9d2 



Ref. p. 4051 2.4.2.12 R-3d: RM, 91 

0.50 
A 

0.45 

t 
0.40 

L 
0.35 

0.30 

0.25 I I I 
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Fig. 105. Theoretical calculation of the interstitial site 
radii [83 W 4,83 W SJ versus the cell parameter expansion 
for ErFe,H, compound. The broken line corresponds to 
the critical radius (0.4 A) for which a tetrahedron is either 
occupied or not occupied [87 F4]. The same results are 
obtained for TbFe, if a scaling factor of approximately 1.3 
is applied on the cell parameter axis. The data show clear 
evidence of preferential attraction of the R,M, sites for 
hydrogen mainly in the low-concentration range, but a 
nonnegligible attractivity of the RM, sites for x> 3. 
Owing to the threefold symmetry, the RM, occupancy 
probably drives the rhombohedral distortion observed at 
higher hydrogen concentration. The neutron diffraction 
measurements [87 F 51 have confirmed the occupation 
scheme predicted by the geometrical model. At this 
concentration, the rhombohedral symmetry introduces 
discrimination within the group of R,M, and RM, sites. 
Thus, only RM, sites are selectively occupied inducing a 
cumulative presence of hydrogen atoms near the cell 
centre. The temperature dependence of the cell distortions 
measured by neutrons corresponds to a slight decrease in 
the rhombohedral distortion induced by hydrogen 
(y>90”). A hydrogen diffusion process is seen by 
Miissbauer spectroscopy [85 D 41 up to 200 K, and this 
confirms the main role of local ordering imposed by 
hydrogen at low temperature on the physical properties. 

10: 
TOI 

IO 2 _ 

0 
irk 

0.5 1.0 1 2.0 2.5 3.0 
x- 

0 ErFe,H, 

! I l ErFe,O, 

Fig. 106. Absorption isotherms of ErFe,-hydrides 
[87 F 31. The hydrogen isotherms are similar to those 
reported in [SO K 71 but extend here to higher tempera- 
tures. There are three plateaus in the range of contents 
investigated. Another plateau at x g 1.5 has been reported 
[80 K 71 and there appears to be traces of a plateau here at 
the lowest temperature investigated (323.1 K), in all 
phases except the cl-phase at x=4. Since ErFe, has the 
same structure, the phases have been labelled in order of 
increasing hydrogen contents as CI, cl;, a;,, cl;,,, a;v and p. In 
[SO K 73 five different solid phases were evidenced, but 
there were labelled by ~1, p, 7, 6, E. Five two-solid phase 
coexistence regions are shown. For one the plateau 
pressure is not well defined over the temperature range 
investigated. The plateau pressure of the various two- 
phase regions must naturally increase with the average 
hydrogen content of the two-phase region. However, the 
enthalpies for hydride formation do not increase regularly 
with the plateau pressure. The D/H isotope effect is small 
and changes sign over the measured temperature range 
from 273 to 403 K. 
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Table 40a. Lattice parameters of some RM,-hydrides (A) at T=293 K 

X strut- a, co a, cx AV/V(%) Ref. 
ture 

DyMnJ-4 3.4 Cl5 7.587 8.270 29.5 8OC8 
ErMn,H, 4.0 Cl4 5.281 8.620 5.640 9.330 23 8OV4 
ErMn,H, 4.6 Cl4 5.281 8.620 5.810 9.530 34 8OV4 

CeFe,H, 
SmFe,H, 
GdFe,H, 
TbFe,H, 
TbFe,H, 
WW-4 
DyFe,H, 
W%H, 
HoFezH, 
HoFe,H, 
HoFe,D, 
ErFe,H, 
ErFe,H, 
ErFe,H, 
ErFe,D, 
ErFe,H, 

TmFe,H, 
LuFe,H, 
YFe,H, 
TbCo,H, 
TbCo,..Jeo& 
DYCO,H, 
DYCO,K 
DyCo,.4Feo.6H, 
HoCo,H, 
Ho% .JeO.& 
ErCo,H, 
ErCo,..Jeo.J4 
ErCoo.66%34Hx 

3.7 
X 

X 

i.0 
X 

3.4 
3.5 

i.5 
3.5 
3.5 
X 

3.5 
3.5 
1.45 
1.49 
1.60 
1.69 
1.84 
1.90 
2.61 
2.97 
3.29 

Cl5 7.302 
Cl5 7.417 
Cl5 7.396 
Cl5 7.347 
Cl5 7.354 
Cl5 7.325 
Cl5 7.325 
Cl5 7.320 
Cl5 7.304 
Cl5 7.284 
Cl5 7.300 
Cl5 7.283 
Cl5 7.283 
Cl5 7.280 
Cl5 7.280 
Cl5 7.292 
Cl5 7.292 
Cl5 7.292 
Cl5 7.292 
Cl5 7.292 
Cl5 7.292 
Cl5 7.292 
Cl5 7.292 
rhomb. 7.292 

3.60 Cl5 7.292 
3.90 Cl5 7.292 
3.5 Cl5 7.250 
3.2 Cl5 7.223 
X Cl5 7.363 
3.2 Cl5 7.205 
2.0 Cl5 7.273 
3.4 Cl5 7.175 
3.3 Cl5 7.189 
3.1 Cl5 7.256 
3.5 Cl5 7.166 
3.5 Cl5 7.227 
3.5 Cl5 7.180 
3.5 Cl5 7.230 
3.5 Cl5 7.196 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
8.090 
8.040 
7.970 
7.799 
7.940 
7.940 
7.940 
7.730 
7.880 
7.830 
7.810 
7.910 
7.830 
7.670 
7.574 
7.581 
7.590 
7.615 
7.621 
7.633 
7.733 
7.770 
7.839 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

u=91.2” 
7.886 - 
7.828 - 
7.770 - 
7.698 - 
7.840 - 
7.784 - 
7.722 - 
7.721 - 
7.647 - 
7.707 - 
7.763 - 
7.668 - 
7.710 - 
7.746 - 
7.731 - 

29.8 
28.5 
27.7 
19.3 
27.4 
27.4 
27.6 
18.5 
26.6 
22.4 
23.3 
28.1 
24.4 
17.0 
12.1 
12.4 
12.8 
13.9 
14.2 
14.7 
19.3 
21.0 
24.2 

85Dll 
77Bl8 
77B18 
77Bl8 
82PI3 
77Bl8 
8OC8 
82PI3 
77BI8 
76GlO 
7935 
81 P4 
77B18 
79F5 
79F5 
85D4 
85D4 
85D4 
85D4 
85D4 
85D4 
85D4 
85D4 
85D4 

26.5 85D4 
23.7 85D4 
23.1 79F5 
21.1 85DlI 
20.7 77Bl8 
26.1 82Pl3 
19.7 82Pl3 
24.6 8OC8 
24.4 82Pl3 
19.8 82Pl3 
27.1 81 P4 
19.5 81 P4 
23.8 81 P4 
23.0 81 P4 
24.0 81 P4 
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Table 40b. Lattice parameters of RFe,-hydrides at T=293 K. 

r GdFqH, T HoFe?H, irF@H, 
I 

TmFe2H, .uFe2H, - 
ohm1 E a [nml e 7inml E a [nml E 7 Inml 

- - - 

0.8029 

4- 
0.7879 
0.7850 

a.7935 -1 “cl2 -1 "11 
"IO - l”13’ 

0.7844 -1 "07 k%s - PO7 
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I 
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0.7761 0.7705 

0.7657 
x 

2- 0.7724 
0.7621 

l- 0.7555(80) 
0.7300120: I 

0.7561(701 
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3.7561(45) 
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0.7500 
0.7533 
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For hydrogen absorption and desorption in RM, compounds see also: 
RN-Ix [78 B 20,79 S 6, 85 S 123; GdM,H,, M =Mn, Fe, Co, Ni [79 J I] 
RMn,H, R=Y [87F6]; R=Zr [SOJ3, 82W1, 87F6] 
RFe,H, [81K7,87F5];R=Gd,Ho,Er,Tm,Lu[84D4];R=Ce[87AlO];R=Gd[76B21];R=Dy 

[8OK7]; R=Er [79K3, 80K7, 80K8, 8OS6, 81V4, 83F5, 87F3]; R=Y [76B21] 
RNi,H, R=La, Er, Yb [83El]; R=La [78KlO]; R=Gd [77M2] 
RMA ZrCr,H, [80 J 31; NiTi,H, [79 L 41 
(R’R”)M,H, (ZrCe)Mn,H, [83 P 161; (LaMg)Ni,H, [80 0 I] 
R(M’M”)2H, [Sl F 6, 81 P 51; Zr(MnM),H, [82 S 181; Zr(FeM),H,, Zr(CoM),H,, M = V, Cr, Mn [77 S 83 

Er(MnFe),H, [77 G 121; Zr(MnFe),H, [82 F 13, 83 S 16, 83 S 17, 86 W 2-J; Er(FeCo),H, 
[77G12]; Er(FeAI),H, [77G12]; Zr(FeAl),H, [82FlOJ; Er(CoNi),H, [77G 121; 
Zr(CoCr),H, 183 H 21; Zr(FeCr),H, [86 171 
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Hn Erk, HoFZn2 Dyh TbMn2 GdMn;l 

Erk, HoFe, DYFP2 TbFe, GdFe, 

Fig. 107. Phase relationship for R(Fc, -.MnJz system. 
The region marked by X involves an unknown structure. 
The blank spaces rcprcscnt two-phases regions involv- 
Ing the Cl5 and X structures [76 133. 
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x- 

Fig. 109. Composition dcpcndcncc of the lattice param- 
eters in ErFe, - ,M,, M = Co, Mn, Al, and ErCo, - ,Ni, 
compounds at room tempcraturc [77G 121. In hydrogen- 
ated systems, Al substitution for Fe decrcascs the hydro- 
gcn capacity of ErFe,. Mn substitution for Fe in ErFc, 
increases the hydrogen capacity considerably with a 
maximum hydride composition ErFe,,aMn,.,H,,,. Hy- 
drogcn concentration in this alloys exceeds 7.10** atoms 
cmw3. Co substitution for Fe in ErFe, first incrcascs and 
then decrcascs the hydrogen capacity, the maximum 
hydride composition being ErFc,,,Co,,aH, *. Ni substi- 
tution for Co in ErCo, has little effect on the hydrogen 
capacity of the alloy, although a large Ni concentration 
results in an incrcasc in the equilibrium prcssurc. Lattice 
expansion is obscrvcd to corrclatc with the hydrogen 
concentration for the group of systems ErFc,H,, 
ErFc,-,AI,H, and ErFc,-,Mn,H, The maximum hy- 
drogen capactty in the ErFc, _,Co, system occurs at the 
same Co/Fe ratio which gives the maximum Fe magnetic 
moment. 

7.66 

7.62 

7.58 
0 0.025 0.050 0.075 0.100 0.125 0.150 

a YMn, x- 

0 50 100 150 200 250 K 300 
b l- 
Fig. 108. (a) Composition depcndencc of the lattice 
paramctcrs of Y, -,Sc,Mn, and Y(Mn, -.A&),, at room 
tempcraturc. For Y, -,Sc,Mn, the lattice parameters 
show a decrease with a small negative deviation from 
Vcgard’s law (dashed lines), while that of the Al system 
increases far more rapidly than Vega& law with increas- 
ing x [87 W 21. (b) Thermal expansion curves for 
y0.98%.02 Mn,, YW~o.95AIo,05)2 and YMn, C87W21 
on (open circles) cooling and (solid circles) heating. Both 
the volume change at TN and thermal expansion coefli- 
cient above TN arc substantially reduced in 
Y(Mn,~,,AI,,,,),. The Y, -,Sc,Mn, system shows quite 
diffcrcnt thermal expansion from that of the Al system. 
First, the abrupt volume change for YMn, disappears by 
substitution of Y by a small amount of SC. No anomaly 
was observed for x=0.02. Below x =0.02 two kind of 
phases with a diffcrcncc in volume of about 5% at 4.2 K 
wcrc obscrvcd, suggesting the coexistence of antifer- 
romagnctic ordering with the same Mn magnetic moment 
as in YMn, and a nonmagnetic Mn state. Thercforc, the 
transition from antifcrromagnctic to nonmagnetic state is 
of the first order in Y, -,Sc,Mn,. The thermal expansion 
cocfficicnt of Y0,98Sc0,02 Mn, is fairly large and compar- 
able to that of YMn, bctwecn 100 and 300K. This 
suggests that the paramagnctic state ofYMn, is stabilized 
down to liquid-helium temperature by substituting Y by 
a few pcrccnt of SC. 
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Fig. 110. Thermal variation of lattice parameters a, b, c of 
Gd(Cu, -xNi,), compounds having x ~0.20. These crys- 
tallize in a CeCu,-type structure having space group D$,. 
The Curie temperatures are indicated by arrows 
[87B12]. 
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For structure and lattice constants see also: 
RM, 

RMn, 

RFe, 

RCo, 

RNi, 

RM,Hx 
RMn,H, 
RFe,H, 

RNi,H, 

(R’R”)M, 

[67Hl, 68M1, 68M2, 71B133; R=Ce, Pr, Sm, Tb, Dy, Ho, Er, M=Fe, Co, Ni, Rh, Pt 
[64C4] 

[67K1,87W1];R=Pr,Nd,Er,Tm,Lu[64T1];R=Sm,Gd,Tb,Dy,Ho,Er,Yb,Y[72E1]; 
R=Gd [53Bl, 61B1, 81M1, 85G2]; R=Tb [87Gl]; R=Dy [61Bl, 8lMl]; R=Ho 
[8lMl]; R=Er [61W2]; R=Tm [6lW2]; R=Yb [83Tq; R=Y [61Dl, 82G1, 
87M7); R=Th [52Fl]; R=Sc [61 Dl]; R=Hf [61 W2] 

~65K3,6OH1,68Rl];R=Sm,Gd,Dy,Ho,Y[60N1];R=Ce,Sm,Gd,Dy,Ho,Er[60W1]; 
R=Gd,Tb,Dy,Ho,Er,Y[70B13];R=Gd,Tb,Dy,Ho,Er,Tm,Y[71B12];R=Ce,Sm, 
Gd, Tb, Dy, Ho, Er, Tm, Lu, Y, Zr [71 B 201; R = Sm, Tb, Dy, Ho, Er, Tm [77 B 43; R = SC, Y 
[73D8]; R=Sm, Tb, Dy, Ho, Er, Lu [77B4]; R=Ce [55Jl, 70B14, 74A3, 85Dll-J; 
R=Pr [72C2]; R=Nd [72C2]; R=Sm [61 S23; R=Gd [53Bl, 61 Bl, 61 N2, 61 S2, 
74A3,78C7]; R=Dy [61 Bl, 82Bl-J; R=Ho [79F5]; R=Er [79F5]; R=Tm [79F5]; 
R=Yb [72C2,85T5]; R=Lu [74A3,81 G15, 85Dll-J; R=Y [76B18]; R=Zr [53Bl] 

[65K3,60H1,65Hl];R=Ce,Sm,Gd,Dy,Ho,Y[60Nl];R=Ce,Pr,Sm,Gd,Tb,Dy,Ho,Y 
[60 W I]; R=Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er t-64 R 11; R =Nd, Gd, Ho, Y [66 L4]; 
R=Nd,Pr,Sm,Gd,Tb,Dy,Ho,Er,Y[72BlO];R=La[72R2];R=Pr[76L2,82GlO]; 
R=Nd [76L2]; R=Gd [53Bl, 61 Bl, 61 N23; R=Tb [76L2]; R=Dy [61 Bl, 76L2]; 
R=Ho [76L2]; R=Er [76L2]; R=Tm [76G4]; R=Y [61 Dl]; R=Zr [53Bl]; R=Ta 
153 B l] 

[65K3,60H1,69L1,72B13];R=Ce,Sm,Gd,Dy,Ho,Y[60N1];R=Ce,Pr,Nd,Sm,Gd,Tb, 
Dy, Ho, Er [60 W 11; R=La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Y [83I 11; R=Ce 
[53B1,87S7];R=Pr[53B1,82G10];R=Gd[61Bl];R=Dy[61B1,81M5];R=Ho 
[8lM5];R=Er[81M5];R=Yb[60H1];R=Sc[61D1] 

[77 B 21,77 B 22, 79 S 63 
R=Er [8OV4, 83W5]; R=Y [77B19, 87F6]; R=Zr [79D8, 83W5, 84F4, 87F6] 
R=Ho, Er, Tm [79F5]; R=Gd, Ho, Er, Tm, Lu [84D4]; R=Ho, Er, Tm [76GlO]; 

R=Ce, Sm, Gd, Tb, Dy, Ho, Er, Y [77B18]; R=Ce [76B18, 85D11, 87AlO-J; 
R=Tb [85B4, 87F4, 87F5]; R=Dy [8OP6]; R=Er [84A12, 87F4, 87F5]; R=Lu 
C85Dll-J; R=Y [76B18]; 

R = La, Er, Yb [83 E l] 
ZrCr,H,, ZrV,H, [8113] 
[73B 123; (PrGd)Mn, [71 N 11; (PrTb)Mn, [71 N 11; (DyHo)Mn, [62 W 11; (GdY)Mn, 

[86 0 23; (YLu)Mn, 186 0 21 
(CeGd)Fe, [73 M 12, 75 M 83; (CeY)Fe, [80 D 11; (PrSm)Fe, [84 S 9, 85 S 153; (PrTb)Fe, 

[SS S 151; (PrY)Fe, [85 S 153; (NdSm)Fe, [84 S 93; (SmEr)Fe, [84T 11; (SmY)Fe, [84 K 93; 
(GdTh)Fe, [73 M 12,75 M 8-J; (TbDy)Fe, [78 M 3-J; (TbY)Fe, [75 P9] 

(CeY)Co, [85 A 93; (PrDy)Co, [70 L 6,70 L 73; (PrHo)Co, [70 L 6,70 L 73; (PrY)Co, [74 K 123; 
(NdGd)Co, [71 P43; (GdEr)Co, [69 H I]; (GdY)Co, 176 B 163; (TbHo)Co, [87A 21; 
(TbY)Co, [84 L 51; (ErY)Co, [84 L 63; (HoY)Co, [78 S 193 

(LaY)Ni, [87S19]; (CeLa)Ni, [85S3]; (CeY)Ni, [85A9,87S19]; (PrDy)Ni, [7OL6,7OL7j; 
(PrHo)Ni, [7OL6, 7OL73; (PrY)Ni, [74K 123; (PrY)(CoNi), [74G 123; (PrY)(CoCu), 
[74G 121 

(R’R”)M,H, (CeZr)Mn,H, [83 P 163; (YZr)Fe,H, [86 K 41 
R(M’M”), [73 B 123; Gd(MnFe), [76 I 3, 86 N 11; Tb(MnFe), [76 I 33; Dy(MnFe), [62 W 1, 76 I 31; 

Ho(MnFe), [62 W 1, 76123; Er(MnFe), [7612, 77G 12, 77133; Y(MnFe), [86Y 7-J; 
Y(MnCo), [86Y 73; Gd(MnNi), [82S 223; Tb(MCr),, M = Mn, Fe, Co, Ni [85 G 23; 
Gd(MnAl), [78S16, 78S17, 8OS13, 838181; Tb(MnAI), [62Wl, 72031; Dy(MnAl), 
[62 W 11; Ho(MnAl), [62 W 1-J; Er(MnAl), [720 33 

Ce(FeCo), [68 M 2, 75 L 23; Pr(FeCo), [68 M 23; Ho(FeCo), [Sl P4]; Er(FeCo), [68 M 2, 
77612, 81P4, 85A15]; Y(FeCo), [68P2, 82K3]; R(FeM),, M=Ni, Al, R=Y, Zr 
[77 M 123; Dy(Fe,,,M,,,),; M = AI, Ga, B [87 Z 11; Ce(FeNi),, Pr(FeNi),, Er(FeNi), 
[68 M 23; Dy(FeNi), [76B 12, 78 B 123; Ho(FeNi), [78 B 121; R(MAI),, R = Pr, Gd, Er, 
M=Mn, Fe, Co, Ni, Cu [7402]; R(FeAI), [68D2, 7103, 73223; R=Gd, Dy, Ho, Y 
[76 G 83; R = SC, Y, Lu [75 D 111; R = SC, Y, R [75 D lo]; Pr(FeAl), [67 0 23; Gd(FeAI), 
[67 0 1,79 B 6, 80 A 6); Tb(FeAl), [73 0 11; Dy(FeAl), [62 W 1,72 0 4, 82 B 2-J; Ho(FeAI), 
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[SS S 213; Er(FeAl), [710 5, 77 G 121; Lu(FeAl), [87 B 131; Y(FeAl), [75 B 121; R(FeCu), 
[8ST4]; Gd(FeCu), [86T7]; Yb(FeCu), [86T7]; Y(FeCu), [86T7]; R(FeRu),, R=Ho, Er 
[84 S 151; Y(FeRu), [74 R l] 

Ce(CoNi), [68 M 2, 770 11, 83 D I, 85 A9]; Pr(CoNi), [68 M 21; Gd(CoNi), [SS K2]; 
Er(CoNi), [68 M 2,77 G 12); Y(CoNi), [74K 121; Zr(CoCr), [83 H 21; Ce(CoAl), [68 M 2, 
80 Z 21; Pr(CoAl), [67 0 21; Gd(CoAl), [67 0 11; Tb(CoAl), [73 0 I]; Dy(CoAl), [62 W 1, 
720 4, 80 S 131; Ho(CoAl), [73 0 I]; Er(CoAl), [670 1, 70 02, 81 K 131; Lu(CoAl), 
[SS S 31; Y(CoAl), [73 Z 2,86 16,88 S 33; Sc(CoAl), [86 16,88 S 31; Gd(MCu),, M = Co, Ni, 
Al [87B12]; Gd(CoCu), [86B12]; RCoGa, R=Ce, Pr, Nd, Sm, Y [83R7]; RCoSn 
[82 S 191; Gd(CoIr), [79 C 2,79 C 31; R(CoRu),, R=Ho, Er [84 S 151; Ce(CoRu), 171 S 53; 
Y(CoRu), [74 R 11; R(NiA1)2, R = Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er [70 L 6, 70 L 71; RNiAl 
[73 0 3, 82R 5, 87T 61; Gd(NiAl), [73 H2]; Ce(NiCu)z [70 W 1, 85 M II]; Gd(NiCu), 
[7OWI, 74P2, 86Bll); LaNiGa [86Y5]; R(NiGe), [77C5]; RNiSn [83D8, 84813, 
85 R 10-J; R(NiRu),, R = Ho, Er [84 S 151; Y(NiRu), [74 R I]; Mg(CuAl), [SO K 61 

R(M’M”),H, Er(FeMn),H, [78 S2], Zr(FeMn),H, [83 S 171; Y(MnM),H,, M=Co, Ni, Al [88 F3] 
Ho(FeCo),H, [Sl P 41; Er(FeCo),H, [Sl P 41; Zr(FeCr),H, [86 171; Zr(CrCo),H, [83 H 21; 

GdFeAIH, [84 D 71 
GdNiAlH, [84 D 71 

For thermal expansion of lattice parameters see 
RMn, R=Gd,Tb,Dy,Ho[83Gl];R=Pr,Nd,Sm,Gd,Y [85Tl];R=Pr,Nd,Y,Th[8602];R=Tb 

[8OM2]; R=Y [82Gl, 88Gl]; R=Th [87D7] 
RFe, 
RCo, 

R=Ce, Hf, Ti, SC [76M20]; R=Er, Y, Ti, Zr [73B23]; R=Tb[77B4,7714] 
R=N~,G~,T~,D~,H~,E~,Y[~~C~];R=N~,G~,D~,HO,Y[~~G~];R=D~,HO,E~[~~GIO]; 

R=Nd [83G7]; R=Gd [65Hl, 82L4]; R=Tb [7714, 80G7, 80M2, 83Y6]; R=Ho 
[83G7]; R=Y [82L5] 

RNi, 
RWL 

R=Dy, Ho, Er [81 M5]; R=Gd [71C2]; R=Tb [80M2]; R=Ce [87S7] 
HoFe,H, [82A I I]; ErFe,H, [82A I I] 

(R’R”)M, (LaY)Mn, [SS N I]; (YSc)Mn, [87 W 2, 88 N 11; (TbDy)Fe, [77A I]; (TbHo)Fe, [81 K 123; 
(ScTi)Fe, [86 N 33; (TbHo)Co, [83 131; (TbY)Co, [84 L 53; (HoY)Co, [78 S 191; (ErY)Co, 
[84 L 61 

R&I’M”), Y(MnAI), [87 W 2, 88 S I]; Dy(FeAl), [SS K 31; Tb(CoNi), 182 M 21; Gd(CoAl), [84 B 51; 
Gd(NiAl), [85 K I] 

For thermal expansion see also 
RMn, R=Gd,Tb,Ho,Er,Y[83Sll];R=Gd,Dy,Y[83N3];R=~Y[8705,88Nl];ThMn,[87D7] 
RFe, R=Gd, Tb, Dy, Ho, Er, Tm, Y, SC, Zr [83 G 123 
RCo, R=Nd, Tb, Dy, Ho, Y, Zr [83 G 121 
RNi, R = La, Nd, Sm, Tb, Dy, Ho, Er, Tm, Y [84 123; R = Ce [87 S 71 
(R’R”)M, (YLa)Mn,, (YSc)Mn, [SS N I]; (TbDy)Fe, [86 S 71; (GdY)Co, [83 M 7, 84 M 4, 84 M 51 
R(M’M”), Y(MnAl), [86 S 12, 87 S 8); Y(FeCo), [83 M 71; R(FeAl)z [84 S 111; Gd(MCu),, M =Co, Ni, Al 

[87 B 121; Ho(CoCu), [86 H 3-J; Er(CoCu), [SS D 33; Y(CoCu), 188 D 31 

For thermal decomposition see 
PrCo,, NdCo, [73 F l] 

For oxidation of RM, compounds see 
R=Fe, Co, Ni [76D2, 76L1, 79Dl] 

For enthalpies of formation see 
GdFe,, GdCo,, GdNi, [86 C 71 

For peretectic temperatures see 
Ce(CoNi), [85 D I] 

For crystal growing see 
HoFe,, ErFe, [76 M 141; (HoTb)Fe, [74 M 71 

For texture see RCo, [77 H 31 
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Magnetization, Curie temperatures 

100 100 
Gcm3 Gcm3 

9 9 
15 15 

I I 50 50 
b b 

25 25 

0 0 

I 
b 

I 125 

b 100 

25 O,ll”, _ 
v ill1 1 

OC 
0 10 20 30 40 50 kOe 60 

H- 

I 

125 

100 
b 

15 

25 

0 
0 10 20 30 40 50 kOe 60 

H- 

Fig. 111. Magnetization isotherms at 4.2K in RMn, 
single crystals: (a) R=Gd, (b) R=Tb, (c) R=Dy, (d) 
R = Ho, (c) R = Er [83 M 11. The magnetization curves of 
GdMn, along the [lOO], [l lo] and [ll l] axes appear to 
bc almost isotropic, indicating a very small anisotropy. 
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Fig. 112. (a) Magnetization isotherms of YMn,, PrMn,, 
NdMn, and SmMn, at 4.2K in high fields. The dashed 
line shows a Brillouin function for J = 9/2 (Nd3 + ion). The 
magnetization of YMn, increases almost linearly with 
increasing the field. The magnetization isotherm is almost 
straight for SmMn, and slightly convex upward for 
NdMn, and PrMn,. The values of the magnetizations at 
300 kOe are 0.74p,/f.u. for PrMn, and 0.19 pn/f.u. for 
SmMn,. The magnetic moment of NdMn, is 1.88 ps/f.u. 
(b) Magnetization curves for GdMn,, TbMn,, DyMn,, 
HoMn, and ErMn, at 4.2 K. The magnetizations show a 
trend of saturation in high fields [85 W I]. 

Fig. 113. Variations of Mn magnetic moment, volume 
change at TN, and thermal volume expansion coefficient p 
with the interatomic distance dr,,n-hln [87 W I]: (a) Mn 
magnetic moment pMn, at 4.2K in RMn, compounds 
[83 N 4,84 Y 6, 86 Y 63, as a function of dMnwMn at 4.2 K. 
(b) Volume change at TN, (Av/v),=,,, and the average 
TEC between 200 and 300 K plotted against dMn-Mn at 
room temperature. The data suggest that the interatomic 
distance, dMn-Mn, is responsible for the onset of the 
ground-state Mn magnetic moment in RMn, com- 
pounds, and Mn magnetic moments collapse abruptly at 
a critical aMneMn value. (AF/k’), = rN disappears abruptly 
at a critical dYnMMn distance, while its magnitude does 
not indicate the ground state Mn magnetic moment of 
each compound and has a maximum value for YMn,. 
TEC is large in all RMn, compounds compared with 
that of ScMn,, which is a Pauli paramagnet. 
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Fig. 114. (a) Thermal variations of the 
spontaneous magnetizations and re- 
ciprocal magnetic susceptibilities for 
CeFe, [81 D4], TbFe, [71 B 121 and 
LuFe, [70 B 8, 71 G 33 polycrystalline 
compounds. The spontaneous magnet- 
ization vs. temperature for a TbFe, 
single crystal is also plotted [78C5]. 
(b) Thermal variations of the sponta- 
neous magnetizations and reciprocal 
magnetic susceptibilities for DyFe, 
and HoFe, polycrystalline compounds 
[71 B 121. The spontaneous magneti- 
zations for DyFe, [78 C 51 and HoFe, 
[79A l] single-crystals are also 
plotted. (c) Thermal variations of the 
spontaneous magnetizations and re- 
ciprocal magnetic susceptibilities for 
ErFe, and TmFe, polycrystalline com- 
pounds [71 B 123. The spontaneous 
magnetizations for ErFe, [74 C 23 
and TmFe, [78 C 51 single-crystals are 
also plotted. 
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Fig. 115. Temperature dependence of the magnetic sus- 
ceptibilities near Tc for YFe, [79 B 131. The data fit the 
relation xi l= At?, where t=IT--Tc]Tc-’ and ygl.34. 

For Fig. 117, see next page. 
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Fig. 118. Temperature dependence of the magnetic sus- 
ceptibilities in LuCo, [71 B 91, YCo, [72 B 101 and YNi, 
[72B 131. These compounds show a Pauli-type 
behaviour. 
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Fig. 116. Magnetic field dependence of the transition 
temperature in DyCo,, HoCo, and ErCo, [72 G 51. The 
observed behaviour is characteristic of a first-order phase 
transition. For RCo, (R= Pr, Nd, Sm, Gd, Tb) com- 
pounds a second:order phase transition is observed. 
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Fig. 119. Magnetization isotherms for YCo, [78 S 61. 
Open and solid circles: sample 1 (77 and 4.2 K, respec- 
tively). Triangles: sample 2. The dashed straight lines 
only serve to guide the eye. In the presence of high fields, 
a magnetic moment is induced. 
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Fig. 117a-c. 
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Fig. 117. Thermal variations of spontaneous magnetiza- 
tions and of reciprocal susceptibilities for (a) PrCo, and 
NdCo,, (b) SmCo, and GdCo,, (c) TbCo, and DyCo,, (d) 
HoCo, and ErCo, polycrystalline compounds [72 B lo]. 
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Fig. 120. Thermal variations of spontaneous magnetiza- 
tions for some RNi, compounds [72 B 131. 
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Fig. 121. Thermal variations of reciprocal susceptibilities 
for RNi,: (a) R=Pr, Nd, (b) R=Gd, Tb, Dy, Ho, Er, Tm 
[72 B 133. The effective magnetic moments are nearly the 
same as those of the R3+ free-ion values. 
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Fig. 122. Inverse magnetic susceptibility vs. rcduccd tcm- 
pcrature for GdNi,. The dashed lines rcprcscnt a qualita- 
tive estimate of the uncertainty in t = IT- 7’,‘,]7,- ’ due to 
an uncertainty in T, of 30mK. The expcrimcntal data fit 
the relation x-t= AP with y=1.19 [74H8]. 
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Fig. 123. Prcssurc dcpcndcncc of the N&l tcmpcraturc TF: 
in (a) NdMnz and (b) YMn, compounds. Values of 
dTJdp = - 3.5 K,/kbar and - 3.5 Kjkbar, rcspcctivcly, arc 
observed. evidencing the part played by the Mn Mn 
interatomic distances on the Mn magnetic bchaviour 
[8a 0 23. Prcssurc dcpcndcncc of the Curie tcmpcraturcs 
Tc in (c) RFe, [73 B 253 and (d) RCo, and RNi, [71 B 93 
compounds. The observed bchaviour in RFc, com- 
pounds is correlated with the distance bctwccn the 
transition metal atoms, as well as with the Fermi wave- 
vector of the 3d band measured to the nearest band 
extrcmum. For GdNi,, where Ni is nonmagnetic, the T, 
value is not dcpendcnt on pressure. 
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Table 41a. Curie temperatures and saturation magnetizations of RMn, compounds. lv2) 

T, W) Psh&U.) PM” kkJ 

65Fl 81Ml 83Gl 83Ml 85Tl 81Ml 83Gl 83Ml 85Wl 83Gl 83Ml 

PrMn, 112 0.74 5) 
NdMn, 104 
SmMn, 86 
GdMn, 

0.19 5) 
110 110 106 2.9 2.7 3.9 6.2 “) 2.15 1.6 

TbMn, 26 48 Z5.04) 6.83) 9.5 6) 5 2.0 
DyMn2 38 49 36 7.2 7.1 8.9 10.06) 5 1.45 -0.6 
HoMn, 26 31 25 6.4 8.7 9.7 10.3 6) (C15) SO.65 0.2 

10.26)(C14) 
ErMn, 25 15 8.8 8.9 6, 0.1 
TmMn, 12 
YMn, 81 ‘1 

(cooling) 
112 

(heating) 

‘) Because of the complex magnetic structure and/or lack of saturation, no reliable values of saturation magnetization, ps, may be obtained. See figures 111 
and 112. 

2, For paramagnetic behaviour see [83 G 1, 83 M 11. 
3, Value obtained in a field of 56 kOe for [I 1 l] direction. 
“) Value obtained in a field of 55 kOe. 
‘) Values obtained in a field of 300 kOe. 
6, Obtained from extrapolation of pm to l/H-+0, from fields up to 300 kOe. 
‘) The magnetization of YMn, increases linearly with the applied field. 
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Table 41 b. Curie temperatures (K) of RFe, compounds. 

63Wl 64Fl 69Gl 70B13 71B12 78B9 79F5 80bl 8012 80SII 77M8 
64w2 71G3 8ISll 81MlO 

CeFe, 235 
PrFe2 525 543 
NdFe, 530 578 
SmFe, 676 674 
GdFe, 790 798 785 793 789 
TbFe, 711 697 693(3) 682 694 
DyFe, 705 635 635 633(3) 612 633 630 
HoFe, 614 612 597 593(3) 574 594 594 
ErFe, 596 590 574 610 576 571 
TmFe, 610 566 555 555 
YbFe, 543 
LuFe, 610 583 562 
YFe, 550 537 543 535 534 528 

Table 41~. Curie temperatures (K) of RCo, compounds. 

63Wl 66Fl 66L4 71B9 72BIO 7265 74D4 76L2 78K4 7962 81M6 

CeCo, 
PrCo, 50 50 54 
NdCo, 126 116 99 98 
SmCo, 232 259 
GdCoz 408 410 404 395 
TbCo, 245 256 228 
DyCo, 169 159 135 
HoCo, 49 95 77.8 74 
ErCo, 48 86 33 
TmCo, 33 18 

‘) Depending on preparation method. 

Pauli paramagnet 
46 40 34 
98 99 99 98 

211 204 
395 395 398 
228 228 230 230 240 
135 135 133 135 138 
74 77 75 89 77.4 
33 32 32 30 32 

4.5 4...7 ‘) 4 

Table 41d. Curie temperatures (K) of RNi, compounds. 

63Sl 66Fl 7OWl 72B13 73N7 73z3 7562 7762 81 M5 8311 

LaNi, Pauli paramagnet 
CeNi, Pauli paramagnet 
PrNi, 8 
NdNi, 20 16 15.5 9 
SmNi, 77 21 21 22 
GdNiz 90 85 85 76 74.1 75 
TbNi, 46 45 35 40 
DyNi, 32 30 23 25 21 22 
HoNi, 23 22 I8 13.4 13 16 
ErNi, 14 21 16 5 7 
TmNi, I4 13.5 
YbNi, 5.7(4) 
LuNiz Pauli paramagnet 
YNi, Pauli paramagnet 

Kirchmayr, Burzo 
Landolr-EKirnctein 
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Table 41e. Saturation magnetization and paramagnetic behaviour of RFe, compounds. 

Ps ww Paramagnetic 
behaviour 

63Wl 64Fl 69Gl 70B13 71 B 12 75D8 79B6 80bl 80~1 80Sll x-l vs. T 
71wl 71G3 81Sll 

CeFe, 
PrFe, 
NdFe, 
SmFe, 
GdFe, 

TbFe, 

HoFe, 

ErFe, 
TmFe, 

YbFe, 
LuFe, 

YFe, 

2.38 

2.50 
3.35 3.78 2.80 

2.90 
3.75 3.90 3.70 

3.68 

4.91 

5.11 

4.75 
2.52 

2.97 

2.91 

4.72 

5.50 

5.50 

4.80 

2.88 

2.89 2.90 

5.00 5.60 

6.00 5.60 

6.00 6.00 

5.00 5.00 
2.70 3.10 

2.90 

4.7 
4.6 

5.81* 

6.87* 

6.70* 

5.79* 
3.72* 

nonlinear 
[70B8,71B12, 
80121 

nonlinear 
[71 B12,8012] 

nonlinear 
[71B12,8012] 

nonlinear 
[71B12,8012] 

nonlinear 
[71 B 12,8012] 

nonlinear 
[71B12,8012] 

c-w 
[70B8] 

c-w 
[71 B12,70B8] 
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Table 41f. Saturation magnetization and paramagnetic behaviour of RCo, compounds. For measurements on 
single crystals see GdCo, [75 G 2*]; HoCo, [75 G 2*, 78 A 8*]; TmCo, [74 D 47. 

Ps (PB’f~U.) Paramagnetic 
behaviour 

63Wl 66Fl 66L4 72BlO 74D4 75G2 7962 x-' vs. T 

CeCo, Pauli paramagnet 
PrCo, 2.98 

NdCo, 3.46 

SmCo, 1.26 
GdCo, 4.31 

TbCo, 4.38 

DyCo, 6.72 

HOC-O, 7.17 

ErCo, 5.87 

TmCo, 3.96 

YbCo, 

3.2 

3.8 

2.0 1.50 
4.9 4.9 4.96 

6.7 6.30 

7.6 6.80 

7.8 7.30 9.30 

7.0 

4.7 

3.00 

3.4 ‘) 3.40 

LUCO, Pauli paramagnet, see Fig. 118 
YCO, Pauli paramagnet, see Fig. 118 

6.20 

2.5(3) 

5.30 

nonlinear 
[71 B9,72BlO, 
848161 

nonlinear 
[71 B9,72BlO, 
84s 163 

6.65 

nonlinear 
[70B7,71 B9, 
72B10,72B11,84S16] 

nonlinear 
[71 B9,72BlO, 
72B11,84S16] 

nonlinear 
[71 B9,72BlO, 
72B11,84S16] 

nonlinear 
171 B9,72BlO, 
72B13,84S16] 

nonlinear 
[71 B9,72B 10, 
72B11,84S16] 

nonlinear 
[74 D 43 

‘) Obtained from figure. 
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Table 41g. Saturation magnetization and paramagnetic behaviour of RNi, compounds. For measurements on RNi, single crystals see DyNiz [77 G 23, HoNiz 
[75 G2], ErNit [83 G 21. 

Paramagnetic behaviour 

63Sl 66Fl 69Kl 72B13 75G2 77G2 8362 x-l vs. T 0 (K) Peff ww 

66Fl 72B13 7562 7762 66Fl 72B13 

LaNi, Pauli paramagnet 
CeNi, Pauli paramagnet [66 F I] 
PrNi, 0.57 0.86 
NdNi, 1.62 1.80 1.75 
SmNi, 0.25 0.20 
GdNi, 6.74 7.10 7.10 7.00 
TbNi, 5.84 7.80 6.90 
DyNi, 7.08 9.20 7.83 8.8 
HoNi, 7.04 8.40 8.90 7.55 
ErNi, 5.48 6.80 5.40 5.90 
TmNi, 2.48 3.20 3.34 
YbNi, See [73 N 71 
LuNi, Pauli paramagnet x,,, ~0.47. 10e3 cm3 mol- ’ at 300 K [63 S l] 
YNi, Pauli paramagnet [66 F 1, 72 B 131, see Fig. 118 

c-w 
c-w 
nonlinear 
c-w 
c-w 
c-w 
c-w 
c-w 
c-w 

4 8 3.57 3.53 
10 16.5 3.74 3.61 

78 77 7.82 7.98 
35 44 9.82 9.71 
23 28 28 10.40 10.62 
12 18.5 16 10.50 10.64 
11 10 9.37 9.55 
0 2 7.28 7.56 
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b 
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Fig. 124. (a) Magnetization isotherms at 4.2 K for some 
YMn,H, hydrides and (b) ma_enctization as function of 
tempcraturc for the above samples in H = 10 kOc [87 F 61. 
In the I!%’ phase of YMn2H, with 0.5~~~3.0 both the 
Curie tcmpcraturc and the saturation moment incrcasc by 
increasing x and reach the maxima of Te= 320 K and p, 
=0.6OlQf.u. for YMn2H,,,, rcspcctivcly. In the more 
greatly charged YMn2H, with x>4.0, the magnetization 
decrcnscs drastically with increasing x and antifcrromag- 
nctism or paramagnctism bccomcs stable again, which is 
coincident with the appcarancc of the /I phase. It should 
bc noted that the cr- H curve with x=4.0 indicates an 
atypical bchaviour. It looks similar to a cluster glass 
owing to the cocxistencc of the p’- and fl-phases, but is not 
accompnnicd by any thermal history. This may bc 
characteristic of diffusion of hydrogen at high tcmpcra- 
turcs. When hydrogcncration occurs the Mn ~Mn dis- 
tance exceeds the critical value [77 B21, 851 31 and 
fcrromngnctism is stabili7cd. If the Mn Mn distance 
bccomcs too large, the Mn ma_enctic moment disappears 
again. In (b) the tcmpcraturc dcpcndcncc of the magnetic 
susceptibility of YMn, is also dcpictcd. 

Fig. 125. Variation of the magnetization of TbFc,H, 
versus applied magnetic field at 4.2 and 300 K for x =O, 
1.67, 2.12, and 3.47 [SS B4]. The bchaviour of the 
magncti7ation at 4.2 K for x = 1.67 is similar to that of the 
pure compound (x =O). Ncverthclcss a dccrcasc of 2 1 u,, 
is observed for the saturation magnetic moment. This may 
be attributed to an enhanced Fc magnetic moment (by 
NMR studies the Tb magnetic moment is constant). For 
the highest values of x, the saturation is not complctc at 
4.2K. 
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Fig. 126. Dependence of the Curie temperature Tc in 
RFe,H, hydrides on the relative variation of lattice 
parameters a(x)/a(O) for R = Ho, Er, Tm, and Lu [84 D 41. 
The Tc values decrease when increasing the lattice param- 
eters. The same trend is observed for all compounds 
showing that Fe-Fe interactions determine mainly the Tc 
values. 

4 
me, x- 

Fig. 128. Behaviour of the conduction electron magnetic 
susceptibility vs. hydride composition in RFe,H, (R = Er, 
Tb) systems. The shaded area corresponds to the struc- 
tural distortion effect [87 F 41. The conduction electron 
magnetization, which is superimposed on the localized 
magnetic moments, is dependent on the hydrogen 
content near the crystallographic transition (cubic 
(C)+rhombohedral (R)). The drop of this superimposed 
magnetic susceptibility occurs for x=3.2 for Er, and 
x = 2.0 for the Tb system. This reflects the change in the 
crystal electric field as seen by the conduction electrons of 
3d and 5d character. This change arises from the accumu- 
lation of electric charge on RM, interstitials sites which 
accompanies the C-R transition. 

-0 100 200 300 400 500 600 K 700 
T- 

Fig. 127. Temperature dependence of the saturation mag- 
netization in CeFe,H, and LuFe,H, hydrides. In case of 
LuFe,H, hydrides, the magnetization increases from 
2.8 pa for x=0 to 3.5 na for x = 1.5. These data are also in 
agreement with the Miissbauer effect measurements 
[SSDII]. 

15C 
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125 
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H- H- 

Fig. 129. Magnetization vs. applied magnetic field curves 
for the GdCo, compound and its hydrides GdCo,H, 
(x =2.2; 2.6 and 3.0) at 4.2 K [87 F 71. The magnetization 
increases with the absorbed hydrogen content. The mean 
Co magnetic moment undergoes a drastic reduction by 
hydrogen absorption. This fact is ascribed to the reduc- 
tion of exchange interactions. 
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Table 42. Magnetic properties of some RM,-hydrides and parent compounds. 

[Ref. p. 405 

GdMnzH,, (SOat) 
YMn,H, ‘) 
YMn2H, (0.1 at) 
YMn2H, (4.5 at) 
YMn,H, (6at) 
Pr 0.55Er0.4sMn2H3.g 

CeFe, 
CeFe2H3,7 
CeFe,H, 

SmFe,H, 

GdFe,H, 
GdFe2H3., 
GdFe,%, *I 
GdFe,H,,, (50 at) 

TbFe,H, 
nFe2H3., 

DyFe,H, 
DyFe2H3., 

HoFML, 
HoFe,H, 
HoFe2h5 
HoFe2H3., 

ErFdL 
ErFe2H3., 
ErFe,H, 
ErFe,H,., 
ErFe,H, 
ErFe,H, 
ErFe2H3.,, 
ErFe2H3.56 
ErFe2H4. I 

TmFe2H3. I 
TmFe2H3., 

LuFe, 
LuFe2H3., 
LuFe2H3.2 

YFe,H, 
YFe,H, ‘) 
YFe,H, 

Ordering 
temperature 
K 

< 4 
228 
30.5 
228 
201 

2165 

358 

333 

388 

388 
338 

303 
>300 

385 
> 300 

295 
298 
285 

440 
450 
265 

>400 
>400 

450 
450 

r 2 

305 

308 
308 
133 

PS 

PB1f.U. 

0.35 

2.66 
4.43 
4.80 

3.20 

4.00 
2.60 
4.10 
5.39 

4.60 
7.80 3, 

4.90 
7.60 3, 

5.50 
2.35 
3.30 

5.20 
1.50 

0 

2.83 
3.52 
3.50 

3.40 
3.66 
3.71 

PR 

PB 

0.50 
- 
- 

7.00 

5.30 4, 

6.80 

4.304) 
4.90 4) 

5.10 
7.3 
9.00 
4.0 
8.5 
6.5 

3.60 
3.80 4, 

0 
0 
0 

PM 

1.08 
2.22 

2.21 

1.90 

1.74 

1.60 
1.50 

1.80 
1.6 
1.7 
1.6 
1.9 
0.2 

1.81 
-7 

1.41 
1.76 
1.75 

1.70 
1.83 

Ref. 

8002 
8002 
8002 
8002 
8002 
8002 

85Dll 
85Dll 
77B 18 

77Bl8 

77Bl8 
84D4 
76B21 
8002 

77Bl8 
82P13 

77Bl8 
82Pl3 

79F5 
77Bl8 
76GlO 
84D4 

79F5 
79F5 
77Bl8 
84D4 
80F6 
79v4 
80F6 
79v4 
79v4 

84D4 
79F5 

85Dll 
85Dll 
84D4 

77Bl8 
76B21 
8002 
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Table 42 (continued) 

Ordering 
temperature 
K 

Ps 

PB1f.U. 

PR 

PB 

PM Ref. 

ScFe, 542 1.15 81N2 
ScFe21-k7 > 500 1.80 81N2 
ScFe2H2., > 500 1.90 81N2 
ScFe2H3.2 > 500 2.00 81N2 

GdCoA., 5.86 0.57 87F7 
GdCoJb., 6.36 0.32 87F7 
GdCoAo 6.53 0.24 87F7 
GdCo,H,., (amorphous) 6.15 8002 

50 
590 

> 300 

4.15 “) 
5.55 3) 
5.80 3, 

82P13 
82P13 
82P13 

40 4.70 
545 6.50 

> 300 3.80 

82P13 
82P13 
82P13 

40 4.70 
545 6.50 

> 300 3.80 

81P4 
81 P4 
81P4 

25 4.35 
510 4.85 

> 300 3.80 
670 4.65 

>300 2.90 

81 P4 
81P4 
81 P4 
81P4 
81 P4 

GdNi,H,., 8 4.20 77M2 

‘) Two-phase material. 
2, At 4.2 K and in fields up to 18 kOe. 
3, At 4.2K and in fields up to 21 kOe. 
“) The rare-earth spins in RFe, hydrides are not ordered in a unique direction. The random hydrogen site 

occupancy results in a variation in the direction of the local anisotropy field, such as found in amorphous alloys, 
which leads to a “fanning” of the individual rare-earth magnetic moments. 

“) Not determined. 

Land&-B6rnstein 
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Fig. 130. Magnetization isotherms at 4.2K in 
Cd, -,Y,Mn, compounds. Even in a field of 150 kOc the 
magnetizations arc lower than the expected values con- 
sidering the contribution of Cd atoms, The magnetic 
structure of GdMn, seems to bc stable up to x=0.5. For 
higher Y content the obscrvcd curves may be attributed to 
the Cd magnetic moments situated in a nonzero mo- 
lecular ticld due to Mn magnetic moments. The continuity 
of the form of the magnetization isotherms suggests that 
the arrangcmcnt of Mn magnetic moments is the same as 
in YMn, [86 0 23. 

Fig. 131. Thermal variations of spontaneous magnetiza- 
tions and reciprocal magnetic susceptibilities for some 
Gd,Y, -xFe2 compounds [79B 131. Curves typical of 
ferrimagnctic ordering are observed at T> T, for x>O. 
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Fig. 132. Pressure dependence of the Curie temperatures 
Tc for several Ce,-,Y,Fe, compounds. The prominent 
feature appearing in this system is a positive pressure 
derivative of Tc when Tc is large, shifting to negative value 
when Tc becomes smaller [77 B 231. 

ZrFe, x- YFQ 

Fig. 133. (a) Magnetic moment of Fe in Y,Zr, -xFe2 and 
Y,Zr, -,Fe,H,, where Y and Zr are assumed to have no 
magnetic moment [86 K 41. In Y,Zr, -XFe, the change of 
the magnetic moment is smooth with the maximum value 
at about x=0.35. The hydrides have a different tendency 
with the boundary at x =0.6. In the composition range 0.2 
2 x IO.6 the magnetic moments of hydrides decrease with 
x, while for x 20.6 they turn to increase. For x 2 0.75 they 
exceed those of the parent compounds and for x 20.85 the 
magnetic moment is almost constant. (b) Composition 
*dependence of the Curie temperatures for Y,Zr,-,Fe, 
and Y,Zr,-,Fe,H,. In the composition range 0.25~ 
50.65, the Curie temperatures go down to 254K at 
Y,,,,Zr,,,,Fe,H,,,, as the trend evidenced for the magne- 
tic moments, and for x20.75 they rise up to 320K for 
YFe,H,,,. These two kinds of dependences suggest that 
the electronic state of the hydrides having the hydrogen 
content 0...3 is quite different from that of the hydrides 
with hydrogen content 3’. .4. 
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Fig. 134. Magnetization isotherms of Sco.zsTio.,sFez at 
various temperatures obtained by (a) steady magnetic 
field and (b) pulsed magnetic field. The jumps become 
indistinct, at 4.2 K, in the pulsed-field mcasuremcnts, but 
the width of hysteresis is almost the same as obtained by 
using the steady magnetic field. The hystcrcsis width 
decreases when increasing tempcraturc, and disappcares 
at approximately 1OOK. A ferromagnctic+fcrromagnctic 
transition is obscrvcd bctwccn states having diffcrcnt 
magnetic moments [87 K 73. 
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Fig. 135. Magnetic state of SC,-,Ti,Fe, [87N3]. Two 
ferromagnetic states with diffcrcnt dcgrcc of localization 
arc observed. ScFe, is a fcrromagnet with T,z 500 K. By 
increasing Ti concentration above ~~0.3, the Curie 
tempcraturcs start to decrease and another ferromagnetic 
state with a smaller ferromagnetic moment than ScFe, 
appears in the higher-temperature region. This ferromag- 
netic state continuously connects with the coexistent state 
of ferromagnctism and antiferromagnctism for x 20.7. 
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Fig. 136. Magnetic phase diagrams of Hf, - .Ta,Fe, and 
Ce(Fe, -.A&), compounds [87 N 31. The ferromagnetic 
state extends toward the antiferromagnetic region at low 
temperatures in Hf,-,Ta,Fe,. On the contrary, the 
antiferromagnetic state extends toward the ferromagnetic 
region in Ce(Fe,-XAl,),. The magnetic properties of 
Ce(Fe, -,A& vary from the itinerant-electron type to the 
localized-moment type with increasing Al concentration. 
However, the spin glass state does not appear at the 
boundary of ferromagnetism and antiferromagnetism, but 
appears at the antiferromagnetic region with larger Al 
concentration. By increasing temperature, the transition 
from ferromagnetic to antiferromagnetic state takes place 
in (Hfi-,Ta,)Fe, and that from antiferromagnetic to 
ferromagnetic state in Ce(Fe,-XAl,),. It has been pre- 
dicted theoretically that this type of first-order phase 
transition is induced by the temperature variation of the 
mean-square local amplitudes of spin fluctuations in 
itinerant-electron systems with competing ferromagne- 
tism and antiferromagnetism [77 M 1 I]. The phase dia- 
grams of Hf,,sTa,,,Fe, and Ce(Fe,,,,Al,,,,), [86 K 3, 
87N4] plotted in the external field versus temperature 
plane are qualitatively consistent with the theoretically 
obtained ones by spin fluctuation theory [77 M 1 I]. 

Fig. 137. Thermal variations of magnetization in 
Gd,Y i -,Co, compounds (x 10.2) in a magnetic field of 
100 Oe. Solid curves are for zero-field-cooled samples and 
the dashed curves for the field-cooled samples [84 M 51. 
Maxima are observed in zero-field-cooled samples for 
0.075 < xi 0.175. This behaviour suggests that magnetic 
cluster glasses are formed. The cluster magnetic moments 
may behave superparamagnetically at an intermediate 
temperature. Below a certain temperature corresponding 
to T,, they may freeze in random directions. 
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Fig. 138. Magnetic phase diagram of Ho,Y, -Co, and 
Dy,Y r -,Coz: Curie temperature Tc, spin-freezing tempcr- 
aturc T and spin reorientation temperature T, [87 P5]. A 
spin reorientation (change of the easy axis of magnct- 
ization from [lOO] to [IlO]) was only observed in the 
(Ho,Y, -,)Co, system. The magnetic ordering tempcra- 
turc is reduced by diluting the magnetic R atoms by Y. 
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Fig. 139. Composition depcndcncc of the mean Co mag- Fig. 140. Composition dependence of the Curie tempera- 
nctic moment at 4.2 K in Gd,Y, -,Col [73V 51, tures in Gd,Y r -xCo2, inverted open triangles [66 L43, 
Ho,Y, - xCo2 [78 s 193, TbXY, -,Co2 [83 F 63, open triangles [75 T 2). solid triangles [76 B 163; 
DyXY r -xCol [84 Y 7). The results of magnetic measurc- DY,YI -@z [84Y 71; Tb,Y I - $0, [83 F6]; 
mcnts arc denoted by MM. Er,Y r -,Coa [84 L6]. The first-order and second-order- 

type transitions in Er,Y, -$oz are denoted by open and 
solid symbols, respectively. 
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Fig. 141. Composition dependence of the saturation mag- 
netic moments at 4.2K, paramagnetic Curie tempera- 
tures and ferromagnetic Curie temperatures for (a) 
Gd,Dy, -XNi,, (b) Gd,Ho, -=Ni,, (c) Gd,Ndr -=Ni,, and 
(d) Ho,Nd, -,Ni,. The full and dashed lines show pS to be 
expected for ferromagnetic and antiferromagnetic cou- 
pling, respectively [69 W I]. 
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Fig. 142. Composition dependence of the saturation mag- 
netization in Gd(Fe,M, -J2 compounds at 4.2 K: M =Co 
[78B16], M=AI [79B6], M=Rh [82T2], M=Mn 
[76 M IO]. 
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Fig. 144. Thermal variations of the spontaneous magnct- 
izations for Dy(Fe,Ni, -J2 compounds [78 B 121. 

Fig. 143. Composition dcpcndcncc of the Curie tcmpera- 
turcs in Gd(Fe,M, -x)2 compounds: M =Co [78 B 163, 
M=Rh [82T2], M=Mn [76MlO], M=AI [79B6]. 
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Fig. 145. Composition depcndencc of the mean transition 
metal magnetic moment in Y(Fc, -rMJ2 at 4.2 K with 
M =Co, open triangles [78 B 131, solid circles [74S9], 
solid triangles [68 PZ]; M =A1 [75 B 123; M =Ir 
[79V2]; M=Mn [69K4]. 
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Fig. 146. Composition dependence of the Curie tempera- 
tures of Y(Fe, -rMx)2 compounds M = Al, open triangles 
[75 B 123, open circles [SOS 151, M = Co, solid triangles 
[68P 23, solid circles [74 S 93, open triangles [83 F9]; 
M=Mn [69K4]. 
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Fig. 147. Composition dependence of the saturation mag- 
netizations at 4.2K and the Curie temperatures for 
Y(Fe,-,CoJ, and their hydrides [83F9]. Both the 
saturation magnetic moment and the Curie temperature 
take a maximum around x = 0.3 for the nonhydrides. The 
saturation magnetic moment in the hydrides is larger than 
that in the corresponding host compounds for x ~0.1, but 
its value decreases sharply with x and ferromagnetism 
becomes unstable for x 2 0.20, beyond which a mictomag- 
netism is observed. The Curie temperature in the hydrides 
is much lower than that in the host compounds and its 
value drops rapidly with increasing x. 
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Fig. 148. Temperature dependence of the magnetization 
for some Y(Fe,Co, -J2 samples cooled without any field 
to 4.2 K and measured in uoH = 0.06 T (solid circles) and 
field-cooled samples (open circles). The appearance of a 
maximum in the temperature dependence of the magneti- 
zation at T, is observed for 0.05 2 x 5 0.15, if, prior to the 
measurements, the samples are cooled to 4.2 K without an 
applied field. These maxima are shifted with increasing Fe 
concentration to higher temperatures. If the sample is 
cooled in the field, the temperature dependence of the 
magnetization coincides for T> T, with that of the zero- 
field-cooled sample, but appreciably higher values are 
obtained for T< T,. A strong time dependence of the 
magnetization is observed at 4.2K. From neutron de- 
polarization measurements performed on Y(Fe,,iCo,& 
no depolarization is observed if the sample is cooled to 
4.2 K without a field, whereas cooling in an applied field of 
0.68 T, but measuring without a field leads to a depolar- 
ization of approximately 2% [79 S 81. 
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Fig. 149. (a) Composition dcpcndcncc of the Curie tcm- 
pcraturc Tc, frcc7ing tcmpcraturc T,, and tcmpcraturc for 
vanishing magnetic hypcrfinc splitting. TA, of 
Y(Fc,AI, -,)z compounds [84 R 31. In(b) the composition 
dcpcndcncc of the paramagnctic Curie tcmpcraturc 0 is 
plotted. In the intcrmcdiatc Fe concentration range, a 
transition from a cubic CIS-type structure to the hcxa- 
gonal C14-type structure was evidcnccd. The mean 
spontaneous magnetic moment dccrcascs rapidly and the 
long-range ferromagnetic order disappears at about 
x=0.78. For lower Fc content, short-range magnetic 
order and free-ring effects arc obscrvcd, typical of micto- 
magnetism. The low-tcmpcraturc data were analyscd as the 
sum of a magnetic susceptibility and of a field-dcpcndcnt 
magnetization caused by magnetic clusters originating 
from the statistical replaccmcnt of Al for Fe. Thcsc 
clusters exist throughout the whole Fe concentration 
range The mean effective magnetic moment per Fc atom 
is only weakly depcndcnt on Fc concentration. 

\ 6.5 II\\ 0 

I 
6.0 

Y) 
4 5.5 

4.00~ 1.0 
GdM, x- GdCo, 

Fig. 150. Composition depcndcncc of the saturation mag- 
nctization in Gd(Co,M, -J2 compounds at 4.2 K: M = Ir 
[79 C 33; M = Ni, inverted open triangles [74 B 123, solid 
circles [69 T l] M = Al, triangles [67 0 11, inverted full 
triangles [81 B lo]. 
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Fig. 151. Composition dependence of the Curie tempcra- 
turcs in Gd(Co,M, -J2 compounds: M=Ir [79C3]; 
M =Ni [78 B 11); M = Al, triangles [67 0 11, open circles 
[79 K 101. 
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Fig. 152. Variation of the Curie temperatures of the 
R(Co, -XAIX), compounds in the low-Al concentration 
range. When R = Nd, Pr or Sm, the Curie temperatures of 
R(Co, -,A&), compounds decrease steadily as x increases. 
For a small amount of Al, a large increase of Tc values for 
compounds with R = Gd, Tb, Dy, Ho and Er is observed. 
This suggests that the band structure must change 
through the series in agreement with the measured values 
of the electronic specific heat coefftcients [78 G I]. 
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Fig. 153. Variation of the Curie temperatures of 
Ho(Co,,,,M,,,,), for M=Co, Ni, Cu, Zn, Ga, and 
Ge. The presence of a small amount of Al, Ga or Ge leads 
to a large increase of the magnetic energy. The replace- 
ment of Ni in Ho(Co,,,,Ni 0,06)2 by atoms with higher 
atomic number increase the Tc values. This fact is 
probably due to the increase of the number of conduc- 
tion electrons leading to an increase of the exchange 
interactions [78 G I]. 

For Fig. 154, see next page. 
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Fig. 155. Composition dependence of the Curie tempera- 
ture Tc, effective Co magnetic moment pee, and saturation 
Co magnetic moment at OK, ps, in Y(CO,-~AI,), com- 
pounds [87Y II]. The Curie temperatures and the 
spontaneous magnetic moments at T=O are very small 
and are observed in the composition range 0.12 $ x 2 0.20. 
The magnetic susceptibility obeys the Curie-Weiss law 
above 100 K. The effective paramagnetic moment deter- 
mined from the Curie constant show large values. The 
paramagnetic Curie temperatures are higher than Tc by 
about 30% [87 Y 121. Over a wide range of temperatures 
around Tc, both the square of the spontaneous magneti- 
zation and the reciprocal magnetic susceptibility are 
proportional to ]T4j3 -T$3] as expected from self- 
consistent renormalization theory of spin fluctuations. 
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Fig. 154. Magnetization isotherms of (a) Y(Co, -XAl,), and (b) Lu(Co, -,Al,), at 4.2 K [87 S 11. Clear metamagnetic 
transitions wrth small hysteresis are found in the region 0.06 5 x SO.1 1 for R = Y, where the system is paramagnetic at 
zero magnetic field. The transition bccomcs sharper and the magnetization jump becomes larger with decreasing Al 
concentration. Above x=0.1 1, the metamagnctic transition rapidly becomes broad and disappears upon the onset of 
weak ferromagnctism. It is noticed that the mctamagnctically induced magnetic moment is much larger than the 
spontaneous magnetic moment of the weakly ferromagnetic phase. These facts strongly suggest that the predicted 
metamagnetic transition actually exists in YCo, and is the origin of the metamagnetism in Y(Co, -,Al,),. The 
sharpness of the transition in Y(Co, -XAl,), may be rclatcd to the magnetically homogenous character of this system 
[SS Y 111. Al substitution in Lu(Co, -,AI,), inducts also ferromagnetism. The critical concentration x, for the onset of 
fcrromagnetism is estimated at x,zO.O8. The magnetic moment value in the ferromagnetic phase is apparently larger 
than that in Y(Co, -,AI,),. Moreover, the high-field magnetic susceptibility is much smaller than that in Y(Co, -lAI,), 
indicating rather strong ferromagnetism in Lu(Co,-,Al,),. The transition with a large hysteresis occurs in a 
remarkably wide field range for x =0.06, i.e., it starts at around 10 T and is not complete even at 40 T. The behaviour 
of the magnetization for x=0.10 suggests the cocxistencc of ferromagnctism and metamagnetism. The data favour an 
inhomogeneous model and that the Co 3d-state is much localized in Lu(Co, -IAl,), and affected by local environment. 
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LUCO, x- 

Fig. 156. Composition dependence of the spontaneous 
moment ps and the number of spins S, defined by p& 
= S&S, + 1) (pB/Co)’ in Lu(Co, -,Al,), [87 E 41. The 
NMR study shows that ferromagnetic and paramagnetic 
Co atoms coexist for 0.06<x<O.12 and the increase in 
magnetization with increasing field is attributed to an 
increase in the number of ferromagnetic Co atoms. The 
value of the magnetic moment reaches 0.66~~ The 
magnetic moment in the region of two magnetic states 
(F + P) increases by increasing external field as indicated 
by arrows. 

For magnetic properties of RM,-based compounds see also 
RM, R = Sm, Gd, Tb, Dy, Ho, Er, Y, M = Mn, Fe, Co, Ni [61 C I]; R=Ce, Pr, Sm, Tb, Dy, Ho, Er, 

M = Fe, Co, Ni, Rh, Pt [64 C 41; R = Pr, Gd, Dy, Er, M = Fe, Co, Ni [76 D 61; R = Gd, Lu, Y, 
M=Mn,Fe,Co,Ni[85S9];R=Gd,Y,M=Fe,Co,Ni[83G3];M=Fe,Co,Ni[79ClO(T)]; 
R = SC, Ti, Zr, Nb, M = Cr, Mn, Fe, Co, Ni [SS A l(T)]; R = SC, Ti, Y, Zr, Nb, Lu, Hf, M = Mn, 
Fe, Co, Ni [88Y l(T)]; PrM,, M=Fe, Co, Ni, Rh, Ru [74Z l(T)]; YM,, M=Mn, Fe, Co, Ni 
[WY l(T)]; RM,, R=Y, Zr, M = Mn, Co, Ni, Cu [87A 11(T)] 

RMn, C63N1, 69K4,81M1,83N3,83N4,87W1,88Sl];R=Gd,Tb,Dy,Ho[83Gl];R=Gd,Tb, 
Dy,Ho,Er[83Ml];R=Gd,Tb,Dy,Ho,Er[85Wl];R=Pr,Nd,Y,Th[8602];R=Y,Zr, 
M=Mn, Cr, Co, Ni [87All(T)]; R=Gd [63Nl, 66K1, 78T2, 81M1, 8562, 87Yl(T)]; 
R=Tb [63Nl, 80M2, 85G1, 87Gl]; R=Dy [63Nl, 66K1, 8lMl]; R=Ho [63Nl, 
81Ml]; R=Er [66Kl]; R=Y [67Ml, 77B19, 8705, 87Yl(T), 88F2, 88G1, 88Nl] 

RFe, [72G9(T), 73B10, 73N5, 74B9, 75F1, 75N5, 76B13, 76R1, 77B15, 77B18, 79B2, 
79C8(T),79L2,8211,88R1];R=Sm,Tb,Ho,Er,Tm,Lu,Y[63W1,7912];R=Sm,Tb,Ho, 
Er, Tm, Lu, Y [64 W 21; R = Gd, Tb, Dy, Ho, Er, Y [70 B 131; R = Gd, Tb, Dy, Ho, Er, Tm, Y 
[71 B 121; R =Tb, Dy, Ho, Tm, Er [72 C 71; R = Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu, Y, Ce, Zr 
[71 B 201; R = Gd, Tb, Dy, Ho, Er, Tm [73 H 3, 74 N 91; R = Ce, Sm, Gd, Dy, Ho, Er, Tm 
[62 W2]; R=Ce, Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu, Y [8012]; R=Dy, Er [74C2, 74C33; 
R=Lu,Zr,Hf[86Yl(T)];R=Mo,Hf,Ta,W[8514(T)];R=Ce[64F1,72B15,76A6,76B18, 
77V1, 79M9, 81D4, 81M7, 87A7]; R=Pr [SOSll, 81M9,81MlO, 84Pl(T)]; R=Nd 
[81M9,81MlO]; R=Sm [75D8, 76A6, 76D3]; R=Gd [62Hl, 64M1, 78Vl]; R=Tb 
[73C4, 74B10, 7602, 78C5, 78M7, 79N53; R=Dy [64Ml, 74B10, 78C5, 78M7, 
82B1, 83Pl1, 83P18]; R=Ho [79Al*]; R=Er [72B5, 73B9, 73C6]; R=Tm [78Al, 
78C5, 82B9]; R=Yb [81M9, 81M10, 86T8-j; R=Lu [70B8]; R=Y [67Ml, 70B8, 
73B2, 76B18, 84V1, 85M8(T), 86A8]; R=Zr [67Ml, 72B15, 85M8(T), 86A8]; R=Ti 
[67M1,68Nl]; R=Sc [7411,7682, 81G16,8515(T)]; R=Hf [70Nl] 
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RCo, 

RNi, 

RM2H, 
RMn,H, 
RFe,H, 

RCo,H, 
RNi,H, 
(R’R’)M, 

[70B4(T), 72Bl1, 72G9(T), 73B18, 73V5, 73V6, 74B9, 75B4(T), 76B1, 76B13, 77B15, 
79 C 8(T), 80 W 4(T), 82 I 3,84 S 163; R = Ce, Pr, Nd, Gd, Dy [63 W 11; R = Ce, Pr, Nd, Sm, Gd, 
Tb, Dy, Ho, Er [64 R 11; R = Ce, Pr, Nd, Gd, Dy [64 W 23; R = Nd, Tb, Ho, Er [65 M 11; 
R = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Y [66 F 1-J; R = Nd, Gd, Ho, Y [66 L4]; R = Pr, 
Nd. Gd, Tb, Dy, Dy, Ho, Er, Lu [71 B 93; R = Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Y [72 B IO]; 
R=Nd, Tb, Dy, Ho, Er, Tm [72G5]; R=Nd, Gd, Tb, Dy, Ho, Er [72V2]; R=Gd, Tb, Dy 
[72B12];R=Sc,Ti,Zr,Lu,Hf[85Y3(T)];R=Nd,Tb,Dy,Ho,Er[71Vl];R=Dy,Ho,Er 
[79C9(T)]; R=Sc, Y, LU [85G18]; R=Nb, Ta [86Y2(T)]; R=Sc, Y, Lu [8414]; R=Ce 
[67S2,85Y7(T),86C6,86YrYT);R=Pr[81D3];R=Nd[76D12];R=Gd[70B9,75G2*, 
75T2, 76B14, 77B20, 77S9-J; R=Tb [74B8, 79G5*, 80M2, 83D3-J; R=Dy [77H6]; 
R=Ho [74Bl, 75G2*, 7764, 78A8*]; R=Er [68Pl]; R=Tm [74D4, 77643; R=Lu 
[75Bl, 76B15, 77B6, 78M12, 78S6, 85M3, 87Y2(T), 87Y4(T), 87Y9-J; R=Y [75Bl, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
[86 C 63; R = SC [87 Y 2(T), 87 Y 4(T)]; R = Hf [73 A 33 

[72 B 13,79 C 8(T)]; R = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu, Y [63 S 11; R = Pr, Nd, Sm, 
Gd, Dy, Ho, Er, Tm [64 B l(T)]; R =Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Y [66 F 11; 
R=Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm [8413]; R=Pr [8OMlO, 82A9, 8269, 82M3, 
82M5-J; R=Sm [73B24,74B16, 76D3]; R=Gd [71 Cl, 73H5(T), 74B16, 74H8, 75P4, 
77M2, 77M3, 86C2, 8651); R=Tb [7206, 80M2); R=Dy [7206, 77G2*, 86C2]; 
R=Ho[75G2*];R=Er[83G2*];R=Tm[86D2];R=Y[75P4,76B15,81G6,84L4]; 
R = SC [SS Y 3(T)]; RM,, M = Au, Ag [71 M 5) 

[78 B 201 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
[77B18,79Wl];R=Tb,Er[87F4,87F5];R=Ho,Er,Tm[78W3,79F5];R=Gd,Ho,Er, 

Tm, Lu [84D4]; R=Er, Y, SC [83S7]; R=Ce [76B18, 77V1, 78B22, 85Dl1, 87AlO]; 
R=Gd [76B21, 82N2]; R=Tb [85B4]; R=Dy [8OP6]; R=Ho [76GlO]; R=Er 
[76GlO, 82812,84D5,85D4]; R=Tm [76GlO, 82N2]; R=Lu [78B22,85Dll]; R=Y 
[76B18, 76B21, 78B22) 

R=Pr[72T5,80M7,81D3];R=Nd[72T5];R=Gd[77B20,78B22,87F~ 
R=Gd [77M 23 
(LaY)Mn, [88 N 1-J; (PrGd)Mn, [71 N 1-J; (PrTb)Mn, [71 N 11; (PrEr)Mn, [710 11; (GdY)Mn, 

[860 21; (GdHo)Mn, [Sl T 33; (LuY)Mn, [86 0 2-J; (YSc)Mn, [SS N l] 
(RTb)Fe, [76 B 73; (CeGd)Fe, [73 M 12,75 M 81; (CeY)Fe, [71 B 20,80 D 11; (PrSm)Fe, [83 S 12, 

85 S 151; (PrTb)Fe, [85 S 153; (PrY)Fe, [85 S 15-J; (SmDy)Fe, [78 B 63; (SmHo)Fe, [78 B 61; 
(SmEr)Fe, [84 T 1, 87 E 2); (SmY)Fe, [84 K 9-J; (GdY)Fe, [70 B 13, 71 B 20, 76 B 11, 79 B 13, 
83 B 9, 84 B 93; (GdTh)Fe, [73 M 12, 75 M 83; (GdY)(FeAI), [85 B 51; (TbDy)Fe, [75 C 2, 
76A6, 78B6, 78C5, 78S3, 8OS3, 8OW3*, 82W8, 84A14, 86J4, 86871; (TbHo)Fe, 
[75N4, 76A6, 81 K 12); (TbY)Fe, [70B13, 75N9, 75P9, 83S23-J; (DyEr)Fe, [76A6]; 
@yY)Fe, [68 P 3-J; (HoEr)Fe, [76A 61; (ErLu)Fe, [80 M 61; (ErY)Fe, [71 B 20, 80 H 9, 
80M6, 82C5]; (ErSc)Fe, [80M6]; (ScTi)Fe, [85N3, 85N4, 86N2, 87K7, 87N3]; 
(HfTa)Fe, [82 N 3, 83 N 7, 84 N 3, 87 N 3-J; (ZrNb)Fe, [87 Y 51 

(LaY)Co, [87Y 131; (CeY)Co, [85A9]; (PrDy)Co, [7OL6,7OL7]; (PrHo)Co, [7OL6,7OL73; 
(PrY)Co, [82 H 63; (NdY)Co, [82G 6, 83 B 1); (NdGd)Co, [71 P43; (GdEr)Co, [69 H 1-J; 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
84 B 9, 84 M 5, 85 M 3-j; (TbHo)Co, 183 I 3, 86 A 1, 87 A 2-j; (TbY)Co, [83 F 6, 84 L 5, 86 B 7, 
86 B 8,86 K 7-j; (DyY)Co, [84 Y 7,85 D 14,87 P 5-J; (HoY)Co, [75 S 9,78 S 18,78 S 19,82 G 6, 
82 H 6, 87 P 5, 88 H 21; (HoY)(FeCo), [75 S 91; (ErY)Co, [84 L 6, 88 D 41 

(CeLa)Ni, [85S3]; (CeY)Ni, [85A9]; (PrDy)Ni, [7OL6, 7OL73; (PrHo)Ni, [7OL6, 7OL73; 
(PrY)Ni, [68 W 1-j; (NdHo)Ni, [69 W 11; (GdNd)Ni, [69 W 11; (GdDy)Ni, [69 W 11; 
(GdHo)Ni, [69 W 11; (GdY)Ni, [86T 21 

(R’R”)M2H, (YZr)Fe,H, [86 K 41 
R(M’M”), [83 H 3(T)]; R(FeM),, R =Y, Zr, U, M = Mn, Co, Al [82 H 41; Tb(MCr),, M = Mn, Fe, Co, Ni 

[85G2]; R(FeMn), [69K4, 73H43; R=Gd, Tb, Dy, Ho, Er [75Wl, 76MlO-J; R=Gd 
[73Kll, 86N1, 87Nl-J; R=Dy [85Nl]; R=Ho [7612]; R=Er [73Kll, 76121; R=Y 
[68K2,73Kl1,77G9,79B15,79H6,80S4,82B8,8202,85W3];Gd(MnCo),[8601]; 
Y(MnCo), [79 0 1, 820 1, 83 S 10, 8714(T)]; Gd(MnNi), [82S22, 87N 23; Gd(MnAI), 
[78S16,83S18];Tb(MnAI), [7203];Er(MnAl), [7203];Y(MnAI), [67M1,86M4,86S12, 
87 S 8, 88 S 11; R(MSi),, R(MGe),, R =La, Ce, Nd, Sm, Er, Gd [73 F4]; M =Fe, Co, Ni, 
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Gd(MRh),, M=Mn, Fe, Co [82T2]; R(FeCo), [71 S4, 73 H4]; R=Gd, Dy, Ho, Er, Y, Zr 
[75Wl]; R=Ho, Er [SlP4]; R=Ce [87R4, 88P2, 88R2, 88W4]; R=Gd [78Bll, 
78B16,79B12,81B11];R=Er[85A15];R=Y[68A1,68P2,74S9,7711,78B13,79B12, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
83 H 2-j; Ce(FeNi), 187 R 41; Dy(FeNi), [74 B 11, 78 B 121; Ho(FeNi), [78 B 12-J; R(FeAl), 
[SZI 1, 84s 111; R(MAl),, R=Gd, Dy, Ho, Er, M=Fe, Co, Cu [Sl G 131; R(FeM),, R=Y, 
Zr, M=Ni, Al [77M 12); R(FeM),, M=Co, Al, Rh [78S8]; R(FeM), [79S8]; R(FeAl),, 
R=Gd, Dy, Ho, Y [76G8]; Ce(FeAl), [82Dl, 85F2, 86D1, 87N3, 87N4, 87Rll]; 
Pr(FeAl), [6702]; Gd(FeAl), [6701, 79B6, 80B13, 81B11, 82V1, 83B9, 84B9]; 
Tb(FeAl), [7104, 73 0 1, 76P6]; Dy(FeAl), 17204, 7563, 82B2, 82B 5, 83 S 15, 
85 K 33; Ho(FeAl), [85 S 21-J; Er(FeAl), [710 51; Lu(FeAl), 187 B 131; Y(FeAl), [75 B 12, 
77B10,7702,78B4,79B12,79B16,80S15,82H5,84H8,84R3,85S10,87S23];RFeA1, 
R=Gd, Tb, Dy, Ho, Er, Tm, Lu [77 0 31; Sc(FeAl), [76 S 11; Zr(FeAl), [82H 51; 
Dy(Fe,.,M,.,),, M=Al, Ga, B [87Zl, 88221; Gd(FeCu), [86T7]; Yb(FeCu), [86T7]; 
Dy(FeW, C82 M 71; SmFeo.67Gel.33 [72F 11; R(FeRh),, R=Gd, Dy, Ho, Y [79 H IO]; 
Gd(FeRh), [8OT 4, 82T 21; Tb(FeRh), [79 S 9, 83 S 23-J; Ho(FeRh), [83 S 231; Y(FeRh), 
[87S23]; Gd(CoIr), [79C2, 79C33; Y(FeIr), [79V2, 8OV2, 86S21, 87S23]; Hf(FeIr), 
[80V2];Ce(FeRu),[88R3];Tb(FePt)z[83N1O];Ce(CoNi),[83D1,84S6,85A9];Gd(CoNi), 
[69Tl, 7OC2, 74B12, 75C1, 78Bl1, 79B12, 88K2]; Tb(CoNi), [82M2]; Dy(CoNi), 
[72 B 1,72 T 4,80 C 11; Ho(CoNi), [82 T 3,82 T 41; Y(CoNi), [84 S 61; R(CoAI),, R = Pr, Nd, 
Sm, Gd, Tb, Dy, Ho, Er [78 G 11; Pr(CoAl), [67 0 21; Gd(CoAl), [670 1, 81 B 10, 81 B 11, 
83B9, 84B9]; Tb(CoAl), [7102, 710 6, 73 0 1, 88 L 11; Dy(CoAl), [7204, 88L I]; 
Ho(CoAl), [73 0 I]; Er(CoAl), [67 0 1, 70 0 2, 710 6, 73 0 2, 81 K 131; Lu(CoAl), [87 S 1, 
87E5, 88S3-J; Y(CoAl), [84A9, 85A6, 85Yl1, 8616, 8632, 87S1, 87T1, 87Yl1, 88S3, 
88Y 31; Sc(CoAl), [86I 6, 87 E 5, 87 15, 87 T 1, 88 S 31; Gd(CoCu), [86 B 123; Ho(CoCu), 
[86 H 31; Dy(CoCu), [85 D 141; Er(CoCu), [SS D 31; Y(CoCu), [88 D 31; RCoSn [82 S 191; 
Ce(CoRu), [71 S 5-J; Gd(CoRh), [82 T 21 

R(NiAI),, R= Gd, Tb, Ho, Er [71 L I]; Pr(NiAl), [67 0 21; Gd(NiAl), [73 H 2, 85 K 11; RNiAl 
[82R 51; R(NiCu), [SSS 191; Gd(NiCu), [74P2, 86B 111; Ce(NiPt), [8007]; RNiSn 
[84 S 133 

R(M’M”)H, Zr(M’M”),H, [Sl F 6, 81 P 51; Zr(MnM),H, [82 S 181; Er(MnFe),H, [78 S 21; Y(MnFe),H, 
[SO 0 2, 82 0 21; Zr(MnFe),H, [82 F 131; Y(MnCo),H, [88 F 31; Y(MnNi),H, [SS F 31; 
Y(MnAI),H, [88’F 31; Tb(FeCo),H, [82P 133; Dy(FeCo),H, [82P 131; Ho(FeCo),H, [Sl P4, 
82 P 141; Er(FeCo),H, [Sl P4, 82P 141; Y(FeCo),H, [83 F9]; Zr(FeCo),H, [79 M 183; 
GdFeAIH, [84 D 71; Zr(FeAl),H, 182 F lo]; Zr(CrCo),H, [83 H 23; Zr(FeV),H, [85 F 51; 
GdMAIH,, M=Fe, Ni [84D7] 
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Veutron diffraction 

YMnz 
l= LZK 

a 

b 

Fig. 157. Magnetic structure of YMn, at 4.2 K. Only 
the positions of the Mn atoms are shown. (a) Collinear 
antifcrromagnctic structure proposed by [83 N 41. Open 
and close circles represent Mn atoms with up and down 
spins, rcspcctivcly. The propagation vector is k= [OOl]. 
(b) Hclimagnctic structure deduced from neutron diffrac- 
tion studies using a long wavelength f87 B 63. In the 
tetrahedron layers (solid lines) the antiferromagnetic 
arrangcmcnt is collinear as in (a). The propagation vector 
is k =[rOl J with r=O.O2. A and A’ are the two easy 
directions of Mn magnetic moments. (c) In both models, 
the Hciscnbcrg exchange interactions do not cancel 
between pairs of atomic layers 2N- 1,2N, but do cancel 
bctwcen pairs of atomic layers 2N, 2N + 1. The magnetic 
structures arc then formed by highly corrclatcd layers of 
tetrahcdra with weak coupling bctwccn these layers. 
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Table 43a. Magnetic structure of some RMn, compounds. 

Crystal 
structure 

T Magnetic structure PR PM” T, Ref. 
K PB PB K 

PrMn, Cl4 4.2 collinear (4f) 2.6 (2a) 2.8 115 8602 
P2,m (2e) 2.8 

110 collinear (4f) 1.8 (2a) 2.5 
(2e) 2.5 

PrMn, Cl4 4.2 collinear (2c,) 2.8 (2~) 2.8 115 8602 
Pm (2~) 2.4 (la)2.8 

(lb)2.8 
110 collinear (2q) 2.1 (2c) 2.5 

(2c,) 1.5 (la)2.5 
(lb)2.5 

NdMn, Cl4 4.2 see Fig. 159(b) (4f) 2.9 (2a) 2.7 104 8602 
P&/m (2e) 2.7 

100 collinear (4f) 1.9 (2a) 2.4 
(2e) 2.4 

NdMn, Cl4 2 see Fig. 159(b) (2cJ 2.9 (2~) 2.7 104 8602 
Pm (2c,) 2.9 (la) 2.7 

(lb) 2.7 
100 collinear (2cJ 2.05 (2~) 2.4 

(2c,) 1.70 (la) 2.4 
(lb) 2.4 

TbMn, Cl5 4.2 modulated; 8.0 2.5 40 64C3 
spiral axis along [OOl]; 
ferrimagnetic spiral 

HoMn, Cl5 4.2 ferrimagnetic 8.12 -0.84 26 82Hl 
Cl4 4.2 ferrimagnetic 9.40 -0.64 26 

(site a) 
-1.03 

(site h) 
HoMn, Cl5 4.2 main component 7.20 25 77C2 

ferromagnetic 
ErMn, Cl4 4.2 ferromagnetic 7.72 EO 25 65Fl 

along c axis 
TmMn, Cl4 2.1 almost ferromagnetic 4.95(10) EO 12(2) 65Fl 

along c axis 
YMn, ‘) Cl5 2.0 helimagnetic, see Fig. 157 2.7(l) 110 87B6 
YMn, Cl5 4.2 collinear type I 2.7 83N4 

antiferromagnet 
ThMn, Cl4 5.0 below TM one Mn atom 1.6(l) 115 87D7 

(2a) in four remains @h) 
nonmagnetic whilst the 
other order in a 
triangular 

configuration. 
See Fig. 159(a). 

‘) YMn, is a helimagnet with a complex spin arrangement which has a very long period of modulation 
[87 B 61. The magnetic moment per Mn atom is 2.7 uB at 2 K. Polarized neutron diffusion and polarization 
analysis [87 D 63 have been performed in the paramagnetic state up to T= 3T,. These show that an effective 
magnetic moment persists above TN, its magnitude being 1.60(10) uB at 120 K, 1.70(10) ug at 200 K, and 1.90(10) uB 
at 300 K. The reduction of the magnetic moment as compared to the ground state may be the origin of the large 
magnetovolume effects observed at TN. The enhancement of the paramagnetic diffusion gives evidence for strong 
antiferromagnetic correlations which persist up to T= 3T,. 
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Table 43b. Magnetic structures of some RFe,, RCo, and RNi, compounds. nd.: not determined, n.o.: not 
observed. 

HoFe, 
HoFe, 
HoFe, 
ErFe, 
ErFe, 
TmFe, 
YbFe, 
LuFe, 

PrCo, 
PrCo, 
NdCo, 
NdCo, 
TbCo, 
TbCo, 
HoCo, 
HoCo, 
HoCo, 
ErCo, 
TmCo, 

Crystal 
structure 

Cl5 
Cl5 
Cl5 
Cl5 
Cl5 
Cl5 
Cl5 
Cl5 

Cl5 
Cl5 
Cl5 
Cl5 
Cl5 
Cl5 
Cl5 
Cl5 
Cl5 
Cl5 
Cl5 

T Magnetic 
K structure 

4.2 ferri 
4.2 ferri 

10 fcrri . 
10 ferri 
4.2 ferri 

IO ferri 
5 ferri 
4.2 ferro 

4.2 ferro 

07 ferro 
4.2 ferro 

03) ferro 
4.2 ferri 

03) ferri 
4.2 ferri 
4.2 ferri 

07 ferri 
4.2 ferri 
4.2 ferri 

PR 

Pu 

n.d. 
9.15(10) 
10.00 
8.80 
8.47 
7.00 
3.60 

- 

2.70 
2.90( 10) 
2.60(20) 
2.70(50) 
8.80(20) 
7.70(10) 
8.80(20) 
nd. 
9.30(20) 
8.90(20) 
5.40( IO) 

Pt.1 ‘1 
P’n 

-1.70 
-1.88 
-1.70 
-1.60 
-1.97 

n.d. 
-1.50 

1.67’) 

+0.80 
+0.30(10) 
+ 0.80(20) 
+0.2qlo) 
- l.OO(20) 
-l.OO(lO) 
- 1.00(20) 
-0.80 
-0.70(10) 
- 1.00(20) 
-0.80(5) 

Ref. 

71 M6 
79F6* 
79F5 
79F5 
71B6 
79F5 
86T8 
80G6 

67Sl 
78H4 
65 M 1 
78H4 
65 M 1 
78H4 
65 M 1 
7765 
78H4 
65Ml 
7664 

TbNi, Cl5 4.2 ferro 7.20 no. 65Fl 

r) The signs + and - refer to parallel or antiparallel coupling to R magnetic moments, respectively. 
2, Differences to the Fe magnetic moment determined by saturation measurements are due to the fact that 

the latter include the negative polarization of conduction electrons (2 -0.25 ua/f.u.). 
j) Extrapolated from 4.2K. 

Fig. 158. Temperature variations of the local amplitude of 
spin fluctuations per Mn atom, S,,,. for YMn, and 
Y(Mn,,,AI,,,),. Triangles [87 D 53; circles [88 F2, 
88 M t]. In YMn, a change in the electronic state at TN 
causes a collapse of the Mn magnetic moment. In the 
paramagnetic phase, strong antiferromagnetic corre- 
lations arc observed at least up to 6T,. The local ampli- 
tudc of spin fluctuations increases slightly with incrcas- 
ing temperature, as predicted by theoretical models 
[79 M 173. Long-range antifcrromagnetic order below TK 
in YMn, has been shown to collapse by substituting only 
Sat% Mn by Al. In the Y(Mn,-,Al,), a spin glass 
transition has been evidenced. In Y(Mn,,,AI,,,),, S,,, 

0 200 500 600 K 800 does not depend on the temperature up to ~760 K. 
l- 
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ThMnz 
1=5K 

NdMn, 
T=ZK 

A Mn(l):Za l Mn(2):6h 0 Th :$f rMn(l):2a l Mn(2),:2e, o Mn(213:2e3 
a b l Mn (2),:2ez 0 Nd : Lf 

Fig. 159. (a) Projection onto the basal plane of the ThMn, magnetic structure at 5 K. Only the Mn(6h) sites of the 
hexagonal Laves phase (P6,/mmc) are magnetic [87 D 71. The magnetic structure can be described as a stacking of 
magnetic atomic layers perpendicular to the c axis which are antiferromagnetically coupled. In each layer the 
magnetic arrangement shows two types of magnetic couplings: parallel alignment between Mn moments belonging to 
the same tetrahedron and triangular coupling between Mn moments belonging to the neighbouring chains. These 
properties enable the anomalous thermal expansion to be understood because of the strong dependence of the 
magnetic interaction with MnMn distances [70 Y I]. In the paramagnetic state the Mn tetrahedrons are regular so 
that all the Mn-Mn nearest neighbour distances are equal with a value of 2.75 a at 120 K. Due to the presence of 
exchange rings involving odd numbers of Mn interatomic distances any antiferromagnetic ordering is frustrated. The 
nonmagnetic states of Mn (2a) atoms reduce this frustration without requiring any change of the Mn(ZatMn(6h) 
distance (noted by d,). The anomalous decrease of the c parameter arises from the increase of the d, interatomic 
distance, between 6h atoms (Adz/d, = - 2Acfc = 0.26%); such an increase reduces the negative interactions which are 
strongly frustrated because of the ferromagnetic coupling. The anomalous increase of the a parameter (Au/a = 0.09%) 
is less than Adz/d, =0.26%, since in order to improve the repartition of the frustrated energy in the 6h magnetic layers, 
the d, distance decreases (Au = Ad, = Ad, and Ad,/d, = - 0.06%) enhancing the negative interactions. As in YMn,, 
such frustration should give rise to magnetic short-range ordering in the paramagnetic state. (b) Projection of the 
NdMn, magnetic structure parallel to the c axis at 2 K. Contrary to ThMn,, a magnetic coupling between Nd and 
Mn atoms is present. The frustration is reduced by the great monoclinic distortion (Table 43a), 25% of the Mn atoms 
(2e,) being magnetically decoupled from the other Mn atoms (2a, 2e, and 2e,). Similar to the case of ThMn,, the 
resultant effect of interactions on these sites by Mn nearest neighbours is nil. The 2e, Mn atoms possess a magnetic 
moment due to the interactions involving Nd. At low temperatures, when the magnetocrystalline anisotropy is 
important, a reorientation of Nd magnetic moments is observed. This reorientation determines that of the 2e, Mn 
atoms. The local symmetry of these Mn atoms does not involve a significant magnetocrystalline anisotropy. At low 
temperatures, the other Mn magnetic moments remain fixed on their directions. Thus, the atoms on the 2a sites of 
uniaxial symmetry have an important magnetocrystalline anisotropy, greater than the interaction energy with the Nd 
atoms. At higher temperature, an antiferromagnetic structure is observed -Table 43a [86 0 21. 
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HoFez 
l=hZK 

0 
Y- 

05 

I 
IA 

1 

Fig. 160. Magnetization density projection of HoFe, at 
4.2K on (001) (solid lines): positive contours in steps of 
Su,/~‘, dashed lines: negative contours in steps of 
D.5 pa/A2 [79 F 63. The Ho magnetization has a circular 
symmetry around the nucleus and a maximum of 
41.4u,/A2. The magnetization on the Fe site is negative 
and reaches - 2.2 i.~alA’. Its shape, elongated perpcndi- 
cular to the direction Fe-Ho, is an effect of the projection 
overlap with the Ho density. The Fe magnetic moment is 
1.88(1O)p,. In comparison with LuFe, results, 0.25 pa of 
the Fe magnetic moment is induced by interactions with 
Ho. Extrapolating the Ho magnetic amplitudes to 
rin0/1=0, one finds a magnetic moment of 9.15(1O)p,. 

?g. 161. Sublattice magnetization as a function of tem- 
crature as determined by neutron diffraction for (a) 
SrFe, and ErFe,D,.,, and (b) HoFe, and HoFe,D,,,. 
Curie temperatures were obtained from bulk magnetic 
usceptibility data [79 F 51. 
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T=300K 

0 15” 30” 45 
t?- 

Fig. 162. Neutron diffraction pattern recorded at 300K 
(paramagnetic state) and 3 K (ferrimagnetic state) of 
ErFe,H,,, [87 F 4, 87 F 51. The indices of the lines are 
evidence of the rhombohedral distortion. The weak 
broken lines come from a few percent of oxide impurity. The 
disappearance of the Er magnetic moment for T > 200 K 
is evidenced. In contrast to the ErFe,H, (x $3) hydrides 
[79 F 51 the rhombohedral cell has a more complicated 
magnetic structure. Owing to the distortion, the four Fe 
sites do not have the same symmetry and according to the 
selective distribution of hydrogen on the interstitial sites, 
the Fe magnetic moments can be classified into two 
groups. Those having the shortest distance from hydrogen 
atoms (typically 1.6...2.2& bear the smallest magnetic 
moment (~2.1 pa) and those farthest from hydrogen 
(greater than 2.4 A) exhibit the highest magnetic moment 
(~2.7 pa) [87 F4]. This discrimination effect agrees well 
with the results of Mijssbauer effect measurements 
[85 A 41. These may be correlated with the expansion or 
contraction of the structure due to the hydrogen presence. 
This fact influences also the 3d and 5d conduction 
electron magnetic susceptibility (see Fig. 128). 
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I 
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Fig. 163. Projection of the average magnetization density 
in TmCo, on the (Oli) plane at 4.2 K. Upper part: contour 
map. Numbers on contour lines give the magnetization 
density projection in units of pa/A’. Thick lines are 
positive contours, thin lines zero contours, and dashed 
lines are negative contours. Lower part: projected density 
along the line y=O.25 as shown on the sketch of 
corresponding atomic projection (insert). Values of Tm 
and Co magnetic moments, pTm= 5.4(l) pa and 
pco = -0.80(5) ur,, were determined [76 G4]. 
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0 50 100 150 200 250 300 K 350 
I- 

Fig. 164. Thermal variations of the Co magnetic susccpti- 
bility in HoCo, [77G5] and TmCo, [76G4] com- 
pounds dctcrmincd by neutron diffraction. Thcsc show 
similar bchaviour as observed in YCo, and LuCo, 
compounds. The Curie points of the HoCo, and TmCo, 
arc also given. 
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Fig. 165. Dispersion relations for spin waves propagating 
in the (c(s) direction in HoFe, [78R 1, 87R8] at 
T= lOK, which is representative at the ground-state 
excitation spectra found for other RFe, compounds. 
Mcasurcmcnts taken in ([co and (@O) spin-wave propa- 
gation directions show similar behaviour with no 
evidence of anisotropy. The ground-state excitations 
consist of (1) an in-phase lowest-energy acoustic mode 
involving all spins with dispersion principally controlled 
by the R-M exchange interaction, (2) a flat dispersionless 
mode at 8.3mcV resulting from an out-of-phase mean- 
field excitation of the rare-earth spins, and (3) a highly 
dispcrsivc upper mode which is an in-phase precession of 
the Fe spins and has dispersion, E=0q2, where 
0~200 mcV A’, which is comparable to that for pure Fe 
metal (280meV1(‘). The remaining modes of the six 
expcctcd from ground-state excitations, occur at very high 
energies (> 100 meV) as calculated from linear spin-wave 
theory [78 K 73 and do not have appreciable population 
at normal temperatures, nor are readily acccssiblc to 
thermal neutron scattering energies. The extreme flatness 
of the rare earth optic mode is a consequence of the nearly 
vanishing exchange-coupling bctwccn rare-earth spins. 
The R-R coupling (calculated from the optic mode data to 
bc less than 0.05 meV) is a result common to all the Laves 
phase Fe and Co compounds. The energy of this mode is 
given identically in both the mean-field theory and linear 
spin-wave theory by the Zecman splitting energy of the 
rare-earth spin in the exchange field of Fe plus the 
contribution from the crystal ticld. The q = 0 gap of the Fe 
in-phase mode arises from the effect of the FeeR exchange 
and can be expressed in the form [80K 14, 81 K 143 A, 
=125,,-,((S,)-2(S,,)). The Fc branch in the figure is 
shown for 295 K (cf. 4.2 K for the other modes) and at low 
T the Fc mode gap at E=O is substantially larger due to 
the increased value of (S,). The solid lines arc the result of 
a linear spin-wave analysis (valid for low temperatures) 
[78 K 7,80 K 14,81 K 143 in which the spin wave energies 
are calculated from the Fourier transform of the equa- 
tions of motion for the spin raising and lowering 
operators S* (.I* of rare-earth site). The horizontal scale 
is in units of the reduced x component of the wavevector 
4. 
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Fig. 166. Dispersion relations for spin waves propagating in the ([CO) direction in ErCo,, measured near (220) and (002) 
reciprocal lattice points, open and solid circles, respectively [87 R 81. The weaker R-M exchange in RCo, compounds 
compared to the Fe compounds allows transitions from the ground state to the states higher than the first excited state 
to have significant transition probability. This invalidates a linear spin-wave-theory analysis and requires a Green’s 
function - RPA calculation [80 K 14, 81 K 14-J. The Hamiltonian containing both exchange and crystal field terms is 
simplified by first separating out and directly diagonalizing the single-ion terms. The double-time Green’s function can 
then be defined and solved by RPA. From this Green’s function the scattered neutron intensity, which is proportional to 
the imaginary part of the generalized susceptibility, can be calculated from the transverse components of the total 
angular momentum. In the figure each transition involving rare-earth spins is double degenerate at the zone boundary 
and consists of both an in-phase component and an out-of phase component. The in-phase component is the mode 
exhibiting dispersion at low 4. The other modes correspond to an out-of-phase spin precession of the two rare-earth 
spins in the primitive cell and give rise to dispersionless branches which have energies identical to mean-field excitations. 
The localized excitation energies, E, and transition probabilities, w for the 16 states are shown, from which the lowest 
dispersionless mode may be identified with a transition from the ground state to the second excited state, and the second 
dispersionless mode with a transition from the ground state to the fourth excited state. The latter transition is found to 
be approximately six times as intense as the lower mode. The closely spaced in-phase and out-of-phase branches for each 
pair of modes were separated by making use of the selection properties of the dynamic structure factor. It should be 
noted that the CoCo mode is calculated to have the dispersion shown but was not observable either in ErCo, or 
HoCo, [79 R 21 at any point in the zone. Castets et al. [SO C 2,82 C 31 did observe a very weak Co mode in HoCo,. For a 
summary and comparison of the exchange and cubic crystal field parameters in the RFe, and RCo, compounds see 
[8OK 151. The horizontal scale is in units of the reduced x component of the wavevector q. 
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Table 44. Exchange and crystal-field parameters for some RM, compounds. 

J MU 

meV 
J RM J RR ‘4 4 Method Ref. 
meV meV meV/a: meVIa 

TbFe, 

HoFe, 

Ho o.RRTbo.,2b 

ErFe, 

TbCo, 

HoCo, 

HoCo, 

ErCo, 

TmCo, 

26.0 

26.0 

23.5 

30.0 

37.3 

-0.95 

-0.43 

-0.42 

-0.32 

-0.18 

-0.22 

-0.29 

-0.153 

2.0 - 0.075 

1.9 -0.087 

3.2 -0.125 

10.0 -0.34 

4.3 -0.20 

0.02 5.2 -0.16 

0.00(l) 4.3 -0.142 

13.3 -0:26 

neutron 
inelastic 

neutron 
inelastic 

neutron 
inelastic 

neutron 
inelastic 

magnetiza- 
tion 

neutron 
inelastic 

magnetiza- 
tion 

neutron 
inelastic 

spin 
density 

80R2 

78Rl 

76N7 

77R1,78K7 

7962 

79R2 

8OC2 

81 K 14 

76G4,77G3 

For neutron diffraction studies see also 
RMn, R=Pr [8602,88B2]; R=Nd [8602, 88B2]; R=Tb [64C3]; R=Ho [77C2,82Hl]; R=Er 

[65Fl]; R=Tm [65Fl]; R=Y [87B6,87D6, 88F2]; R=Th [8602, 87D7] 
RFe, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

82Bll];R=Er[71B6,71W4,71W5,79F5,79R3,80F6];R=Tm[79F5,79R3,8OF6]; 
R=Yb [86T8]; R=Lu [8OG6] 

RCo, R=Nd,Tb,Ho,Er[65Ml];R=Pr,Nd,Tb,Ho[78H4];R=Pr[67Sl];R=Tb[79G2,8OG3]; 
R=Ho [77G3, 77G53; R=Tm [76G4, 77G3,77(34] 

RNi, R=Tb [65Fl, 76G6] 
RMJ4 RFe,H,, R=Er [78R2]; R=Ho, Er,Tm [79F5, 79R3, 80F6]; R=Tb, Er [87F4, 87F5] 
(R’R”)M, (TbHo)Fe, [83 S 133; (TbY)Fe, [8l S 121 
R(M’M”), HoFeMn [77 C 23; Y(MnFe), [85 W 33; Tb(MnAI), [720 33; Er(MnAI), [72 0 33; Y(MnAI), 

[86M4, 87D5, 87881 
Tb(FeCo), [82 S 173; R(FeAI), [84 S 111; Tb(FeAI), [73 0 I]; Dy(FeAI), [83 S 151 
Tb(CoNi), [83 S 143; Tb(CoAI), [73 0 I]; TbCo,.,AI,,, [710 21; Ho(CoAI), [73 0 I]; Er(CoAI), 

[70 0 23; Gd(MCu),, M =Co, Ni, AI [87 B 123 
R(NiCu), [85 S 183; Tb(NiCu), [83 S 21, 84 S IO]; Ho(NiCu), [83 S 213 

For inelastic neutron scattering see also 
RMn, R=Y [87M7] 
RFe, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

80K 14,82R4] 
RCo, [78SIl(T), 80K15, 83R4]; R=Pr C82GlO-j; R=Ho [79R2, 8OC2, 82C3, 82R4, 82Yl(T), 

83Y2]; R=Er [79K8, 81K14, 82R4, 83Y2(T), 87R8] 
RNi, R=Pr [82A9, 82G10, 82M3,83A3, 83A4, 83Gll]; R=Ho [82C4]; PrAI, [78A4] 
(R’R”)M, (HoTb)Fe, [76 N 73 
R(M’M”), Y(MnAI), [87 D 5, 88 M I] 
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EPR, FMR 
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YFe, x- Gd Fe, 

Fig. 167. Composition dependence of the effective spec- 
troscopic splitting factor, gem in the Gd,Y, -XFe, system 
at room temperature. By broken lines are plotted 
the relation ge, = (Mod - he) (Modgod - &elgFe)- ’ 
[56 W I] with go, = 2.00 and g,, = 2.07 [79 B 133. 
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Fig. 168. Composition dependence of the effective spec- 
troscopic splitting factors, g,rr, at 78 K in Gd(Fe,Al, -&, 

2.00 
Gd(Co,Al, -JZ, Gd(Co,Ni, -r)Z, [83 U2], Y(Fe,Co, -JZ 
[78 B 14, 79 B 171, and Gd(Fe,Al, -J3, Gd(Co,Al, -=)a 

t 
[83 U 21. 

1.98 !, 

1.96 

2.08 

Fig. 169. Temperature dependence of the linewidth AH at 
1.92 T>Tc and g values for Gd(Co,Al,-,), compounds. In 

compounds where Co is nonmagnetic a linear dependence 
of AH vs. T is shown (a). For ferrimagnetic compounds 
AH vs. T is nonlinear (b). By increasing the Co content a 
break in the bottleneck of the relaxation of conduction 
electron magnetization to the lattice is observed. (See also 
[67P 21). For compounds in which Co is nonmagnetic the 

, g values are not dependent on temperature [81 B lo]. 
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For FMR studies set also 
RM, GdFe, [78 V 1); YFe, [76 B 143; GdCo, [76 B 141 
RM2H, GdFe,H, [84 V 23 
(R’R”)M, (GdY)Fe, [77Bl6, 79B143; (HoTbDy)Fe, [8OV5]; (GdY)Co, [79Bl4, 81 Bll, 81 Bl4] 
R(M’M”), Y(FeMn)z [79BlS, 79B17]; Gd(FeCo), [78Bl4, 79Bl2, 81 Bll]; Y(FeCo), [78Bl4, 79Bl2, 

84BlO,85B lo]; U(FeCo), [84BlO]; Gd(FeAl), [81 B 11,83U2,84B lo]; Y(FeAI), [79B 17, 
84 B 10, 85 B lo]; U(FeAI), [79 B 17-J; Gd(CoNi), [79 B 12); Gd(CoAl), [81 B 10, 83 U 2, 
84B 10,85B lo] 

For EPR measurements set also 
RM2 GdCo,, TbCo, [71 B 111; GdCo,, TbCo,, DyCo, [72 B 121; GdCo, [72 B lo]; GdNi, [72 U 1, 

72 B 133; ZrCo,, UCo, [66 G l] 
(R’R”)M, (GdY)Co, [80 B 2, 81 B 14); (GdY)Ni, [SOB 2, 86 T 21 
R(M’M”), Gd(MnAl)2 [83 S 183; Gd(FeRh), [80T4]; Gd(FeAl), [83 U 2, 85 B 101; Dy(FeAI), [85K 33; 

GdFeAIH,, GdNiAIH, [84 D 73; Gd(CoNi), [78 B 15,84 B 111; Gd(Colr), [79 C 33; Gd(CoAl), 
[80C3,81B10,83U2,85BlO] 

Cd in RNi,, RCo,, R = SC, Y, Zr, Lu, Ce [Sl D 9-J; Gd(NiAI), [85 K 11; Gd in PrNi, [79 L 73 

Miissbauer effect, muon spin rotation, perturbed angular correlations 

Fig. 170. Angular relationship bctwccn the direction of 
mqnctization and axes of symmetry for one of the 
tetrahcdra of Fe atoms of MgCu,-type structure. The 
solid lines arc the four three-fold symmetry axes which lie 
in [l 1 l] directions [64 W 63. 
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Table 45a. Easy directions of magnetizations at 4.2(78) K in RFe, compounds. 

YFe, CeFe, PrFe, NdFe, SmFe, GdFe, i) TbFe, DyFe, “) HoFe, “) ErFe, TmFe, YbFe, LuFe, 

Easy [Ill] [OOI] [OOl] co111 [Oil] [OOl] [011] non- [111] [OOl] COOlI [ill] [111] [loo] non- 
direc- (78 K) (80 K) major (78 K) major 
tion axis axis 

Ref. 73Bl 71G6, 79M13, 79M13 74R4 74A3 76M17 68B4, 68B4, 68B4, 68B4, 68B4, 64W6 77M8, 74A3 
74A3 8OSll 75v3, 74B1, 78C5 74B1, 74C2 79M13 

79M1.5 78C.5 79Al 
81G2 

‘) The effects on the easy direction of magnetization of the deviations from stoichiometry, heat-treatment, and impurities in Gd metal were analysed in [79 M 15, 
78 C 73. 

2, A small deviation of easy direction of magnetization from the [loo] axis has been suggested [SO R I]. 

Table 45b. Easy directions of magnetizations at 4.2 K in RCo, compounds. 

PrCo, NdCo, SmCo, GdCo, TbCo, DYCO, HoCo, ErCo, TmCo, 

Easy cw WI 11 Cl111 COOlI Cllll COOlI COffl Cl111 Cl111 
direc- 
tion 

Ref. 77DlO 76D12 81H4 7502 77DlO 77DlO 78A8 77DlO 74D4 

Table 45~. Easy directions of magnetizations at 4.2 K in RNi, compounds. 

NdNi, SmNi, TbNi, DyNi, HoNi, ErNi, 

Easy 
direction 

Ref. 

COOlI Cl111 Cllll COOlI COOlI COOlI 

8311 8311 65F1, 7762 7562 8362 
8311 

t; 
W 
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I J 
0 100 200 300 400 K 500 

l- 

Fig. 171. Magnetic hypcrhnc field for 57Fe in PrFe, as a 
function of tcmpcrature. The broken curve denotes a 
Brillouin function with J = l/2, T,= 525 K and H,,,(O K) 
=181 kOe [8OSll]. 
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Fig. 172. Temperature dependence of the angle of inclina- 
tion 0 between the direction of the easy axis of magneti- 
zation and the [OOl] axis in PrFe, [80 S 11 J. 

Fig. 173. (a) 57Fe magnetic hyperfinc fields, (b) electric 
quadrupole interactions (4,: lattice electric field gradient), 
(c) isomer shifts relative to “Fe in Pd at room tempcra- 
turc and (d) direction of easy magnetization relative to 
major crystalline axes in SmFe, as function of tempera- 
ture. A smooth curve has been drawn through the data 
points in (a), (b) and (d). The solid line in (c) describes the 
theoretical change of the isomer shift due to the second- 
order Doppler shift [Sl B2]. 
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Fig. 174. Magnetic hyperline fields of 57Fe in MFe, with 
Cl4 structure at 4.2 K plotted against the difference in the 
d-electron number of the M atom and that of SC [87 N 31. 
In the Laves phase compounds with Cl4 structure, ScFe, 
[741 I] and HfFe, [70N I] exhibit ferromagnetism and 
TiFe, [68 N I] antiferromagnetism. NbFe, and TaFe, 
are paramagnets [64 N I]. The hyperfme magnetic field at 
57Fe varies with the change of M atoms. The ferromag- 
netic moment discontinuously decreases from 1.3 pa/Fe to 
0.9u,/Fe atom at ~~0.65 for (SC,-,Ti,)Fe, and at 
x=0.35 for (SC, -,NbJFe,. In both systems, the critical 
concentration correspond to the difference in the 
d-electron number of ~0.65. Above these critical con- 
centrations, the magnetic structure is a perpendicular 
superposition of ferromagnetic and antiferromagnetic 
spin densities [85 N 31. In (Hf, -=Ta,)Fe, the ferromag- 
netic state changes into the antiferromagnetic one above 
~~0.15 with increasing x [83N7]. WFe, with Cl4 
structure stabilized by doping of Si exhibits a ferromag- 
netic behaviour at 4.2 K. 

Fig. 176. Isomer shifts (IS) of 57Fe rela- 
tive to natural iron plotted against 
fractional volume change of Fe atoms 
in Laves phase compounds at 300K 
[81 S 1 I]. The original plot [64 N I] as 
supplemented with the data of Shimo- 
tomai et al. [Sl S 1 l] (solid circles) and 
the data for ErFe,, DyFe, and HoFe, 
[62 W2], LuFe,, CeFe, and GdFe, 
[64 W 11, NpFe, and PuFe, [70 B 53, 
YbFe, [77 M 81, and bee-Fe and hcp- 
Fe [72 W 21. The R atom exerts no 
first-order effect on IS except through 
its constraint on the volume available 
to the Fe atom. The change of the 
electron density at the Fe nucleus 
scales linearly with fractional volume 
up to 20%. The volume dependence of 
the IS in Laves phase compounds is 
associated with the close-packed ar- 
rangement of the constituent atoms. 
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Fig. 175. Relationship between the mean ‘7Fe magnetic 
hype&e field and the mean Fe magnetic moment in some 
rare-earth compounds at low temperature [79 B 131. 
Similar results were obtained in [77 b I]. 
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Table 46. Magnetic hypcrfmc liclds at 4.2(80)K for Fe sites in RFe, compounds. 

T K) h,,., ‘WW Ref. 

I II 

CeFe, 

PrFe, 

NdFe, 

SmFe, 

GdFe, 

GdFe, 

TbFe, 

DyFe, ‘1 

HoFe, 3, 

ErFe, 

TmFe, 

YbFe, 
LuFe, 

YFe, 

78 
80 
4.2 
4.2 
4.2 
4.2 
6 
4.2 

78 
4.2 

78 
78 
78 
78 
4.2 
4.2 

78 
4.2 
4.2 

78 
78 
4.2 

78 
20 
4.2 

78 
4.2 
4.2 

78 
77 

204 ‘) 
203.1 
216 
214 
214 
238 
225.6 
238 
237 
240 
226 
235 
225 

228 
232 
222 
216 
217 

78 207 
78 214.6 
78 221 
4.2 220 
4.2 218 
I.7 215 
4.2 215 

156 
156 
163 
174 
192.4 
190 

180’) 
176.4 
190 
198 
190 
234 
- 
225 
229 
235 
197 
206 
195 

228 
222 
232 
221 
228 
228 

204 
201 
202 
202 
196 

205 
203 
- 
211 
210 
200 
208 
208 

71 G6 
74A3 
75L2 
78G5 
80Sll 
79Ml3 
81 Sll 
8lMI0,8lM9 
71 G6 
73Vl 
73A5 
7lG6 
74A3 
76M 17 
74Bl 
75N IO 
71 G6 
73D2 
74Bl 
71 G6 
82B2 
78BI2 
71 G6,73G8 
74V2 
74BI,78BI2 
71 G6 
73D2 
7865 
64W6 
76W3 
79Ml3, 81 M9 
71 G6 
74A3 
71 G6,73G8 
75NlO 
76Ml7 
77L4 
78G5 

‘) The effective fields (1) and (IT) arc obtained for magnetically nonequivalent 
iron sites when the easy direction of magnetization is not the [OOI] axis. 

‘) Values obtained from figure in [8OS 1 I]. 
3, A small deviation of easy direction of magnetization from the [001] axis has 

been suggested [SO R I]. 

Kirchmayr, Burzo Landolt-BOmclein 
NW F&rim 111/19d? 



Ref. p. 4053 2.4.2.12 R-3d: RM, 143 

I I I I 
-6 -4 -2 0 2 4 mm/s 

V- 

c T=77K 0 
I I I I I J 

-300 -200 -100 0 100 200 mm/s 300 
Y- 

Fig. 177. Miissbauer spectra obtained at 77 K for (a) “Fe 
in DyFe,, (b) “Fe in DyFe,H,,,, and (c) 16rDy in 
DyFe,H,,,, [79V 31. In DyFe, only one magnetic 
hyperfine field at 57Fe is observed corresponding to the 
single crystallographic (and magnetic) site. The spectrum 
for the hydride is more complex and shows resolved 
structure in spite of slightly broader resonances com- 
pared to DyFe,, and was analysed as a superposition of 
two six-line magnetic hypertine spectra. The different 
types of Fe sites in the hydride is associated with 
differences in the number and/or positions of surround- 
ing hydrogen atoms. The two distinct sites for Fe 
indicate that the hydrogen forms an ordered structure at 
this composition. The measured hyperfine fields at 
4.2 K are 195(4) kOe and 242(4) kOe, compared with the 
value 225(4) kOe obtained for DyFe,. The isomer shifts 
are both positive relative to DyFe, by 0.28(2)mms-’ 
and O.O8(2)mm s- ‘, respectively, at 295K. The 161Dy 
spectrum at 4.2 K shows the presence of a single hyper- 
fine field of 6050(50) kOe, which is close to the free-ion 
value (6200 kOe) but less than the value of 7080 kOe for 
DyFe, [65 0 11. Hence, the saturated Dy magnetic mo- 
ment in the hydride although somewhat reduced from 
the enhanced magnetic moment in DyFe, (due to con- 
duction electron polarization) is still close to the free-ion 
value of lOus,. 
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Fig. 178. Dependence of the isomer shift at “‘Dy on the 
hydrogen content in DyM,H, (M=Mn, Fe, Co, Ni) 
hydrides relative to Gde,sDy,,,F, source [80 C 83. As the 
hydrogen is added to the lattice, the electron density at 
the Dy nucleus decreases, with the isomer shift approach- 
ing that of the hydride of dysprosium. The isomer shifts of 
the saturated hydrides (x > 4) are not identical but reflect 
the isomer shifts of the starting DyM, compounds. 
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Fig. 179. “j6Er Miissbauer spectra at 4.2K for ErMn,H, 
samples having (a) x=0, (b) x=4.0, and (c) x=4.6. The 
solid lines are the results of least-squares fits to the data 
[8OV4]. The magnetic moment of Er in both hydride 
phases is below the value measured for ErMn,. The 
ferromagnetic ordering present in ErMn, and ErMn,H, 
is absent in ErMn,H,,, down to 1.5 K. Two Er sites are 
detected in ErMn,H, instead of the one expected for the 
Cl4 structure. The origins of these sites are attributed to 
the possible configurations of hydrogen site occupancy. 

Fig. 180. Spin orientation diagram of the Ho,Tb, -.Fe, 
system. Filled circles, filled triangles and inverted filled 
triangles correspond to experimentally determined 
Miissbauer spectra characteristic of the [ill], [110-J and 
[lOO] axes of magnetization, respectively. Open triangles 
correspond to intermediate types of spectra. The solid 
lines are experimentally determined boundaries of 
regions with different directions of magnetizations 
[73 A 63. The dashed lines are the boundaries determined 
theoretically using the one-ion model [72A 1). 
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Fig. 181. Mijssbauer spectra of 57Fe in YFe2H,,, and 
Y(Fe,,&o,,,),H4,0 at 1OOK [83 F9]. The spectra are 
broad as compared to nonhydrogenated samples. The 
57Fe hyperfine field values in Y(Fe,-,CoJ,H, become 
small upon hydrogenation for x>O.l, leading to a de- 
crease of the Fe magnetic moments. 5gCo NMR spectra 
indicate a serious reduction of the Co magnetic moments 
by hydrogenation. Both reductions are explained qualita- 
tively in terms of loss in mutual contact between the 3d 
atoms upon H-uptake. The distribution functions P(H,,,) 
of the hype&e fields are also plotted. 
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Fig. 182. Composition dependence of the mean hypertine 
fields of 57Fe in Y(Fe,Co,-,), at T= 1.7K [77L4], 
Ho(Fe,Co,-,), at 20K [74V2], Tm(Fe,Co,-,), at 77K 
[76 W 31, Ce(Fe,Co, -J2 at 4.2K [75 L 21, Y(FeJr, -J2 
at 4.2K [8OV2] and Hf(Fe,Co,-J at 4.2K [SOV2]. 
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;15K 
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a ivh,, - 

Ho0.1y0.9 ( Fe0.l Coo.9 h 

1=30K 

d; 
0 5 10 15 20 1 

b PO H hYP - 

Fig. 183. Magnetic hypcfinc lield distribution, P(H,,,), 
for (a) Y(Fe,Co, -J2 and (b) Ho,,,Y,,, (Fc,Co, -Jz com- 
pounds with x =O.l. By broken lines arc plotted the mean 
hypcrfmc fields [79 S 81. Similar results wcrc obtained for 
the composition range 0.055xX0.2. The width of the 
distribution increases with increasing x for x SO.129 and 
dccrcascs for x20.15. Corson et al. [77 C6] rcportcd 
maenetically split spectra for x=0.022 at 0.15K. This 
indicates the existcncc of Fe magnetic moments even at 
this low Fe concentration. It was concluded from extra- 
polation of the concentration dcpcndcncc of the hypcrfinc 
field to vanishing Fe content, that a single Fe atom in a 
YCo, matrix still possesses a magnetic moment [77 L43. 
Later on [78 C 63 the spectrum recorded for x =0.022 was 
analyscd by means of a stochastic ferromagnetic rclax- 
ation model. Two nonequivalent Fc sites, with diffcrcnt T, 
values (3.2 and 4.3 K, respectively) wcrc obtained. How- 
ever. the recorded spectra could not bc explained com- 
pletely by this trcatmcnt. The existcncc of Fe magnetic 
moments was tested for Y(Fe,,,Co,,,), by mcasurcmcnts 
in external field up to 1.72 T [79 S 81 at T> TAq whcrc T, is 
determined by the vanishing of the magnetic hypcrlinc 
splittin!. These show also that the Fe atoms possess a 
magnctlc moment. 

5 I A 

T Y(Feo.dhd2 Y 6 n.n.Fe 

I I 

I 0.05 0.10 0.15 0.20 0.25 l/K 0. 
poH/l- 

Fig. 184. Induced 57Fe magnetic hyperfme fields, H,,,,,, as 
function of H/T, where H is the external licld, for 
Y(Fc,,~~AI,,,~), compound in the temperature range 
50. ..300 K, for different nearest-ncighbour Fe environ- 
mcnt and fields up to 13.5 T. The lines are only guides for 
the cycs [87 R 61. The temperatures studied are above the 
freezing temperatures. The data show the presence of 
magnetic clusters above Tc Diffcrcnt Hhgp values are 
observed in the paramagnetic state for diffcrcnt Fe 
environments. 

2.00 "..,"I 

I 1.75 1.50 6.375 6.250 I e 
2 s' 

1.25 6.125 

1.00 
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osob 
0.2 0.L 0.6 0.8 1.0 

OYAI, x- We2 

Fig. 185. Composition dependence of the magnetic hyper- 
lint field at 4.2 K, H,,,, and the isomer shift, IS, at 161Dy 
nuclei in Dy(Fe,Al, -1)2 compounds [74 M 1-J. 
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Table 47. Magnetic hyperfme fields (experimental and conduction electron contri- 
bution) and exchange fields acting on rare-earth ions in RFe, and RCo, compounds. 

Probe fbyp We) 

exp. cond. el. 

Exchange 
field (K) 

Ref. 

SmFe, 

W% 
TmFe, 
TmFe, 
SmCo, 

DYCO, 

Et?+ 
Dy3+ 
Tm3+ 
Yb3+ 
Eu3+ 
Dy3 + 

- 1090(20) 400( 80) 105(10) 77Y4 
7100(150) 870( 150) 200 74B7 
7650(180) 630(180) 165 64Cl 
4450(100) 350(100) 116(4) 75Y3 

- 1250(20) 210(80) 100(10) 77Y4 
6500(150) 250( 150) 66Nl 

For nuclear y-resonance studies see also 
57Fe 
RFe, [63Wl, 71G6, 73B1, 74K14]; R=Ce, Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu, Zr, Y [64Wl]; 

R = Ce, Sm, Gd, Dy, Ho, Er, Tm [62 W 23; R = Sm, Tb, Ho, Er, Tm, Lu, Y [64 W 21; R = Nb, 
SC, U, Zr, Ti, Sm, Gd, Er, Lu, Y 164 N I]; R =Ce, Sm, Gd, Tb, Dy, Ho, Er, Y, Zr [68 B 43; 
R=D~,HO[~~B~~];R=T~,D~,H~,Y[~~B~];R=T~,D~,H~,Y[~~F~];R=T~,H~, 
Er[73T1];R=Ce,Er,Y[78G5];R=Ce[74A3,77V1,85D11];R=Pr[79M13,80M4, 
80M5,80S11,81M9,81M10,81S11];R=Nd[79M13,80M4,80M5,81M9,81M10, 
81Sll]; R=Sm [73A5, 73B4, 73V1, 74V1, SlSll]; R=Gd [74A3, 74B1, 75v3, 
79M15, 81G2, 82B7]; R=Tb [74Bl]; R=Dy [74S2, 7688, 8054, 80R1, 82Bl]; 
R=Ho[74B1,74S2,80R1];R=Er[77G14,79R1];R=Tm[64W6];R=Yb[77M8, 
79M12,79M13,80M4,80M5,81M9,81M10];R=Lu[74A3,80B18,85D11];R=Y 
C61W1, 74M9, 76S8, 77G14, 82N41; R=Sc [76S2, 8OS14, 81G16, 81N2, 82S23]; 

R(Co5’Fe), 
R=Zr [64W6, 79Rl]; R=U, Pu, Np [70B5] 

[77A8]; R=Pr [77DlO]; R=Nd [76A8]; R=Gd [76A7]; R=Tb [77DlO]; R=Dy 

R(Ni”Fe), 
[77DlO]; R=Ho [76A8,78A7]; R=Er [77DlO]; R=Tm [82G14] 

R = Gd, Tb, Dy, Ho, Er [77A 71 
RFe,H, [84D4];R=Ce[77V1,85D11];R=Gd[76B21,82N2];R=Tb[85A4];R=Dy[79D10, 

79V3]; R=Er [79DlO, 79V4, 81V4, 85A4-J; R=Tm [82N2]; R=Lu [8OB18, 

R(Co5’Fe),H, 
SSDII]; R=Y [76B21, 78B22]; R=Sc [SOS14, 81N2] 

R=Ho, Y [83 B 1 I] 
(R’R”)M, (CeY)Fe, [80 D 11; (PrSm)Fe, [82 S 15, 83 S 12, 84 S 91; (NdSm)Fe, [84 S 91; (SmDy)Fe, 

[81 B 21; (SmHo)Fe, [Sl B2]; (GdY)Fe, [76 M 17, 79 B 131; (GdY)(FeAI), [85 B 51; 
(TbDy)Fe, [73A 6, 77 A 10, 81 S 41; (TbHo)Fe, [72A 1, 73 A 6, 75 D 9, 81 S 43; (TbY)Fe, 
[73D2, 73D3, 73 M 13, 75 P9]; (TbDyEr)Fe, [85K4]; (DyEr)Fe, [73A6, 81 S4]; 
(HoEr)Fe, [73 A 6,75 A 8,76 R 2,81 S 41; (HoTm)Fe, [73 A 6,81 S 4-j; (HoY)Fe, [61 W 1); 
(HoY)(FeCo), [80 H 11; (ErY)Fe, [73 D 2, 73 D 3, 73 M 131; (ZrHf)Fe, [61 W 1, 82 A 73; 
(Hffa)Fe, [83 N 71; (ScTi)Fe, [84N 2, 85 N 31; (ZrTi)Fe, [61 W 11; (DyY) (Co5’Fe), 
[87 L S] 

R(M’M”)z R(FeMn),, R=Gd, Tb, Dy, Ho, Er [75Wl]; R=Gd [7613]; R=Tb [7613, 86121; R=Dy 
[7613]; R=Ho [7612]; R=Er [7612, 8611-J; R=Y [8OS4, 8OVl]; R=Zr [83R3]; 
R(FeCo),, R=Gd, Dy, Ho, Er, Y, Zr [75 W 11; Ce(FeCo), [75 L2, 88 P2, 88 P 31; 
Gd(FeCo), [79 M 161; Tb(FeCo), C79 F 21; Ho(FeCo), [73 G 8, 74V 21; Tm(FeCo), 
[76W3]; Y(FeCo), [73G8, 77C6, 77L4, 77013, 78C6, 79C7, 79M16, 80H1, 
808163; Gd(FeNi), [77B II]; Dy(FeNi), [74B 11, 75B10, 77C8, 78B 121; Ho(FeNi), 
[75BlO, 78B12]; R(FeM),, R=Y, Zr, M=Al, Ni [77M12]; R(FeAl),, R=Sc, Y, R 
[73 D 8, 75 D IO]; R(FeAl),, R = SC, Y, Lu [75 D 1 I]; R(FeM),, M=Co, Al, Rh [78 S 83; 
Gd(FeAl), [SO A 6, 82V 11; Tb(FeAl), [76 P 61; Dy(FeAl), [73 G 6, 74 M 11; Y(FeAl), 
[77V 4,78 B 4,80 S 15,82 H 5,84 R 3,86 R 6,87 R 6,88 S 53; Ho(FeAl), [85 S 211; Zr(FeAl), 
[82H5, 83R3]; Y(FeRu), [87A8]; R(FeRh),, R=Gd, Dy, Ho, Y [82H12]; R=Tb 
[79 S 91; Y(FeRh), [83 H 41; Y(FeIr), [79 V 2, 86 S 213 
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R(M’M”),H, Zr(MnFe),H, [83 R 3, 86 W 23; Ce(FeCo),H, [88 W 43; Zr(FeAl),H, [83 R 31; Y(FeCo),H, 
[83F9]; RFeAlH,, R=Sm, Gd, Dy, Ho, Er, Tm, Y [87 W 43 

6’Ni Dy(FeNi), [77 C 83 
‘19Sn TmFe, [SS D 91; GdMnSi [85 D lo] 
‘=Gd GdMn, [77 T 61; GdFe, [77 T 63; GdCo, [77 T 6, 86 C 91; GdNi, [77 T 63 

(GdY)Fe, [83 R 81; (GdY)Co, [77A 63; Ho,&e,Gd 0.97-xFe2 [83 P 173; (GdCe)Fe, [83 R 81 
‘55EL’ SmM,, M = Fe, Co, Ni [77 Y 43 
“j’Dy DyMn,[66N1,80C8,83G14];DyFe,[6501,66N1,68o1,74B7,82B1,80C8,83P18, 

84P16,85P11];DyCo,[66N1,6601,70K2,74B7,80C8];DyNi,[66N1,6601,70K2, 
74 B 7,80 C 83; DyMn,H, [80 C 8,83 G 143; DyFe,H, [79 V 3,80 C 81; DyCo,H, [80 C 83; 
DyNi,H, [80 C 83 

16’jEr 

169Tm 

“‘Yb 

(DyY)Co, [87 L 83; @yHo)Ni, [78 B 73; Dy(FeAI), [74 M 1, 82 B 2, 82 B S] 
ErCo, [69 P2]; ErNi, [69 P2]; ErMn,H, [8OV4]; ErFe,H, [79 V4]; Er(CoNi), [69 P2, 

71223 
TmFe, [64Cl, 80D2, 82B9, 856193; TmCo, [80D2, 82614, 856191; TmNi, [8OD2, 

85 G 19-J; TmFe,H, [82 N 23 
YbFe, [80H 6-J; YbNi, [73N 73 
TmFe, [74 H 7); (TmHo)Fe, [75 Y 3) 

For hypertine field calculations in RFe,, YMn, [87A 12(T)] 
For nuclear -y-resonance on 6’Ni, “‘Gd, and 16’Dy in RM, compounds see also Tables 6Ob, 6Oa, and 59. 

1.25~ 
T T=OK 

1.00 

0.25 

1 
0 0.5 1.0 1.5 2.0 pg 2.5 

h PC0 - 

Fig. 186. Values of muon magnetic hyperfine fields extra- 
polated to T=O, as function of the magnetic moment of 
transition metal atoms [86 B 63. This shows that the main 
contribution to the hypcrtine field at the muon site in 
RM, compounds comes from the 3d electrons of the 
transition metal partner. 

For pSR studies see also 
GdFe,, YFe, [Sl G9]; GdFe,, ErFe,, TmFe,, GdCo, [86 B 63 

For perturbed angular correlations studies see 
44Sc in GdFe, [75 C 51 
“‘Gd in ZrFe, [8OY 33; TbCo,, TbFe, [87 S 14, 87 S 151 
18’Ta in YFe, 183 A 2, 85 B 7, 88 S 43; LuFe, [88 S 43; ZrFe, [88 S 43 

(YHf)Fe, [84 A 6, 87 B 15, 88 B 43; (ZrHf)Fe, [88 B 43 
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I 
10 20 30 40 50 60 70 MHz 

- 

HoCo2 

.A 

ErCo, 

80 
Y- 

Fig. 187. Zero-field spin echo of “Co in RCo, com- 
pounds observed at 1.5 K. Solid lines indicate the spectra 
of 5gCo nuclei in magnetic domains and dotted lines those 
attributable to the nuclei in domain walls [81 H4]. For 
the RCo, compounds with the easy direction of magneti- 
zation parallel to the [01 I] or [ll I] directions, the 5gCo 
hype&e fields at two magnetically inequivalent Co sites 
are found to be antiparallel, revealing a large anisotropy 
in the 5gCo hyperfme field (see Table 48). 

Table 49. Magnetic hyperfine fields 
and estimated magnetic moments of 
Mn atom in RMn, compounds 
[Sl S lo]. The nuclear g-factor of 
55Mn was taken 1.05 MHz/kOe. 

-f3f 1~10‘2p@,/c0 2 
Psp - 

Fig. 188. Relation between spin and orbital magnetic 
moment of Co in the paramagnetic phase of RCo, (R = Pr, 
Er, Tm) compounds [82 H 81. The positive direction is 
chosen to be parallel to the external field. The peculiar 
behaviour of the Knight shift which does not depend 
linearly on the magnetic susceptibility, is attributed to a 
change in fraction of the orbital magnetic moment 
induced by a resultant field, H + H,,, the sum of the 
external field, H, and of the effective field arising from the 
spin-orbit coupling, H,,. 

Table 48. Spin and orbital Co magnetic 
moments (pa/Co) of RCo, compounds 
[Sl H 41. 

PrCo, 0.37 
NdCo, 0.50 
SmCo, 0.46 
GdCo, 0.99 
TbCo, 1.04 

DYCO, 0.95 
HoCo, 0.76 
ErCo, 0.90 
TmCo, 0.41 

0.13 - 
0.10 0.12 
0.04 0.12 
0.03 - 
0.10 0.11 
0.05 - 
0.04 0.07 
0.10 0.09 
0.07 0.02 

fGyp (55Mn) PM, 

kOe PB 

GdMn, 
TbMn, 

DyMn2 
HoMn, 
ErMn, 
TmMn, 

130(3) 1.5 
104(2) 1.2 

7W) 0.9 

24(l) 0.4 
19.0(5) 
12.4(5) 
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1 

0 
0 1 2 3 4 

RF!?, x- 

Tig. 189. Magnetic hypcrhnc field transferred from Fe to 
he rare-earth nuclei, HK;p,,r, mcasurcd by zero-licld 
VMR on 16’Er and ls9Tb in some RFe,H,compounds at 
ow tempcraturcs as function of x [85 B 4, 85 D 43. The 
ransfcrred hypcrfine field values decrease as soon as the 
rolumc of the cell expands. This effect is due to the 
owering of the R-Fe interaction as the Fe-R distance 
ncrcases and it arises as soon as the R,M, sites begin to 
x occupied. The values of the R magnetic moments, as 
jeduced from NMR experiments, are indepcndcnt of the 
:onccntration in Tb compounds, and decrease suddenly 
‘or x > 3 in Er compounds. 

150 I 

MHz YMn,H,,, 
125 

100 
MHz 

75 

H- 

Fig. 190. Magnetic lield dependence of the ‘H resonance 
frequency at 4.2K of (a) YMn,H,,O and (b) YFe,H,,,. 
Three dotted lines are drawn with slopes of +y and -y, 
respcctivcly, whcrc y is the gyromagnetic ratio of ‘H 
[87 F 81. The ‘H hyperfmc fields corresponding to these 
NMR signals can be analysed in terms of the magnetic 
dipole interaction bctwecn H nuclei and the localized 
magnetic moments of the Mn (or Fe) atoms surrounding 
the H atoms. 

Table 50. Magnetic hyperfme fields (kOe) at 59Co in GdCo,H, hydrides [87 F 7). 

GdCo, GdCo,H,., GdCo,H,., GdCoP,., 

fbyp (59w 61.4 50.3 49.8 48.5 

3100 
kOe 

I 3350 

2 

s' 3300 

3250 
2.00 2.25 2.50 2.15 3.00 3.25 3.50 

<(g -l)J>- 

Fig. 191. Magnetic hyperfine field at rs9Tb in 
Tb, -,Gd,Mn, and Tb, -,Lu,Mnl at 1.4 K as a function 
of the mean rare-earth spin ((g- 1)J). The solid lines are 
drawn as guide to the eyes [85 S 141. From the above data, 
the positive hypcrfine field transferred from the ncigh- 
bouring rare-earth spins to the Tb site is about 20 kOe per 
rare-earth spin. 

. . - . 
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R Fe, x- 

Fig. 192. Resonance frequencies of “‘Gd and 17’Lu in 
Gd, -,Lu,Fez, and i7’Lu in Tb, -,Lu,Fe, as function of 
Lu concentration [87 S lo]. The magnetic hyperfine field 
increases by increasing the Lu content. 

2oc 
kOe 

175 

\r 
I- 
l- 150 

I 125 

SIOO 
s 

7! i- 
l- 
j- 
l- 
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ICO 
0.2 0.2 0.4 0.4 0.6 0.6 0.8 0.8 1.0 1.0 

2 x- RCo2 

Fig. 194. Composition dependence of the 5gCo magnetic 
hyperhne fields at 4.2K in (R,Mg,-JCo, (R=Y, Gd) 
compounds for 0 5 x 5 1[87 121. The hyperfine field at the 
2a site decreases rapidly with increasing R concentration, 
while that at the 6h site is not dependent on R con- 
centration. This means that the number of nearest neigh- 
bours Gd atoms at 2a site is larger than that of the 6h site. 

1 

760 

I 
750 

10 

o- 
0 0.2 0.4 0.6 0.8 1.0 

x- 

Fig. 193. Composition dependence of the total magnetic 
hyperfine field determined by Mijssbauer effect and NMR 
at “‘Gd and 165H~ in (1) Ho,,0,Ce,Gd,,g7-,Fe, and (2) 
HoomYxGd o,g7-xFe, at 4.2K [83P17]. A linear de- 
crease with x of the hypertine field is observed, the slope 
being three times greater than that found for is5Gd in 
Ho(YGd)Fe, compounds. This is attributed to the in- 
fluence of the increased conduction electron density when 
R3+ ions are replaced by Ce4+. 
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Y ( Fel-xCox 12 
I= 4.2 K 

llcc I I I I 1 

20 30 40 MHz 50 0 
Y- b 

Fig. 195. (a) NMR spin-echo spectra of the sgY sites in 
Y(Fe, -$o& (05x 50.8) compounds at 4.2 K in zero 
external magnetic field [76 0 91. Starting with the lint at 
46MHz in pure YFc, (representing the situation with 
12Fc ncighbours atoms) and counting out the satellites, 
the different (Fe, Co) configurations have been assigned to 
thcsc satellites as indicated. (b) Spin-echo spectra of ‘“Co 
in Y(Fc, ..$o,)~ at 77 K in zero external magnetic field 
[SOY I]. The substitution of Co for Fe gives rise to a 
dcvelopcd satellite structure in the low Co concentration 
range 

0 MHz 250 
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Lu (Co,-,A[, j2 
T = 4.2 K 
v = 35.0 MHz 59co 
x = 0.04 

IO 20 30 40 kOe 
H- 

Fig. 196. Spin-echo spectra at 4.2 K and a fixed frequency 
of35.0 MHzfor Lu(Co, -,A& compounds [87 S 131. The 
arrows indicate the magnetic field corresponding to the 
zero Knight shift for “Co. In the sample with x=0.04, 
only a sharp resonance line with a Knight shift of + 1.4% 
was observed, corresponding to the majority of paramag- 
netic Co atoms in sample. In the ferromagnetic samples 
with x =0.08 and 0.12, quite broad signals appeared at the 
lower-field side of sharp lines. These broad signals were 
characteristic of ferromagnetic samples. Their resonance 
fields correspond to large magnetic hype&e fields and 
their intensities showed an enhancement effect due to 
magnetic domains, at low external fields. Thus, the spectra 
show that nonmagnetic and magnetic Co atoms coexist in 
the samples with x =0.08 and 0.12. The relative intensity 
of the paramagnetic signal to the ferromagnetic one was 
greatly reduced for x = 0.12 compared with x = 0.08. 

24 
s-l K-1 
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Fig. 197. Nuclear spin-lattice relaxation rates, l/T,, of 
“Co and 27A1 nuclei in Y(Co, -.A&, showing a linear 
relation between (TIT)-’ and the 3d-spin magnetic 
susceptibility, xa, with temperature T as an implicit 
parameter [84Y 8, 87Y 121. The relation (TIT)-‘CXX, 
holds in good agreement with self-consistent renormaliz- 
ation theory of spin fluctuations in weakly or nearly 
ferromagnetic metals. 

I 

For NMR studies see also: 
‘H YMn,H, [87 F 81; YFe,H, [87 F S] 

Y(MnM),H,, M = Co, Al, Ni [SS F 33; Zr(MnFe),H, [83 R 31; Zr(FeAl),H, [83 R 33 
2’Al Y(CoAl), [87Y 11, 87Y 121; Y(FeAI), [7609, 85111; Gd(CoAl), [871 I] 
45sc ScCo, [8418]; (YSc)Mn, [87 Y 101; Sc(FeCo), [77 0 121; Sc(CoNi), [66 B l] 
55Mn RMn2[81M3,81N1,88S1];R=Gd,Tb,Dy,Ho,Er,Tm[81S10];R=Pr,Nd,Sm[84Y6];R=Gd, 

Tb,Dy,Ho,Er,Tm[86Y6];R=Sm,Gd,Y[83N3];R=Dy,Ho[85S13];R=Er[75B2];R=Tm 
C75B2-J; R=Y [83Y7, 88Nl] 

(GdY)Mn, [SS S 133; (GdEr)Mn, [85 S 131; (TbLu)Mn, [85 S 131; (YLa)Mn, [88N 11; (YSc)Mn, 
[87Y 10, 88Nl] 

Gd(FeMn), [87N I]; Zr(FeMn), [Sl Y I]; Y(MnM),, M=Fe, Co [86Y 71; Y(MnAl), [SS S 11; 
Y(MnM),H,, M = Co, Ni, Al [SS F 31; Gd(MnCo), [87 I l] 
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57Fe RFe,, R=Gd, Tb, Dy, Ho, Er, Tm, Lu, Y [8IVI]; R=Y [8IB5, 81V2, 8IV3, 86D4]; 
R = Zr [86 D 43; R = Ho, Y [87 D 1 I]; (GdY)Fe, [75 N lo]; Gd(FeMn), [86N I] 

“Co RCo,,R=Pr,Er,Tm,Y [82Hg];R=Nd,Gd,Tb,Ho[81 Rl];R=Pr,Nd,Sm,Gd,Tb,Dy,Ho,Er,Tm 
181 H4,82H8,82HIO];R=Nd,Gd,Tb,Ho[81 Rl];R=Ce,Pr,Nd,Er,Tm,Lu,Y,Zr,U[67B2]; 
R=Gd[7IB10,76C1,85B2,86K2];R=Ho[86G8,87Gl0];R=Lu[87Y9];R=Y [84Y8]; 
R = SC C84 183; GdCo,H, [87 F 73; (PrY)Co, [82 H 63; (GdDy)Co, [69 T 23; (GdY)Co, [69 T 2, 
78 Y 4, 79 H 73; (GdY) (FeCo), [82 12); (TbDy)Co, [82 H 71; (HoY)Co, [82 H 63; (DyY)Co, 
[84 Y 73; (MgR)Co,, R = Gd, Y [87 123; R(FeCo),, R =Y, Zr, SC [77 0 121; Gd(FeCo), [74 B 5, 
76B8]; Y(FeCo), [7609, 80Y I]; Zr(FeCo), [8OY 11; Gd(CoNi), [69T2, 7OC2, 8OT33; 
Gd(CoAI), C83G153, Lu(COAI)~ [87S13, 88S3]; Y(CoAI), [87Yll, 87YI2, 88S3, 88Y3-J; 
SC(COAI)~ [88 S 33; Gd(CoM),, M = Mn, Fe, Ni, AI [871 I] 

fl9y YFe, [7309,81 B5, 81 V3, 83R6*, 83V2, 85R9, 85V2, 86D4]; YFe,H, [86Vl] 
(RY)Fe,,R=Tb,Dy,Ho[86A4];(GdY)Fe, [78B2,85V I]; Y(FeM),, M=V, Mn, Co,Ni,AI [8312]; 

M = CO, Al, Pt [76 0 91; Y(FeMn), [83 N 1,89 N I]; Y(FeCo), [77 B 23,77 0 12,8OY I]; Y(FeAI), 
[85 I I]; see also Table 61 

“Zr ZrFe, [86 D 43 
Zr(FeMn), [Sl Y 11; Zr(FeCo), [77 0 123 

g3Nb (ZrNb)Fe, [84 Y 2, 84 Y 3, 87 Y 5-J; (NbMo)Fe, [85 Y 21 
‘39La (Gd,,,La,,,)Ni, [77 D 73 
143Nd NdFe, [81 M IO] 
155Gd, “‘Gd GdFe,, GdMn, [67 G I] 

(GdLu)Fe, [87 S IO]; (GdY)Fe, [73 V43; Gd(FeMn), [86N I]; Gd(MCo),, M = Mn, Fe, Ni, AI 
[87I I] 

ls9Tb TbMn, [82S 143; TbFe, [St D7, 83S8, 85B4, 85D3, 87S5]; TbNi, [88S2]; TbFe, [81 B7j; 
TbFe,H, [85 B 43 

(TbGd)Mn, [85 S 143; (TbLu)Mn, [85 S 143; (TbLu)Fe, [87 S 10-J; (TbY)Fe, [83 S 23, 86 S 143; 
(TbY)Co, [86 B 7, 86 B 8-J; (TbGd)Ni, [87 S 63 

Tb(FeCo), [86 S 141 
‘63Dy DyMn, [82 S 143; DyFe, [SI B 7, 81 D 7,85 B ?J; (DyR)AI,, R =Y, Gd [77 B 91 
16’Ho HoFe, [85 B 31 

WoG$Fe, C71 M 21; (Ho,.,,Gd,Y,.,,-,)Fe, C84A 71 
(Ho,.,3Ce,Gdc.97-,)Fe, C83 PIT); Ho,.,, Gd0,97MZ, M=Mn, Rh, Ir, Pt, Au [Sl T3] 
(Ho,,,,Gd,,,,) M, C78T2-J; (HoGd)Co, [71 M 23 
(Ho,.,,Gd,Y,.,,-,)Co, C75 A 3777 A 61; Ho,,,, Gd,Y, -xNi, [79T I]; Ho(CoNi), [82T3, 82T4] 

16’Er ErMnz [82 S 141; ErFe, [Sl B 6, 81 B 7, 81 D 7, 85 B 31; ErFe,H, [85 D4]; Er,,,La,,,Fe, [Sl B 61 
‘69Tm TmFe, [Sl B 73 
“‘Lu (TbLu)Fe, [87 S lo]; (GdLu)Fe, [87 S IO] 

Anisotropy and magnetostriction 

Fig. 198. Temperature dependence of the anisotropy 
constant K, of ErFe, plotted as function of the ratio of the 
hyperbolic Bessel function of order 9/2 to the hyperbolic 
Bessel function of the order l/2. A linear relation is 
obtained, K,= -5.4.108 f,,,[Y-'(m,)] ergcmM3, pre- 
dicted by the single-ion theory [74 C 23. Y is the Langevin 
function and mR is the reduced magnetization of Er 
sublatticc. Solid circles: high-field magnetization data, 

J 2ooK 3h 1 / 
1 10-l 10-2 10-J open circles: magnetic torque data. 

--g/2 I=@(m,)l 
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Fig. 199. Temperature dependence of the anisotropy -2 
constants K, of DyFe, and TmFe, [78C5]. The solid 
curves are the values calculated using single-ion theory. 

220 240 260 280 300 320 K 340 
T---- 

Fig. 200. Temperature dependence of K, and K, for a 
TbJh.,, Fe, single crystal in the temperature range 
238...325 K [75 W 31. The easy axes of magnetization are 
indicated. 

Table 51. Anisotropy constants (erg/cm”) of some RFe, compounds, K, and Kz at 300K, and intrinsic 
contributions, K';' at 300 and 0 K [SO c I]. 

K, K, KI ‘1 I?;’ (300 K) K’;’ (0 K) “) Ref. 
10-4 10-4 10-4 10-4 10-s 

SmFe, - 970 - - 
TbFe, - 7600 -1330 - 6300 -5.2 72C4,75C3,75W3 

- 5800 
W’e2 2100 - 350 2450 4.7 72C4,72C7 
HoFe, 580 - 7.5 590 2.7 75W3,78W6,79Al 

550 

ErFe, - 330 - 20 - 310 - 5.4 73C6,75C3 
TmFe, - 53 - 9.7 - 43 -3.8 78Al 
Tbo.lsHol.s5Fe2 - 22 110 75w3 

‘) Calculated from 9c,,hf, r/2 taking c44 = 4.87.10” dyn cmm3 [77 R 23. 
“) Extrapolated to OK using the single-ion theory. 

For magnetic anisotropy and spin reorientation see also 
RFe, [78K8,79L2];R=Tb,Dy,Ho,Er,Tm[72C7,73Dl];R=Dy,Ho,Er[81K18];R=Gd,Tb, 

Dy, Ho, Er, Tm, Lu [Sl G 31; R = Pr, Tb, Dy, Ho, Er, Tm, Yb [SO c I]; R = Ce, Gd, Lu [74A 31; 
R=Ce[76A6];R=Sm[73V1,76A6];R=Tb[75C3,75S3,78C5];R=Dy[78C5];R=Er 
[73C6, 75C3, 8lH5]; R=Tm [78Al, 78C5] 

R(Cos7Fe), [77A8]; RCo, [76A7, 81H2, 82H13*]; R=Ho [78D2, 79Al*] 

Landolt-B&rnstein 
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(R’R”)M,, (R’R”)Fe, 181 C 5,85 K 123; (PrSm)Fe, [82 S 15,84 S 93; (NdSm)Fe, [84 S 91; (TbDy)Fe, [73A 6, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
[77 W2]; (DyEr)Fe, [73 A6, 76A 61; (HoEr)Fe, [73A6, 75A8, 76A6, 76R 2, 81 S4]; 
(HoTm)Fe, [73 A 6, 81 S 43 

R(M’M”)a [St K 43; Gd(MnNi), [82 S 223; Er((FeCo), [85 A 151; Sm(FeTi), [86 W 11; Tb(NiCu), [85 Y 123 

275 , 
-1VJ RFe, 
250 - I 

l/l I TmFe, 1 - 
I 

I Ho 
I 

0 5 10 15 20 25 kOe 30 
H- 

Fig. 201. Room temperature magnetostriction of poly- 
crystalline RFc, compounds, SmFe,, TbFc,, DyFc,, 
ErFe, and TmFe, [74C2] and HoFc, [74K 171. 

0 
1 0.8 0.6 0.4 0.2 0 

---& W’h,H 

Fig. 202. Magnctostriction of TbFe, and ErFe, plotted 
against f,,,[P'-'(m,)], the temperature dependence pre- 
dicted by the one-ion mode! [72 C 4, 74 C 3, 80 c 11. is/, 
is the normalized hyperbolic Bessel function, Y-r is the 
inverse Langevin function, and mR is the reduced mag- 
netization of the R sublattice. 
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Fig. 203. Temperature dependence of the magnetostric- 
tion in (a) CeFe,H,, (b) LuFe,H, hydrides. The upper of 
the two curves for x = 0 was obtained after dehydriding at 
300K the LuFe,H,,z sample [85 D II]. 

-2.0 I-LLLUA 
0 50 100 150 200 250 kOe 300 

H- 

Fig. 205. Field dependence of the magnetostriction con- 
stants III and 1, at 4.2 K in GdCoz compound [82 L4, 
83 B 51. In high fields -U,,/aH = -ad,/aH, which sug- 
gests that the magnetic moment of Co in this compound 
may be better described in the band model. 

40" 
I 

0 10 20 30 40 K 50 
a 

0 20 60 80 K 100 
b 7- 

-3 I 
HoCo, 

* -2- 
I l1001 

I -1 - 3 
40-3 I 

0 20 40 60 80 K 1 
C T- 

Fig. 204. Temperature dependence of the magnetostric- 
tion constants for (a) ErCo,, (b) DyCo, and (c) HoCo,. By 
solid lines are plotted the predictions of the one-ion model 
[Sl M 61. 

-1.50 I I I I I 1 

-1.00 N I \ 

z 

\ 

T 

\ 

R I I 
0 4 8 12 16 K 20 

T- 

Fig. 206. Magnetostriction constants as function of tem- 
perature for DyNi, and HoNi, compounds. By solid lines 
are plotted the prediction of the one-ion model [Sl M 51. 
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R-Y 

I I I I I 

50 100 150 200 250 K : 
l- 

Fig. 207. Volume thermal expansion curves of RMn, 
compounds obtained by X-ray diffraction mcasurcmcnts 
(circles) and dilatomctric mcasurcmcnts (dashed lines). 
Open and closed circles show the mcasurcmcnts with 
dccrcasing and increasing tcmpcraturc, rcspcctivcly. Solid 
lines arc guides for the cycs [87 W 11. Similarly to YMn,, 
the RMn, (R = Pr, Nd, Sm, Gd and Tb) compounds show 
large volume changes at Th.. In thcsc compounds large 
magnetic hypcrtinc fields of 1OO~~~lSOkOc have been 
observed at Mn nuclei by NMR, which indicates the 
prcsencc of large Mn magnetic moments [84 Y 6,86 Y 63. 
No distinct anomalies have been obscrvcd in thermal 
expansion curves of RMn, (R=Dy, Ho, Er), which 
suggests no or nearly zero Mn magnetic moments in thcsc 
compounds. The abscncc of the Mn magnetic moment in 
HoMn, and ErMn2 was also supported by small hypcr- 
tint ficlds of about 20kOc at Mn nuclei, which arc 
ascribed to the hypcrfinc fields transfcrrcd from R mag- 
netic moments [84 Y 6, 86 Y 63. 

I I I I I I 

100 200 300 400 500 600 K 
l- 

700 

Fig. 208. Volume thermal expansion of RCo, com- 
pounds. The arrows indicate the Curie temperatures. A 
large thermal expansion anomaly is observed below the 
Curie tcmpcraturcs for all the samples. Particularly, in the 
cast of DyCo,, HoCo, and ErCo,, the volume change at 
the Curie tcmpcraturc is almost discontinuous and the 
transition is considcrcd to bc of first order [76 M 151. 
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30 
10-4 

25 

I 

20 

$5 
= 
i 

10 

I I 

0 0.2 0.6 0.6 0.8 1.0 
TbFe, x- We2 

%g. 209. Magnetostriction of Tb, -,Dy,Fe, polycrystal- 
ine samples at room temperature [74C2] for external 
nagnetic fields H = 10 kOe and H = 25 kOe. Near x = 0.7 
he magnetostriction exhibits a peak, reflecting near zero 
nagnetic anisotropy. 

I 

Tb 1 Mn,-,Cr, )2 

0.2 OX 0.6 0.8 1.0 
l/T, - 

I 0 I 

Cl5 I 

0 0.025 0.050 0.075 0.100 
b x- 

250 

0 
1nnn - I I t 

0 50 100 150 200 250 K 300 
T- 

Fig. 210. Volume thermal expansion for (a) TbNi,, (b) 
DyNi, and (c) HoNi,. Circles: experimental data, solid 
lines: thermal expansion of nonmagnetic YNi, com- 
pound. In inserts the anomaly of the thermal expansion at 
T, is shown [84 121. 

Fig. 211. (a) Reduced magnetostriction constants as func- 
tion of reduced temperature for cubic phase, Ai,,, and 
hexagonal phase, lY*’ of Tb(Mn, $rJ2 compounds 
[SS G 23. For a Cr content x, <0.05 the system crystallizes 
in a cubic lattice (ClS-type) and for a greater Cr content in 
a Cl4 hexagonal structure. (b) Composition dependence 
of magnetostriction constants at 5.5 K. 
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Fig. 212. Thermal expansion curves for Gd,Y, -,Co, 
(xsO.2) compounds [84 M 53. The spontaneous volume 
magnetostriction, w,(T), was evaluated as the difference 
between the observed curve and that of YCo,. The o,(T) 
values change remarkably at Tc for x =0.2. On the other 
hand for x =0.15 and 0.1, w,(T) remains constant up to far 
above TM and no remarkable change is observed at TM. 
These data may be analysed considering a cluster model 
for volume magnetostriction. 

For magnetostriction studies see also 
RM, M = Fe, Co, Ni [77 C 93 
RMn, R=Gd [85G2]; R=Tb [8OM2, 85Gl-J; R=Y [83T4(T)] 
RFe, [76C3]; R=Tb, Dy, Er [76C4]; R=Ce, Sm, Tb, Dy, Ho, Er [76A6]; R=Sm, Tb, Dy, Ho, Er, 

Tm [77B3]; R=Pr, Sm, Tb, Dy, Ho, Er, Tm, Yb [78C 111; R=Ce, Sm, Gd, Tb, Dy, Ho, Er, 
Tm,Lu,Y[8012];R=Dy,Ho,Er[81K18];R=Sm,Tb,Dy,Ho,Er,Tm[79c1];R=Ce,Tb, 
Dy, Er [76D4]; R=Ce [79M9, 8lM7-J; R=Sm [74C2, 74C3, 81N3, 84N4], R=Tb 
[72C4, 72C5, 72C6, 74C2, 74C3, 75C3, 78M7, 79N5, 8021, 81N3, 83N9, 84N4, 
85C6]; R=Dy [71K2, 72C4, 74C2, 78M7, 8lA2]; R=Ho [71K2, 79Al*]; R=Er 
[71K2, 73C6, 74C2, 74C3, 74N9, 75C3, 81A2]; R=Tm [74C2, 74C3, 78Al]; R=Y 
[72C5] 

RCo, [83N2];R=Dy,Ho,Er[75D2];R=Dy,Ho,Er,Y[81M6];R=Gd,Tb,Dy,Ho,Er[76M15]; 
R=Dy, Ho, Er [78P2]; R=Tb, Dy, Er [84A8]; R=Gd, Tb, Dy, Ho, Er [78SlO]; R=Gd 
[77S8, 82L4, 83B5]; R=Tb [79G5*, 79P3, 80G7, 80M2-J; R=Ho [77L2]; R=Lu 
[85M3,81B3(T)]; R=Y [83B5, 85M3] 

RNi, [80A 1, 85 D7]; R=Dy, Ho, Er [81 M 51; R =La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm 
[83Il];R=Pr,Nd,Sm,Tb,Dy,Ho,Er,Tm[84Il];R=Gd [78SlO];R=Tb[80M2] 

RM,Hx ErFe,H, [84 D 51 
(R’R”)M, (RTb)Fe, [77 B 81; (CePr)Fe, [85 S 16-J; (PrSm)Fe, [85 S 163; (PrY)Fe, [SS S 163; (SmDy)Fe, 

[82 A 11; (SmEr)Fe, [84T 11; (GdTb)Fe, [76 C4]; (TbDy)Fe, [74 C 2, 74 C 3, 75 S 2, 76 M 2, 
77A1,78C8,78C9,78M3,79K7,79S2, 81N3,84C5,84N4, 8414,85(36,8586, 8654, 
87 T 3, 88 C 11; (TbDyHo)Fe, [79 S 2, 84 151; (TbHo)Fe, [73 K 12, 74 K 17, 75 N 4, 76 T 1, 
77 K 51; (TbY)Fe, [75 B 3, 76 C 43; (HlTa)Fe, [86 K 33; (ScTi)Fe, [86 N 33 

(GdY)Co, [83 M 7, 83 M 8, 84 M 4, 84 M 5, 85 M 31; (TbDy)Co, [84A 83; (TbHo)Co, [87 E 1); 
@yEr)Co, [84A 83 

R(M’M”), Sm(FeCo), [81 L43; Tb(FeCo), [75 B 31; Er(FeCo), [85A 151; Y(FeCo), [83 M 7, 83 T4(T)]; 
Zr(FeCo), [80M 12, 80s 10, 83T4(T)]; Ti(FeCo), [SOS 10); Dy(FeAI), [77S 131; Tb(MCr),, 
M = Mn, Fe, Co, Ni 185 G 23; Sm(FeV), [81 L4] 

Gd(CoNi), [80T 33; Tb(CoNi), [82 M 2); Gd(CoAI), [84 B 51; Tb(CoAI), [88 L 11; Dy(CoAl), 
[SS L 11; Y(CoAI), [88 W l] 
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1 5 

0 0 
0 5 10 15 20 kOe 25 

H- 

Fig. 213. Magnetic field dependence of the modulus 
change AE/E = (EH- EJE; ’ in RFe, compounds 
[74K 161 where E, and E, are the Young modulus in 
magnetized and unmagnetized samples, respectively. This 
is due to the variation of the magnetization direction in a 
magnetostrictive magnetic lattice. AE/E increases with 
the external magnetic field. 

For elastic and magnetoelastic properties see also 
RFe, [73S6(T),78C11,85K7];R=Tb,Er,Y[73C5];R=Ce,Sm,Tb,Dy,Ho,Er,Y[73R6];R=Pr, 

Sm, Tb, Dy, Ho, Er, Tm, Yb [79cl]; R=Ce, Gd, Tb, Dy, Ho, Er, Y [74K 161; R=Sm [74R4, 
81N3, 83D4, 84D6]; R=Tb [77C4, 78C5, 79N6, 80K4, 81N3, 84D6]; R=Dy [77C4, 
78C5]; R=Tm [78C5]; R=Y [86A8]; R=Zr [86A8] 

RCo, R = Pr, Nd, Tb, Dy, Ho, Er [76 L 23; R = Pr, Nd, Gd, Tb, Dy, Ho, Er [76 L 31; R = Pr, Nd, Sm, Gd, 
Tb, Dy, Ho, Er, Tm, Lu, Y [78K4,79K4]; R=Gd [81H2]; R=Ho [82B16*] 

(R’R”)M2 (CeTb)Fe, [77C4]; (PrTb)Fe, [77C4]; (SmDy)Fe, [77C4, 78B6, 78C 10, 7884, 81 BZ]; 
(SmHo)Fe, [77C4, 78 B 6, 78 S4, 81 B2]; (SmYb)Fe, [77 C4]; (SmHoDy)Fe, [78 S4]; 
(TbDy)Fe, [75C2, 77R2, 77S5, 78B6, 78C9, 78C10, 78R4, 78S3, 78S5, 7982, 81N3, 
84D6, 8769, 87M3); (TbHo)Fe, [73 R5, 76T2, 77 W 1, 80K 123; (TbDyHo)Fe, [77S5, 
78 B 3,79 S 23; (HoEr)Fe, [76 R 21; (GdY)Co, [83 M 81 

For AE effect see 

g%‘)M, 
RFe, [74K16]; R=Tb, Er, Y [74C2, 74C3]; HoCo, [83Pl] 
(TbDy)Fe, [75 S 2, 78 C 5, 79 M 7, 81 H 2, 83 C 5, 84 K 2, 86 A 3, 87 G 91; (TbHo)Fe, [73 R 51; 

(TbDyHo)Fe, [78 B 31; (HoEr)Fe, [76 R 21 
R(M’M”)z Tb(FePt), [83 N lo]; Gd(CoAl), [84 B 51 
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Transport properties 

GdMn, 

I I 

0 100 200 K 300 0 100 200 K 300 
a l- b l- 

,;;i GdMnz 
3 

. . . . . . 

0 I I I 0 I I I 
0 50 100 150 K 200 0 50 100 150 K 200 

c l- d l- 

Fig. 214. Temperature depcndencc of the thermal expan- 
sion for (a) GdMn,, (b) TbMn, and ofclcctrical rcsistivity 
for (c) GdMn, and (d) TbMn, [83 M 11. The open and 
closed circles in (c) and (d) indicate decreasing and 
increasing tempcraturc, rcspcctively. The anomalous 
change at Tc is also evidcnccd in the electrical rcsistivity 
versus temperature curves. The e values exhibit a strong 
anomaly at a temperature 7; which depends strongly on 
the thermal history. This may bc due to the appcarancc 
of some cracks in the crystal by a large axial distortion 
associated with the deformation of the crystal structure. 
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Fig. 215. Temperature dependence of the electrical resis- 
tivity of some RFe, compounds. Sharp kinks at the 
magnetic ordering temperatures (indicated by arrows), 
except for GdFe,, are observed. The magnetic contri- 
butions to the resistivity show only a slight dependence on 
R magnetic moments, suggesting that these are mainly 
determined by the Fe 3d electrons [SS G4]. 
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Fig. 216. Electrical resistivity as function of temperature 
for ErCo,, HoCo,, DyCo, and TbCo,. A first-order 
magnetic transition is observed for ErCo,, HoCo, and 
DyCo,, while in case of TbCo, the transition is of second 
order [81 G 111. 

‘c 
T- b 

Fig. 217. (a) Temperature derivatives of the electrical 
resistivity, e, and the quantity, eQ/lr: in GdNi,, where Q is 
the thermopower. The curves have been arbitrarily nor- 
malized and arbitrarily shifted relative to each other in the 
vertical direction [73 Z 31. The line through de/dT data 
represents an eyeball tit. (b) shows expected form of spin- 
spin correlation function r in the vicinity of T, [68 F 21. 
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Fig. 218. (a) Temperature dependence ofthe electrical resistivity of Dy,Y, -$02 compounds (05x 20.7). (b) shows the 
composition dependence of the electrical resistivity of Dy,Y r -$02 at 4.2 K [87 G 73; (c) temperature dependence of 
the electrical resistivity of Er,Y, -$02 compounds (0.3~~~0.7). (d) shows the composition dependence of the 
electrical resistivity of Er,Y, -$02 at 4.2 K [87 G 73. The R concentration regions where the compounds show long- 
range magnetic order are 0.4 5 x 5 1 for R = Dy, 0.5 s x _S 1 for R = Ho, and 0.6 5 x 5 1 for R = Er. For x values smaller 
than those mentioned above, freezing phenomena have been observed. Locahzed 4f-moments on the one hand and 
uniform spin fluctuations on the other hand give rise to spin-dependent scattering processes of the conduction 
electrons. The ~(7) behaviour of the exchange-enhanced paramagnct YCo, shows a pronounced saturation tendency 
around 150 K and varies linearly in temperatures up to 1000 K [87 G 73. This behaviour at high temperature together 
with a T2 dependence at low temperatures [87 G 73 indicates the dominant contribution of spin fluctuations in YCo,. 
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Fig. 219. Electrical resistivity e of Y(Mn,-,AI,), and -5 
Y,.9,%.03 Mn, compounds as function of temperature. 
The scale of e of YMn, in the heating run is cut at 100 K 
because of its huge increase [87 K 43. In case of YMn, a -10 
sharp increase around 70 K on cooling, and at Tg 100 K 
on heating is observed. Because of the thermal hysteresis, 
the transition is of first order. Since YMn, shows a large 0 
volume change (n5?&) at the transition, the jump is 
considered to originate in microcracks introduced in a 
sample undergoing the transition in cooling as well as -5 
heating runs. Similar jumps of e at the transition were 
observed for Y(Mn,-xAl,), samples with x=0.02 and 
0.05. The sample having x=0.1 has no more jump due to -10 
magnetic order but shows a monotonic increase with 0 50 100 150 200 250 K 300 
decreasing T. T- 

Fig. 220. Thermopower as function of temperature for 
ErCo,, HoCo,, DyCo, and TbCo,. The discontinu- 
ities at T, for ErCo,, HoCo, and DyCo, are caused by 
magnetic first-order transitions. The results for TbCo, 
show a second-order magnetic transition [Sl G 1 I]. 
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nG--- ! . . 

0 50 100 150 200 250 K 300 

Fig. 221. Thcrmoelcctric power Q of Y(Mn, -xAl,), and of 
y0.97sc0.03 Mn, as function of temperature. The thermal 
hystcrcsis was observed only for YMn, [87 K43. Since the 
value of Q is reproducible after the completition of the 
transition in a cooling or a heating process, the observed 
jump in Q has to be intrinsic. The thcrmoelcctric power 
seems to bc more insensitive to microcracks than the 
electrical resistivity. The temperature hysteresis of Q was 
not obscrvcd for other Y(Mn, -xAl,), samples. 

For electrical resistivity studies see also 
RMn, R =Gd, Tb, Dy, Ho, Er [83 M l] 
RFe, R=Gd, Tb, Dy, Ho, Er, Tm, Lu [88G4]; R=Sc, Y, Ti, Zr, Hf, Nb, Ta [7511]; R=Ce 181 T2, 

87A7] 
RCo, [82G7]; R=Ti, Zr, Nb, Y [7712]; R=Dy, Ho, Er [79GlO]; R=Nd, Tb, Dy, Ho, Er [80G 123; 

R =Tb, Dy, Ho, Er, Y [Sl G 111; R =Ho, Y [87G 63; R =Ce [67 S 23 (superconductor with 
Tc=0.84(4)K); R=Gd [70K 11; R=Pr [82GlO] 

RNi, R=Gd [69Kl, 70K1, 71231; R=Pr [82GlO] 

RM,Hx PrCo,H, [72 T 5-j; NdCo,H, [72T 5-J; NiTi,H, [79 L4] 
(R’R”)M, (YSc)Mn, [87 K 43; (TbDyEr)Fe, [SS K 43; (CeY)Co, [SS A 93; (PrY)Co, [83 G 8-J; (NdY)Co, 

[82 G 6, 83 B 1, 83 G 83; (DyY)Co, [87G 73; (HoY)Co, [78 S 19, 82 G 6, 83 G 81; (ErY)Co, 
[87G7, 88D43; (LaY)Ni, [87S19]; (CeY)Ni, [85A9,87819] 

R(M’M”), Gd(MnAl), [83 S 18); Ce(FeCo), [SS R 23; Y(FeCo), [77 11, 80 V 23; Hf(FeCo), [SOV 2); 
R(FeM),, R = Y, Zr, U, M = Mn, Co, Al [82 H 43; R(MAI),, R = Gd, Dy, Ho, Er, M = Fe, Co, 
Cu [81 G13]; R(FeAI), [84Sll, 88G33; Ce(FeAl), [82Dl, 82T1, 85T2, 86Dl]; Y(FeIr), 
[8OV2]; Ce(CoNi), [84S6, 85A9, 87K lo]; Y(CoNi), [84S6]; Gd(NiCu), [77G lo]; 
Tb(NiCu), [78 P l] 

For thermopower studies see also 

RM, RC~,,R=N~,T~,D~,H~[~OG~~];R=T~,D~,H~,E~,Y[~~G~I];R=HO,Y[~~G~];P~N~, 
[82 M 31 

(R’R”)M, (YSc)Mn, [87 K 41; (ErY)Co, [88 D43; (CeLa)Ni, [87 S 2, 88 K 43 
R(M’M”), Ce(FeCo), [88 R 23; Ce(CoNi), [87 K lo] 

For Hall effect see 
(ErY)Fe, [80 H 93 
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Fig. 222. Heat capacity of RMn, compounds as function of temperature for (a) R=Y, (b) R=Gd, (c) R=Er. In the 
lower part of (a) C,/T vs. TZ below 16 K is plotted, and in (b) the CM/T vs. T curve is shown. The lower part of (c) 
shows the magnetization curves for ErMn, single crystal, while the figure in the middle shows C, vs. T curves below 
100 K; the solid and dashed lines indicate the experimental and calculated values, respectively [87 0 31. The Mn 
magnetic moment in YMa, has an itinerant character and an additional C, is observable even above TN. In GdMn,, 
the Gd magnetic moments are in disorder at TN simultaneously with the Mn magnetic moments. The crystal electric 
field (CEF) contributions in ErMn, were calculated using a single-ion Hamiltonian. In case of YMn, a symmetric 
anomaly appears around TN, indicating that the transition at TN is of first order. A value 0, z 290 K was estimated. 
The broken line in (a) represents the sum of the contributions from the lattice vibrations calculated using a Debye 
function and from the conduction electrons. Therefore the difference between the experimental points and the broken 
line gives the magnetic heat capacity of the Mn sublattice. The magnetic entropy associated with the Mn magnetic 
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moments around TN is estimated at AS=3.9 Jmol-r K-‘, which is much smaller than the value 2RIn(2S+l) 
= 23 J mol- r K- ’ expected from the disorder of localized spin S= 3/2, reflecting an itinerant character of the Mn 
magnetic moment. In case of GdMn, a sharp and symmetric peak is observed at TN = 110 K, but no clear anomaly 
occurs at 40 K where the magnetization in the M vs. H curve disappears. A value Onz245 K was estimated [Sl G 3-j. 
The temperature dependence of &IT corresponding to the magnetic entropy, estimated by subtracting heat 
capacities due to the lattice and the conduction electrons from the total heat capacity, is plotted in the lower part of 
(b). The magnetic entropy below 50K is ~9.0Jmol-‘K-‘, which is much smaller than Rln(2S+ 1) 
= 17.3 K mol- r K - 1 expected from disordering the Cd magnetic moments with J = 7/2. This indicates that the Cd 
magnetic moments are in disorder at TN= 110 K simultaneously with the Mn magnetic moments. In case of ErMn,, 
which is a c axis ferromagnet, a h-type anomaly is observed at T,= 15 K indicating a second-order transition. The 
magnetic and CEF contributions, Chl, are shown in the middle of (c). The lower part shows the magnetization 
isotherms along a, b and c axes, in which the solid lines indicate the magnetization calculated for CEF levels with 
Bj=O.lOK, Bt=O.72. 10e3 K, 8:=0.41 .lO-‘K, and B~=0.68.1O-‘K. The CEF parameters thus obtained explain 
reasonably well C, for ErMn, as shown by the dashed line in the C,,, vs. T insert. 

100 
mJ 

mol K2 
50 

Fig. 223. Total heat capacity C, in a C,IT vs. T2-plot in 
RFe, compounds [79 B 203. The anomalies at T< 5 K 
arc assumed to bc due to magnetic rare-earth oxides. The 
apparent electronic heat capacity cocflicicnts exhibit a 
cusp-like bchaviour as the R atom is changed, with a 
maximum for HoFc,. 

0 6 12 18 2L 30 K’ 
J 
36 

Fig. 224. Heat capacity of LuCo, in five magnetic fields. 
The solid lines are the results of a least-squares fitting of 
the data to the relation, C/T=y+/lT’, where y is the 
electronic specific-heat constant, fi= 1944/O: J mol-’ 
KW4, and 0, is the Debye temperature. Similar results 
wcrc obtained for ScCo, and YCo,. The electronic 
specific heat constant decreases with increasing field up to 
1OT by 7% (ScCo,), 4% (YCo,) and 10% (LuCo,). 
Analysis based on several theoretical models of the 
quenching of spin fluctuations by high magnetic fields 
suggests that the characteristic spin-fluctuation tempcra- 
turcs are T&cCo,) 2 20 K, T,r(YCo,)z 35 K and 
T,,-(LuCo,)z16K [8414]. 
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100 I 

& GdNiz 
I 

0 50 100 150 200 250 K 300 
T- 

Fig. 225. Temperature dependence of the heat capacity of 
GdNi,, C,, and sum of lattice Debye (On = 266 K), C,, and 
linear temperature, C,, corrections. The magnetic contri- 
bution, Cr,,, derived by subtracting Cd + C, from critical 
region C,, obey an exponential law, C,cctV for T> Tc, 
andC,cct-“‘forT<Tc,witht=]T-Tc]/T,,a~O.36,and 
a’ z 0.026 [73 C I]. 
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Fig. 227. Linear coefficient of specific heat, y, of 
Wool -32, and Y~/x, where Y~=Yc~,Y,-~N~~-YYN~~, of 
Ce,Y, -XNi, compounds [85A 91. The drop of ~Jx from 
22 mJ (molCe)-’ K-’ at CeNi, towards zero as one 
dilutes with Y is certainly suggestive that Ce is being 
driven toward the saturated or “tetravalent” state. The y 
values for Ce(Ni,Co, -X)Z compounds first decrease from 
27mJ molWIK-’ for CeNi, to a minimum of 1OmJ 
mol-’ Km2 for Ce(Co,.,,Ni,,,,), and then rise to 32mJ 
mol-’ Km2 for CeCo,. The initial drop is probably 
associated with the increase of Ce valence towards the 
saturated value. 
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Fig. 226. Composition dependence of y and S,/x in 
Ho,Yr-,Coz and Dy,Y,-$0, forO~x~1 [87P5]. The 
y values increase with x in the dilute R concentration 
range from 35mJ mol-’ Km2 to a maximum value of 160 
and IOOmJ mol-‘K-’ at x=0.2 and 0.1 for Ho and Dy 
compounds, respectively. The magnetic entropy per R 
atom, SJx, drops for ~~0.2, while for x20.2, the 
‘theoretical value (derived from S,/x), R ln(2J+ 1) of 
23.5Jmol-’ K-’ for Ho,Y,-$0, and 23.05Jmoll’ 
K-’ for Dy,Y,-$0, is attained. In both systems, the 
magnetic entropy of the Co-3d magnetic moment corre- 
sponding to S=1/2 (5.76 Jmol-’ K-l) cannot be ob- 
served above T,. 
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Fig. 228. Composition dependence of the electronic spe- 
cific heat coefficient, y, in Y(Fe, -$o& system [77 M 131. 
The observed extraordinarily high y value for x=0.9, 
which is near the critical concentration for the onset of 
ferromagnetism, is attributed to the spin fluctuations. 
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For heat capacity studies and Debye temperatures see also 
RM, R = Pr, Gd. Dy, Er, M = Fe, Co, Ni [76 D 63 

RMn,, R = Gd, Er, Y [87 0 33 
RFe,, R = Gd, Tb, Dy, Ho, Er, Tm, Lu [79 B 203; R = Ho, Er, Lu [79 G I] 
RCO, [73V5]; R=Lu, Y, SC [82Gl2, 8414, 856183; R=Ce [71C3, 86C63; R=Pr [69Ml, 

72D1, 82GlO]; R=Nd [72Dl, 72Ml]; R=Tb [74V4]; R=Ho [73Bll, 74V43; R=Lu 
[8OIl, 81 B3(T)]; R=Y [72B9]; R=Zr [68J2, 86C63; R=Hf [6852]; 

RNi, [67Dl]; R=La [71N5, 82Sl]; R=Ce [68J2, 7OW2]; R=Pr [69Ml, 7OW2, 8269, 
82Gl0, 82M3, 82M5, 82Sl]; R=Nd [7OW2, 7lN53; R=Gd [73Cl]; R=Tm [86D2]; 
R=Y [72B9, 82M6] 

RM,H, LuFe,H,, ErFe,H, [86 W 33 
(R’R”)M, (YSc)Mn, [87 W 21; (TbHo)Fe, [Sl G 33; (TbY)Fe, [83 S 23-J; (CeY)Co, [85 A9]; (TbY)Co, 

[86B8, 86K 71; (DyY)Co, [87P5]; (HoY)Co, [87P5, 88H2]; (ErY)Co, [88D4, 
88 P4]; (CeLa)Ni, [85 S 31; (CeY)Ni, [SS A 93; (PrLa)Ni, [82 M 6); (GdY)Ni, [86T 23 

R(M’M”), Y(MnAI), [87 W 21; Ce(FeCo), [SS R 23; Y(FeCo), [77M 133; Tb(FeRh), [83 S23]; Ho(FeRh), 
[83 S 23-J; Ce(CoNi), [SS A 9, 85 S I]; Dy(CoNi), [76 S 3, 76 S 43; Y(CoCu), 188 D 33 

1.4, I I I I I I 
K ' 

I 
H=15.8 kOe 

I I I I IFez I 
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Fig. 229. Thermal variation of magnctocaloric effect, AT, 
in YFe, and ErFe, compounds in a magnetic field of 
15.8 kOe [73 N 63. For HoFe, a change in AT is observed 
at the compensation point, Tcomp. From the bchaviour of 
AT(H) the appcarancc of noncollincar magnetic structure 
near Tcomp is evidcnccd. 

For magnetocaloric effect see also 
YFe,, ErFe, [73 N 63 
(TbDy)Fe, [84 K 23; (TbY)Fe, [75 N 93 
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Spectral studies 
Valence band spectra: GdFe, [79A 61; CeCo, [82A 61 

Llrr absorption and emission spectra 
Ce(M’M”), [Sl B I]; Ce(NiCo), [84 S 61; Y(NiCo), [84 S 61 
Dy(FeAl), [84 S 141; CeFe,, CeNi, [SS P 11; RM,, M = Fe, Co, Ni [87 S 181 

Photoemission spectra 
ErFe, [82L2]; YFe, [85H2]; ErFe,H, [79 L3, 82s 121; CeNi, [Sl K 15, 81 K 161 

X-ray absorption and emission spectra 
RCO,, R = Gd, Tb, Dy [SO H 71; Gd(MnAl), [79 S 71; Dy(CoAl), [82 S 201; UMn,, UFe, [84 L 31; Ce(NiAI), 

[85Mll] 
EXAPS: RNi,, RNi,H,, R =La, Ce [87P 2, 87 P 33 
XASCEELS: CeCo,, CeNi, [86 H 41 

Magneto optical spectra: 
RFe,, R =Gd, Tb, Dy, Ho, Er [SS M IO] 

SXS BIS spectra 
GdNi,, GdMnAl [82 S 211 
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Fig. 230. (a) Model of 71”- and 109”-walls observedon 
(110) surfaces of TbFe, single crystals. (b) Model of 71”- 
walls observed in a TbFe, single crystal (100) surface 
[78 S 71. In TbFe, single crystals 109”- and 71”-walls have 
been found by means of conventional microscopy using 
the Kerr effect and the Bitter solution technique. Poly- 
crystalline patterns were more varied and domain width 
were an order of magnitude smaller than single crystal 
width. This is attributed to the large internal strains that 
take place when the temperature of a polycrystal is lowered 
through the Curie point. Domain widths were roughly 
50pm in the single crystals. In TbFe,, the (100) surface 
domain widths were smaller than those seen on the (110) 
surface. 

Domain structure, magnetization processes 

For magnetization processes see 

k!‘)M, 
RFe, [79A 3, 79 L 21; R= Pr, Sm, Tb, Dy, Ho, Er, Tm, Yb [79 c 11. DyCo, [72 T 3, 77 H 61 
(TbDy)Fe, [82 C 11, 82 W 81; (DyHo)Fe, [82 L 5*]; (HfTa)Fe, [86K 31 

R(M’M”)z Gd(MnAl), [SO S 133; Ce(FeCo), [SS R 21; R(FeAl),, R = Gd, Dy, Ho, Y [76 G 8-J; TbFeAl[710 41; 
Dy(FeAl), [7204,75G3]; Dy(Fe,,,M,,,),, M=Al, Ga, B [87Z l,SSZ2];Dy(CoNi), [71 M4, 
71T2, 72B1, 72T4, SOCl]; Tb(CoAl), [7106]; Dy(CoAl), [7204, 8OS13]; Er(CoAl), 
[710 6,72 0 23; Er(NiAl), [72 0 11; Tm(NiAl), [72 0 I] 

For domain structure see also 

RM, RFe, [74K2, 86Sll]; R=Gd, Tb, Dy, Ho, Er [85MlO]; R=Tb [78S7, 79C4, 79Kl]; R=Dy 
[SOKI, 83Pl1, 83Pl2] 

(R’R”)M, (TbDy)Fe, [78S7, 79C4, 83P6, 85S6, 87B14, 87511 

For after-effect and internal friction see 
(TbDy)Fe, [84 K 21; Dy(CoNi), [72 B 2, 83 C 2) 
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2.4.2.13 RM, compounds 

Crystal structure, lattice parameters 

RM3 

rhombohedrol 

Fig. 231. Crystal structures of RM, compounds. These 
crystallize both in a hexagonal type (P6,/mmc-space 
group) or in a rhombohedral type (RJm-space group) 
[59 C 23. The atomic sites are given in Table 52. 

Table 52a. Atomic sites in RM, compounds, hexagonal P6,/mmc-space group [69P 1 J. 

Atom Site 

RI 2c 
RI, 4f 
Ml 2a 
Ml, 2b 
WI, 2d 
Ml, 12k 

Coordinates 

*(t/3, 213, l/4) 
*(l/3, 213, z; 213, l/3, 1/2+z), z=O.O42 

(0,0,0;0,0,~/2) 
* (0, 0, l/4) 
f (l/3, 213, 314) 
k(x, 2x, z; 2x’, X, z; X, 2x:, l/2+2; 2x, x, l/2+2; X,x,l/2+z), x=0.833, z=O.127 

Table 52b. Atomic sites in RM, compounds, rhombohedral RJm-space group [69P I]. 

Atom Site Coordinates 

RI 3a (0, 0, 0) 
RI, 6c &(O,O,z), z=o.141 
Ml 3b (0, 0, 1 /a 
Ml, 6c k(O,O,z), z=o.333 
MI,, 18h 5(x, 2, z; x,2x, z; 2x’, x, z), x=0.5; z=O.O82 

The following translations are added (0, 0, 0; 2/3, l/3, l/3; i/3, 2/3, 2/3). 
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Fig. 232. Variations of the lattice parameters of (a) 
Dy(Fe, -$o& and (b) Y(Fe, -$o.Js at room tempera- 
ture as function of Co content. Circles [75A 51, triangles 
[65 B 11. The lattice constants a and c do not vary linearly 
with composition (Vegard’s law), positive deviations from 
the law being observed in both series. 

01 
0 0.4 0.8 1.2 1.6 2.0 

ErFe3 x- 

Fig. 233. Composition dependence of the occupation of 
crystallographic sites by Fe in ErFe, -,Ni, compounds, 
as determined by neutron diffraction studies. The atomic 
ordering of Fe atoms is dominant at the 3b sites, while the 
18h sites are preferred by Ni atoms [87 T4]. 
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Table 53a. Lattice parameters of RM, compounds (A). 

69Gl 7OV1, 71 B18 68Rl 76M3 83M2 

SmFe, 
GdFe, 
TbFe, 
DyFe3 
HoFe, 
ErFe, 
TmFe, 
LuFe, 
YFe, 

a C a C a C a C a C 

5.187 24.91 
5.166 24.76 5.166 24.71 5.167 24.71 
5.145 24.63 5.160 24.58 5.140 24.590 

5.158 24.71 5.116 24.55 5.120 24.56 5.130 24.52 
5.100 24.50 5.092 24.53 5.117 24.48 
5.088 24.46 5.092 24.46 5.089 24.473 
5.077 24.43 5.074 24.43 5.063 24.621 

5.052 24.33 
5.140 24.59 5.137 24.61 5.137 24.610 

Table 53b. Lattice parameters of RM, compounds (A). 

65Bl 7lG1, 71G2 70Bl0,77bl 7611 8OP5 81 M2 85Y6 

a C a C a C a C a C a C a C 

CeCo, 4.952 24.73 4.955 24.75 
PrCo, 5.068 24.79 5.062 24.81 
NdCo, 5.067 24.76 5.060 24.78 
SmCo, 5.053 24.61 5.050 24.59 
GdCo, 5.043 24.51 5.039 24.52 5.040 24.53 5.038 24.66 
TbCo, 5.019 24.42 5.011 24.38 5.012 24.38 
DyCo, 5.004 24.35 4.995 24.36 4.995 24.34 4.987 24.36 
HoCo, 4.992 24.30 4.981 24.29 4.980 24.28 4.981 24.30 
ErCo, 4.979 24.25 4.972 24.18 4.970 24.20 4.979 24.28 
TmCo, 4.969 24.16 4.986 24.16 4.973 24.17 
YbCo, 4.952 24.19 
LUCO, 4.95 24.00 
YCO, 5.016 24.35 5.01 24.40 5.005 24.72 4.992 24.30 
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Table 53~. Lattice parameters of RFe, compounds (A). 

69Pl 70B12 74N4 

LaNi, 
CeNi, 
PrNi, 
NdNi, 
SmNi, 
GdNi, 
TbNi, 
DyNi, 
HoNi, 
ErNi, 
TmNi, 
YbNi, 
YNi, 

a 

4.98 
5.03 
5.02 
5.00 
4.99 
4.96 

4.95 
4.94 
4.93 
4.91 
4.97 

%I 

25.01 
24.71 
24.59 
24.54 
24.46 

24.19 
24.21 
24.25 
24.27 
24.37 

Chex 

16.54 

a 

5.083 
4.960 
5.035 
5.030 
5.005 
4.993 
4.975 
4.966 
4.951 
4.941 
4.930 
4.920 
4.973 

crll 

25.09 

24.82 
24.72 
24.60 
24.49 
24.42 
24.35 
24.31 
24.25 
24.25 
24.16 
24.42 

Chex 

16.56 

a C&l 

5.10 25.04 

4.97 24.14 

Table 54. Physical properties of some RM, hydrides ‘). 

x 
P, T camp T, Ref. 
PB/f.U. K K 

5.387 27.01 1.38 2, 170 78W3,76M3 
5.310 24.59 2.20 “) 175 78W3,76M3 
5.316 24.39 2.53 2, 112 78W3,76M3 
5.20 25.17 79N3 
5.26 25.68 79N3 
5.30 26.40 79N3 
5.370 26.814 2.90 300 83M2 
5.296 26.246 2.05 > 300 83M2 

4.08 >300 83M2 
5.375 24.460 5.70 545 83M2 

CeCo3H4., 4.956 32.69 8OV3 
GdCo,&., 5.314 27.14 3.92 “) 81 M2 
DYCGL, 5.224 26.37 3.81”) 81 M2 
HoCo3H4.2 5.250 26.32 l.264) 81M2 
ErCo3H4., 5.217 26.03 1.044) 170 81 M2 
TmCo3H4.3 5.2242 25.860 2.04 “) 164 370 81 M2 

CeNi,H, 4.920 21.64 8OV3 
YNi,H, 5.267 24.57 Pauli paramagnet 79B19 

Xg=7.10-6cm3g-1 

‘) As function of hydrogen content magnetic fields higher than z 150 kOe are 
necessary to obtain saturation [SS Y 51, see Fig. 244, because of metamagnetic phase 
transitions. 

‘) Extrapolated from 21 kOe at 4.2 K to H-co. 
3, Value at 21 kOe, which is not close to saturation. 
“) At 4.2K in applied held of 21 kOe. 
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For crystal structure and lattice parameters see also: 

RM, [65Vl, 67031 
RFe,C7lB18,7lB19];R=Tb,Er,Tm[83M2];R=Dy[70Dl,74N4,82B1,84Pl4];R=Y 

[76B IS] 
RCo, [65Bl, 67V1, 70BlO]; R=Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm, Y [66L4]; R=Dy 

C74N4-J; R=Ho C65B2-J; R=Y [6502, 69K5] 
RNi,[65V1,69L1,69Vl];R=Pr,Nd,Sm,Gd,Tb,Dy,Ho,Er,Tm,Yb,Y[67Pl];R=La, 

Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Y [70B12]; R=La [74N4]; R=Ce [59C2, 75P8]; 
R=Dy [74N4]; R=Y [79B19] 

RM,Hx RFe,H,, R=Gd, Dy, Ho [76M3,7862]; R=Tb, Er, Tm [83M2]; R=Dy [80N3]; R=Er 
C79N31; R=Y C76B18-J; RCo,H,, R=Er, Tm [81 M23; R=Gd, Dy, Ho,Er[78M5];se.e 
Table 54. 

W’W, (R,.,Th,,s)Fe,. R = La, Pr, Lu, Y, SC [73 K 173; (RTh)Fe,, R =Ce, Pr, Dy, Lu, Y, SC [73 K 193; 
@yY)Fe, C85 P 71; (DyTh)Fe, C73 K 173; (LuTh)Fe, [73 K 183; (YTh)Fe, [73 K 18); 
(GdY)Co, [Sl S 51; (YZr)Co,,, [87 K S] 

R(M’M”), Dy(FeCo), C75 A 51; Y(FeCo), C75 A 5, 75 T 11; Dy(FeNi), [73 T2, 74T 2, 76 A 51; Y(FeNi), 
[76A 5,78 M 163; Tb(FeAI), [75 0 11; Dy(FeAl), [SS P 83; Y(CoNi), [75 T l] 

(R’R”W,H, WWo,.,H, C87 K 51; Ce(CoNi),H, [87 P4]; Zr(CrFeHo,,s)H,, M= Fe, Co, Ni [84 H 7-J 

For thermal expansion see 
ErFe, [73 B 23,75 N 73; YNi, 182 P 23 

For hydrogen absorption and desorption see 
RM,H, [76B4, 85S12]; RFe,H, [78G2]; R=Gd, Dy, Ho [76M3]; R=Dy [80KlO]; R=Er [79N3]; 

R=Y [76Bl8] 
RCo,H, 176Tll; R=Ce, Pr, Tb, Dy, Er [79Bll]; R=Gd, Dy, Ho [78MSJ; R=Nd, Gd 

[8lKll]; R=Ce [8OBl6]; R=Tb [8lKlO]; R=Dy [8OK9]; R=Ho [8lK8]; R=Er 
[Sl K9]; R=Tm [82K2]; R=Lu [84K4]; R=Y [Sl KlO, 85Y6]; CeNisH, [8OB16] 

Ce(CoNi),H, [87 P 43 

Magnetization, Curie temperatures 

0 
0 25 50 75 100 125 kOe 150 

a l- b H- 

Fig. 234. (a) Thermal variation of the components of the spontaneous magneti;ration of ErFe, measured along and 
ptrpcndicular to the c axis, rcspcctivcly. A discontinuity of the two components is observed at T,, =42K. The 
temperature range ofthc stability of the magnetic phases I, II and II is also shown.(b) Magnetization curves below T,, (at 
4.2 K) and above T,, (100 K) arc plotted [86 B 11. The structure is collinear with the c axis below T,,. In the temperature 
range T,, <T< T2 (Tr2 ~220 K), the structure is noncollinear. Above T,, the structure is collinear and perpendicular to 
the c axis. The transition at T,, is sharp and at T,, it is smooth. In ErCo,, the Co magnetic moments tend to be along the c 
axis. The transition bctwecn phases I and II is no more observed; it can only be induced by a magnetic held applied 
pcrpcndicular to the c axis [75 G I], set Fig. 239. These arc a conscqucnce of the local anisotropy of the sites. 
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a 7- 
10, I I I I l.Or I I I t 

I SmFe3 I %Y Pr, I 

I I 6 

H=16 kOe 

Er Fe3 

0 200 400 600 K 800 
b T- c 

0 200 400 600 K 800 
I- 

Fig. 235. (a) Temperature dependence of the spontaneous 
magnetizations for YFe,, GdFe, [69 G I], HoFe, [73 S 51 
and reciprocal magnetic susceptibilities for YFe, [70 B 81, 
GdFe, [73 B 161 and HoFe, [73 S 51. (b) Thermal vari- 
ation of magnetizations at 16 kOe in SmFe, and TbFe, 
compounds [82 H 21. The values of sublattice magneti- 
zations calculated by using a two sublattices molecular 
field model are also plotted. (c) Thermal variation of 
magnetizations at 16 kOe in DyFe, and ErFe, com- 
pounds [82 H 23. The values of sublattice magnetizations 
calculated by using a two-sublattices molecular field 
model are also plotted. 
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0 30 60 90 120 150 kOe 180 
H- 

Fig. 236. Magnetization isotherms at 4.2K for GdCo, 
and YCo, compounds. In both compounds the trigonal 
axis is the easy axis of magnetization. The anisotropy of 
YCo, magnetization is 8.6%. For GdCo,, the saturation 
magnetization in the direction pcrpcndicular to the 
trigonal axis is higher than that along this axis. The 
anisotropy of the magnetization as compared to Co 
(3.2%) is negative reflecting the ferrimagnctic ordering 
of this compound [87 B 11. 

8 
cle 
f.u. 

6 

0 20 40 60 .105 A/m 80 
H- 

Fig. 237. Magnetization isotherms in HoCo, single 
crystal at 4.2 K [82 S lo]. 

90” - - - ; 

75” \\ 

1 Hoc07 I I IYI I 
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I 45” 
al 
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0” 
0 50 100 150 200 250 K 300 
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Fig. 238. Thermal variation of the angle bctwccn the easy 
axis of mngnctization and the c axis of HoCo, single 
crystal in H=3.2.105A m-t (4 kOc) and H=9.5.105A 
m-l (r12kOc) [82SlO]. 

0 20 40 60 80 100 kOe 
H- 

Fig. 239. Magnetization isotherms of ErCo, compound. 
Below T,, the easy direction of magnetization is always 
along the c axis. A magnetic field applied in the basal 
plane induces a transition similar to that observed in 
ErFc,. The critical held incrcascs with tcmpcraturc and a 
large hystcrcsis is associated with this transition [82D4]. 
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I I I I I I ,125 

A I 2 

d 1 

0 
0 200 400 600 800 1000 

a T- 

0 100 200 300 400 500 K E 
b T- 

O 100 200 300 400 500 K 6 
d T- 

iO0 

00 

I I mol 
/&iii7 

1200 K 1400 

25 

6 I 
p H =20 kOe 

0 100 200 300 400 500 K E 
c T- 

Fig. 240. (a) Thermal variation of magnetizations at 
20 kOe and of reciprocal magnetic susceptibilities for 
GdCo, [70B6, 70B 7, 72B 111 and YCo, [66L4, 
76 B 171 compounds. (b) Thermal variation of magneti- 
zations in a magnetic field of 20 kOe for RCo, (R = Ce, Pr, 
Nd) compounds [66 L4, 67 L 61 and of spontaneous 
magnetizations of LuCo, [71 G 1, 71 G2]. (c) Thermal 
variation of magnetization for RCo, (R = Tb, Dy and Er) 
compounds in a magnetic field of 20 kOe [66 L4]. (d) 
Thermal variation of spontaneous magnetizations in 
HoCo, and TmCo, single crystals [82 S lo]. 
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6 

Cl 
I I I I I 

20 40 60 80 100 kOe 120 
H- 

Fig. 241. Magnetization isotherms of ErNi, along the c 
and a axis. At 4.2K a spontaneous magnetization is 
observed along c axis and in the basal plane. At zero field, 
the resultant magnetic moment is therefore in an inter- 
mediate direction between c axis and basal plane. At 10 K 
the magnetization is parallel to the c axis [82 D4]. 

-25 
0 1 2 3 5 6 kbor 7 

P- 

Fig. 243. Pressure dependence of the Curie temperatures 
for RCo, (R = Pr, Nd, Er and Y) compounds [69 B 23. For 
ErFe, see [74 B 83. For GdNi, and TbNi,, values dTJdp 
= -O.lOK/kbar and -0.02, respectively, were obtained 
[75 P 4-J. 
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Fig. 242. (a) Thermal variation of spontaneous magneti- 
zations and reciprocal magnetic susceptibilities for (a) 
PrNi,, NdNi,, GdNi,, TmNi, and YbNi, [69P I]. (b) 
TbNi,, DyNi,, HoNi, and ErNi, [69P 11. (c) YNi, 
[80 G 51. 
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Table %a. Magnetic properties of RFe, compounds. 

T,(K) Ps ww Paramagnetic 
behaviour 

71 B18 71G3 73B6 73N3 73K17 74N8 75A6 82H2 71G3 73B6 73N3 82H2 83P14 70B8,73B16 
72B5 72B5 7335 

SmFe, 650 655 5.32 
GdFe, 725 733 728 728 2.0 1.62 - x ’ vs. T 

nonlinear 
TbFe, 655 643 648 3.19 
WN 605 631 612 609 602 4.6 4.08 4.29 4.25 
HoFe, 575 570 565 570 577 565 4.4 4.30 4.59 - x ’ vs. T 

nonlinear 
ErFe, 555 546 533 552 2.8 3.42 
TmFe, 535 542 1.47 
YFe, 539 537 526 537 5.0 5.06 4.88 71 -‘vs.T 

c-w 

Table 55~. Magnetic properties of RNi, compounds. 

T,(K) Paramagnetic 
behaviour 

68B5 67Pl 72B14 73N3 75P4 68B5 67Pl 72Bl4 73N3 69P1,72B14 

LaNi, 
CeNi, 
PrNi, 
NdNi, 
SmNi, 
GdNi, 
TbNi, 
DyNi, 
HoNi, 
ErNi, 
TmNi, 
YbNi, 
YNi, 

64 

20 
27 
85 

116 
98 
69 
66 
62 
43 
10 
33 

118 

66 
65 

115 
100 

33 

6.08 

1.57 
1.88 
0.33 
6.55 
6.84 
7.00 
7.84 
5.77 
3.86 
2.00 
0.16 

6.50 

7.10 
8.54 

see Fig. 242(a) 
see Fig. 242(a) 

see Fig. 242(a) 
see Fig. 242(b) 
see Fig. 242(b) 
see Fig. 242(b) 
see Fig. 242(b) 
see Fig. 242(a) 
see Fig. 242(a) 
see Fig. 242(c) 



Table 55b. Magnetic properties of RCo, compounds. 

Par. 
beh. 

67L6 70B6 7lG1, 73N3 77bl 82SlO 67L6 70B6, 71G1, 73N3 77bl 8lM2 82S10 85‘114 70B7, 
71G2 76B17 71G2 72B 11, 

76Bl7 

CeCo, 
PrCo, 
NdCo, 
SmCo, 
GdCo, 

78 
349 
395 

612 611 

0.2 
3.8 
5.6 

2.2 2.3 
3.1 

2.85 x-l vs. T 
non- 
linear 

TbCo, 506 3.4 
DYCO, 450 455 4.3 7.78 5.25 
HoCo, 418 418 440 5.6 5.30 5.78 5.9 
ErCo, 401 401 3.9 4.31 
TmCo, 370 3.0 3.4 
YbCo, 330 3.17 
LUCO, 362 1.80 
YCO, 301 310 1.4 2.10 1.62 2.28 X-‘vs.T 

c-w 
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Fig. 244. Magnetization isotherms for YCo,H, at 4.2 K 
[86G4]. The shape of these curves is quite sensitive to 
hydrogen absorption. In the 8- or y-hydride a metamag- 
netic transition with hysteresis is observed. The magncti- 
zation abruptly increases at the critical held H, in increas- 
ing fields and returns to the low value at H: in dccrcasing 
fields. 

-0 
YM, 

0.5 1.0 0.5 0 
x- GdM, c-x GdAl, 

Fig. 245. Composition dependence of the saturation mag- 
netization at 4.2K and Curie temperatures in 
Gd,Y,-,Fe, [82B12], Gd,Y,-$0, [Sl B13, 81 S5], 
Gd(Fe,Al, -Ja [82B 12, 83 B9] and Gd(Co,Al, -J3 
[82 B 133 compounds. 
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Fig. 246. Thermal variation of reciprocal magnetic sus- Fig. 247. Composition depcndencc of the ektive Fe and 
ccptibilitics for Gd,Y, -,Fe, compounds [Sl B 12, Co magnetic moments determined in Gd,Y,-,Fe, 
82B 123. Similar depcndcnccs wcrc obtained for [82B12],Gd,Y,-$0, [81B13, 81S5],Gd(Fe,Al,-,), 
Gd(Fe,Al, -x)x [82B 12, 83B9], Gd,Y,-$0, [81 B13, [82B12, 83B9] and Gd(Co,Al,-,)a [82B13] com- 
81 S 51 and Gd(Co,Al, -J3 [82 B 133 compounds. pounds. Thcsc wcrc obtained according to the addition 

law of magnetic susceptibilities, supposing that the Curie 
constants of R3+ ions are given by the fret-ion values. 
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4 x- 

Fe,., Ni, I3 
Co,.,Nix 13 -l Fe,.,Ni, I3 - 
Co,-,Ni, 13 

0.8 1.0 
RNis 

Fig. 248. Composition dependence of the saturation mag- 
netization at 4.2K in R(Fe,-,NiJ, and R(Co,-,Ni,), 
compounds with R = Dy and Ho [73 N 31. 
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Fig. 250. Composition dependence of the saturation 
magnetizations at 4.2 K in Gd(Co, -xNix)3 [77 E 31, 

Fig. 251. Composition dependence of the Curie tempera- 
tures for Y(Fe,-,NiJ,, open circles [76A 51, solid 

Y(Co, -xNiJ3, open circles [8OH 81, Y(Co, -xNiJ3, solid circles [78 M 161, and Y(Co, -xNix)3 [80H S] 
circles [72P2], Y(Fe,-,NiJ, [78 M 161, and for YFe, 
[71 G 31. 

compounds. The value determined for YCo, is also given 
[66 L4]. 

A Oy( Fe,.,Ni,)3 
o Oy ( CO,.~ Ni, I7 - 
A Ho ( Fel-,Nix)3 - I 

I 
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RM, x- RNi3 

Fig. 249. Composition dependence of the Curie tempera- 
tures in R(Fe, -xNix)3 and R(Co, -xNi.J3 compounds with 
R=Dy and Ho [73N3]. 
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RFe3 x- RCOj 

Fig. 252. Composition depcndcncc of the Curie tempcra- 
turcs in Dy(Fc, -,Co,), and Y(Fc, -$o,)~ compounds 

220 

175 A 51. t 

I.-? 

1zo . 

, 0 
100 - 

60b l 

0 0.2 0.1 0.6 0.8 1.0 
Zrco,J x- ycoz3 

Fig. 253. Composition depcndencc of (a) the magneti- 
zations at 4.2 K and 8.3 kOe. (b) Curie temperatures in 
Y,Zr, -$o~.~ compounds [86 K 51. The crystal structure 
is of rhombohedral (RJm)-type for x>O.3, four slabs 
hexagonal in the composition range 0.3> x20.1, and 
cubic (Fd3m) at x=0. The magncti7ations and Curie 
tempcraturcs decrease when decreasing Y content for 
x >O.l. ZrCo,,, has a larger magnetic moment and higher 
Curie temperature than Y,,,Zr,,,Co,,, compound. The 
change of magnetic moments may bc analysed in corre- 
lation with crystal structure formation (set 
subscct. 2.4.1.2). 

For magnetic properties see also: 

RM, M = Fe, Co, Ni [83 G 33 
RFe, [71B18, 7lB19, 73N5, 75F2, 75N5, 79B2, 88Rl]; R=Sm, Gd, Tb, Dy, Ho, Er, Tm, Y 

[82H2];R=Dy,Ho,Er,Y[73B6];R=Tb,Er,Tm[83M2];R=Gd,Tb,Dy,Ho,Er,Tm 
[74N8]; R=Sm, Gd, Tb, Dy, Ho, Th [76Vl]; R=Tb [7602]; R=Dy [82Bl, 83P14]; 
R=Ho [72B5, 73B9, 73S5, 81 L2*]; R=Er [72B15, 73B9, 75N6, 77B140, 77D2, 
81K5, 82D4, 86B1, 86B2]; R=Y [70B8, 76B18, 83M6(T), 84V1, 85R9-J; R=Th 
[72B15] 

RCo, [72 B S] ; R = Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm, Y [66 L 4,67 L 6,70 S 23; R = Pr, Nd, 
Er, Y [69B2]; R=Ho, Tm [82SlO*]; R=Ce [80B16]; R=Er [75Gl, 82D4, 86B2]; 
R=Y [83M6(T)] 

RMJ-4 

RNi, [84L4]; R=Pr,Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb [67Pl]; R=Gd, Tb, Y [75P4]; 
R=Ce[80B16];R=Gd[86A2];R=Tb[87Hl*];R=Er[82D4,86B2];R=Y[79B19, 
80G 4, 80 G 5, 83 G 3, 85 L 3(T)] 

RFe,H,, R=Gd, Dy, Ho [76M3, 78W3]; R=Tb, Er, Tm [83M2]; R=Dy [8ON3, 83Sfl; 
R=Y E76B18-J; R=Th [77Vl] 

RCo,H,,R=Er,Tm [81M2];R=Y [85Y4,85Y5,85Y6,86G4];R=Ce[8OB16] 
RNi,H,, R=Y [79B19];R=Ce[80B16] 
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(R’R”)M, (R,,,Th,,,)Fe,, R=La, Pr, Lu, Y [73K 171; (GdY)Fe, [78K 14,81 B 12,82B 12,83B9,84B9, 
85 S 111; (GdTh)Fe, [72 G IO]; (TbY)Fe, [86 S 16); (DyY)Fe, [SS P 6, 85 P 71; (DyTh)Fe, 
[73 K 171; (ThLu)Fe, [73 K 163; (ThY)Fe, [73 K 16, 76N 51; (ErTh)Fe, [78 N 21 

(NdHo)Co, [72 N 11; (GdY)Co, [Sl B 13, 81 S 5, 83 B 9, 84 B 9, 85 S 1 l-j; (TbY)Co, [84 B 21; 
(HoY)Co, [86 S 81; (YZr)Cos.s [87 K 53; (GdY)Nis [84A l] 

(R’R”)M,H, (YZr)Co,,sH, [87 K 51; (ErTh)Fe,H, [78 N 21 
R(M’M”), Dy(FeCo), [73 N 2, 75 A 51; Ho(FeCo), [73 N 2-J; Y(FeCo), [75 A 5, 75 T 11; Gd(FeNi), 

[71 G 5-J; Dy(FeNi), [73 N 3, 74T 21; Ho(FeNi), [73 N 31; Y(FeNi), [78 M 161; Gd(FeAl), 
r82B 12, 83B 8, 83 B9, 84B9, 85s II]; Tb(FeAl), [7306]; Dy(FeAl), [770 1, 770 5, 
83 P 13,85 P 81 

Gd(CoNi), [71 G 5,77 E 31; Dy(CoNi), [73 N 33; Ho(CoNi), [73 N 31; Y(CoNi), [72 P 2,75 T I, 
80 H 8, 81 H 31; Gd(CoAl), [82 B 13, 83 B 8, 83 B 9, 84 B 9, 85 S II]; R(NiM),, M = Fe, Co 
[3lN2] - 

R(M’M”),H, Zr(CrFeHo,,s)H,, M = Mn, Fe, Co, Ni [84 H 73 

Neutron diffraction 

Er Fe3 

r=6K 

C 

A 
I Er, 9.9pe 

Er, 9.3Pe 

a 

Fig. 254. Magnetic moments in ErFe,, at 6,77 and 295 K 
[77 D I], see Table 56. 
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ErCo3 

H>H, 

Fig. 255. Magnetic structure of E&o, at 4.2 K with a 
magnetic field applied perpendicular to the c axis: (a) 
H=O,(b) H>H, [75Gl]. 

ErNi3 l=S.ZK HoNi3 

Fig. 256. Magnetic structure of ErNi, and HoNi, com- 
pounds at 4.2 K [7l P I]. 
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YNi3 1.0 
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Fig. 257. Projection of the magnetic moment density of 
YNi, at 4.2K in a plane perpendicular to the a axis of 
hexagonal cell: (a) schematic projection of the atoms of 
the orthohexagonal cell, (b) magnetic density map: repre- 
sentation of the unit cell of the magnetic density. Contours 
are in IO- ’ f.tr,/Az, full lines are positive contours, dashed 
lines are negative contours and the dot-dashed lines are 
zero contours [80 G 5,81 G 51. 
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Table 56. Magnetic moments of R and M atoms in RM, compounds and the direction of moments determined by neutron diffraction measurements. 

T PRI (PRI ‘) PRIl (DRII ‘) PM1 PM11 PMlll (PM11 Ref. 
K hl PR PB I’B I’B 

TbFe, 77 8.10 90” 7.58 90” -1.49 -1.25 -1.85 90” 7953 
295 6.55 90” 6.38 90” -1.02 -1.32 -1.75 90 

DyFe3 4.2 9.8(2) 71.8(5) 9.6(2) 51.5(5) - 2.2(2) 253.6(5) 8652 
295 6.9(2) 83.9(5)’ 6.5(2) 62.0(5) - 1.9(2) 257.8(5) 

HoFe, 77 8.76 90 9.01 90” -1.88 - 1.43 -1.61 90” 7385 
297 5.07 90” 5.42 90” -1.49 -1.12 -1.52 90” 

ErFe, 6 9.9(10) 0 9.3(5) 0” - 2.0(2) 0” 77Dl 
77 9.8(15) 25.3(30) 8.W) 56.2(35) - 2.0(5) 56.4(80) 

295 4.4(11) 30.9(50)” 4.w 78.4(60) - 1.67(30) 56.5(110) 
ErFe, ‘) 300 3.6(2) 46” 4.1(2) 81” - 1.70(10) 62” 81 K5 
ErFe,Ni 4.2 8.93 14(3) 8.71 60(10) - 2.45 - 2.45 -2.45 180” 87T4 

77 8.03 7(l) 6.44 22(3) -2.30 -2.30 -2.30 180” 
ErFel.5Nil.5 77 9.20 0 6.20 0” - 2.21 -2.21 -2.21 180” 87T4 
ErFeNi, 77 8.57 0” 4.38 0” - 2.07 - 2.07 -2.07 180” 87T4 

PrCo, 4.2 2.4(2) 0” 2.4(2) 0” 1.2(4) 0.9(2) 0.9(2) 0” 7OS2, 
295 1.1(l) 0” 1.1(l) 0” 0.3(l) 0.5(l) 0.5(l) 0” 72Y3 

NdCo, 4.2 2.4(4) 0” 2.4(4) 0” 0.9(3) 1.2(2) 1.2(2) 0” 7OS2, 
295 0.8(l) 90” 0.8(i) 90” 0.7(5) 0.7(2) 0.7(2) 90” 72Y3 

Tbco, 4.2 8.5(5) 90” 8.1(4) 90” - 1.9(6) - 0.9(4) - 1.2(3) 90” 7OS2, 
71Pl 

295 5.7(2) 90 4.8(2) 90” - 1.3(2) - 1.4(2) -1.1(l) 90” 72Y3 
DYCO, 4.2 2 10.0 3) 36.9” 2 10.0 J) 36.9” -1.2 211” 8752 

295 6.4 -0.6 192.6” 
DYCO, 80 Z(3) 90” 6.0(4) 90 -0.8(2) 90 7OS2, 

300 4.W) 90” 3.q3) 90” -0.7(2) 90” 75Yl 
HoCo, 4.2 10.0(4) 90 9.6(3) 90” - 1.8(4) - 1.2(3) - 1.2(3) 90” 7OS2, 

295 2.1(2) 0” 3.4(2) 0 -0.4(2) - 1.5(3) -0.6(l) 0” 72Y3 
ErCo, 4.2 8.2(8) 0 7.5(6) 0 - 2.0(6) -1.1(7) - 1.3(2) 0” 72Y3, 

75Gl 
TmCo, 4.2 6.7(3) 0” 6.2(4) 0 - 0.90(40) - 1.50(40) - 0.5(3) 0” 7611 
YCO, 4.2 - - - 0.55(3) 0.79(4) 0.04(l) 0” 69K5 



Table 56 (continued) 

T PRI (PRI ‘) PRU qRl1 ‘1 PM1 PM11 
K 

PM111 %I ‘1 Ref. 

PrNi, 
NdNi, 
TbNi, 
DyNi, 
HoNi, 

ErNi, 4.2 
ErNi, 4.2 
TmNi, 4.2 
YNi, 4.2 

4.2 0.5(3) 0” 
4.2 57(3) 
4.2 70(5) 
4.2 9.8(5) 80(5) 
4.2 9.3(3) 90” 

8.5(5) lO(4) 
8.5(8) 4, 

0” 
- - 

0.5(3) 0” 
20(3)” 
34(5) 

8.0(5) 30(5) 
7.9(2) 90” 

7.5(5) 60(5) 
7.5(5) “) 

0” 
- - 

71R8 
71R8 
71R8 
71R8 
71 P 1, 
71R8 
71R8 

20 LZO !ZO 82D4 
71R8 

0.057(3) 0.073(3) 0.065(3) 80G5 

‘) cp is the angle between the direction of the magnetic moments and the c axis. 
2, Determined in the supposition of noncollinearity of magnetic moments. 
3, Close to free-ion value. 
4, Noncollinear magnetic structure. 

For neutron diffraction studies see also: 
RFe, R=Tb [7953]; R=Dy [SSJl, 86521; R=Ho [73S5]; R=Er [77Dl, 81K5, 82D4] 
RCo, R=Pr, Nd, Ho, Tb, Er [7OS2]; R=Pr, Nd, Tb, Ho, Er [72Y3]; R=Tb [76Y 1,84K3]; R=Dy 

[75Y2, 87521; R=Er [75Gl]; R=Tm [7611]; R=Y [69K5] 
RNi, [72Y2];R=Pr,Nd,Tb,Ho,Er,Tm [71R8];R=Ho,Er [71Pl];R=Y [80G5,81G5] 
R(M’M”), Er(FeNi), [87 T 41 



192 2.4.2.13 R-3d: RM, [Ref. p. 405 

EPR, FMR 
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Fig. 258. Thermal variation of (a) the linewidth and (b) g 
values in some Gd(Co,Al,-,)a compounds at tempera- 
tures greater than the Curie points. In compounds in 
which Co is nonmagnetic or in GdAI,, the g values and the 
slope of the linewidth is not temperature-dependent 
[82 B 131. A molecular field model was used to analyse the 
EPR behaviour of the ferrimagnetic compounds. The 
increase of the slope of the linewidth with transition metal 
content suggests the gradual opening of the relaxation of 
conduction electron magnetization to the lattice. The 
FMR measurements in some RM,-based compounds 
show that the g values of Fe and Co are not sensitively 
modified as compared to those ofthe pure metals [82 b 11, 
cf. Fig. 168. 

For FMR and EPR studies see also 
YCO, [86T9, 87T7-J; GdNi, [80B15] 
Gd(FeAl), [82 b 1, 83 U 2, 84 B 10, 85 B lo] see also Fig. 168 
Gd(CoAl), [82 b 1, 82 B 13, 83 U 2, 85 B lo] 

Kirchmayr, Burzo 
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Mksbauer effect, perturbed angular correlations 

koe TbFe3 15’F4 I I I I 
300 
kOe 
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50 \:I v 4 

o h,th, 
\I 

I I I I I I 1 Ii I 
0 0 100 100 200 200 300 300 400 400 500 500 600 600 K K 700 700 

Fig. 259. Temperature dependence of the magnetic hyper- 
fine fields, Hbyp, at “Fe in TbFe, compound [75 A4, 
75A5]. The behaviour of Hhyp values obtained for 
various lattice sites are plotted. The data suggest that the 
easy axis of magnetization is along the b axis at all 
temperatures. 

200 I \ 

DyLFel.,Ni,l~’ 

180 4.2 K D 

160 
0 0.2 0.4 0.6 0.8 1.0 

RFe3 x- 4 

Fig. 260. Composition dependence of the mean magnetic 
hypertine fields at “Fe in Y(Fe, -$o.Js, Dy(Fe, -$o& 
at 77 K [75 A 51 and Dy(Fe, -XNiJ3 [74 T 21 compounds 
at 4.2 K. 
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Fig. 261. Variation ofthe 57Femagnetichyperfinefields at 
4.2 K with the hydrogen content in ErFe,H,. An increase 
of the Fe magnetic moment on absorption of hydrogen up 
to x = 2.7 is evidenced [79 N 31. 
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9000 
kOe 

6500 I 
0 1 2 3 4 

ErFe, x- 

Fig. 262. Variation of the 166Er magnetic hypcrtinc field 
H,,, at 4.2 K with the hydrogen concentration in ErFe,H, 
hydrides for positions 3a and 6c of the space group R3m. 
The dccrcase of the Hhyp values may arise from changes in 
the contribution of conduction electron polarization 
and,/or the dccrcasc in the magnetic interaction relative to 
the crystal field interaction, as hydrogen is added 
[79 N 33. 

Table 57. Magnetic hypcrfine fields at S7Fe in RFe, compounds. 

T Hhgp(kOe) at sites Ref. 
K 

h, h, h, C b 

SmFe, 393 202 202 202 226 149 76Vl 
GdFe, 4.2 259 236 236 249 233 76Vl 
TbFe, 77 242.5 242.5 228.5 245.5 245 75A6 
TbFe, 295 228 228 211 232 225 76Vl 

W% 77 237.5 233.5 234.5 245 249 75A6 

W% 295 218 218 208 223 218 76Vl 
HoFe, 77 237.5 224.5 224.5 246.5 253 75A6 
HoFe, 79 253 229 229 240 231 76Vl 
HoFe, 138 235 235 226 242 238 76Vl 
ErFe, r) 4.2 246 239 239 244 230 7865 
ErFe, 77 235.5 235.5 235.5 227.5 253.5 75A6 
YFe, 4.2 229 235 235 242 222 78G5 
YFe, 77 227.6 227.7 227.5 219.5 229.5 75A6 

‘) Extrapolated hyperhne fields at T=OK for ah-axis anisotropy of ErFe,. 

Kirchmayr, Burzo 
Landolt.Btirnc!ein 
New !%erirT 111/19d? 
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Table 58. Easy direction of magnetization of RFe, compounds determined by MGssbauer effect studies. 

SmFe, GdFe, TbFe, DyFe3 HoFe, ErFe, YFe, 

Easy direction 
[76 V I] 

T=4.2K 
a axis 

taxis - 
basal 
plane 

b axis 

basal 
plane 

T=295K 
b axis 

T<lOOK 
a axis 

T>lOOK 
b axis 

T<50K 
c axis 

T>50K 
b axis 

b axis 

Easy direction 
T=77K 

T<85K 
[74A2,75A6, a axis 
75A43 - - baxis ac c axis b axis 

plane T>85K 
b axis 

Stevens factor 

clj 
+ 0 - - + 0 

Table 59. Hyperiine parameters at 161Dy nuclei in Dy-3d transition metal 
compounds at 4.2K. 

ISh-’ 
MHz 

twidf,wh - ’ 
MHz 

e2qQ/4h 
MHz 

Ref. 

DY 
DyMn2 
DyFe2 
WFe2 
DyFe2 
DyFe3 
DyFe3 
Dyd% 7 
Dy2Fel 7 
DyCo2 

DyCo2 

DYCO, 
DYCO, 
Dy2Co,7 

DyNi 
DyNi, 
DyNi, 
DyNi, 
DYAL 

WV 2, 
34.1 3) 
78.6(50) “) 
W4) “) 
35.2 3, 
73.8(50) ‘) 
W) ‘) 
64.7(50) 2, 
W) 2, 
80(4) 2, 
35.23) 

10.3 3) 
66(5) 2, 
30 3) 
w4 2, 
39.3 3) 
13.4 3) 

WV 2, 

831(3) 
1.00(2)Hhyp,fi ‘1 

923.6(35) 
926.6(40) 

l.14C2Phyp,fi ‘) 
927.2(40) 
918.9(45) 
915.8(36) 
911.5(65) 
870.2(45) 

1 .044Hhyp, fi ‘1 

883 
1.05(2)Hhyp,fi ‘) 

873.2(40) 
1.02(2)Hhyp,fi ‘) 

836.5(40) 
0.g85(2)Hhyp,fi ‘1 

844.5(40) 

642(5) 

697.8(75) 
696.7(70) 

695(7) 
683.3(70) 
685.4(120) 
665(10) 
698.3(70) 
698.3 
677.6 

679.6(80) 

676.7(70) 

702.7 

66Nl 
84P16 
74B7 
66Nl 
84Pl6 
74B7 
84Pl6 
74B7 
74B7 
66Nl 
75Y 1 
66Nl 
74B7 
66Nl 
74B7 
66Nl 
66Nl 
74B7 

‘) Hypetine field of free Dy3+ ion, Hhyp fi. 
2, Relative to 161Tb source obtained by irradiation of 16’GdFe3. 
3, Relative to Gd,O, neutron irradiated, containing 90% 16’Gd. 

Landolt-Bornstein 
New Series IW19d2 

Kirchmayr, Burzo 



Table 60a. Results derived from ’ 55Gd Miissbauer spectra (T= 4.2 K). fA: recoilless fraction, Hhyp. . magnetic hyperfine field ‘), Vzz: electric field gradient, IS: isomer 
shift with respect to the lT5EuPd source, 0: angle between the direction of the hyperfine field and the local symmetry axis ‘). Standard deviations are given in 
parantheses [77 T 61. 

Local symmetry Ref. 

fA 

% 

(nearly) cubic trigonal (hexagonal) 

PO%,, Kz IS 8 PoH,,, V IS e 
T 10”vcm-2 urns-’ T 1;17Vm-t urns-’ 

GdMn, 9.2(S) (-)10.1(l) - 107(2) - 67Gl 
GdFe, 11.0(5) + 43.48(6) - 67(l) - 67Gl 
GdCo, 8.8(4) + 3.5(3) - 43(2) - 77A6 
GdNi, 8.5(4) -12.0(5) - W) - 77T6 

GdFe, 12.8(6) (+)39.9(l) - 1.52(9) 67(2) 81(2) ( + P2.4m + 8.31(6) 262(7) 9w 77T6 
GdCo, 11.2(6) (+)11.7(4) - 1.60(7) 7W) o(5) (+I 4.7(3) + 8.58(4) 222(3) 32(6) 77T6 
GdNi, 11.1(6) (-) 8.0(3) - 0.74(3) 6W o(2) (-)13.8(2) + 10.59(3) 208(4) 22(2) 77T6 

GdCo, 10.1(5) (+I 4.3(l) + 8.18(i) 230(10) 0” (not 77T6 
varied) 

GdNi, 9.2(5) -23.4(l) + 8.18(2) 256(3) o(3) 76V4 

GWo,, 13.9(7) (+I 8.W) + 4.26(l) W3) 62(2) 77T6 

tetragonal symmetry 

G&J%, 9.6(5) (+)29.1(5) + 10.3(2) 1W) 6W 

‘) Signs given without parenthesis have been determined experimentally. Signs indicated in parenthesis are hypotetical. 
2, Values of t3 given in the table are the results of least-squares tits when 0 was varied independently for nonequivalent sites (with the exception of GdCo, where 

the determination of 0 was not possible because of the small value of Hhyp). For GdFe, a good tit was obtained with the restriction 6=90” for both sites, and for 
GdCo, with 8=0” for both sites. For GdNi, such a constraint led to a significant increase of the x2 value. 
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Table 60b. Results derived from 61Ni Mijssbauer spectra 
(T=4.2 K). For definition of symbols see (a). Because of the small 
hypertine splitting only average values for all sites can be obtained 
[77T6]. 

f* PO&,, veff 
(IS) 

% T 1S7 Vcmm2 pms-’ 

GdNi, 
GdNi, 
GdNi, 

9(l) 2.41(5) -2.0(3) W5) 
9(l) 1.67(4) -0.4(4) 7(3) 

10(l) 1.32(10) + 1.6(8) 5(3) 

For nuclear y-resonance studies see also: 
57Fe RFe,, R = Gd, Tb, Dy, Ho, Er [75 A 61; R = Gd, Tb, Dy, Ho, Er, Th, Y [75 V 2-J; R = Sm, Gd, Tb, Dy, Ho, 

Th [76Vl]; R=Tb, Er, Y [75A4]; R=Er, Y, Th [78G5]; R=Dy [7954, 82Bl-J; R=Ho 
[74A2]; R=Er [75Vl, 77G14]; R=Y [73F6, 75V1, 760101 

RFe,H,, R=Er [79N3, 81 Dl, 81 D2] 
(ErGd)Fe, [85 D 21 
Dy(FeCo), [75A 51; Er(FeCo), [79 G 131; Y(FeCo), [75 A 51 
Dy(FeNi), [73 T 2, 74 T 2,75 C 7,76 A 5,77 C 81; Y(FeNi), [76A 51 

61Ni GdNi, [77 T 61; Dy(FeNi), [77 C 81 
“‘Gd GdM,, M=Fe, Co, Ni [77T6] 
161Dy DyFe, [74B7, 82B 1, 84P 16, 85P 111; DyCo, [74B7, 75Y 1, 76C2, 77C3]; DyNi, [71 Yl]; 

Dy(FeNi), [75 C 71 
‘69Tm TmCo,, TmNi, [83 N 61 

For perturbed angular correlations see 
lslTa in YFe, [86B lo] 
15’jGd in TbFe,, TbCo, [87 S 14, 87 S 153 

NMR 

Gd (Fedod3Hx 

I I I I I I I I I 1 
100 110 120 130 140 150 160 170 180 190 MHz 210 

Fig. 263. 5gCo spectra (peaks are labelled) determined by 
NMR measurements at 77 K in Gd(Fe,,,Co,,,),H,. The 
magnetic hyperfine fields at 59Co nuclei in Co, (f) and 
Co,r, (2,3) sites decrease and the hyperline field at 5gCo 
nuclei in Co,, (4) sites increases upon hydrogen absorp- 
tion [83 F IO]. 

Land&-BMnstein 
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1.0 
89y 

l=l.ZK 
YFe, 

0.5 - 

0 
35 40 45 MHz 50 

Fig. 264. s9Y spin-echo spectra ofYFe,, YFe, and Y,Fe,, 
compounds at 4.2 K [73 0 93. The echo height factor has 
been corrected for the Boltzmann factor and the spec- 
trometer sensitivity. 

Table 61. Transferred hyperfine fields determined by *9Y NMR at 4.2 K 
in Y-Fe and Y-Co compounds. 

Crystallographic 
site 

Hhw 
kOe 

Ref. 

YFe, 

YFe, 

Y2b7 

8a 

3a 
6c 
6c 

- 220 7309 
217 

(-)185 7309 
-231 
- 204 7309 

YCO, 

Y,CO’ 

YCO, 
Y&o,, 

3a 
6c 

6~1 
6% 

2: 
2d 
6c 

- 83.6 76Fl 
-112.2 
- 83.6 76Fl 
-111.8 
-101.7 76Fl 
- 89.8 76Fl 
- 99.8 
- 87.4 

For NMR studies see also: 
‘H LaNi,H, [79 H 9,80 H lo] 
“Fe GdFe, [74NlO]; YFe, [74NlO, 83V2] 

(GdY)Fe, [75 N 83 
To NdCo, [75 S lo]; YCo, [77 F 33; Y(CoNi), [85 Y lo] 

Gd(FeCo),H,, Y(FeCo),H, [83 F lo] 
S9Y YFe, [7309, 83R6*, 83V2, 83V3, 85R9, 85V2]; YCo, [76Fl, 77F33 

(GdY)Fe, [75 N 81; Y(FeCo), [87 0 63; Y(FeAI), [87 0 61 
lJ9La F%&ao,l)W C77 D 71 
‘43Nd, t4’Nd NdCo, [75 S lo,77 S 143 
“‘Gd? tS7Gd (GdY)Fe, [75 N S] 
“‘Tb TbFe, [SS D 31 

Kirchmayr, Burzo 
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Anisotropy, magnetostriction 
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Fig. 265. Thermal variation of the anisotropy constant K, Fig. 266. Thermal variation of the anisotropy constants 
and of anisotropy of the magnetization, AM, for YCo,. K, and K, for GdCo, compound. The K, values show a 
The K, values decrease more rapidly than the values maximum at Tr 150 K, while the K, (positive) ones are 
predicted by the theoretical model [66 C l] plotted by only weakly temperature-dependent. Considering the 
broken line. The thermal variation of the magnetization of deformation of the ferrimagnetic configuration of GdCo, 
this compound is due to both the transverse and longi- under the action of an external magnetic field, the K,, and 
tudinal spin fluctuations, the latter being characteristic of K,, values of Co were also determined. The presence of 
itinerant magnetism close to the instability conditions. GddCo exchange interactions deplaces the Co magnetic 
The anisotropy of the magnetization has a minimum at moments from the great instability conditions (character- 
Tg 70 K reflecting the effects of both contributions. The istic ofYCo,), but the proportion of the unstable magnetic 
first contribution increases with temperature and it moments is important. A considerable fraction of the 
corresponds to the anisotropy of the transverse thermal magnetization is induced by the exchange interactions. At 
fluctuations of the magnetization. The second contri- low temperatures the K,, values are reduced by the 
bution is intrinsic and is due to the spin-orbit coupling longitudinal fluctuations of the magnetization. The great 
which induces an angular dependence of the opposed spin K, values are due to the gradual quenching of these 
energy spectra shift. This shift is affected by the longi- fluctuations by the magnetic field. By increasing the 
tudinal fluctuations of magnetization, whose amplitude temperature, the effect of longitudinal fluctuations dimi- 
increases with temperature. Thus, the intrinsic contri- nishes and the anisotropy constants have a thermal 
bution to the magnetization anisotropy decreases when variation only due to transverse fluctuations of the 
increasing the temperature [87 B I]. magnetization [87 B 11. 
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40" 
erg 
ii3 

-0 50 100 150 200 250 K 300 
7- 

For anisotropy see also 
RFe, R=Ho[81L2*];R=Er[86B2];RCo,,R=Tb,Dy[85S7];R=Er[86B2];R=Y[84K1,86T9, 

87T7]; RN&, R=Er [86B2] 
R(M’M”)s [Sl K43; Er(FeNi), [87T4]; Er(FeCo), [79G 131 

Land&BOrnstein 
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.lO” RFej 
10. RT , 

Fig. 268. Temperature variation of magnetostriction for 
TbCo, and HoCo,. The dashed curves are extrapolations 
to OK. The predictions of the one-ion model, R(T) 
= wJ)f,,,C~- ‘hJ1~ are also plotted [8OP S]. The data 
suggest that the rare-earth ion is the main source of the 
magnetostriction in these compounds. 

0 5 10 15 20 kOe 25 
H- 

Fig. 267. Room-temperature magnetostriction of RFe, 
polycrystals as function of the external magnetic held 
[78A1,80cl]. 

0 0 
JO-’ -1 

0 10 20 30 40 K 50 
0.5 l- 

0 50 100 150 200 250 K 300 
I- Fig. 270. Thermal expansion eoefficicnts of YNi, and 

Fig. 269. Temperature dependence of volume strain w for 
YNi, compounds [82 P 21. YNi, has a smoothly increas- 

(a) TbCo,, (b) DyCo, and (c) HoCo, at an applied field of 
ing positive expansion typical of nonmagnetic metals. At 

1.8 T [SOP S]. Large volume strains are associated with 
low tempcraturcs, YNi, exhibits a negative thermal 

the volume dependence of the magnetic anisotropy and 
expansion coefftcicnt a. Near T,, o! becomes positive and it 
increases rapidly until, at above 40K, it levels off to a 

are strongly temperature-dependent. normal nonmagnetic behaviour. 

Kirchmayr, Burzo Landol!.Bnmrrein 
New !Seriex 111/19d2 
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For magnetostriction see also 
RFe, [8Ocl]; R=Tb [72C6, 74C2, 74C3]; RCo,, R=Gd, Tb, Dy, Ho, Er [SOP5]; R=Tb, Y [72C5]; 

RN&, R =Y [82P 21; (GdY)Fe, [78 K 141 

For AE effect see 
TbFe, [74 C 2, 74 C 31 

Domain structure, magnetization processes 

For magnetization processes see 
DyFe, [84 P 141; DyCo, [72 T 31 

For domain structure 
DyFe, [83 P 14, 84 P 141 

Transport properties 
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Fig. 271. Temperature dependence of the electrical resis- 
tivity (solid circles) and thermopower (open circles) in 
Y(Ni, -$o,)~ compounds. The Curie temperatures Tc are 
also evidenced [SO H 81. 

For resistivity and thermopower studies see also 
(TbY)Co, [84 B 23; (YTh)Fe, [79 N2] 
Y(CoNi), [SO H 8, 81 H 31 
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I- 

Fig. 272. Thermal variation of the specific heat of YNi,. 
Circles arc the expcrimcntal values. The full lint corrc- 
sponds to the electronic and lattice contributions. No 
anomaly is observed at the Curie tcmpcraturc. Tc= 30 K. 
From these data a Dcbyc tcmpcraturc Or,=335 K and an 
electronic spccitic heat cocfhcicnt y=31 mJmol-t Ke2 
were obtained [80G 5-j. 
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Fig. 273. Temperature depcndcncc of the magnctocaloric 
effect in YFc, and HoFe, compounds in a magnetic field 
of 15.8 kOc. A change in sign of the magnetocaloric effect 
is obscrvcd around the compensation temperature of 
HoFe, [73 N 61. 

For specific heat studies see also 
DyM,. M=Fe, Co, Ni [74N4]; LaNi, [74N4]; YNi, [8OG5] 
Y(Th)Fe, [7S K 7) 
Y(FeNi), [78 M 163 

For magnetocaloric effects see 
RFe,. R = Ho,Y [73 N 6, 74 N 91 

Spectral studies 

X-ray absorption spectra 
RCo,, R=Gd, Tb, Dy [80H7]; R=Y [73B8] 

Photoemission spectra 
GdFe, [79A 63; YFe, [SS H 23 

L,,, absorption 
CeNi, [SS P 13 
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2.4.2.14 R,M, compounds 

Crystal structure, lattice parameters 

500 K 1000 
t 36.45 5.075 
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CI 
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5,230 I 
b 

5.225 

38.52 1 1 5.220 
0 100 200 300 400 K 500 

7- 

Fig. 275. Temperature dependence of the lattice param- 
eters a and c for Gd,Co, and Gd,Co,H,,,. The inset 
shows the temperature dependence of a and c for Gd,Co, 
over a wider temperature range. The appearance of the 
anomalies in case of Gd,Co,H,,, may be due not only to 
magnetic phase transitions but also to hydrogen ordering 
processes or its redistribution among the interstitial sites 
[85A 13-j. 

OR 

o M 

hexagonal rhombohedral 

Fig. 274. Crystal structures of R,M, compounds. These 
crystallize both in a hexagonal-type structure (P6,/mmc- 
space group) or in a rhombohedral-type structure (R3m- 
space group) [69P 11. 
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Table 62a. Atomic sites in R,M, compounds, hexagonal P6,/mmc space group [69P I]. 

Atom Site Coordinates 

R, 
RI, 
M, 
WI 
MM 
M,, 
M\ 

4f *(l/3, 213, z; 213, I/3, l/2+2), z=O.O40 
4f +(1/3, 213, z; 213, l/3, l/2+2), z=O.I66 
2a (O,O,Q o,o, l/2) 
4e f(O,O,z; 0,0,1/2+z), z=O.I66 
4f *(I/3, 213, z; 213, i/3, 1/2+z), z=O.833 
6h +(x, 2x, l/4; 2X, X, l/4; x, X, l/4), x=0.833 

12k k(x, 2x, z; 2x, x, z; x, 2x, l/2+2; 2x, x, 1/2+z, x; x, l/2+2) 

Table 62b. Atomic sites in R,M, compounds, rhombohedral R3m space group [69P 11. 

Atom Site Coordinates 

R, 
RI, 
Ni, 
Ni,, 
Ni,,, 
Ni,, 
Ni, 

6c &(O,O,z), z=o.o55 
6c f(O,O,Z), z=o.149 
3b (0,0,1/2) 
6c +(O,O,z), z=O.278 
6c +(O,O,z), z=O.388 
9e *(l/2, QO; 0, l/2, 0; l/Z I/2,0) 

18h &(x,2, z;x, 2x, z; 2$2,z), x=1/2, z=O.lIl 

The following translations are added (0, 0, 0; 213, I/3, I/3; I/3, 213, 2/3). 

Table 64. Lattice constants and volume expansion (AV/V) of R,M, hydrides ‘). 

CbCX 
A 

crh AVIV Ref. 
A % 

Ce,Co,H, 4.949 29.69 8OV3 
Gd,Co,H,., 5.234 38.57 I5 85AI3 
Y,Co,H,., 4.988 37.72 8OV3 
Y,Co,H, (IL) ‘) 4.991 37.92 85Y6 
Y,Co,H,., (B,,) 2, 5.002 38.71 85Y6 
Y,Co,H, h) 2, 5.142 38.21 85Y6 
Y,CG-hi 5.160 38.18 12.6 83B3 

La,Ni,H, 5.100 31.00 16...23 83BI0,84BI2 
b2Ni7Hlo amorphous 7605 
Ce,Ni,H, 4.920 29.63 8OV3 
Y,Ni,H, 4.962 38.38 6.5 84BI2 

‘) It has been suggested that hydrogen occupies interstitial sites in the lattice 
[SSY 6-J. 

2, The u-+fi transformation involves AH= -48.5kJ/mol H, and the 0-r trans- 
formation AH= - 38.0 kJ/mol H,. 
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gg Table 63a. Lattice constants of R&o, compounds (A) for both hexagonal and rhombohedral structures. 

w 
A 

B’,m P 
q 1 
2 p 

65B2 6704 70BlO 73R2 83B3 85Y6 % 
& 

3 ti 

a Cdl a Cdl a Cdl Chex a Chex a crh a crh 

La&o, 
Ce,Co, 
Pr,Co, 
Nd,Co, 
Sm,Co, 
Gd,Co, 
Tb,Co, 

DY&o, 
Ho,Co, 
Er,Co, 
Tm,Co, 
Lu,Co, 

Y,C% 

5.024 36.32 5.023(2) 
5.003 36.26 5.002(2) 
4.998 36.22 4.995(2) 
4.983 36.17 4.979(2) 

4.973(2) 
4.965(2) 
4.946(2) 

5.002 36.20 4.998(2) 

36.29(l) 
36.21(l) 
36.18(l) 
36.12(l) 
36.11(l) 
36.05( 1) 
35.98(l) 
36.18(l) 

5.101 36.69 24.51 
4.940 36.52 24.46 4.949(2) 24.47(l) 
5.060 36.52 24.43 5.072(3) 24.51(l) 
5.059 36.42 24.39 5.063(2) 24.45(l) 
5.041 36.31 24.33 
5.022 36.24 24.19 
5.008 36.18 
4.992 36.13 
4.960 36.07 

5.002 36.15 4.99 36.23 5.003 36.21 

Table 63b. Lattice constants of R,Ni, compounds (A) for both hexagonal and rhombohedral structures. 

59Cl 67L5, 
69Pl 

70B 11 8OV3 84B12 

a Chex a Chex crh a Chex crh a Chex &h a Chex crh 

La,Ni, 5.058 24.71 5.058 24.71 
Ce,Ni, 4.98(2) 24.52(8) 4.93 24.19 4.927 24.45 4.927 24.45 
Pr,Ni, 5.01 24.23 36.36 5.015 24.44 36.64 
NdzNi, 5.00 24.20 36.31 4.983 24.40 36.60 
Sm,Ni, 4.969 24.35 36.53 
Gd,Ni, 4.96 24.09 36.14 4.953 24.21 36.41 
Tb,Ni, 4.94 24.06 36.10 4.948 24.12 36.23 
Dy& 4.93 24.05 36.08 4.928 24.10 36.18 
Ho,Ni, 4.92 36.04 4.921 36.09 
Er,Ni, 4.91 35.71 4.909 36.07 
Y,Ni, 4.94 36.12 4.949 36.23 4.949 36.23 4.947 36.25 
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For structure and lattice parameters see also 

R,Co, [65B1,70B10,71B15,73B22];R=Ce,Pr,Nd,Sm,Gd,Tb,Dy,Ho,Er,Tm,Lu[6602];R=Gd,Tb, 
Ho, Y C66 L 41; R = Gd, Tb, Dy, Ho, Tm, Lu, Y [67 0 43; R = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, 
Ho, Er, Th [70Bll]; R=La [77Sl5]; R=Pr [77Sl5]; R=Nd [77Sl5]; R=Gd [65B2]; 
R=Y [69K5] 

RaNi, C69 P 1, 69 V I]; R = Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Y [67 L 51; R = La, Ce, Pr, Nd, Sm, Gd, Tb, 
Dy, Ho, Er, Y [70B12]; R=La [83BlO]; R=Ce [59Cl, 75P8]; R=Gd [75P8]; R=Zr 
[72 E 23 

RaM,H, Gd$o,H, [85 A 133; Y$o,H, [84 B 3,85 A 14-J; La,Ni,H, [83 B IO]; Y,Ni,H, [84 B 123 

For thermal variation of lattice constants see 
Th,Co,, Th,Co,H, [84A 133; Y,Co,H,,, [SS A 141; Tb,Co, [82A 121 

For hydrogen absorption and desorption see 

RzMd-4 R,Co,H, [78 G 2, 87 133; Y,Co,H, [85 Y 61; La,Ni,H, [77 K 63; Ce,Co,H, [80B 161 
(R’R”),M,H, (YLa),Co,H,, (YGd),Co,H, [87Y 61 
RJM’M”), Y,(Co,Ni),H, [87 Y 61 

7nl I I 

Magnethtion, Curie temperatures 

60 

I 
50 

b 
40 

0 100 200 300 400 K 500 
TM 

Fig. 277. Thermal variation of the spontaneous magncti- 
ration and of the magnetization in a magnetic field of 
180kOc of Y,Co, having lower Co content than the 
stoichiomctric enc. as well as of the stoichiomctric Y&o, 
alloy. In the first case, random substitutions of some Co 
by Y atoms take place. Consequently, some Co atoms 
have higher Y coordination. It results a decrease of the 
magnetic correlations and the Co atoms situated in the 
ncighhourhood of thcsc substitutions arc unstahlc from 
the ma_enctic point of view [87 B I]. 

0 40 80 120 160 kOe 200 

Fig. 276. Magnetization isotherms for Gd,Co, at 4.2K 
and Y,Co, having lower Co content than the stoichio- 
metric one, at 4.2 and 240 K, parallel and perpendicular 
to the c axis. For both compounds the c axis is the easy 
axes of magnetization. In case of Y&o,, at 240 K, a field- 
induced transition to a state with higher magnetization is 
evidenced. Similar transitions have been observed in the 
tempcraturc range 160...320 K. For temperatures higher 
than 320K this transition is covered by the effects of 
thermal fluctuations of the magnetization [87 B I]. For 
stoichiomctric Y&o, compound a normal bchaviour is 
found. 
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I 8 

.- 4’ 6 

4 

0 25 50 75 100 125 kOe 150 
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O 25 50 75 100 125 kOe 150 0 50 100 150 200 K 250 
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Fig. 278. (a) Magnetization isotherms of Y,Ni, at 4.2, 20 
and 77 K; (b) field dependence of the differential magnetic 
suceptibility at 20 K; (c) temperature dependence of the 
differential magnetic susceptibility at 150 kOe [83 G 31. 
As shown in (b) the maximum in the differential suscepti- 
bility corresponds to a change of regime. The high-field 
susceptibility, which corresponds to the paramagnetic 
susceptibility of the 3d-band without spin fluctuations, 
shows a “plateau” between 20 and 50 K (c). 

8 
FE 
f.u. 

6 

I 
h 4 

0 200 400 600 800 K l[ 
TW 

Fig. 279. Thermal variation of magnetizations in a mag- 
netic field of 20 kOe for R,Co, compounds with R = Gd, 
Tb and Y [66 L 41 and R = Er [68 B 71. 
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Fig. 280. Thermal variation of spontaneous magneti- 
zations and reciprocal magnetic susceptibilities for (a) 
Pr,Ni,, Nd,Ni,; (b) Gd,Ni,, Tb,Ni,, Dy,Ni,, Ho,Ni, 
and Er,Ni, [69P 1, 67 L 53. 

8025 
J9 
0.“020 

I 
0.015 

a" 0.010 

0.005 

0 

Fig. 281. Thermal variations of magnetic susceptibility 
and spontaneous magnetization of Y,Ni,. Above 
Tc=58 K there is no spontaneous magnetization and 
Y,Ni, is paramagnetic. As the temperature decreases, 
spontaneous magnetization appears at Tc= 58 K and the 
compound is weakly ferromagnetic. The spontaneous 
magnetization passes through a maximum at ~40 K and 
vanishes at the compensation temperature T,=7K 
[83 G 33. Initially, the experimental data were attributed 
to a thermally induced ferromagnetism. Later on 
[90B l] the above behaviour was shown to originate 
actually from the existence of Gd impurities in the 
studied sample and interpreted in terms of an inhomo- 
geneous ferromagnetism. The Y,Ni,, samples obtained in 
[67 L 5, 69 P 1, 84 B 121 show a common ferromagnetic 
behaviour. 
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Table 65a. Magnetic properties of R&o, compounds. 

T,(K) Paramagnetic 

66L4 68B7 68Vl 70B6, 7OS6 83B3 77bl 66L4 68B7 68Vl 70B6, 7OS6l) 83B3 85Y6 
72Bll 72Bll 

La&o, 

Ce,Co, 
Pr,Co, 
Nd,Co, 
Sm,Co, 
Gd,Co, 

Tb,Co, 
DY&o, 
Ho&o, 
Er,Co, 
y,co, 

775 

490 

771 

123 
574 
609 
713 

2.4 

6.6 

2.5 

10.5 
13.1 
9.1 

c-w 
see Fig. 284 

nonlinear 

717 5.3 
see Fig. 284 

670 

639 
670 

647 
646 

639 

640 
6.0 

7.4 
7.5 

9.6 9.24 c-w 
see Fig. 284 

‘) At room temperature 



Table 65b. Magnetic properties of R2Ni, compounds. E; 

Tc, G(K) Paramagnetic ‘) 
behaviour 

67L5, 
69Pl 

72B14 75P4 8351 84Bl2 67L5, 
69 Pl 

72B14 84B12 0 
K 

Peff 
h/Ni 

La,Ni, 

Ce,Ni, 48 
Pr,Ni, 8.5 
Nd,Ni, 87 
Gd,Ni, 118 

Tb,Ni, 101 98 98 10.72 
Dy2Ni7 81 80 80 13.30 
Ho,Ni, 70 12.57 
Er,Ni, 67 12.28 
Y2Ni, 58 58 59 54 0.41 

119 

T,,=53 

0.26 
4.36 

93 4.14 
116 116 12.65 12.70 nonlinear *) 

C, = 16.81 cm3 K/mol 

:; 

“1 

0.56 543) 0.87 

‘) See Figs. 278, 280, 281. *) [72B 141. ‘) [84B 123. 4, See Fig. 280. ‘) [83 P4]. 
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Table 66. Pressure and volume dependences of the Curie 
temperatures. 

dT,/dp 
K kbar-1 

d In Tc/d In V Ref. 

y,co, ‘) 5.5 77B 23 
Nd,Ni, ‘) 0.08 -1.2 75P4 
Gd,Ni, -0.11 1.3 75P4 
Tb,Ni, 0.00 0.0 75P4 
Dy& 0.03 -0.6 8351 
Y,Ni, 0.08 -1.9 83Jl 

r) The volume dependence of Tc values in R,M, 
compounds was analysed in [83 J I]. 

2, The pressure dependence of the Curie temperatures 
of R,Ni, compounds was analysed by using the s-d model 
[8416]. 

0 5 IO 15 20 25 1 30 

Fig. 282. Magnetization isotherms in Y2Co,H, hydrides 
[SS Y 5,86 G 43. The metamagnetic transition is observed 
in the p- and y-hydrides except for Y,Co7H,. This 
transition is attributed to the itinerant-electron metamag- 
netism of the strongly paramagnetic Co sites near the 
onset of the ferromagnetism. See also [83 B 3-J. 

Landolt-Bbmstein 
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Table 67. Magnetic properties of RzM, hydrides ‘). 

T Pu (ul3) H, *) Hz *) T, TN Pelf 0 Ref. 

K Low-moment High-moment Normal kOe K Irm K 
state state beha- 
Q-H,) (H=280kOe) viour 

4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 

0.19 
- 
- 
0.29 
0.09 

Y937H6.6 4.2 0.22 
La,Ni,H, Pauli paramagnet 
Y,Ni,H, 4.2 

0.90 
1.32 

0.81 
- 1.18 
- 1.27 
1.03 - 
0.98 - 

0.90 

0.046 

56(4) 
- 

i7(l) 
31(l) 
20..-15 

between 
4.2..-300K 

IW) 

- 

56(4) 
- 

24(4) 
2w 

420 85A13 
85Y6 
85Y6 
85Y6 
85Y6 
85Y6 
85Y6 

470 83B3 

- 85Y6 
84B12 

- 98 0.95 99 84B12 

‘) See also Figs. 282, 286-290. 
‘) Critical field for increasing (H,) and decreasing (H:) the magnetic field. 
3, Parent phase. 
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Fig. 284. Thermal variation of reciprocal magnetic sus- 
ceptibilities for some (Gd,Y, -&Co, [SS B 111 and 
(Gd,La,J,Co, [85B 133 compounds. For Y&o, and 
La&o, ferromagnetic compounds, 2-l vs. Tcurves show 
a Curie-Weiss dependence. In case of ferrimagnetic com- 
pounds x-’ vs. T is nonlinear. 

,]$f” , 
600 1 

le I? 
co 500 

-:y\J.” 
-41 

0 0.2 0.4 0.6 0.8 1.0 
RzCo, x- Gd,Co, 

Fig. 283. Composition dependence of the saturation mag- 
netizations at 4.2 K, Curie temperatures, and effective Co 
magnetic moments in (Gd,Y,-&Co, [85B II] and 
(Gd,La, -JCo, [85 B 131 compounds. 

3d- atom 
,C+ 

ci’ f-tJTtru:;; 
0 0.5 1.0 0.5 O0 

Y,Fe, x - Y,Co, c-x Y,Ni, 

Fig. 285. Saturation magnetic moments at 4.2K and 
ordering temperatures in Y,(Co,M, -J7 compounds as 
function of composition [72P2, 75T I]. No structural 
data were determined for these compounds. For 
Y,(Co,Ni, -.J7 with approximately composition x ~~0.2, 
the magnetic moment passes through a minimum before 
increasing again to Y,Ni, compound. The behaviour of 
the ordering temperatures is parallel to the magnetic 
moment behaviour. In Y,(Co,Fe, -J7 compounds the 
ordering temperature is still rising with increasing Fe 
content when the limit of solubility is reached. 
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I I 
$ (Yo.sGdo.,)2 Co7H, 

0 5 10 15 20 25 1 30 

Fig. 286. Magnetization isotherms at 4.2K for 
(Y,-$3d,)2Co,H, system: (a) y=O.l (b) y=O.4 [87Y 71. 
The mctamagnctic transition shown by the P,-hydrides at 
y=O.l and 0.2 is considcrcd to be due to the itinerant 
metamagnctism of the Co magnetic moment. Some 
paramagnctic Co atoms achieve a spin-splitting state 
above the critical magnetic licld as result of the applied 
and exchange fields. 

I 
b 

‘“I 
1 I 1 I I I I 

0 5 10 15 20 25 1 30 

0 
0 0.2 0.2 0.6 0.8 1.0 

b YzCo7H1.7 Y- bCo7H1.7 

Fig. 287. (a) Magnetkation isotherms at 4.2K for 
(Y, -yLa,),Co,H,,, hydrides. (b) Dependence of the crit- 
ical field H, at 4.2 K on the La content [87 Y 63. 
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0.4 

I-- 

o.z:I’I A-’ v 0.8 

Ob 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

x- 

Fig. 289. Variation of the magnetic moment at 4.2 K for 
the Y,(Co,-,Ni,),H, system: (a) in zero magnetic field 
and (b) in the maximum applied field (approximately 
280...300 kOe) [86 G 4, 87 Y 7-j. The partial substitution 
of Co in Y,Co,H, by Ni abruptly reduces the sponta- 
neous magnetization. The P-hydride of the lowest hydro- 
gen concentration, Y,Co,H,,,, is a Pauli paramagnet. 
Further hydrogen absorption in this phase induces an 
abrupt increase in the spontaneous magnetization. The 
P-hydride of the highest hydrogen concentration, 
YAW-Lo, has almost the same value of the magneti- 
zation as that of uncharged material. In the -y-phase 
(x = 6.0...6.6), on the contrary, an increase in the hydrogen 
concentration reduces the spontaneous magnetization. 

1.4 

0.4 
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I ( \. 
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0 0.5 1.0 1.5 2.0 2.5 3 1.0 

Fig. 288. Dependence of the Co magnetic moment on the 
hydrogen content, at 4.2 K in zero magnetic field for the 
(Y,-,Gd,),Co,H, system [87Y 61. The Co magnetic 
moment depends strongly upon the magnetic field 
polarizing it. The exchange field produced by Gd spins 
assists the increase in the Co magnetic moment. The 
disappearance of ferromagnetism in the &-hydride (y = 0, 
x = 1.7) is attributed to the weakening in the exchange 
interactions upon hydrogen absorption. 

15.0 I 
1 Y2(C~,-yNiy)7Hx0 

E 
I Y Hc H;” ,2,5 

0 v . 

0.2 0 l 

0.4 q 8 

0.6 A A 
0.8 0 l 

x- 
Fig. 290. Dependence of the critical magnetic field, H, (in 
increasing field) and Hf (in decreasing field), at 4.2 K on 
Ni content and hydrogen composition for the 
Y,(Co, -yNi,),H, system [87 Y 61. The critical field gener- 
ally decreases with increasing hydrogen content. 
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For magnetic properties see also 

R&f, M=Co, Ni [83G3] 

R&o, [72B8, 79D43; R=Gd, Tb, Ho, Y [66L4]; R=Sm, Gd, Er, Tm, Y [74D7]; R=La, Pr, Nd 
[77SlS]; R=Th [84Al3] 

R,Ni, [69Pl]; R=Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Y [67L5]; R=Gd, Tb, Dy, Y [75P4]; R=La 
[83BlO, 83P4-J; R=Y [Sl G4,81 G5, 81 G6, 8363, 84S8(T), 86M3(T)] 

R2MJ-4 La,Co,H, [80B18, 83BlO-j; Ce,Co, [80B16]; Gd,Co,H, [85A13]; Y,Co,H, [82B 14, 
83B3,84B3,85A14,85Y4,85Y5, 85Y6,86A5, 8664-J; Th,Co,H, [84Al3] 

La,Ni,H, [83 B IO]; Y,Ni,H, [84B 123 
(R’R’XM, (GdLa),Co, [85 B 12, 85 B 133; (GdY),Co, [SS B 11, 85 B 121 
R,(M’M”), R,(FeCo), [73 H 41; R,(FeNi), [73 H 41; Gd,(CoNi), [85 B 121; Y,(CoNi), [72P 21 
(R’R”),M,H, (YLa),Co,H, [87 Y 63; (YGd),Co,H, [87 Y 6, 87 Y 71 
R,(M’M”), Y,(CoNi),H, [87 Y 63 

Pressure effect on Tc 
R,Co,, R,Ni, [83 J I]; R =Y [83 B 41 
Tc in R,Co, and R,Ni, [86P7] 

Neutron diffraction 

a 

b 

Fig. 291. Projection on the (001) plane of the magnctiz- 
ation density at (a) 2K and (b) 280K of Y&o, having 
lower Co content than the stoichiometric one (contours 
are in 0.1 ur, AV2). As observed from Table 68 the magne- 
tic moments of Co, (3b site) and Co, (18h site) atoms 
decrease by 27% and 23%,respcctively, between 2 and 
280K, much stronger than for the other sites. The 
longitudinal fluctuations influence mainly the magnetic 
contribution of Co, and Co, atoms, their supcrimposcd 
magnetic susceptibility having a maximum similar to 
that observed in YCo, compound [87 B I]. 
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Table 68. Magnetic moments determined by neutron diffraction in some R,M, compounds. 

T PR h-b) PM kB8) Ref. 
K 

RI RI1 3b 6c 6c 9e 18h 

ym7 4.2 - - 1.28(6) 1.45(5) 1.45(5) 1.37(3) 1.11(2) 69K5 
Y,CO’ ‘1 4.2 - - 1.057(41) 1.255(14) 1.255(14) 1.179(12) 0.954(9) 87Bl 

280 - - 0.769(67) 1.033(26) 1.033(26) 0.991(18) 0.734(18) 
Er,Ni, 4.2 8.9(7) 5.5(13) SO 71Pl 

lO(10) 55(8) 74Yl 
with with 
c axis c axis 

‘) With Co content lower than the stoichiometric one. 

EPR, FMR 

For FMR measurements see 
Y&o, [86 T9]; Gd,Ni, [80 B 151 

For EPR measurements Gd,Ni, [SOB 151 

Miissbauer effect, perturbed angular correlations 

For perturbed angular correlation 
140Ce in La&o, see [Sl M 111 

NMR 

0 40 80 120 160 MHz 200 
Y- 

Fig. 292. Uncalibrated NMR zero-field spin-echo spec- 
trum of “Co at 4.2K in Y,Co, compound [77F 31. In 
this compound there are five Co sites, but their anisotropy 
energies are comparable in magnitude (see [84 K 11). That 
is reflected in the NMR spectrum where one intense 
broadened line at 96 MHz is observed. 

For NMR studies see also 
lH in La,Ni, [79H9,80HlO] 
5gCo in Y&o, [76 F 1, 77 F 3, 77 Y 51; Gd,Co, [71 U 11 
89Y in Y&o, [76 F I]; see also Table 61 
ls5Gd, 15’Gd in Gd,Co, [71 U l] 
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Anisotropy, magnetostriction 

0 50 100 150 200 250 K : 
l- 

i 
300 

Fig. 293. Thermal variation of the anisotropy constants, 
K,, of Gd,Co, and stoichiometric Y&o, compounds. 
The stronger temperature depcndcncc of K, in Gd,Co, 
shows the increasing importance of the noncollinearity of 
the magnetic moment configuration rcduccd by the 
external field [87 B 11. 

20 20 
-106 -106 
9 9 
cm3 cm3 

I 10 I 10 

<5 <5 
t’ t' 

0 0 

-5 -5 
10.0 10.0 
% % 

7.5 7.5 

I 5.0 I 5.0 
x x 
d d 

2.5 2.5 

0 0 
0 0 100 100 200 200 300 300 400 400 K K 500 500 

l- l- 

Fig. 294. Thermal variation of (a) the anisotropy con- 
stants K, and K, as well as (b) the magnetization ani- 
sotropy, AM, in Y&o, having lower Co-content than 
the stoichiomctric enc. The K, values have a minimum at 
220K, whereas K, values have a maximum. This 
bchaviour is attributed to the gradual mctamagnctic 
transition. The transition from the state with high mag- 
nctization towards the one with low magnetization when 
tcmpcraturc increases, is due to the longitudinal lluctu- 
ations of the magnetization. These fluctuations enhance 
the dccrcasc of K, values as compared with the situation 
when only transverse fluctuations arc present. In high 
external magnetic fields, the state with high magnetktion 
is gradually regcncrated due to quenching of the longi- 
tudinal fluctuations of the magnetization. The anisotropy 
incrcascs up to the value characteristic of the high- 
magnetization state. This fact is reflected in important and 
positive K, values. At 220K, the longitudinal fluctuations 
have minimum amplitude. At higher temperatures, the 
effect of these fluctuations decrease since the K, values 
increase [87 B 11. 
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Table 69. Anisotropy fields determined in some R&o, 
compounds. 

219 

T 
K 

La&o, RT 
Pr,Co, RT 
Nd,Co, RT 
Sm,Co, RT 
Gd,Co, RT 
Gd,Co, 4.2 
Y,C% RT 
Y&o, 4.2 
y,co, 4.2...400 

ff.4 
kOe 

> 50 
>I00 

small 
> 200 
>lOO 

210 
> 50 

105 
dependent on 

temperature 

Ref. 

73B21 
73B21 
73B21 
73B21 
73B21 
85Al3 
73B21 
85A 14 
84Kl 

For anisotropy studies see also 
Wo, [73B21, 78K12, 79D4]; R=Sm, Gd, Er, Tm, Y [74D7]; R=Sm, Y [74K6]; R=La, Pr, Nd 

[77S15]; R=Pr, Sm [84Wl]; R=Tb [82All]; R=Y [84Kl, 85T7, 86T9] 
Wo,K R=Gd [85A13] 
R,(M’M”), [Sl K4] 

For spin reorientation see 
R,Co, [79 D 41 

Table 70. Magnetostriction of Y,Co,H, 
hydride at room temperature. 

Y,CoJ% 

4 Ref. 

-0.35.10-3 83B3 

For magnetostriction studies see 
Gd,Co,H, [85A 13-J; Y,Co,H, [85A 141 
Tb,Co, [82 A 1 l] 

Domain structure, magnetization processes 

For magnetization processes see 
Pr,Co,, Sm,Co, [84 W 11; Gd,Co,H, [SS A 131 

For domain structure 
Ho&o, [79 K6]; Y,Co,H, [84 B 33 

Transport properties 

For thermopower studies in La,Ni,, Ce,Ni, [SS G 173, Ce,Ni, c84 L 71 

Electron spectroscopy 

For electron spectroscopy see 
L, r r spectroscopy 
Ce,Co, [82 F 91 

Land&-Bbmstein 
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Crystal structure, lattice parameters 

2.4.2.15 R,Mlg compounds 

16132 

s/32 

14132 

12/32 

10132 

8132 

6/32 

2/32 

s/32 

2L/48 

23X/&8 

22148 

16148 

12148 

10148 

8.6/48 

848 

Z&X8 

2/18 

a hexagonal b rhombohedrol 

Fig. 295. (a) Half of unit cell of the R&o,, hexagonal 
compounds (P6,/mmc-space group) [79 L 1-J. The sets of 
atomic positions arc given in Table 71(a). (b) Half of unit 
cell of the R&o,, rhombohcdral compounds (R5m-space 
group) [74 K 93. The sets of atomic positions arc given in 
Table 71(b). In both figures small circles arc M atoms and 
large circles the R atoms. 
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Table 71a. Atomic positions in R,M,, com- 
pounds, hexagonal structure having 
P6,/mmc space group [79 L 11. 

Table 71b. Atomic positions in R,M,a com- 
pounds, rhombohedral structure having 
Rgm-space group [74 K 91. 

Atom Site x Y Z Atom Site X Y Z 

Rl 2c 113 213 114 
RZ 4f l/3 213 V 
RX 4f 113 213 s/32 
Ml 2a 0 0 0 
MZ 2b 0 0 114 
M3 2d 113 213 314 
M4 4e 0 0 l/8 
MS 4f 113 213 718 
M6 12k 516 213 l/16 
M, 12k 516 213 3116 

R 
RI 
R2 
M 
Ml 
MZ 
M3 
M; 
M; 

3a 0 0 0 
6c 0 0 l/12 
6c 0 0 0.154 
3b 0 0 112 
6c 0 0 114 
6c 0 0 113 
6c 0 0 5112 

18h 112 Tp l/8 
18h 112 i72 l/24 

To these are added the translations: (0, 0, 0), 
(113,213, 2i3), (213, 113, 113). 

Table 72. Structure and lattice constants (A) of R,Co,, compounds. 

Structure and 73R2 73K6 74K9 
space group 

a C a C a c 

rhombohedral 
RJm 

hexagonal 
P6,/mmc 

rhombohedral 
R3m 

rhombohedral 
R3m 

rhombohedral 
R3m 

hexagonal 
P6Jmmc 

rhombohedral 
R3m 

hexagonal 
P6,/mmc 

rhombohedral 
R3m 

5.123 48.74 

4.9446 32.460 

4.939 48.71 4.9475 48.7434 4.9447 48.688 

5.053 48.71 5.065 49.144 

5.054 46.66 5.052 48.666 

5.0312 32.265 

5.0314 48.402 

5.0041 32.059 

5.0039 48.087 

For structure and lattice constants see also the reports of Schweizer (1972) and Ray and Strnat (1972) cited in 
[75 S 133 and [73 K 6,75 P 81. 
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Magnetization, Curie temperatures 

iao 
.lcP 
A 
OeCo 

I 5.0 

2.5 

0 50 100 150 2 
I- 

: 

1 00 e 
250 K : 

a20 

IhI 

0 10 20 30 40 kOe 50 
b H- 

Fig. 296. (a) Thermal dcpcndence of the initial magnetic 
susceptibility xi in CesCo,, compound. (b) Field variation 
of the magnetization at 100 K [83 G 43. A maximum in xi 
is observed at 160K, which dots not corrcspond to any 
anomaly in the tempcraturc dcpcndcncc of the electrical 
rcsistivity. Below 160K, a transition towards a state of 
higher magnetization is induced by an applied magnetic 
ticld. 

Table 73. Magnetic properties of R&o,, compounds. 

T,(K) 0, (kG/f.u.) ‘) 

75Rl 75K3 75313 82R2 75Rl 

~sCo,9 616 6.250 
CesCo,g 293 0.579 
prsco,, 690 698 9.630 
Nd,Co,, 714 10.030 
SwCo,g 783 

ysco,, 721(2) 

‘) At room temperature. 

For magnetic properties see also 
R&o,, R=Ce, CeLa, CeMM [73F2]; R=La, Ce, Pr, Nd [75R 

[83G4]; R=Pr [84Wl, 85C5]; R=Y [82R2] 
11; R=Ce, La, Pr, Nd [75S13]; R=Ce 

Kirchmayr, Burzo 



Ref. p. 4051 2.4.2.16 R-3d: R,M,, 223 

2.4.2.16 R,M,, compounds 

Crystal structure, lattice parameters 

Fig. 297. (a) Crystalline structure of R,M,,-type com- 
pounds. These show a fee-type lattice having the space 
group Fm3m. The R atoms are located in e-type sites and 
M atoms in b, d, fi and fi sites. The above structure may be 
also maintained upon hydrogenation (or deuteration). 
The equivalent positions of the atoms in the crystallo- 
graphic space group Fm3m of Y,Mn,,H,, hydride are 
given in Table 74. Four type of sites are evidenced for D 
atoms. In (b) a model of the basic building block for 
R,Mz3 intermetallic compound is shown. The volume 
shown is l/32 of a unit cell. There are 4 octahedral a sites 
(R6) per unit cell, 32f, sites (R,M), 96k, sites (R,M,), 96j, 
sites (RM,), 96j, sites (RM,), and 1921 sites (RM,). The 
concept of minimum hole radius (0.04 nm) and minimum 
H-H distance (0.210 nm) were used to predict hydrogen 
site occupany [83 W 31. The model suggests that in 
Y,Mn,,D,, and Th,Mn,,D,, (space group Fm3m), in 
addition to a and f3 sites, j, sites should be also involved. 
In Y,Mn,,D,, system, the deuterium atoms fill the a site 
and partially fill the fs, j, and k, sites [84 H 23, which is in 
relatively good agreement with the Westlake model 
[83 W 31. There is a structural and accompanying mag- 
netic transition occurring at E 175 K. The crystal structure 
transforms into a primitive tetragonal structure of space 
group P4/mmm [84 H 21. The equivalent positions of the 
atoms in P4/mmm-type structure are also given in 
Table 74. The Ho,Fe,,D,,,, hydride shows at low tem- 
perature a body-centred tetragonal structure of 14/mmm 
space group [83R 51. The equivalent positions of the 
atoms in this structure are given in Table 75. It was 
suggested [SS S 221, that the room-temperature tetra- 
gonal (c > a) hydride phase, R6Mz3Hx, results if x > 9 and 
the volume of the unit cell is less than a “cut-off value of 
about 1.883(5). lo3 A3, Table 77. The tetragonal structure 
seems to be compatible with a hydrogen-induced distor- 
tion of the j, interstitial sites, which are otherwise too 
small to accomodate hydrogen atoms. The model 
[SS S22] predicts that no Mn-rich tetragonal hydride 
phases will be found, while several Fe-rich tetragonal 
hydride phases should occur. 

a OM 

symbol atom/interstice (1) !$$!‘, 

0 R 24e 
@ M 
. M 

0 I 
A I 
‘I I 

0 1 
0 I 

4b 

24d 
32f, 
32f, 
40 
32fj 
48i 

9% 
96L 

A I 96kl 
0 I 1921 

b 

LandokB6mstein 
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12.6 I I I 

12.5 

I 

12.4 

12.3 
b 

12.2 

l l.go_l 6 
x- 

12.6 
a 

12.5 

12.3 
c, 

12.0 
0 0.2 0.4 0.6 0.8 1.0 

Fig. 298. Lattice parameters vs. composition determined 
at room temperature in Y6-XErrFe23 alloys and their 
hydrides: (open circles, triangles, inverted triangles) hy- 
drides; (solid circles) parent compounds [83P9]. The 
parent alloys crystallize in a face-centred cubic structure. 
A pronounced minimum in the lattice parameter was 
evidenced for Er,Y,Fe,,. A similar minimum was also 
observed in the 1 atm hydrogen capacity of the alloys. 
The hydrides of the Y-rich compounds were found to 
retain the cubic structure of the parent compounds, 
whereas the hydrides of Er,YFe,, and Er,Fe,, adopt 
tetragonally distorted structures. 

30 
site 12 

0 0.2 0.5 0.6 0.8 1.0 

Ve23 x- h Mn2, Y6 Fe23 x- Y6 Mn2: 

Fig. 299. Composition dependence of the lattice con- Fig. 300. Preferential site ordering of Fe and Mn atoms. 
stants in R,(Fe, -XMn,)2J (R=Gd, Tb, Dy, Ho and expressed as a percentage departure of Mn atoms from 
Er) compounds at room temperature [71 H 2). a stoichiometric distribution, in Y,(Fe, -=Mr& 

compounds. Throughout the entire compositional range 
of the ternary system, Mn atoms prefer to occupy the f, 
sites and Fe atoms the f, sites [8OH 2, 81 H 11. 
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Table 74. Equivalent positions in Fm3m and P4/mmm crystallographic space groups of Y,Mn,,D,,, Z = 4 for 
the Fm3m structure, and Z= 2 for the P4/mmm structure [84H 21. 

Atom 

Face-centred cubic (Fm3m) Primitive tetragonal (P4/mmm) 

Site (x, y, z) N/2 tu. Site (x3 YT 4 x Y Z N/2 f.u. 

y e (x, 0, 0) 12 g (0, 0, 4 0.205 2 
x=0.205 h u/z I/Z 4 0.295 2 

j (x, x, 0) 0.205 4 
k (x,x, l/2) 0.295 4 

Mn 

Mn 

Mn 

Mn 

b 

d 

fl 

f2 

w, l/2, l/2) 2 b 
C 

(0, l/4, l/4) 12 
B 
rl 

(x, x, 4 16 Sl 
x=0.179 h 
(x9 x, 4 16 S2 

x = 0.372 t2 

(0, 0, l/2) 1 
u/z I/Z 0) 1 
(0, I/% I/2) 2 
(0, m 0) 2 
(x, x, 4 0.250 0.750 8 
(x, 0, 4 0.358 0.179 8 
(x, m 4 0.142 0.321 8 
6, 0, 4 0.256 0.372 8 
(x, l/2,4 0.244 0.128 8 

D a (0, 0, 0) 

D f3 (x9 x, 4 
x=0.100 

D jl (0, YY 4 
y=O.169 
z=o.373 

D k, (x, x, 4 
x=0.161 
z = 0.049 

2 

16 

48 

48 

Fl 
S3 

t3 

P 
9 
r2 
r3 
r4 
5 
S4 

t4 

Ul 

u2 

(0, 0, 0) 
UP, l/Z l/2) 
(x, 0, 4 
(x, m 4 
(x3 Y, 0) 
(XT YY l/2) 
(& & 4 
(x, 4 4 
(x, x, 4 
(x, x, 4 
(x, 0, 4 
(x, m 4 

iYz; 4 ,z 

1 
1 

0.200 0.100 8 
0.300 0.400 8 
0.204 0.458 8 
0.296 0.042 8 
0.127 0.331 8 
0.169 0.373 8 
0.331 0.127 8 
0.373 0.169 8 
0.322 0.049 8 
0.178 0.451 8 
0.112 0.210 0.161 16 
0.290 0.388 0.339 16 
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Table 75. Equivalent positions in lattice for the compounds Ho,Fe,,D, (u=O; 1.5; 8.2; 15.7)(space group Fm3m) 
and Ho,Fe,,D,,,, (space group 14/mmm) [83 R 51. 

Atom 

Ho,Fe,,D, (Fm3m) 

Site (x.3 Y, 4 N/2 f.u. 

Ho6Fe23D,z.l OWmm) 

Site (x3 Y, 4 N/2 f.u. 

Ho e (x., 0, 0) 12 e (0, 0, 4 4 
x=0.205, u=o z=o.201 4 
x=0.205, u=l.S 
x=0.211, u=8.2 h k 4 0) 8 
x = 0.209, u = 15.7 x=0.214 

Fe 
Fe 

b 
d 

u/z I/2, I/2) 
(0, l/4, l/4) 

Fe 

Fe 

f I (x., x, 4 
x=0.175, u=o 
x=0.176, u= 1.5 
x=0.178, u=8.2 
x=0.177, u=lS.7 

f-2 (x, x, 4 
x=0.379, u=o 
x=0.379, u=l.S 
x=0.377, u=8.2 
x = 0.372, u = 15.7 

2 b (0, 0, l/2) 2 
12 

F 
(0, 112, 0) 4 
(l/4, 114, l/4) 8 

16 nl (0, 4 Y? 16 
y=o.354 
z=o.175 

16 n2 (0, Y> 4 16 
y=O.245 
z=O.363 

D 
D 

D 

D 

D 

Jr 

J2 

k, 

(0, 0, 0) 
(x7 x, 4 
x=0.110, u=l.S 
x = 0.098, u = 8.2 
x = 0.096, u = 15.7 
(0, Y> 4 
y=o.135, u=lS.7 
z=o.340, u= 15.7 
(0, Y> 4 
y = 0.076, u = 15.7 
z=O.385, u=lS.7 
(x.3 x, 4 
x=O.lSS,u=8.2 
z=O.O31, u=8.2 
x=0.159, u=15.7 
z = 0.047, u = 15.7 

2 a (0, 0, 0) 
16 n3 (03 4 Y, 16 

y=o.200 
z = 0.094 

48 1, (4 112, 0) 12 
x = 0.290 

48 12 6, 112, 0) 12 
x = 0.208 

48 0 cc Y, 4 32 
x=0.132 
y=o.222 
z=O.l66 
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Table 76a. Lattice parameters of R,Mn,, compounds (A). 

65Kl 65K2 65Wl 67Kl 77B 19, 
77 B 22, 
81 B 15 

8OP8 
8OP9 

82Pl 83C8 83T7, 85S22 
84T2 

Nd&h 
Sm&b 
GWh3 
Tb+h 
DYJG 
Ho&b3 
E@h 
Tm&h 
Yb&h 
h&b3 

12.189(5) 
12.200 12.187 12.199 

Y&nz3 12.470 12.470 12.438 12.457 12.445 12.451 

12.657 12.657 12.663 12.671 12.670 
12.670 12.670 12.558 12.572 12.563 12.560 
12.670 12.580 12.532 12.519 12.515 12.592 

12.440 12.396 12.396 12.484 
12.380 12.380 12.361 12.358 12.439 
12.340 12.340 12.324 12.337 12.383 
12.290 12.290 12.275 12.285 12.321 12.280 

12.260 12.226 12.243 12.242(5) 

Table 76b. Lattice parameters of R,Fe,, compounds (A). 

65K2 68Rl 69Gl 7OVl 71M6 79B5 83R5 8466 84H6 85822 

12.134 
12.070 12.081 
12.060 12.052 12.062 
12.040 12.034 12.032 12.029 
12.010 12.004 12.011 11.944(6) 
11.980 11.972 11.972 

11.945 
11.950 11.933 11.934 
12.120 12.082 12.086 12.095 
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Table 77a. Lattice parameters and volume expansion of 
R,Mn,,-hydrides (deuterides) ‘) at room temperature having 
Fm3m space group. 

i 
AVIV 
% 

Ref. 

13.237 
13.129 
12.950 
12.970 
13.017 
12.892 
12.773(l) 
12.852 
12.706 
12.691(3) 
12.492(4) 
12.467(3) 
12.449(4) 
12.422(6) 
12.462 
12.7853 
12.799 
12.780 
12.805 
12.840 
12.780 
12.842 
12.880 
12.922 
13.203 
13.259 
13.205 

14 
11.2 
8.8 

10 
12 
11 
9.8 

12 

Z(2) 
6.3(2) 
5.6(2) 
5.2(2) 
4.5(3) 
6.7 
8.3 
8.6 
8.0 
8.8 
9.7 
8.0 
9.7 

10.5 
10.0 
17.3 
18.8 
19.0 

81 B 15 
81 B 15 
77B22,81 B15 
8OP8 
8OP9 
8OP9 
86L5 
8OP8 
8OP8 
85822 
85822 
85322 
85822 
85822 
77B22 
79c5 
79c5 
77Bl9 
8482 
79c5 
77Bl9,77B22 
77M5,7704 
84B4 
~80H4 
80H4 
77M5 
77B22 

‘) Hydrogenated R,Mn,, forms three hydrides (8, y and 8) 
in addition to a terminal solid solution. Enthalpies of formation 
for R,Mn,, are in the range - 32 to - 34 kJ (mot H,)- ‘. See also 
footnote to Table 77b. 
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Table 77b. Lattice parameters and volume expansion of R,Fe ,a-hydrides (deuterides) ‘). (x) signifies that the 
hydrogen content was not measured. 

T 
K 

Structure 
i 

AVIV 
% 

Ref. 

4.2 
295 

4.2 
78 

295 
4.2 

295 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 

ii; 
RT 

cubic 
cubic 
cubic 
cubic 
cubic 
cubic 
cubic 
cubic 
cubic 
tetragonal 
cubic 
cubic 
tetragonal 
tetragonal 
tetragonal 
cubic 
cubic 
tetragonal 
tetragonal 
cubic 
tetragonal 
tetragonal 
cubic 

12.022 
11.906 
12.158 
12.160 
12.187 
12.406 
12.423 
12.050 
12.242 
12.209 
12.445 
12.399 
12.131 
12.135 
12.209 
12.390(5) 
12.384(5) 
12.105(3) 
12.079(3) 
12.163(3) 
12.085 

- 

- 
- 
12.577 
- 
- 
12.601 
12.625 
12.577 
- 
- 
12.594(13) 
12.594(15) 
- 
12.595 
12.597(4) 
- 

- 
3.9 
3.9 
3.9 

10.2 
9.8 
0.03 
4.81 
7.1 

10.22 
9.0 
7.6 
7.5 

&3) 
9.8(3) 
6.7(3) 
6.2(3) 
4.0(2) 

.E(2) 
12:6 
7.6 

83R5 

83R5 

83R5 

83P8 
83P8 
83P8 
83P8 
81B9 
81B9 
83P9 
83P9 
85822 
85822 
85822 
85322 
85S22 
84G6 
84H3 
84B4 
83C8 

‘) Hydrogenated R,Fe,, systems exhibit four hydrides (p, y, 6 and E) plus a terminal solid solution. All of 
these are rather stable with enthalpies offormation in the range of - 19 to - 52 kJ (mol HZ)-’ absorbed. Hydride 
stability correlates with the size of the interstitial holes in which the hydrogen resides: the smaller the hole, the less 
stable the hydride. The Ho,Fe,,H,(D,) systems exhibit isotope effects, the hydride being more stable for the y-6 
transformation and the deuteride for the 6 -+a transformation [87 S 201. 

Table 77~. Lattice parameters (A) of R,M,,-deuterides having other types of 
structures. 

T Space a c Ref. 
K group 

4.2 P4/mmm 9.030 12.722 84H2 
78 9.031 12.723 
4.2 P4/mmm 9.076 12.961 84Hl 
9 P4/mmm 8.981 12.636 86L5 
4.2 14/mmm 8.561 12.608 83R5 

295 14/mmm 8.611 12.608 

‘) A bet structure with space group 14/mmm has been initially suggested 
[82C 141. The high-resolution data [84H2] make the P4/mmm symmetry the 
better choice. 
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Table 77d. Lattice parameters and volume expansion of 
Y,(FeMn),, alloys and their hydrides at room temperature. 

AVJV 
% 

Ref. 

12.094 
12.584 
12.110 
12.723 
12.138 
12.788 
12.298 
12.611 
12.219 
12.549 
12.137 
12.449 
12.265 
12.814 
12.094 
12.412 
12.331 
12.855 

12.7 

16.0 

16.9 

7.8 

8.3 

7.9 

14.0 

8.1 

13.3 

84B4 
84B4 \ 
84B4 
84B4 
84B4 
84B4 
7704 
7704 
7704 
7704 
7704 
7704 
84B4 
84B4 
84B4 
84B4 
84B4 
84B4 

For hydrogen absorption and desorption set 
R,M,,Hx R,M~,,H,,R=G~,D~,HO,E~[~~S~O];R=N~,S~,G~,Y[~~B~~];R=Y[~~BI~,~~W~, 

84 M 1-J; R =Th [77 M 5, 83 W 3, 84 M 11; R,Fe,,H, [83 S 22, 83 W4, 87 S 203; R =Ho, Er 
[81 B93; R=Ho, Er, Lu, Y [87S20] 

WJ’M”),, Er,(FeMn),,H, [82 Z 33; Y,(FeMn),,H, [84 B 43 

For structure and lattice parameters see also 
R&f,, R&in,, C67K 1,67K 2,83C8]; R=Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu [65 K 21; R =Nd, Sm, 

Gd, Tb, Dy, Ho, Er, Tm, Lu, Y [65 W I]; R=Nd, Sm, Gd, Er, Er,,,Y,,, [82P 11; R=Gd 
[64W4]; R=Dy [70Dl]; R=Yb [83T6, 83T7, 83T8-J; R=Y [77Bl3, 77B19-J; 
R=Th [52Fl, 77B133 

R,Fe,, [83C8]; R=Dy [82Bl]; R=Y [76B18] 
R&f, J4 R,Mn,,H, [77 B 21,77 B 223; R =Nd, Sm, Gd, Y [Sl B 151; R =Gd, Ho, Er [8OP 81; R =‘Tb, 

Dy[80P9];R=Tm,Er[85S22];R=Tm[84H3];R=Y[77B13,77B19,79C5,82C14, 
83W3];R=Th[77B13,80H4,83W3] 

R,Fe,,H, [83W4]; R=Ho, Er [8lB9]; R=Tm, Er [85S22]; R=Ho [83P8]; R=Y 
[76B 183 

(R’R”),M,, (ThY)Mn2, [Sl B 8, 82 B lo]; (ErY),Fe,, [83 P9] 
(R’R”),MzJH, (ThY)Mn,,H, [82 B lo] 
KWM”),, R,(FeMn),,,R=Dy,Ho,Er[71H2];R=Gd[86Nl];R=Sm[80Z3];R=Y[76B5,80H2, 

80H5] 
Tb,(FeAl),, [72 0 51; Y,(FeAI),, [79 B 53 

R&M’M”),,H, Y,(FeMn),,H, [77 0 4, 84 B 41 
Single crystal growing: Y,(FeCo),, [82 W 63 

For thermal expansion see also: 
Er,Fe,, C73 B 231; R,Mn,,, R = Gd, Tb, Y [SO J l] 
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Magnetization, Curie temperatures 

% ’ 

l Er,Mn,, 
o Gd,Mnzx 

4 M”n 

0 25 50 75 100 125 kOe 150 

H- 

Fig. 301. Magnetization isotherms at 4.2 K for Gd,MnZ3 
and Er,Mn,, compounds. The magnetic field is applied 
along the [ll I], [I IO] and [IOO] crystallographic axes. In 
the insert, the arrangement of Er magnetic moments in 
Er&h compound in zero applied field at 4.2K is 
shown [79 D 3, 79 H 21. 

I 
a' 30 

20 

10 

l-l 
50 50 

Is Is 
f.u. f.u. 
10 10 

I I 

30 30 

4' 20 4' 20 

IO IO 

n n 
-0 5 lo- 15 20 kOe 25 

Fig. 303. Magnetization isotherms for (a) Ho,Mn,, and 
its hydride and (b) Er,Mn,, and its hydride measured at 
4.2, 77 and 300 K [8OP 81. A substantial weakening, by 
hydrogenation, of the magnetic coupling between the 
rare-earth and manganese sublattices is suggested. 

0 25 50 75 100 125 kOe 150 
H- 

Fig. 302. Magnetization isotherms at 4.2 K for Dy,MnZ3 
compounds. The magnetic field is applied along the [l 11 J, 
[llO] and [IOO] crystallographic axes. In the insert the 
arrangements of Dy magnetic moments in zero field and 
for different fields as compared to critical values, H,, are 
shown [79 D 3, 79 H 23. 
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50 100 150 200 250 K 300 
l- 

Fig. 304. Temperature depcndencc of the magnetization 
in R,Mn,, (R=Gd, Dy, Ho, Tm, Lu) compounds 
[65D 11. The data were obtained in the temperature 
range 1.3...3COK and magnetic fields up to 25 kOe. 
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&- I 
‘;: Y,Mn,,H,5 

l . . 
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1 
0 50 100 150 200 250 K 300 

C l- 

Fig. 305. Temperature dependence of the magneti7ation.s 
in (a) Y,Mn,, and (b) Th,Mn,, in a magnetic field of 
6.3 kOe before and after hydrogen absorption [77 M 51. 
The temperature dependence of the magnetic suscepti- 
bility of Y,Mn,,H,, is given in (c). 
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Olb 
51.0 

AmZ 
301 I I I kg 

It 
Am' 

kg 

1: 

I 14 
b 

I 

Er6Fe23 
I 

poH=7.44T / 
t 

, 

b,, 
I:’ 

\ ly 

13 

12 4 
50 70 90 110 K 130 

a T- 

0 100 200 300 400 500 K 600 
T- 

Fig. 306. Thermal variation of (a) spontaneous magneti- 
zation for Lu,Fe,, and Y,Fe,, [69 G 11, and magneti- 
zation at 16 kOe for (b) Dy,Fe,,, Ho,Fe,, and(c) Er,Fe,, 
and Tm,Fe,, compounds [84 H 51. 

, I I I 

0 50 100 150 200 250 K 31 
T- 

00 

49.0 I 
290 292 294 296 298 K 300 

b T- 

Fig. 307. (a) Magnetization versus temperature curves 
near the compensation temperature of Er,Fe,, in poH 
= 7.44 T for different pressures. (b) shows the correspond- 
ing data near room temperature. The Er-Fe interaction is 
independent of pressure, temperature and magnetic field, 
in the range of experimental facilities. The magnetic 
moment of the Fe sublattice at 4.2K has a negative 
pressure dependence that is about twice as large as that for 
pure Fe. The volume dependence of the Fe magnetic 
moments, however, is of nearly equal magnitude in 
Er,Fe,, as in iron [83 F7]. 

Fig. 308. Magnetization versus temperatures in an ap- 
plied magnetic field of 21 kOe for Ho,Fe,,H,, and 
Er,Fe,,H,, hydrides [Sl B9]. 
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properties of R,Mn,, compounds. 
I 

g 

T,(K) ps at 4.2 K (us/f.u.) 

69K4 77B22 8OP8, 8lBl5 82Pl 84T2 65Dl 71 Kl 77B22 79H2 8OP9, 81Bl5 82Pl 84T2 
8OP9 8OP8 

416 438 445 
439 450 442 
468 461 461 
455 455 455 
443 443 443 
434 434 
415 415 420 

378 
486 486 486 486 

9.6 
3.0 

50.4 49 
44.4 
49.8 
49.2 
45.6 
30.6 

406 
8.9 

13.6 13.2 
~a=l.10-6cm3g-1 

4.8 3, 10.1 5.23 60 
3.0 “) 10.3 5.04 85 

54.5* 55 1) 10.04 - 90 
49 2) 49 3) 15.3 -360 
49.6 2, 11.47 25 
59.8 2, 11.83 - 5 

46* 38 ‘J 10.56 30 

8.9 3, 
13.8* 13.2 ‘) 
[77 B 221 

0.7 

2.35 475 

l) K. Hardman, Ph. D. Thesis cited in [SOP 81, in a field of 50 kOe. 
2, In a field of 21 kOe. 
‘) In a field of 18 kOe. 
“) [69K4]. 



Table 78b. Magnetic properties of R,Fe,, compounds. 

Tc (W ps at 4.2 K (ua/f.u.) 

68Sl 69Gl 7OVl 80bl 77bl 81B9 84H5 68S1 69Gl 7OVl 80bl 77bl 7705 81B9 84H5 

659 ‘) 15.3 
577 

545 529 
501 509 
493 489 

443 483 
481 

491 494 44 
478 464 485 484 44 

11.3 
15.1 18.2 11.89 

13.8 ‘) 13.79 
8.2 ‘) 6.03 

13.6 14.50 
43.9 

44.7 
41.5 38 “) 42.84 

‘) As cited in [77 b I]. 
2, In a field of 21 kOe. 
3, Above T, the reciprocal magnetic susceptibility follows a Curie-Weiss law, peff = 3.73 &Fe [70 B 81. 
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Table 79. Magnetic properties of some R,M,, hydrides (deuterides). 

T,m Lmp 

K 

PE 
Pl3lf.U. 

Ref. 

WMn23K 220 20.8 ‘) 81 B 15 
Sm6Mn23Hx 230 15.3 ‘) 8lBl5 
WMn234 260 14.2 ‘) 81Bl5 
WMn23K 166 14.2 7lB22 
Gd6Mn23H22 2180 8.4 *) 8OP9 
Tb6Mn23H23 2220 17.7 2) 8OP9 
Dy6Mn23H23 paramagnetic 8OP9 
Lu6Mn2Jx 266 
Y&fn2,D2, (170) (Z) 

77B22 
82C14,84H2 

Y6Mn2,H2, Xg=0.2.10-5cm3g-1 77B22 
Y6Mn23H25 nonmagnetic 77M5,78B21 
Th6Mn2 3Hx 335 16.5 77B22 
%Mn23H30 329 18.4 7lM5 

Ho6Fe23Dl.5 575 
Ho6Fe23D8.2 671 
Ho6Fe23D,2.1 696 
Ho6Fe23D15.7 702 
HoZ’e2Jl~ >300 
Er6Fe23H,4 >300 
Tm6Fe23H,4 550 

‘) In a field of 18 kOe. 
2, In a field of 21 kOe. 

70 
h!L 
f.u. 
60 

170 15.9 83P8,87W3 
120 14.6 83P8,87W3 
98 11.4 83P8,87W3 
72 7.2 83P8,87W3 
75 7.8 81 B9 
19.5 8.0 81 B9 

23.6 8466 

0 

-10 
0 1 2 3 4 5 6 

x- 
Fig. 309. Saturation magnetization at 4.2K versus com- 
position in Ys-,Er,Fezx alloys and their hydrides 
[83 P9]. The lines drawn through the points are those 
predicted assuming the Fe magnetic moment to be 
constant and pEr=9pB coupled antiparallel to the Fe 
moments. These data suggest that the Er moment is not 
significantly qucnchcd by the crystal field effects. 
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I I 

hxYxMn& 

400 20 
K 

300 15 

I I 
4" 

J200 IO 
,- 

100 5 - 
T sg 

n n 
-0 12 3 4 5 6‘ 

x- 

Fig. 310. Saturation magnetization at 4.2 K and ordering 
temperature of Th,-,Y,Mn,, hydrides, as function of 
composition [82 B lo]. Tc is the Curie temperature, xg the 
spin glass freezing temperature. The Th-rich (x =0...3) 
hydrides exhibit magnetic ordering. They resemble the 
Th,Mn,, hydride. The Y-rich hydride (x =4.6) behave as 
spin glass systems. The different magnetic behaviour is 
ascribed to the substantial difference in the Mn-Mn 
nearest-neighbour distance. The spin glass nature of the 
Y-rich hydrides is though to originate from fluctuations 
in the sign of the exchange interaction from point to point 
in the lattice. Hydrogen capacity varies linearly with x. 

.%.I 

N. 
f.u. 
3.0 

2.5 

t 

G I I//l A-Z-Z-I I 
1.5 10 I I 

I /r//VI I I 
- 

0 25 50 75 100 125 kOe 
H- 

Fig. 313. Magnetization isotherms at 4.2K for some 
Y,(Fe, -xMnr)23 compounds [79 J 21. These suggest a 
magnetic clustering or spin glass behaviour. 

i Rg( Fe,-,Mn )23 
f.;;j 

61 

0 0.2 0.4 0.6 0.8 1.0 
R&k x- R6 b3 

Fig. 311. Composition dependence of the saturation 
magnetization at 4.2K in GddFel -W& 
[71 K 11, Ho,(Fe,-.Mt&, [71 H2, 73 K II], and 
Er,(Fe, -xMn&3, [78 H 51 compounds. 

R6(Fe,-xMnx)23 t, 

x----c 

Fig. 312. Composition dependence of the Curie tempera- 
ture Tc and compensation temperature Kornp, in 
R,(Fe, -XMn&, (R=Gd, Tb, Dy, Ho, Er, Tm) com- 
pounds [78 H 51. 
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0 50 100 150 200 K 250 

Fig. 314. Magnetization versus tcmpcraturc at an applied 
magnetic field of H=5.7 kOc for Y,(Fc,,,,Mn,,,,),,. 
Results obtained after zero field cooling arc indicated by 
open circles and after field cooling by solid circles. This 
bchaviour may bc understood in terms of spin glass 
bchaviour [77 H 43. 

0 0.05 0.10 0.15 0.20 0.25 

1.0 ‘JOI 
L. K 
01 K 
0.8 500 

0.6 30( 

0 
0 0.2 0.4 0.6 0.8 1.0 

Y6 Fe23 x- % Mb3 

Fig. 315. Composition dcpcndcnccs of the Curie tcmpcr- 
aturc; saturation magnetization at 4.2 K, inverted trian- 
gles [76B5], triangles [71 K 11; as well as electronic 
specific heat coeflicicnt [76B S] in Y,(Fc, -xMn,)zs 
compounds. 

Fig. 316. Composition dcpcndcnccs of the saturation 
magnetizations at 4.2K in Y,(Fc, -,Al,),, [79B5] and 
Dy,(Fc, -,Al,),, [77 0 51 compounds and of the Curie 
tcmpcraturcs in Y,(Fc, -,Al,),, compounds [79 B 51. 

h Fe23 x- 

For magnetic properties see also: 

R&f,, R,Mn,, C65K 1,69K 4,83(38,87U2(T)]; R=Gd, Dy, Er, Y [79H 21; R=Nd, Sm, Gd, Tb, 
Dy, Ho, Er, Tm, Lu [65 D 11; R = Sm, Gd, Dy, Ho, Er, Y [66 K 11; R =Nd, Sm, Gd, Er, 
Er,,,Y,,,[82Pl];R=Gd,Dy,Er[79D3];R=Tb,Dy[80P9];R=Er[82Z3];R=Yb 
[83T6, 83T7, 83T8, 84T2-J; R=Y [77Bl3, 77Bl9, 8223, 84Ml]; R=Th [77Bl3, 
84Ml-J; R=Dy,Tm [82BlS] 

R,Fe,,[69K4,79B2,83C8,88Rl];R=Dy,Ho,Er,Tm,Lu,Y[84H5];R=Dy[82Bl]; 
R=Er[72Bl5,79Gll];R=Tm[72B6,84G5];R=Y[70B8,72Bl5,74M8,76Bl8] 

R,M,A R,Mn,,H, [77B21,77B22]; R=Gd,Dy,Ho [8OP8]; R=Tb,Dy [8OP9]; R=Nd,Sm,Gd, 
y [8lBl5]; R=Y [77Bl3, 77Bl9, 77B22, 79C5, 84M1, 87W3]; R=Th [77Bl3, 
77M5,78B22,78W3,84Ml,87W3];R=Dy,Tm[82Bl5] 

R,Fe,,H, [83W2]; R=Ho [8lB9, 83P8, 87W3]; R=Er [8lB9]; R=Tm [84G5]; 
R=Lu [Sl Gl83; R=Y [76Bl8, 78B22] 
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WR”),M,, (ThY),Mn,s [Sl B 8, 82B IO]; (YEr),Fe,s [83 P9]; (GdY),Fe,, [83 P IO] 
(R’R”),M,,H, (ThY),Mn,,H, [82B IO]; (GdY),Fe,,H, [83P IO] 

R&f’M”),, R@eMn),, [69 K 4,73 H 41; R = Gd, Tb, Dy, Ho, Er, Tm [73 K 1 I]; R = Sm [SO Z 3,82 B 3, 
82B4,82Z1,83Zl];R=Gd[7lKl,86N1,87N1];R=Dy[71H2];R=Ho[7lH2]; 
R=Er[71H1,71H2,78H5,83F7];R=Y[68K2,71K1,76B5,7604,77G9,77F5, 
77H4, 79 52, 81 H 1, 83 C8, 83 L3]; R,(FeNi),, [73H4], Tb(FeAl),, [7205]; 
Dy(FeAl),, [77 0 I, 77 0 51; Y(FeAl),, [79 B 51 

R,(M’M”),sH, Y,(FeMn),,H, [77 0 41; (GdY),Fe,,H, [83 P IO] 

Neutron diffraction 
I I 

II," Vb(Fe,-,Mn,),, 

Fig. 317. Temperature dependence of the Er magnetic 
moment and the angle 0 between par and the [loo] axis in 
ErsMn,, compound [82 K 11. At low temperatures, the 
crystal field term favours the [loo] direction. The Er 
atoms on the three different cube axes have easy directions 
normal, to each other and thus the magnetic structure is 
noncollinear. 

a 

1 
0.7 0.8 0.9 1.0 

x- Ydh 
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I 2 

4” 
1 
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0 0.1 0.2 0.3 0.4 0.5 

b Y6 Fez3 x- 

Fig. 318. (a) Composition dependence of the Mn magnetic 
moments of the four sublattices in Y,(Fe, -xMnr)23 alloys 
at 4.2 K with x > 0.7. The magnetic moments of Fe atoms 
are not ordered in this composition range. The arrows 
indicate the relative spin directions on each site. (b) Fe 
sublattice magnetic moments as a function of Mn content 
for x ~0.4. The magnetic moments of Mn atoms are not 
ordered. All Fe moments are coupled parallel except for 
x = 0.27 which has the antiferromagnetic configuration 
[Sl H I]. In case of Y,(Fe,,,Mn,,,),, compound an 
antiferromagnetic short-range order with correlation 
length of 2 30A coexists with ferrimagnetic short-range 
order with a correlation length of ~200A. A mean 
magnetic moment of 0.7 ua/3d atom was detected at low 
temperatures [83 L 31. The neutron depolarization mea- 
surements on Y,(Fe, -xMnr)23 having x =0.50 and 0.55 
show the absence of spontaneous order down to 30mK 
[77G9]. 
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400 6 
counts m3 

counts 

200 4 

0 2 

-200 0 

counts 

400 - 

29- 28- 

Fig 319. Diffuse scattering peaks arising from short-range antiferromagnetic correlations observed at the forbidden 
lattice reflection point (100) in Y,(Fe, -XMn,)2, alloys in the composition range 0.50~ x ~0.75. This corresponds to the 
destruction of long-range order for these intermediate compositions by competing ferromagnetic (Fe) and 
antiferromagnetic (Mn exchange interactions [87 R 83. See also [83 L 3,83 H 11. The Q-width of the scattering reflects a 
cluster sire of 30,..45 A with the average Mn magnetic moment largest for the Y,(Mn,,,Fe,.,),, compound, varying 
from 1.43 t.tB at 4.2 K to 1.1 pa at 100 K [83 H 11. Other compositions studied showed similar short-range correlations 
but with smaller average magnetic moments, suggesting that the maximum exchange disorder occurs in the range 
x =0.5,..0.6. The Fe magnetic moments in this range do not order in ferromagnetic clusters, as confirmed from both 
neutron small-angle scattering results and Miissbauer elfect studies. 
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Table 80. Magnetic moments of rare-earth and transition metal atoms, determined by neutron diffraction in 
R,M,, compounds. 

T PRCPBB) PM (P*) Ref. 
K - 

24e 4b 24d 32f, 32f, 

Er6Mn23 ‘1 4.2 7.5(l) -2.6(2) -1.7(l) 1.6(l) 1.5(l) 82Kl 
300 OSO(5) - 1.88(9) - 1.44(4) 1.21(4) 1.05(3) 82Kl 

Y&f”, 3 4.2 0.01(3) -2.81(12) -2.07(4) 1.79(4) 1.77(4) 79D3,82Kl 
300 0.03(3) -2.25(9) - 1.72(4) 1.52(3) 1.27(3) 79D3,82Kl 

4.2 - - 3.05 -2.34 1.99 1.80 84H2 
Y&‘-h,., 2, 80 - - 2.4(2) -2.0(l) 2.4(l) 2.2(l) 83J2 
Y6Mh.,Z) 80 - - 3.6(2) -2.5(l) 1.9(l) 1.7(l) 8352 
Y6Mn2,., 2, 80 - -3.5(l) -2.4(l) 1.9(l) 1.8(l) 8352 
Y&b., 2, 80 - -3.5(l) -2.4(l) 1.8(l) 1.7(l) 8352 
Y&f%,., ‘) 80 -- - 3.4( 1) -2.4(l) 1.7(l) 1.8(l) 8352 
Y6Mn24.6 2, 80 - -4.6(2) -2.5(l) 1.9(l) 1.7(l) 8352 

HO&h 4.2 9.3 - 2.25 70R3 
4.2 9.7 -2.2 -1.3 -1.6 -2.2 83R5 

78 9.3 -2.2 -1.1 -1.5 -1.9 83R5 
295 5.6 -2.2 -1.4 -1.5 -2.1 83R5 

Er.sF% 3 4.2 3, 7.8(l) -1.2(l) -1*4(l) -2.3(2) - 2.0(2) 84H6 
104) 8.03(9) - 1.9(2) - 2.27(9) -3.2(l) -3.0(l) 84H6 

300 3) 3.77(8) - 1.6(2) - 1.49(7) - 2.29(9) - 1.70(8) 84H6 
300 “) 4.28(9) - 0.9(2) -1.2(l) -1.9(l) -1.5(l) 84H6 

Y,F% 3 4.2 -0.17 1.97 1.76 1.99 2.20 80H3 

’ ‘) See also Fig. 317. 
2, The compositions were determined in post-cast samples by absorption analysis. The extreme variations in 

stoichiometry cause little change in the magnetic moment magnitude. The different results obtained in the 
literature on Y,Mn,, probably arise from the presence of a small amount of a second phase, YMn,, in the 
Mn-deficient samples, and YMn,, in the Mn-rich samples [83 J 21. 

3, Unconstrained data determined at University of Missouri Research Reactor. 
4, Unconstrained data determined at Petten Reactor. 

Table 81a. Magnetic moments of rare-earth and transition metal atoms determined by neutron diffraction 
studies in R,M,,-deuterides, Fm3m structure. ‘) 

T PR (bLg) PM (kl) Ref. 
K - 

24e 4b 24d 32f, 32f2 

Ho6Fe23Dl.5 4.2 10.2 -2.2 -0.9 -1.3 -2.0 83R5 
295 5.7 -2.2 -1.2 -1.4 -1.9 83R5 

Ho6Fe23D,.2 4.2 9.1 -2.2 -1.8 -0.88 -2.1 83R5 
295 4.2 -2.2 -1.6 -0.83 -1.9 83R5 

Ho6Fe23D15.2 4.2 10.2 -2.2 -2.4 -2.0 -2.2 83R5 
295 4.3 -2.2 -2.3 -1.8 -1.9 83R5 

H%Fe23D22 4.2 9.1 -2.2 -1.8 -0.88 -2.1 83R5 
77 8.3 -2.2 -1.8 -0.83 -2.1 83R5 

295 4.2 -2.2 -1.6 -0.83 -1.9 83R5 
Th6Mn23D3., 4.2 - -3.5 0.80(10) 1.84(10) 1.50(10) 84Hl 

‘) See also [79 C 51. 
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Table 81 b. Magnetic moments of rare-earth and transition metal atoms determined by neutron diffraction studies in R,Mn,,-deuterides, P4/mmm structure. 

T PR h,) PM (lhl) Ref. 
K 

g h j k b C e f rl Sl t1 s2 t2 

YMn2Jh 4.2 - - - - -3.68 +3.68 0 0 0 0 0 1.60 -1.60 84H2 
78 - - - - -3.60 +3.60 0 0 0 0 0 2.08 - 2.08 84H2 

Ho6Mn2,Dz3 9 3.4 3.4 3.5 3.5 3.5 3.5 2.3 2.3 0 2.8 2.8 1.5 1.5 86L5 
8= 51.4” 128.6” 100.1” 79.9” 89.5” 150.5” 67.7” 112.3” 47.5” 62.5” 30.3” 149.7” 

Table 81~. Magnetic moments of rare-earth and transition metal atoms determined by neutron diffraction 
studies in R,Fe,,-deuterides, 14/mmm structure. 

T PR (k3) PM&J Ref. 
K 

8e 16h 4b 8c 16f 32n, 32n, 

4.2 10.2 10.2 -2.0 -2.5 -2.5 -1.1 -2.5 83R5 
295 4.1 4.3 -2.2 -2.0 -2.3 -1.1 -2.0 83R5 

For neutron diffraction studies see also 
R&b R6Mnz3, R=Er [82Kl]; R=Yb [83T6, 83T7, 83T8, 84T2]; R=Y [68D3, 78H2, 79D3, 

82K1, 83521 
R,Fe,,, R=Ho [70R3]; R=Er [84H6]; R=Y [78H2] 

WLK Ho,Mn,,D, [86 L 51; Y,Mn,,D, [82C 14, 84H 21; Th,Mn,,D, [84H I]; Ho,Fe,,H, [83 R 5, 
87R9] 

R.W’W2s Y,(FeMn),, [80H 5, 81 H I, 83 H 1, 83 L 3, 87 R 81; Y,(FeAI),, [SS G 31 
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Miissbauer effect 

0.98 
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0.96 
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Fig. 320. “Fe Mossbauer spectra of (a) Tm,Fe,, and (b) 
its hydride at 4.2 K. The decomposition of the Tm,Fez3 
spectrum into four subspectra corresponding to the four 
crystallographic Fe sites is shown schematically [84 G 61. 

300 I I 
kOe Gd6(k,-,Mn,)~j 
250 ;r 

T I I 

0 0.2 0.4 0.6 0.8 1.0 
Gd6 Fe23 x- GWn,, 

Fig. 321. Mean 57Fe magnetic hyperfine fields at 
78 K in Gd,(Fe, -xMnx)23 alloys [86N I]. In 
Er,(“Fe: Mn),,H,, a sudden appearance below 85 K of 
a small hypertine field is evidenced [Sl S 14-J. Similar, in 
Y,(57Fe:Mn),,H,,, the small 57Fe hyperfine field in- 
creases a abruptly below 110 K [81 S 151. 
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Table 82. “Fe magnetic hypetline fields and easy direction of magnetization in several R,Fe,, compounds. 

T Hhrp We) Easy axis of Ref. 
K magnetization 

lb 2d 4d 8f, Sf, 

Ho6Fe2, 4.2 352 283 310 267 Cll~l 77bl 
Er6Fe2, 4.2 367 272 314 262 Cl111 77G14,78G5 
Tm,Fe,, 4.2 364 270 315 255 77b1,84GS 
Yb,Fe,, 4.2 355 272 313 249 77bl 
Y6% 16 370 264 270 309 253 cw 77G14,78G5 

Table 83. Hyperhne parameters obtained from 169Tm 
Mijssbauer spectroscopy, after extrapolation to 0 K. The uJf&, 
values were obtained after correcting for the transferred field 
(3.2T) due to the Fe sublattice. The last column lists the Tm 
magnetic moment corresponding to Hf& [84 G 5-j. 

T”‘&n 15.2(3) 757 725 7.05 
Tm6Fedx 14.0(3) 727 695 6.75 
Free Tm ion 15.7 7.00 

For Mtissbauer effect studies see also: 
57Fe R6(S7FeMn),,, R = Sm [83 Z 5); R = Er [Sl S 141; R,Fe,,, R=Dy[82Bl];R=Ho[87W3];R=Er 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
R,(“FeMn),,, R=Er [81 S14, 82231; R=Y [81 S15, 82231 
R,Fe,,D,, R=Ho [85P4, 87W3]; R=Tm [84G5, 84G6]; R=Lu [8lG18] 
&(M’M”),,, Gd(FeMn),, [86Nl, 87N 11; Sm(FeMn),, [82B3, 82B4]; Y,(FeMn),, [8OL5, 

86T3] 
rssGd Gd,Mn,, [77T6]; see also Table 60a 
16’Dy Dy,Mn,, [82B15,83614]; Dy,Fe,, [82Bl, 85Pll]; Dy,Mn,,H, [82B15, 83G14] 
166Er Er,Mn,, [Sl S 143; Er,Mn,, [Sl S 14, 82231 
ra9Tm Tm,Mn,, [82B15,82G16];Tm6Fe,, [84G5,84G6];Tm6Mn,,H,[82B15,82G16,84G5] 

Kirchmayr, Burzo 
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I I I I 

20 40 60 80 100 120 MHz' 1 

“Y zero-field spin-echo NMR spec- 

The dotted line indicates that of the 55Mn nuclei in 
domain walls, where t,=0.2ps [83Y 71. The lowest- 
frequency (55Mn) peak is attributed to the 32f, and 32f, 
sites, since their magnetic moments are almost the same. 
The peaks around 114 and 128 MHz are considered to be 
due to the 24d and 4b sites, respectively. 

Fig. 323. (a) Normalized “Mn NMR frequencies, 
n of reduced temperature, Tf T,, 

compound [81 N 11. The dashed line is the 

are the Brillouin functions for J = 1 and J= co, respec- 
tively. The resonance frequencies extrapolated to OK, 
v(0 K), are A (122 MHz), B (108 MHz), D (88 MHz) for the 
three signals observed. The values v/v(OK) decrease 
monotonically and change slower than those of the 
magnetization curve, which is in agreement with the 
Brillouin function for J = co. (b) Normalized “Mn NMR 
frequencies, v/v(O K), as a function of T/T, in Gd,Mn,, 

ature increased and their peaks were 

0 0.2 0.4 0.6 0.8 1.0 
r/r, - 

For NMR measurements see also: 
55Mn Y,Mn,, [83 Y 71; (YGd),Mn,, 
S9Y 

[81 N I]; Gd(FeMn),, [87N l] 
YeFe,, [83 Y 71 

“‘Srn, ‘54Sm Sm,Mn,, [71 R6] 
r5’Gd, r5’Gd Gd,(FeMn),, [86N 11 

andolt-Btirnstein 
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Anisotropy, magnetostriction 

I 
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2 500 
I 
l-F 
- 100 

H- 

Fig. 324. Magnetic field dcpcndencc of the magnetostric- 
tion at room temperature in R,Fe,, polycrystalline 
compounds [79cl, 80~11. The Tb,Fe,, and Dy,Fe,, 
are not completely single-phase. 

0 0 5 5 10 10 15 15 20 kOe 25 20 kOe 25 
H- 

Fig. 324. Magnetic field dcpcndencc of the magnetostric- 
tion at room temperature in R,Fe,, polycrystalline 
compounds [79cl, 80~11. The Tb,Fe,, and Dy,Fe,, 
are not completely single-phase. 
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Fig. 325. Temperature dependence of the magnetostric- 
tion in Er,Fe,, compound. The open circles are values 
calculated using the single-ion model. The solid curve is 
the best fit through the experimental data [8OP 7J 

For anisotropy studies see 

R&h3 R = Gd, Dy, Er, Y [79 H 2) 

For magnetostriction studies see also 

RJh R =Sm, Tb, Dy, Ho, Er, Tm, [79c 11; 
R=Tb,Dy,Ho,Er[80P7];R=Ho, 
Er, Y [80C9]; R=Tb [72C6]; 
R=Tm [72B6] 

RJM’M”),, Y,(FeMn),, [77 F S] 

Fig. 326. Temperature dependence of the electrical resis- 
tivitiesin R,Fe,,(R = Dy,Ho,Er,Tm,Y)compounds.The 
compounds exhibit a T2 dependence at low temperatures, 
while above 1OOK a negative curvature of Q vs. T is 
observed. The above behaviour is analysed on the basis of 
electron-spin wave scattering in the low-temperature 
range and on the basis of sA scattering in the high- 
temperature range, taking explicitly into account the 
temperature dependence of the chemical potential 
[76 G 73. 

Kirchmayr, Burzo 
Landolt-BOrnvein 
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Fig. 327. Electrical resistivity values at 4.2K in 
Er,(Fe, -xMnx)23 compounds. The pseudobinary system 
shows a high residual resistivity. This system also exhibits 
a decreasing resistivity with increasing temperature. The 
above behaviour is explained by the strong scattering 
mechanism and the appearance of “quasi-localized” 
electron states [76 G 73. 

300 300 
f&km f&km 

250 250 

I I 200 150 200 150 

or or 

100 100 

50 50 

0 0 
0 0 0.2 0.2 0.4 0.4 0.6 0.6 0.8 0.8 1.0 1.0 

Er6 Fez3 x- Er6 Mn23 

For specific heat studies see also 

Wfn23 R=Gd, Dy, Er, Lu [83G9]; R=Tb, Ho [83GlO]; R=Y [80B7] 
Y,(FeMn),, [76B5] see Fig. 315 

For electrical resistivity studies see also 

Wfn2, R,Fe,,, R=Dy, Ho, Er, Y [76G 71 
R,(FeMn),, R=Ho, Er, Y [76G7]; R=Er [82G7, 88631; R=Y [82G7] 

Photoelectron spectroscopy 

Fig. 328. Energy distribution curves for clean and 
oxidized Er,Mn,, compound at hv = 80 eV, obtained by 
photoelectron spectroscopy using synchrotron radiation. 
By comparison to Mn metal, the Er,Mn,, emission can 
be seen to be dominated by the Mn d-band. Additional 
structure at higher binding energy reflects the Er 4f 
multiplet states; these are localized states which do not 
participate in bonding [80 W 21. Exposure to 2 100 L of 
0, (1 L= 10e6 Torr . s exposure) results in an emission 
spectrum similar to that of MnO as shown in insert. 

- EF-E 

I I I I I 

eV 15 12 9 6 3 0 
- E,-E 
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2.4.2.17 RM, compounds 

Crystal structure, lattice parameters 

0 Sm 0 Co 

Fig. 329. Crystal structure of SmCo, (CaCu,-type), where 
the positions of Co and Sm atoms arc evidenced. In 
SmCo,-single crystal with a low density of Sm,Co,, 
precipitates, the predominant slip plane is the (0001) 
plant with a slip direction parallel to [zl lo]. Most of the 
grow-in dislocations and stacking faults lit in the basal 
plane and have a Burgers vector of the type f [?l 101. The 
second slip system is { 1 lzl} [zl13]. The dissociation of 
dislocations in the basal plane is energetically more 
favourable [78 F 3, 78 F43. 

For stability and decomposition see also 
RCo, [74B13, 74D33; R=Ce [75M3]; 

R=Sm [70M2,72D2,74M2,7438, 
75K3, 77E1, 77M1, 80D4, 
80K17-J; R=Gd [72D2, 82ClO] 

R(M’M”), Ce(CoCu), [84All, 85G 12-J; 
Sm(CoCu), [76 P 51 

1500 I 

Oc RCo5 liauidus 

Lo Ce Pr Nd Pm Sm Eu Gd Y 
lb 

Fig. 330. Liquids and solidus (peritectic) temperatures 
and the temperatures of eutectoid decomposition for 
RCo,-compounds with R =La to Sm [7OS6, 72D2, 
74 R 2,75 H 23. There are different view-points concerning 
the decomposition of RCo, compounds and the mecha- 
nism involved. Most investigators believe that RCo, 
decomposes eutcctoidally to R&o,, and R&o, [72 B 15, 
72D2, 73B22, 74B13, 74M2, 74D3, 74S8, 75M3, 
76 P 5, 77 E 1, 80 B 17, 80 D 43. Diffusion couple studies 
indicated that SmCo, does not exist at 800 “C in Sm -Co 
system [74 M 21 and CeCo, does not exist at 650°C in the 
Ce-Co system [75 M 31. Kumar et al. [78K 13, 79K9, 
80K 17) rejected the idea of eutectoidal decomposition 
and instead suggested precipitation of Sm,Co,,. Fidler 
et al. [80F3] observed precipitation of Sm,Co,, and 
Sm,Co, in SmCo, single crystal and suggested that 
SmCo, decomposes through homogeneous nucleation, 
as the precipitates were coherent and grew continuously. 
By prolonged heating GdCo, in the temperature range 
720...85O”C local spinodal decomposition into Gd,Co,, 
and Gd,Co, occurs 182 C lo]. Single phase PrCo,, after 
annealing decomposes into Pr,Co,, and Pr,Co,, 
[86 C43. Other studies do not support the suggestion for 
an unique stability of the SmCo, phase [74 L 1, 75 K 33. 
Ray et al. [73 R2, 74R 21 were unable to detect the 
decomposition of RCo, (R =Ce, Pr, Nd) and did not 
regard these compounds as unstable in the studied 
temperature range. Some investigations also have not 
confirmed the eutectoid decomposition [74 K lo,77 P63. 
Set also [74 S 8, 75 H 2, 75 K 33. The stability of RCo, 
may be reduced by adding a suitable amount of Fe, Mn, 
or Cr, or may be enhanced by adding an appropriate 
amount of Ga, Ge, Si, Cu or Al [73 B 20,74 B 13,74 D 33. 
The decomposition temperature of YCo, is reduced by 
appropriate substitution of Co by Ni, Cu, Al [82C8]. 
The Ga and Cu increase the stability of the GdCo, phase 
[SS C 33. 

Kirchmayr, Burzo Landolt-B8mrtein 
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6m 

Y u Kin 
Lo-La 3.98A f 5.018,--- 
Lo - Ni, 3.20 8, 
Lo - NiI 2.89 8, 

Ni,- Ni, 2.51 !A 1 3.984 - 
Nil - Ni, 2.46 a 
Ni, - Ni, 2.89 /i 

Fig. 331. Crystal structure of LaNi,-hydrides having 
CaCu,-type (P6/mmm) structure. In addition to R (one 
type of site) and M (two types of sites) atoms, there are five 
different types of interstitial sites, all of which are sur- 
rounded by a variety of atoms and different interatomic 
distances. See Table 85 [85 S 123. The hydrogen occupies 
some interstitial sites. In a-phase LaNi,D,,, a statistical 
distribution of deuterium atoms in the octahedral 3f sites 
was shown [78 F6]. According to [78 S 123, the H atoms 
occupy the octahedral f site exclusively in LaCu,H,. For 
LaNi, and CaNi,, the conclusions are more ambiguous: 
either they occupy the octahedral f site and the tetrahedral 
n (or o) site, or they occupy only the tetrahedral n site or 
only the tetrahedral o site [78 S 121. In LaNi,FeD,,,, the 
D atoms are distributed over three interstitial sites (6m, 
12n and 4h) [87 L 11. The spectroscopic measurements on 
cl-LaNi,H,,,, suggest that H(D) in a-LaNi,H, occupies 
the octahedral 3f sites [77 F4]. In addition has been 
proved that a second interstitial site (6m) is also occupied. 
In a-LaNi,D, (x =O.l and 0.4) only the 3f or 12n sites gave 
a positive occupancy with a noticeable contribution on 
the reliability factor [87 S 211. The occupancy of the 3f site 
is lower than that of the 12n site. In LaNi,-,M, having 
M,=Ah, Sio.s or Cu,.,, Al and Si substitute sites in the 
z = 1 f2 plane and Cu in both z = 0 and z = l/2 planes with a 
preference for z = 0 plane. The opportunity for 4h and 120 
sites of being occupied by D atoms gradually disappears 
when the Al concentration increases. In LaNi,CuD,,,, 
the disappearance of the 120 sites is shown. 
LaNi,.,Si,,,D,,, seems to retain some deuterium in 4h 
site, a near neighbour of the Si site [82A 23. 

Landolt-BBmstein 
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Table 84. Atomic positions in the ideal CaCu,-type structure and the actual 
structure of R, -$05+ 2r compounds ‘) (space group P6/mmm) [82D 33. 

Ideal structure type CaCu, Actual structure R, -Co5 + zs 

Atom Occupation Site Atom Occupation Site 

Ca 1 la R 
co,,, 

l-s 
S 

la 
2e 

cu, 1 2c co, 1-3s 2c 
CO,” s 61 

a, 1 % co,, 1 3% 

‘) For heavy R atoms (having smaller atomic radius) the RCo, phase can be 
stabilized only in the presence of an excess of Co corresponding to a random 
replacement of R atoms by Co,,, dumb-bells site (2e). The resulting local 
distributions require the introduction of Co,,, site (61). 

Table 85. Available interstitial (octahedral and tetrahedral) sites in CaCu,-type lattice (space group P6/mmm) 
[78 S 123. 

Interstitial Symmetry 
of site 

Number of 
sites in 
unit cell 

X Y Z Neighbouring 
atoms 

f octahedral 3 0.50 0.00 0.00 R,; M,; R,M, 
h tetrahedral 4 0.33 0.67 0.37 M,; M4 
m tetrahedral 6 0.13 0.25 0.50 R,; M,; RN, 
n tetrahedral 12 0.40 0.00 0.11 R,; M,; RM, 
0 tetrahedral 12 0.20 0.40 0.27 R,; M,; RM, 

Kirchmayr, Burzo 
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Fig. 332. Structure of the hypothetical fully ordered 
LaNi,D, compound (space group P6,mc) [87 L 23. On 2b 
sites (Di,D,) deuterium atoms are found nearly at the 
center of the tetrahedron (dD1Ni, = 1.62 A, dDINis= 1.68 A). 
On 6c sites, Da, D, and D, atoms are displaced by about 

LaNi,D, 
B 

0.4A from the center of both the tetrahedron and 
octahedron. There are only two d,, distances shorter 
than 2.1 A, minimum distance which is generally con- 
sidered in hydrides (dDID4 = 1.65 A and dDsD4 = 1.5O.k). In 
the hypothetical ordered LaNi,D, phase, the D,, D, and 
D, sites would be nearly fully occupied, the D, and D, 
sites nearly empty and all the D-D distances would be in 
the range 2.5...2.9& According to [86T4] the D atoms 
occupy three different sites: two tetrahedrally with Ni, A t0 

and La,Ni, neighbours and one octahedral site, La,Ni,. 0 Ni, I Ni, 
The crystal symmetry of &y)RM, deuterides (hydrides) is 
rather controversed. In addition to above structures some 

0 Ni, 

other models were also used to analyse the RM,- 
hydrides: (a) Kuijpers [73 K 151 suggested a slight ortho- + 4 

rhombic distortion of the hexagonal CaCu,-type struc- l 03 

ture, which was supported later [8113]. (b) A trigonal n 05 

deformation of the CaCu, unit cell was reported 
[73 B 141, the space group symmetry being reduced from 
P6/mmm to P31m. The D atoms are found to occupy fully 
the 3g site (zgO.1) whereas the 6d site (zgO.5) is only 
partially filled. This structure has been adopted also by 
other authors [78A3, 78B 10, 78F6, 83N8]. After 
[83N 81 hydrogen is situated on two sites, one fully 
occupied (3~) and one partially occupied (6d). (c) In - 
[82 Y 61 it has been suggested that the trigonal deforma- 
tion is better described by the space group P321 with the 
deuterium atoms partially occupying the 6g, (~~0.1) and 
6g, (zgO.5) sites. (d) Lartigue et al. [87 L2] suggest the 
possibility of trigonal deformation with a structure having 
P31c space group. (e) In RCo,H,, the hydrogen atoms 
occupy positions in orthorhombic space group Cmmm, 
derived from 3f and 6m sites [74 K 191. After [83 G 173, D 
atoms in LaNi,CoD, are distributed in 4e and 4h sites. 
See also [84 Y 9, 87 T 51. 

Table 86. Comparison between LaNi, sites and LaNisD, sites [86T4]. 

LaNi, - space group P6/mmm LaNi,D, - space group P6,mc 

Atom Site Site x Y z Atom Site Site x Y z Environment 
symmetry symmetry 

La la 6/mmm 0 0 0 La 2a 3m 0 0 0 
Ni 2c 6m2 l/3 2/3 0 Ni, 2b 3m Ii3 2/3 ZNit 

Ni, 2b 3m II3 2/3 ZNiZ 

Ni 3g mmm l/2 l/2 l/2 Ni, 6c m x -x ZNi, 

Precursor D sites ‘) 
D(T) 4h 3m l/3 213 Z D, 2b 3m l/3 213 Z, Ni,(T) 

D, 2b 3m 2/3 l/3 Z, N&(T) 
D(T) 6m mm X 2X l/2 D, 6c m X -X Z, Ni,La,(T) 

D4 6c m X -X Z, Ni,La,(T) 
D(0) 3f mmm l/2 l/2 0 D, 6c m X -X Z, N&La,(O) 

‘) (T) tetrahedral; (0) octahedral. 

Land&-Bbmstein 
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Table 87a. Lattice parameters of RM, compounds ‘) (A). 

86820 87K3 

a C a C 

NdFe, 4.946 4.170 4.935 4.204 
SmFe, 4.955 4.054 
TbFe, 4.959 4.033 

‘) The compounds were obtained by rapid solidification. 
These crystallize in CaCu,-type structure, as RCo, and 
RNi, compounds. 

Table 87b. Lattice parameters of RCo, compounds (A). 

59Wl 60Nl 66L3 68Vl 73K9 74GlO 73R2 7709 82D3 

a C a c a C a C a C a C a C a C a C 

LaCo, 5.105 3.966 
CeCo, 4.922 4.026 4.920 4.010 4.926 4.020 4.922 4.016 4.928 4.019 4.9282 4.0151 
PrCo, 5.010 3.990 5.024 3.988 5.013 3.980 5.032 3.992 
NdCo, 5.026 3.975 5.012 3.978 5.020 3.977 5.028 3.977 
SmCo, 4.940 3.960 4.989 3.981 5.004 3.969 4.997 3.978 4.974 3.985 
GdCo, 4.974 3.973 4.930 3.970 4.976 3.973 4.973 3.969 4.931 ‘) 4.008 5, 
TbCo, 4.946 3.980 4.950 ‘) 3.979 ‘) 
DYCO, 4.926 3.988 4.890 4.000 4.933 3.983 4.897’) 4.0072) 4.905 3.970 
HoCo, 4.880 3.960 4.911 3.993 4.881 ‘) 4.006 3, 4.901 6, 3.966 6, 
ErCo, 4.885 4.002 4.883 4.007 4.8704) 4.0024) 4.889 4.004 
TmCo, 4.863 4.017 
YCO, 4.928 3.992 4.830 4.000 4.937 3.978 4.935 3.964 4.942 3.976 

The compositions of the samples are: ‘) TbCo,.,; *) DyCo,.,; ‘) HoCo,.s; 4, ErCo,.,; ‘) GdCo,; 6, HoCO,.,. 



Table 87~. Lattice parameters of RNi, compounds (A). 

59Wl 60Nl 64M2 68B5,77bl 72Ul 7806 80A4 80Nl 85G4 

a C a c a C a c a C a C a C a c a C 

LaNi,‘) 5.013 3.984 5.010 
CeNi, 4.875 4.010 4.910 
PrNi, 4.958 3.980 
NdNi, 4.948 3.977 
SmNi, 4.930 
EuNi, 
GdNi, 4.899 3.973 4.900 
TbNi, 
DyNi, 4.869 3.969 4.880 
HoNi, 4.880 
ErNi, 4.856 3.966 
TmNi, 
YbNi, 
YNi, 4.880 3.970 4.850 

3.980 5.014 3.983 5.030(10) 3.960(10) 
4.000 4.878 4.006 

4.957 3.976 4.960(10) 3.980(10) 
4.952 3.976 

3.970 4.924 3.974 
4.911 3.965 4.905 3.948 

3.960 4.906 3.968 4.904 3.967 
4.894 3.966 

3.990 4.872 3.968 
3.990 4.872 3.966 

4.858 3.965 

4.841 3.965 
3.930 

4.923(2) 3.963(l) 

4.853 3.960 

‘) For LaNi, see also Table 88. 
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Table 88. Lattice constants of some RNi,-based hydrides and their parent 
compounds. 

AV/V 
Oh 

Ref 

LaNi, 5.011 3.911 
LaNi,D,,, 5.022(2) 3.978(l) 
LaNi,D,,, 5.025(3) 3.991(2) 
~NGL7 5.440 4.310 
LaNi,D, 5.387(l) 4.273(l) 
LaNi,Cu 5.033(l) 4.007(l) 
LaNi,CuD,,,, 5.374(l) 4.190(l) 
LaNi,Al 5.063(l) 4.063(l) 
LaNi,AlD, 5.310(2) 4.249(2) 
LaNi4.40.~ 5.040( 1) 4.023(5) 
LaNh%JL 5.353(l) 4.263(l) 
LaNL%.sH4.5 5.340 4.201 
LaNi4.6&.4 5.018 4.033 
LaNd%4Hs 5.358 4.207 
LaNi,,,Si,,, 5.007( 1) 3.992(l) 
LaNd~o.5%g 5.328( 1) 4.077(l) 
LaNi,Mn 5.096( 1) 4.075( 1) 
LaNi,MnD, 5.437( 1) 4.332(2) 
LaNi,FeD,, , 5.376(3) 4.210(l) 
CeNi2.5Cu2.3AIo,2 5.038 4.055 
CeNi2.,Cu,.3AI,.2Hs,, 5.238 4.158 
CeNi2.SCu2.0AIo,s 5.050 4.081 
CeNi,.,Cu,.,AI,.sH,., 5.259 4.176 
CeNi,Cu,Al 5.106 4.126 
CeNi,Cu,AlH,., 5.270 4.226 
EuNi, 4.905 3.948 
EuNi,H, 5.340 4.170 
EuNi,H,., 5.4519(21) 4.8354(24) 
ThNi,AI, 5.127 4.112 
ThNi,AI,H,,, 5.217 4.183 

0.1 
0.55 

27.3 
23.7 
- 
19.2 
- 
15 
- 
19.5 
17 

19 
- 
15.6 
- 
21 
16 

11 

11 

9.1 

8 
5.2 

- 
5.1 

87821 
87821 
87821 
77T5 
73B14 
82A2 
82A2 
79A2 
79A2 
82A2 
82A2 
79MlO 
79MlO 
79MlO 
82A2 
82A2 
79A2 
79A2 
87Ll 
84812 
84812 
84812 
84812 
84Sl2 
84Sl2 
7806 
7806 
7806 
77T2 
77T2 

Table 89. Changes in the unit cell parameters with the phase transformation in 
LaNi,H, system [SS 0 2, 87 A 33 ‘). 

Phase 

a 
a+ 

LY 
Y 

i 
A0/0 AC/C 
% i % 

5.01 d5.06 1.0 4.00 0.3 86.9+ 88.5 
5.06 +5.27 4.2 4.00-+4.05 1.2 88.5+ 97.5 

5.27-+5.31 5.31-5.36 0.8 1.0 4.05-4.10 4.10-+4.18 2.0 1.3 loo 97.5-+100 -104 
5.36-+5.40 0.8 4.18-+4.25 1.8 104 jlO7.4 

r) According to [85 0 2,87 A 33 in LaNisH, system, the presence of three phases 
are evidenced having the compositions: LaNi,H,,.,,,,; LaNi,H,, and LaNi,H,,, 
respectively. Above 8O”C, the desorption isotherms show two plateaus correspond- 
ing to a-+p and 8-y transformations. The lattice expansion accompanying these 
phase transformations are anisotropic. For c1 to 8 the n-axis expansion predominates, 
while for B to y the c axis expansion predominates. The presence of the CY, 8 and y 
phases were also evidenced in PrNi,H, system [87 M 11. Some authors reported in 
LaNi,H, system only the presence of a and 8 phases. See for example [80 B 4,81 M 13, 
86 M 11. 
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For hydrogen absorption and desorption see also 
RMsHx [82Y7, SSS12] 
RCo,H, [72K2, 72K3, 73K15, 74B17, 77K3, 77K4, 8OLl]; R=La [72K4, 7863, 82Y2, 84F3, 

84P6]; R=Ce [72K4, 77K3]; R=Pr [82Y2]; R=Nd [78G3, 82Y2., 82Y3]; R=Sm 
[77K3, 8OL2]; R=Y, Th [74Tl]; R=Er [78G3] 

RN&H, [77E2, 83L4]; R=La, Ce, Pr, Sm, Gd, Tb, Ho, Er [87A9]; R=La [73V2, 74V3, 76B9, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
80B9, 8OC7, 80D3, 8OJ3, 80K3, 80M13, 8004, 8OS6, 8OS7, 81M13, 82A14, 82L6, 
8203, 83B7, 83F5, 8366, 83L4, 83M4, 83N5, 83T3, 84A2, 8464, 84R2, 84U1, 
8516, 85N5, 8502, 85P14, 85T3, 86M1, 86S1, 87A3, 87P1, 87R5, 87R7, 87U1, 
87621; R=Pr [87Ml]; R=Eu [85G4]; R=Y, Th [74Tl, 8lTl] 

(R’R”)M,H, (LaR)Ni,H, [74V 33; R= Pr, Nd, Sm [82 U 11; (LaYb)Ni,H, [78 A 21; (LaCo)Ni,H, [78 S 121; 
(CaEu)Ni,H, [84 S 71; (CeNd) (NiCu),H, [84 S 121 

R(M’M”),H, La(NiM),H, [83 B 71; M = Al, Mn [79 A 21; M = Pd, Ag, Cu, Co, Fe, Cr [76 V 23; M = Cu, Al, Fe 
[78Sl];M=Al,Mn[79A2];M=Al,Cu,Ti[79Bl];M=Al,Cu,Fe,Mn[82P3];M=Mn, 
Cu, Fe, Si, Al [85 P 5-j; La(NiFe),H, [SO M 8,87 L 1, 87 L 3-J; La(NiCo),H, [73 V 3, 76 V 21; 
La(NiMn),H, [82 L 31; La(NiCu),H, [78 S 12, 80 B 4, 84 E I]; La(NiAl),H, [77A 2, 
77M7, 77S1, 78M9, 79M10, 80B4, 81B4, 82T5, 8464, 87B9, 87Bl1, 87D1, 
87 P 11; La(NiM),, M =In, Sn, Ga [78 M 91; La(NiTi),H, [SOB 41; La(NiSn),H, [SS 0 I]; 
Ce(NiCu),H, [82P 12,85 M 51; Ce(NiCuAl),H, [84 S 123; Pr(NiM),H,, M =Cu, Fe [86P 51; 
RNi,AIH,, R = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm [78 T I]; MM(NiMn),H, [SS 16-J; 
Th(NiAl),H, [77 T 2-J; (LaEu) (NiMn),H, [80 C 6, 80 C 71 

The diffusion process of hydrogen in intermetallic compounds was investigated by NMR [74H 2, 76H 1, 
78 H 6,79 B 9,79 K 2,80 K 31 and quasi-elastic neutron scattering (QNS) [77 F 4,79 L 4,79 N 4,82 A 2, 82 A 3, 
82 A 3, 83 N 8, 84 L 21 mostly in the LaNi,-hydride. The first results were analysed in terms of a single jump 
diffusion process. The values of the diffusion coefficients ranged from 6. 10m6cm2 s-i [78 H 61, to 
6. 10e9 cm2 s-i [79 L 41 and the activation energies ranged from 110 meV [79 N 41 to 300 meV [79 B 91. The 
NMR data in LaNi,-hydrides [SO K 33 suggest that the diffusion involves two separate processes with activation 
energies of 415 and 208 meV, respectively. The QNS investigations in LaNi,H,.s and LaNi,MH, with M = Al, 
Mn [82A 2,82 A 31 provided the existence of a rapid localized motion of hydrogen. The QNS spectra [84 L 21 
were decomposed into three components. These were attributed to two types of diffusion motion in addition to 
a rapid localized motion. 

For hydrogen diffusion see also 
LaCo,-H, [84 P 61; LaNi,(H)D, [85 P 141 

Fig. 333: Enthalpies of formation of RCo,, RCu, and 
RNi, compounds [87 M 43. The enthalpies of formation 

$ 

of RCo, compounds are much higher than those of RN&. 
The more negative value measured for CeCo, is related to -10 
the different valence state of Ce in CeCo,. The compo- 
sition dependences of the enthalpies of formation and 
lattice parameters indicate an ideal behaviour for mixing 

I 
-15 

SmCo, and SmCu, on one hand and for YCo, and YCu, 
on the other hand. This result is consistent with the z-20 
homogeneous state found for Sm(Co,&!u,), and 
Y(Co,-$u,), at 400°C on the whole concentration 
range. For the mixtures of CeCo, and CeCu,, the 

-25 ‘ 
enthalpies of formation exhibit a slightly positive devi- 
ation, which predicts the solid state miscibility gap 
evidenced in the CeCo,-CeCu, section below 800 “C. 

dNi, 
--_ 

-30 

-35 
to Ce Pr Nd 

---- 
YNi, , 

Sm Eu Gd 
Y 

For enthalpies of formation see also 
RM, M=Fe, Co, Ni [86Ll] 
R(M’M”), La(NiFe), [79 M 141; La(NiCr), [79 M 141; La(NiCu), [84P 51; Ce(NiCu), [85 M 51 

La(NiCo),H, [87 C 5, 87 C 61; La(NiAl),H, [79 D 71; Ce(NiCu),H, [SS M 51 

Landolt-Biirnstein 
New Series IIV19d2 Kirchmayr, Burzo 



256 2.4.2.17 R-3d: RM, [Ref. p. 405 

600 

500 
0 0.2 0.4 0.6 0.8 1.0 

CeCo, x- CeCus 

Fig. 334. Phase equilibria in the vertical section of 
CeCosCeCu, system [85 G 123. A solid state miscibility 
gap is present below about 800°C. 

500 I 4.02 
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4.98 4.00 
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4.96 3.98 u 

0 

4.94 3.96 

0 0.025 a050 a075 0.100 0.125 
RCO5 S- 

Fig. 335. Composition dependence of the room- 
temperature lattice parameters in R, -$os + 2r (R = Sm, 
Gd, Y) compounds [76 D 93. 

5.03 4.01 
A A 

5.02 4.00 

I 5.01 I 
D 

3.99 c, 

5.00 3.98 

4.99 I I I I 13.97 
6.7 4.9 5.1 5.3 5s 

x- 

Fig. 336. Room-temperature lattice constants as function 
of composition for the compounds having the compo- 
sition close to LaNi,, annealed at 1200°C and quenched 
[72 B 173. A large homogeneity region was observed. The 
limit of homogeneity region is at 1200 “C (x = 4.85. .5.40); 
at 1100°C (x=4.90...5.10); at 1000°C (x=4.95..+5.05). 
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.” 

0 
0 0.2 0.4 0.6 0.8 1 .O 

HoCo5, x- HoNis 

Fig. 338. Composition dependence of the probabilities 
(circles) p(x) of occupation of 2c sites by the Ni atoms and 
(triangles), S(x) for occupation by Co atoms of the 61 and 
2e sites in the TbCu,-type structure of (open symbols) 
Ho(Co, -,Ni& and (solid symbols) Ho(Co,,, - i,i,Ni,), 
alloys. By dashed lines are plotted the relation p(x)=x, 
and the relation S(x) =0.5(1 -x)/2 [83 C 31. For the dis- 
tribution of Co and Ni atoms in lattice sites of 
Y(Co,-,Ni), and La(Co,-XNiJ, see also [8OP4]. In 
LaNi,Co, -x compounds Co atoms show a preference for 
3g sites [SOP 4, 83 G 171. The preference of atoms with 
greater atomic radius to occupy the 3g positions has 
been also observed in similar compounds, as for Mn in 
LaNi, -=Mn,, Al in LaNi, -XAl, [SO L 3, 80 P 21, and Co 
in Th(NiCo), [72V 1, 73A4, 73 L 1, 76E I]. In 
Pr(Co, -XA1x)5, Al atoms occupy randomly both Co(2c) 
and Co(3g) sites [7305]. In the compounds based on 
ThCo, including Fe [73 L I], Al [67 B I], Ni [75 B 131 
larger atoms than Co are likely to occupy preferentially 
the site Co(3g) and smaller atoms prefer to occupy the 
site Co(2c). For site occupancy in R(CoCu), compounds 
see [81 Y 43. 
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4.88 
0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

b YCo,Fe, -x YCo5 x- YNiS 

Fig. 337. Composition dependence of the room- 
temperature lattice parameters in (a) Sm(Co, -$u,)~ and 
WOI -nws compounds [87 M4] and (b) 
Y(Co, -,Ni&, and Y(Co, -XFe,)s systems [72 T 11. Also 
shown in (b) is the axial ratio as function of composition. 
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5.06 I I I 

0 a2 0.4 0.6 0.8 1.0 

Fig. 339. Composition depcndcncc of the room- 
tempcraturc lattice constants in ThFc, - s$osX (open 
symbols) and ThFe, - slNiSr (full symbols). The triangles 
corrcspond to the c axis and the circles to the o axis 
[76 E 11. For the scrics mcntioncd the prcfcrcntial occu- 
pancy of the 2c site is consistently given as Ni > Co > Fe. 

4.9s 
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4.04 

It 
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5.01 

4.00 
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3.90 lb I I 
0 0.2 0.4 0.6 0.8 1.0 

RNiS x- RCu, 

Fig. 340. Room-tempcraturc lattice parameters versus Cu 
content in R(Ni, -$u,)~ compounds for R= La, Ce, Pr 
and Nd; (a) lattice constants a(b) lattice constants c. The 
dashed lint corrcsoonds to a variation of the Ce a lattice 
parameter identical as for La, Pr and Nd compounds 
[82 G 5-j. 

Fig. 341. Temperature dependence of the lattice con- 
stants a and c in CeCo, and Ce(Co,,,Cu,,,), compounds 
[Sl Y4]. The Tc value for CeCo, is indicated by an 
arrow. In CeCo, an invar-type thermal expansion anom- 
aly in the c axis expansion is shown below T,. Similar 
anomalies wcrc observed in other RCo, compounds 
[74 B 141. The anomalies arc considerably reduced by 
partial substitution of the Co by Cu atoms. 
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. . . . . Pr “...,, 
“-...,C 

--.. 

-61 
0 10 20 30 K LO 

T- 

Fig. 342. Thermal dilatation of PrNi, and LaNi, meas- 
ured along the b and c axis between 1.2 and 40K. For 
LaNi, the thermal dilatation is isotrop. For PrNi, the 
thermal dilatation is isotrop in the basal plane but a high 
anisotropy is observed between c axis and basal plane 
[87 B 71. 
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3.98 5.08 
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3.96 5.04 I 
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6.96 

r I 4.94 
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Fig. 343. Temperature dependence of the lattice constants 
in Pr(Co, -,NiJ, compounds [85 A IO]. By broken line 
are plotted the phonon contribution to the thermal 
dilatation. 

For crystal structure and lattice constants see also 

RM, [75 D 31 
RFe, [87K3]; R=Nd [86S20] 
RCo, [67S3,69U1,73B22,74K8,80Bl2,82P4];R=Ce,Pr,Nd,Gd,Dy,Y[59Wl];R=Sm,Tb, 

Ho [60 H 11; R = Ce, Sm, Gd, Dy, Ho, Y [60 N I]; R = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, 
Tm, Y [66L 31; R=La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Y, Th [68V I]; R=Ce, Sm, Er, 
Y [74GlO]; R=Pr, Nd, Sm [79Mll]; R=Ce [6lDl, 74D12, SlY4]; R=Pr [61Dl, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
856131; R=Gd [61Bl, 61N2, 63Kl]; R=Dy [61Bl]; R=Er [69Sl]; R=Y [69K5, 
69S2*, 75K5, 76D9,76Y2] 

RN& [60H2, 69 L 1, 82 P4]; R=Ce, Pr, Nd, Gd, Dy, Er, Y [59 W 11; R=La, Ce, Sm, Gd, Dy, 
Ho,Y [60NI]; R=La [79A2]; R=Ce [61Dl]; R=Pr [61Dl]; R=Gd [61Bl, 61N2, 
72Ul];R=Dy[61Bl];RCu,,R=Gd,Tb,Dy,Y[71B22] 

R&H, [82 Y 71 
RCo,H, [74K18, 8OLl]; R=Ce [74K19]; R=Pr [71K3, 74Kl9] 
RN&H, [74K18]; R=La [73B14, 77F4, 78A3, 78B10, 78F9, 79A2, 8OP1, 8113, 82A3, 82A14, 

8203, 82Y6, 83N8, 84H4, 85N5, 8502, 86B9, 86M1, 86T4, 87L2, 87821, 87T5]; 
R=Pr [87Ml]; R=Eu [85G4] 
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(R’R’W, 

R(M’M”)s 

(CeR)Co,, R = Zr, Hf [84 G 93; (PrSm)Co, [71 S 3, 73 M 33; (PrTm)Co, [74N 23; (PrY)Co, 
[88P 11; (NdTm)Co, [74N 23; (NdY)Co, [74N 23; (NdU)Co, [78 D 11; (SmGd)Co, 
[79 M 51; (SmDy)Co, [79 M 51; (SmGdDy)Co, [79 M 5-J; (SmHo)Co, [79 M 51; (SmEr)Co, 
[79 M 5-J; (RTh)Co,, R = Gd, Ho, Er [73 W 11; (YU)Co, [78 D 11; (YLa)(CoFe), [74 B 23; 
(ThY)Co, [74 G I, 79 W 33; (ThY)(FeCo), [74G 1,79 W 33; (SmZr)Fe, [88 L 31 

Ho(CoMn), [82 D 7-J; Th(CoMn), [77 M lo]; R(MnNi), [83 P 31; La(NiMn), [80 L 31; 
Th(NiMn), [77 M lo]; La(NiM),, M = Mn, Al [79 A 23; La(NiM),, M = Mn, Cu, Fe, Si, Al 
[SS P 51; Pr(CoM), [84 C 33; Pr(CoM),, M = Fe, Ni, Mn, Cr, V, Ti [83 243; Y(CoM), [82 C 7, 
82CS] 

Ce(CoFe), [Sl Y4]; Ho(CoFe), [82D7]; Y(FeCo), [70K3,72T 1,73R7]; Th(FeCo), [72V 1, 
73 L 1,73 R 73; RNi,Fe, R = La, Ce, Y [84P 153; La(NiM),, M = Mn, Fe, Ni, Cu, Al 182 P 33; 
La(NiFe), [84Ll]; Th(FeNi), [67B 1, 72V1, 75E1, 76El]; Sm(CoM),, M=Fe, Ni, Cu 
[76 E 61 

La(CoNi), [73 V 3, 83 G 173; Ce(CoNi), [83 G 31; Pr(CoNi), [73 Z 1, 85 A lo]; Nd(CoM),, 
M=Ni, Cu, Al [87 C 3-J; Gd(CoNi), [Sl C 11; Tb(CoNi), [82 P93; Ho(CoNi), [79D9, 
83 C 3-J; Er(CoNi), [85 D 123; Y(CoNi), [72 T 1,75 T 1,85 A 111; Th(CoNi), [73A 4,75 B 13, 
75N3, 76El-J; Ce(CoCu), [75A2, 79L1, 79P1, 81Y4, 86L2]; Pr(CoCu), 
[73Z 11; Pr(CoCuFe), [73Z 11; Sm(CoCu), [74N 11, 7689, 78 P3, 79 M 3, 7902); 
Gd(CoCu), [7OS4, 85C3, 85C4]; Ho(CoCu), [79D9, 86C53; Y(CoCu), [81 Y 43; 
La(CoAI), [77 R 3); Ce(CoAl), [77R 3, 78 A6, 80223; Pr(CoAI), [7304, 73053; 
Sm(CoAI), [73 0 4,73 0 53; Gd(CoAl), [70 S4,85 C 3,85 C4]; Gd(CoGa), [85 C 3,85 C4] 

R(NiCu),, R=La, Ce, Pr, Nd [82G 51; La(NiCu), [84P5]; C!e(NiCu), [77B24, 84P9]; 
Yb(NiCu), [77 B 24-J; U(NiCu), [77 B 24, 82 R 33; LaOViAl), [79 D 7j; Th(NiAI), [67 B l] 

R(M’M”),H, La(NiM),H,, M = Mn, Fe, Cu, Si, Al [85 P 53; M = Mn, Fe, Ni, Cu, Al [82P 33; M = AI, Ga, In, 
Sm [80 M 33; M = Mn, Al [79A 23; La(NiCo),H, [83 G 17, 87 C 63; La(NiFe),H, [82 D 2, 
87 L 3); La(NiMn),H, [8OP 21; La(NiCu),H, [82A 23; La(NiAI),H, [78 M 10, 79 D 7, 
79 M 10, 80 P 2, 82 A 2, 82 C 13, La(NiSi),H, [82A 23; Ce(NiM),H,, M = Mn, Fe [86P 63; 
Ce(NiCu),H, [84P 93; Ce(NiCuAl),H, [84 S 121; (CeNd)(NiCu),H, [84 S 123; Th(NiAI),H, 
[77T2] 

For thermal expansion see also 
RCo, R=Pr, Tb, Dy, Ho [83A6*]; R=Nd [82A13]; R=Sm’[74J2] 
RNi, R=Ce [82G5]; R=Pr [76011, 79A4, 8OL6] 
R(M’M”), Y(CoNi), [85 A 11, 85 A 123; Ce(CoCu), [81 Y 43; Y(CoCu), [79Y 1, 81 Y 43; 

Ce(NiCu), [8613]; La(NiAl), [79 D 71 

For microstructure see also 
RCo, [72B7,73Nl, 74B3, 78F3,78F4,79K9, 81 F3, 81 L3, 82F3, 86Tl] 
(R’R”)M, (SmPr)Co, [85 V 33; (SmPrNd)Co, [85 V 33 
R(M’M”), Ce(CoCuFe), [73 L23; Sm(FeCo), [73 B 203; Sm(CoCu), [73 J 1, 81 P23; Sm(CoFeCuZr),,,, 

[81 F 33; Y(CoM), [82 C S] 

For preparation see 
RCo, [74C 11; SmCo, [73 M 8-J; YCo, [82 W6*] 

For mechanical properties see 
RM, CeCo, [74 R 51; RNi,, R = Sm, Gd, Pr, Nd, Tm [87 B 7*] 
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Magnetization, Curie temperatures 
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Fig. 344. (a) Magnetization isotherms of YCo, single 
crystal at 4.2K. (b) Temperature dependence of the 
relative anisotropy of magnetization, (pi1 -p,‘)/pAl, is 
plotted. The large anisotropy of the Co magnetization is 
associated with the Co magnetocrystalline anisotropy. At 
4.2 K, the magnetization is reduced by 0.3 pa/f.u. when the 
applied magnetic field aligns in the basal plane. Between 
4.2 and 450 K, the magnetization anisotropy increases by 
20%, the disorder of the magnetic moments being larger 
along a hard direction than along the easy one [82A 51. 

$ ThCo, .I I L 
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Fig. 345. Magnetization isotherms of ThCo, along the c 
and a axes as function of the applied magnetic field 
[79 G 61. In fields lower than 20 kOe, the values of the 
magnetization have been obtained in decreasing field. A 
magnetic transition is observed, at 4.2 K, in 80 kOe, when 
the field applied along the c axis is increased. It exhibits a 
field hysteresis, the amplitude of which decreases when 
temperature increases. The thermal variation of the mean 
transition field appears in (b). See also [81 G 6, 83 G 41. 

T- 
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0 200 100 600 800 1000 K 1200 

Fig. 346. Tempcraturc dcpcndcncc of the saturation mag- 
nctization in RCo, compounds: (a) R = Ce, Pr, Nd, Sm, Y 
[71 T 11; (b) R =Gd, Tb, Dy, Ho, Er and Y [73 0 73. 
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Fig. 347. Magnetic and crystallographic properties of 
RCo, +x (R = Sm, and Y) compounds: (a) Curie tempera- 
ture Tc, (b) c/a ratio of lattice constants, (c) anisotropy 
constants and (d) saturation magnetization [75 K 51. 
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Fig. 349. (a) Temperature dependence of the spontaneous 
magnetization in DyCo, single crystal [83 T 51. Between 
x,, = 325 K and Tprz = 367 K, a very sharp change ofp, vs. 
T is observed. The direction of magnetization rotates 
continuously in the ac plane [77 0 9].(b) Rotation angle 0 
of the spontaneous magnetization in the UC plane of 
DyCo, single crystal, induced by temperature [83T5]. 
dO/dT is discontinuous at both T,,, and T,,*, but it is 
continuous between the two temperatures. 

Fig. 348. Thermal variations of (a) the spontaneous 
magnetization components parallel and pcrpcndicular to 
the c axis, (b) the remancnt magnetization components, 
and (c) the angle 0, (between ps and c axis) in HoCo,,, 
compound [82D 31. At 4.2 K, 0,=72”, while at room 
temperature, the spontaneous magnetization is parallel to 
c axis. (d) Temperature depcndencc of the Co and Ho 
magnetization in HoCo,,, compound determined by 
neutron diffraction studies [82 D 33. The angles Oc, and 
6ua between c axis and Co and Ho magnetizations, 
rcspcctively, are also given. Note that 0, in (c) decreases 
between 30 and 80 K, the thermal variations of OcO and OH0 
deduced from Miissbauer and neutron measurements 
take place mainly between 100 and 200 K. The deduced 
en0 is slightly larger than OcO, suggesting a noncollinearity 
to occur during the spin reorientation process. The 
calculated values with the crystal field and exchange 
parameters given in Table 101 arc plotted by solid lines. 
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U LU 4u 6U K 80 
a T- Fig. 350. Thermal variations of the magnetic suscepti- 

bilities of CeNi, and YNi, single crystals measured along 
the a and c directions [76 G 3, 82 G 33. The anisotropy is 
nil in YNi, and very weak in CeNi,. The CeNi, suscepti- 
bility presents a broad maximum at z 100 K. 

O 50 100 150 200 250 K 300 
b T- 

Fig. 351. (a) Thermal variations of the magnetic suscepti- 
bility x of PrNi,, parallel and perpendicular to the c axis. 
The open circles are the experimental data [87 B 71. By 
solid and dashed lines are plotted the calculated varia- 
tions with crystal field and exchange parameters ob- 
tained by [87 B 7, 88 B 31 and [79A 41, respectively, see 
Table 94. A maximum in x values is observed at 16K 
when the external magnetic field is perpendicular to the c 
axis, while for external field along the c axis is suscepti- 
bility decreases continuously by increasing temperature. 
The observed maximum is due to the competition be- 
tween the Curie and Van Vleck contributions in a system 
where the ground state in the crystal field is a nonmagne- 
tic singlet. (b) Thermal variations of the reciprocal 
magnetic susceptibilities parallel and perpendicular to 
the c axis. The open circles are the experimental data. 
The solid lines are the calculated values with crystal field 
parameters [87B7] and the dashed lines represent the 
calculated contributions corrected for the Ni magnetic 
contributions. The negative curvature of x vs. T values is 
attributed to the Ni contribution. 
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Fig. 352. (a) Magnetization isotherms of NdNi, single 
crystal at 1SK along the o, b and c axes of the 
orthohcxagonal cell. In (b) the thermal variations of the 
reciprocal magnetic susccptibilitics parallel and pcr- 
pcndicular to the c axis arc plotted [80N 1, 82G3, 
84A 11-J. Circles arc the expcrimcntal data and full 
lines represent the calculated variations considering 
crystal field, Zecman and exchange interactions and 
applied magnetic held. The dotted lines reprcscnt the Nd 
contribution to the susceptibility. NdNi, orders fcr- 
roma_gnetically at Tc=8 K along the easy a axis. In 
NdNt,. the spontaneous magnetization is 2.14p,/f.u. at 
1.5 K. Application of a magnetic ticld results in a strong 
susceptibility response superposed on the spontaneous 
magnetization. Under 150kOc the magnetization reaches 
2.88 tr,/f.u. 
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Fig. 353. (a) Magnetization isotherms in SmNi, at 1.5 K 
along the a, b and c axes. A very high uniaxial anisotropy 
is evidcnccd. The magnetization processes show the 
prcsencc of thin walls bctwcen ferromagnetic domains 
[87 B 7,88 B 11. (b) Thermal variation of the spontaneous 
magnetization for SmNi, [87 B 73. 
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Fig. 355. (a) Magnetization isotherms of DyNi, single 
crystal at 4.2K, along the a, b and c axes of the 
orthohexagonal cell. In (b) the thermal variations of the 
reciprocal magnetic susceptibilities along and perpen- 
dicular to the c axis are plotted. Circles are the experimen- 
tal data and lines are the calculated variations with 
the parameters from Table 94 [81 A4]. 

Fig. 354. Magnetization isotherms of (a) TbNi, and (b) 
HoNi, at low temperatures [79G3]. Due to strong 
anisotropy, a 150 kOe field applied along the c axis is not 
high enough to align the magnetization along the field. In 
HoNi, the magnetization measured along the a and b 
axes, which is almost zero in 3 kOe, increases with the field 
and reaches E 9.2 ur, and zz 8.2 u,, respectively, in a field of 
150 kOe. The difference observed in higher field originates 
from the large anisotropy of the magnetization. Thermal 
variations of the reciprocal magnetic susceptibilities are 
plotted in (c) and (d). The large uniaxial anisotropy is 
responsible for the difference between the paramagnetic 
Curie temperatures measured along the c axis and in the 
basal plane, respectively. 
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Fig. 356. (a) Magnctizttion isothcnns of ErNi, single 
crystal at 4.2 K. Full lines rcprcscnt the Iield dcpcndcncc 
of magnetization calculated with crystal field and ex- 
change paramctcrs given in Table 94 [77 E 83. A value of 
Ni magnetic moment, ~~~=0.07p~ is presumed. (b) 
Thermal variation of reciprocal magnetic susceptibility. 
Full lines represent the temperature depcndencc cal- 
culated by using the crystal field paramctcrs from 
Table 94 [77 E 83. 

I- 

Fig. 358 Thermal variation of the spontaneous magncti- 
zation and reciprocal magnetic susceptibility for GdNi, 
compound [76 G 33. The p, vs. Tcurvc agrees closely with 
that calculated for a Brillouin function with J=7/2. 
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Fig. 357. (a) Magnctiration isotherms of TmNi, at 1.5 K 
along the a, band c axes of the orthohexagonal cell. In (b) 
the thermal variation of the reciprocal magnetic suscepti- 
bilitics parallel and pcrpcndicular to the c axis is plotted 
[80N 1, 82G 23. Circles are the experimental data and 
Iincs represent the variations calculated with crystal field 
and exchange parameters given in Table 94. The super- 
posed magnetic susceptibility at 1.5 K is weak, ofthc order 
of the LaNi, susceptibility. The spontaneous magneti- 
zation at 1.5K reaches 6.73u,/f.u. In the paramagnetic 
regime a large anisotropy of the initial magnetic suscepti- 
bility is observed. Above 2OOK, the thermal variation of 
the reciprocal susceptibilities, xl,< and xl- is linear and 
almost parallel. 
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1 Table 90a. Magnetic properties of RCo, compounds. 

T, (W Ps Wf-u.) 

66L3 71Tl 7307 7709 79E3 83T5 83Y4 66L3 69B7’) 71Tl 71W2 7307 7709 83Y4 

LaCo, 
CeCo, 
PrCo, 
NdCo, 
SmCo, 
GdCo, 
TbCo, 
DYCO, 
HoCo, 
ErCo, 
TmCo, 
YCO, 

737 673 
912 921 
910 913 

1020 984 
1008 
980 
966 

1000 
986 

1020 
977 978 

874 
653 

914 
959 

1013 
987 
998 965 925 

1036 
1066 

970 

7.1 
5.7 5.5 
9.9 9.0 
9.5 9.1 
6.0 7.2 

953 1.2 2.6 
0.57 1.7 
0.70 3.2 
1.1 4.6 
0.46 5.6 
1.9 

978 6.8 7.5 

6.6 
10.4 
10.4 11.7 
7.7 

1.3 1.42 1.7 
0.69 

1.6 1.71 1.40 
1.9 2.06 

1.71 

7.9 8.30 7.76 

‘) At room temperature; the compositions are RCo, except TbCo,,,, DyCo,.,, HoCo,,,, ErCo,. 



Table 90b. Magnetic properties of RNi, compounds I). 

T,(K) P. (Qu.) 

72Bl4 73Sl 7663 77E8 7805 7963 80N1, 88Bl 63Bl 7OL3 71 Wl 72B14 7663 80A8 7805 80N12)88Bl 
85620 

LaNi, 
CeNi, 
PrNi, 
NdNi, 
SmNi, 
EuNi, 
GdNi, 
TbNi, 
DyNi, 
HoNi, 
ErNi, 
TmNi, 
YNi, 
ThNi, 

Pauli paramagnet ~,,=2.0. 10-3cm3mol-’ at 4.2K [76G3] or 2.27. 10-3cm3mol-’ [SOPI] 
Pauli paramagnet, see Fig. 350 
Van Vleck paramagnet, see for example [72 C 8, 81 K 171 

6.4 8 2.2 2.27 2.14 
41 27.5 0.7 0.442 0.756 

No evidence of magnetic ordering for T 2 2.6 K [78 0 61 
28 29.8 32 6.8 6.8 6.9 6.2 

23 7.1 7.02( 15) 
12 7.7 8.62 
4.1 4.5 7.2 7.8 
8.0 10 IO 7.8 

4.5 6.7 6.73 
Pauli paramagnet = 2.3 . 10m3 cm3 mol- r at 4.2 K [76 x,,, G 31, see Fig. 350 
Pauli paramagnet x,,, = 1.9 - IO-’ cm3 mol- ’ [75 E l] 

‘) For magnetic behaviour of RNi, single crystals see Figs. 350-358. 
*) At 1.5K. 
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Table 91. Magnetic properties of some RM, hydrides. 

GdCo,H, 

X T PS PC0 Tc Ref. 
K PB1f.U. FB K 

:.4(l) 4.2 1.70 1.74 953 83Y4 
4.2 1.45 1.69 

2.8(l) 4.2 0.44 1.49 480(50) ‘) 

YCo,H, :.4(l) 4.2 7.76 1.55 978 83Y4 
4.2 7.21 1.44 

2.8(l) 4.2 6.25 1.25 440( 50) 

LaNi4.5Feo.5Hx 5.6 4.2 0.77 ‘) 87Ll 
LaNL25Feo.,sH, 5.6 4.2 0.98 ‘) 
LaNi,FeH, 5.3 4.2 1.302) 
LaW.sFel.2Hx 5.2 4.2 1.48 2, 

‘) Tentatively evaluated. 
‘) Values obtained in field of 150 kOe. 

120 
Gcm3 

9 
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Fig. 359. Thermal variation of magnetization at 1OkOe 
in LaCo, and their hydrides [73 K 151. The absorption of 

Fig. 360. Thermal variation of the magnetization in 

hydrogen leads to a reduction of the magnetic moment of 
NdCo, compound and their hydrides [73 K 151. The 

Co atoms. 
magnetization observed for hydrides at high temperatures 
is much reduced as compared to the pure compound. This 
effect is due probably to a reduction of Co magnetic 
moments. The temperature at which the direction of the 
magnetic moments departs from the c axis is shifted by 
about 200 K towards lower temperatures. 

Land&-B6mstein 
New Series 111/19d2 

Kirchmayr, Burzo 



272 2.4.2.17 R-3d: RM, [Ref. p. 405 

x- 

Fig. 361. Dependence of the Co magnetic moment at 
4.2K on the hydrogen content in some RCo, hydrides 
[73 K 15-J. The presence of hydrogen as nearest neigh- 
bours of Co atoms leads probably to a reduced exchange 
interaction bctwecn 3d electrons, and consequently a 
decrease of Co magnetic moment is observed. The Co 
magnetic moment shown in RCo, is nearly the same for 
all R. 

170. 131 .__ 
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Fig. 363. Composition dependence of the saturation mag- 
netization in (open symbols) the absorption and (solid 
symbols) the desorption processes for GdCo,H, and 
YCo,H, at 288.2 K [83 Y 43. 

0 3 6 9 12 kOe 15 
H- 

Fig. 362. Dependence of H, pressure in LaCo,H, on the 
applied magnetic field [73 K 15, 74 B 173. The hydrogen 
pressure rises almost simultaneously with the application 
of a magnetic field. Similar effects were observed in RCo, 
samples containing a mixture ofthe u-phase and PI-phase. 

140 
Gcm3 - 
9 

120 

I 
80 

0 
0 60 120 180 2LO 300 360 K 420 

Fig. 364. Temperature dependence of the magnetization 
of YCo,H, and GdCo,H, in a field of 10.3 kOe for the 
parent compound (x = 0) and the quenched u-(x =0.4) and 
p-(x=2.8) phases, the samples being under constant 
hydrogen pressure. The open and closed symbols indicate 
the data taken in the heating and cooling runs, respec- 
tively [83 Y 41. 
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x- 

8 0 2 4 6 8 kOe 10 

Fig. 365. Variation of the magnetic susceptibility, x0 of 
LaNi,H, hydrides at 4.2K with hydrogen content. The 
solid circle provides xp for a fresh sample [SOP I]. The 
decrease of x values with the hydrogen content is inter- 
preted as a decrease of the density of states at the Fermi 
level. This implies, as shown by EPR measurements, a 
charge transfer from H, to Ni or an equivalent 
mechanism [76 W I]. 
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Fig. 367. Composition dependence of the saturation mag- 
netic moment per formula unit ofY, -XR,Co, (R = Nd, Gd, 
Tb) at 4.2 K [SO E I]. 

H- 

Fig. 366. Magnetization isotherms in LaNi, at 20°C as 
function of the number of H cycles [80 S 51. The LaNi, is 
an exchange-enhanced Pauli paramagnet with 
~~=4.6.1O-~crn g ’ -l. Hydrogen absorption leads to a 
decrease of the magnetic susceptibility to 
1.3. 10m6 cm3 g-‘. This decrease is usually covered by a 
strong irreversible increase of surface magnetism where, 
through surface segregation and decomposition, super- 
paramagnetic Ni precipitates are formed [78 S 15,80 P I]. 
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Fig. 368. Temperature dependence of the angle 0 between 
the magnetization and the c axis in Y,-,Nd,Co, com- 
pounds in an external field H = 9 kOe [8OE I]. The easy 
direction turns from the c axis to the c plane during 
cooling. By decreasing x, the spin reorientation tempera- 
ture is lowered. 
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Fig. 369. Composition depcndcncc of the saturation mag- 
netization, at 4.2 K, in Sm, -IR,Co, (R =Gd, Tb, Dy and 
Er) compounds [75 D 71. 
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Fig. 371. Perccntagc changes of the saturation magncti- 
zation versus tempcraturc (with rcspcct to room tempcra- 
turc) in some Sm,R, -$os compounds. A small tcmpcra- 
turc dcpcndence is obtained in ternary Sm,Dy,-$0, 
systems [78M6]. See also [74B6, 765 1, 78N3, 
79 G 143. 
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Fig. 370. Composition dependence of (a) the magneti- 
zations at 4.2K and (b) the Curie temperatures in 
Dy,R, -$05 (R = Pr, Nd, Gd) compounds 171 W 23. 
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Fig. 372. Composition dependence of the saturation mag- 
netization at 77 K and Curie temperature in Pr, -,Zr,Co, 
alloys [84 G 101. 
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Fig. 373. Composition dependence of the saturation mag- 
netization at 4.2K in Dy,Er,-,Ni, and Nd,Sm,-,Ni, 
[84 E 2-j. (b) Composition dependence at 4.2 K of the angle 
6 between the easy axis of magnetization and the c axis in 
Dy,Er, -XNi, and Nd,Sm, -,Ni,. 
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X- 

Fig. 374. Magnetic phase diagram of (a) Dy,Er,-,Ni,, 
Y,Err -XNi,, Dy,Y, -,Ni,, and (b) Nd,Sm, -XNi,, 
Y,Sm, -,Ni,, NdXY, -,Ni, systems. The Curie tempera- 
tures for magnetic ordering along and perpendicular to 
the c axis are denoted by circles and triangles, respectively. 
The directions of magnetization are also shown [SS K 141. 
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Fig. 375. Composition dependence of the d-band polari- 
zation at 0 K per Ni atom in Gd,Y, -,Ni, alloys [76 G 31. 
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Fig. 376. Composition dependence of the Curie tempera- 
tures and mean magnetic moment of transition metal 
atoms at 4.2 K in La(Co, -,NiJ, [75 B 83, Sm(Co, -XNiJ, 
[76 E 63, Sm(Co, -$u,)~ [76 E 63 and Sm(Co, -.FeJs 
[76 E 63. When increasing the Ni and Cu content, both Te 
and ph, values decrease, while in case of Fe an increase is 
shown. The La(Co, -,NiJ, compounds having x SO.4 arc 
ferromagnetic. In the concentration range 0.5 f x SO.8 a 
more complex behaviour is observed. Upon mcreasing 
the temperature from 4.2 K the magnetization first rises 
and after passing through a maximum decreases again. 
The observed magnetic bchaviour is discussed in terms of 
mictomagnetism and narrow Bloch wall propagation. 
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Fig. 377. Composition dependence of the spontaneous 
magnetic moment po, Curie temperature T,, anisotropy 
constants K, and K,, and the angle, 0, between c axis and 
easy direction ofmagnetization at 4.2 K for Pr(Co, -,NiJ, 
compounds [85 A lo]. 

0 0.2 0.z 0.6 8.8 1.0 
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Fig. 378. Mag.neticphase diagram ofTb(Co, -.Ni,), com- 
pounds showmg Curie tempcraturcs (7,) as well as start 
(T,,,) and end (Kr2) of spin reorientation [82P9]. See 
also 177 K I]. 
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Fig. 379. Magnetic phase diagram of the Ho(Co, -XNiX)S 
(open symbols) and Ho(Co i,i -,Ni& (solid symbols) sy- 
stems [83C3]: Curie temperatures (Tc), start (TS,i) and 
end (&) of spin reorientation. The Curie points of 
La(Co, -,Ni,), compounds are also given [75 B 81. 
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Fig. 381. Pressure dependence of the Curie temperature in 
La(Co,Cu, -J5 compounds [75 B 7-j. In all cases the Tc 
values decrease with pressure. 

1000, I I I I IO 
UB 
ix. 

800- 8 

2 

0 
0 0.2 0.4 0.6 0.8 1.0 

we, x- RN& 

Fig. 380. Composition dependence of the saturation mag- 
netic moment at 4.2 K (circles) and of the Curie tempera- 
tures (triangles) for the La(Fe, -xNiX)5 (open symbols) and 
Th(Fe, -,Ni,), (full symbols) alloys [75 E 11. 
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Fig. 382. Variation of T=dlnTJdlnV for some 
La(Co,Ni, -&, compounds as function of T;' [75 B6]. 
The data for Y-Co, Th-Co, Gd-Co and La,Co, are also 
given. The values were corrected for thermal expansion 
accompanying the Tc shift under pressure. For com- 
pounds having T,> 500 K (x <0.6), the data fit the 
relation r = a + bBTcm ‘, predicted by the collective 
electron model. 
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Fig. 383. (a) Variation of the spin reorientation tcmpcra- 
turc T,, of NdCo, with uniaxial stress applied along the 
three crystallographic axes. T,, is indepcndcnt of stress in 
the basal plant but incrcascs at a rate of 1.6Kjkbar 
parallel to the c axis. (b) shows the effect of hydro- 
static prcssurc on the spin reorientation temperature 
[86P 21. 

4s 
.lO-’ 

3 

I 

Y 
3.5 

x" 

3.c 

2.5 
400 

40-J 
CA 

3io 

I 200 
ST 

100 

0 

Oe 

50 100 150 200 250 
I- 

j 
K 300 

.10-3 
cm3 - 
9 

1.3 

I 
1.2 N” 

1 

f.u. f.u. 
6 6 

I 

5 

4 
4' 

3 

1 I 

7z4.2 K 

0 I 160 kOe 200 
H- 

Fig. 384. Magnetic field dependence of the magnetizations 
in Ce(Co, -,Ni,), compounds at 4.2 K [83 G 43. In aligned 
powders, for x=0.075, properties analogous to those of 
ThCo, arc observed. The spontaneous magnetization 
exhibits a maximum near 200 K, and a transition towards 
a state of higher magnetization is induced by an applied 
magnetic field at low temperatures. The transition is not 
sharp because statistical site occupancy by Ni atoms leads 
to a distribution of exchange fields and consequently of 
the transition fields. 

Fig. 385. (a) Magnetic susceptibility (zero-field-cooled, 
xZFC, and field-cooled, xFc) for Fe concentrations, 
x =0.042 and 0.10, smaller than the percolation threshold, 
x, =0.30(5), in LaNi, -%Fc, system. The temperatures T, T, 
TO, which characterize the onset of irreversibilitics, spin 
glass-like freezing and an extra peak in xzr,-, respectively, 
are marked by arrows [87E6]; (b) Magnetic suscepti- 
bility for a typical Fe concentration, x = 1.0 larger than x,. 
For x > xc, a sharp increase of ~r~=~zr~ at a Curie 
temperature Tc upon cooling gives evidence ofthe onset of 
a spontaneous magnetization in the ferromagnetic phase. 
At such Fe concentrations, T, is roughly equal to the 
temperature Tr at which xFC and xzrc split, within 
expcrimcntal uncertainty. 
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Fig. 386. Magnetic phase diagram of LaNi,-,Fe, system 
[87 E 63. P denotes the paramagnetic phase (with non- 
negligible local spin correlations). SG is a spin glass (or a 
cluster glass) state, separated from the P phase by a region 
of strong irreversibilities I, between the T,(x) (broken 
curve) and T*(x) curve (full curve) at x < 0.4. The broken- 
dotted curve represents the variation of T, with x. F is the 
ferromagnetic configuration at x >0.4. The dashed area in 
the phase diagram is the region near x ox, which 
separates two different parts of the phase diagram, 
characterized by different magnetic properties. The sym- 
bols denote experimental determinations of the tempera- 
tures T,, T,, T, from magnetic susceptibility (x) and 
electrical resistivity (Q) data. At x >0.4, the T,(x) curve (full 
line) has been determined from Mijssbauer effect (ME) 
184 L I], electrical resistivity (Q) and magnetic suscepti- 
bility (x) data. Above a critical Fe concentration, x, ~0.3, 
the system undergoes a superparamagnetic to long-range 
ferromagnetic ordering at a finite temperature T,. At 
lower concentrations, no long-range spin ordering is 
observed, which suggests that x, is the percolation 
threshold. Instead, a transition to a phase characterized by 
strong irreversibilities, is observed at temperature Y&(x). 
Very strong ferromagnetic interactions between Fe atoms 
are observed at low concentrations (x<x& which con- 
trast with small T, values observed for x2x,. 

0 50 100 150 200 250 K 300 
l- 

Fig. 387. Magnetic susceptibility in a constant magnetic 
field (1 kOe) by increasing and decreasing temperature for 
LaNi,FeH,,,. A maximum in x values at 25K and a 
hysteresis phenomenon at TZZ 20 K indicate a spin-glass- 
type behaviour [87 L 11. 
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Fig. 388. Magnetization isotherms for CeNi, -,Cu, system 
and their hydrides at 4.2K. Two samples of CeNiCu4 
were examined. For x <2 the compounds are Paul 
paramagnets. For x>2, the x vs. T curve can be 
regarded as a sum of a Pauli-type contribution and Curie. 
Weiss paramagnetism associated with Ce3 * ion. Hydra. 
genation increased the unit cell volume by 2 15% withou 
a change of crystal structure. It also caused an increase ir 
the effective magnetic moment for x = 2.5 and 3.0, but i 
small decrease was observed for x24.0 [84P9]. 
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For magnei 
RM, 
RFe, 
RCo, 

RNi, 

RCo,H, 

RNi,H, 
(R’R”)Co, 

(R’R”)Ni, 

R(M’M”), 

iic properties see also 
[SS K S(T), 88 K 5-J; R = Sm, Gd, Tb, Dy, Ho, Er, Y, M = Mn, Fe, Co, Ni [61 C l] 
E87K3-J; R=Th [78G4] 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

86R2,87B4,87U2(T)];R=Ce,Pr,Nd,Sm,Gd,Tb,Dy,Ho,Er,Tm,Y [61 N1,62C1,66L3]; 
R = Ce, Sm, Gd, Dy, Ho, Y [60 N 23 (samples were oxidized during measurements); R = Ce, Pr, 
Sm, Y [67 S 43; R = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Th, Y [68 B 6,68 V I,69 B fl; R = La, 
Ce,Pr,Sm,Y[70S6];R=Ce,Pr,Sm,Y[71B2];R=Ce,Pr,Nd,Sm,Y[71T1*];R=Ce,Sm,Y 
[7311]; R=Gd, Tb, Dy, Ho, Er, Y [7307]; R=Nd, Sm, Y [73S3]; R=Pr, Nd, Sm, Gd, Y 
[74 K 3*]; R = Ce, Nd, Sm, CeMM, Y [74 K 151; R = Pr, Nd, Tb, Dy, Ho [77 D 9-J; R = Sm, Gd, 
Y[77M4(T)];R=Pr,Tb,Dy,Ho[83A6*];R=Tb,Dy,Ho[83K2];R=Ce[67L4,74D12, 
76A4, 83G4]; R=Pr [71K3, 79R4(T), 80A7, 85K16, 88X1(T)]; R=Nd [66B2, 
74F2*,76D8,7608,82A5,82A13,86P2];R=Sm[69B8,70M1,72M2,73D6,74D6*, 
7462, 75K5, 75P1, 75S6, 76A4, 76L4, 76M4, 77B2, 77C7, 78K6, 82A4(T), 84Al1, 
84B6-j; R=Gd [69B6,83G3]; R=Tb [67L4,75E2, 75R2,ssEl-J; R=Dy [75E2,75E3, 
75S1,7709, 80B5, 80B6, 83T5]; R=Ho [82D3]; R=Y [67H2*, 74Fl*, 75K5, 80A3, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
[77G7,7966, 81 G6, 83G4, 84All-j 

[63B1,80N1*,82E1];R=Ce,Pr,Nd,Gd,Ho,Tm[71 Wl];R=Tb,Ho,Er[84G2];R=Pr,Nd, 
Sm, Gd, Tm [87B7]; R=Tb, Ho, Er [84G2]; R=La [8OSl7, 81 Pl, 82Ml(T), 85615, 
87Gll(T)]; R=Ce [82G3, 8265, 8566-J; R=Pr [72C8, 75A1, 79A4, 79R5, 80M11, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
[87B2*,87E3,88Bl*];R=Gd[71B14,78R3,82Ml(T),83G3];R=Tb[79G3*,83G5, 
84G3];R=Dy[8OA8*,81A4*];R=H0[79G3*];R=Er[77E8*,83G5,84G3];R=Tm 
[82G2, 84Ali-J; R=Y [80G4, 81G6, 82G3, 82G5, 83G3, 85G6] 

[72K2, 73K15, 74B17, 74K18]; R=La [72K4, 82Y2]; R=Ce [72K4]; R=Pr [71K3, 
82Y2]; R=Nd [82Y2, 82Y3]; R=Sm [69Z2]; R=Gd [83Y4]; R=Y [83Y4] 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(LaSm)Co, [69 B7, 71 M 1, 76L5, 79 E3]; (LaHo)Co, [69 B7]; (CeSm)Co, [71 M 1, 79 E3]; 

(CeZr)Co,[84G9];(CeHf)Co,[84G9];(PrSm)Co,[71M1,71S3,72D3,73D4,73M3,75B5, 
75 S 6, 77 E 5, 78 H 3, 83 E2]; (PrDy)Co, [71 W 2); (PrTm)Co, [74N 23; (PrY)Co, [82A 8*, 
83 E 2,88 P 11; (PrTi)Co,, (PrZr)Co,, (PrHf)Co, [84 G 101; (NdSm)Co, [74 S 4,75 F 3,78 E I, 
79E3, 7921, 80E5, 82E2]; (NdGd)Co, [62Nl, 71 W2]; (NdDy)Co, [71 W2, 77081; 
(NdTm)Co, [74N2]; (NdY)Co, [71Tl, 74N2, 77H2, 79El, 80E1, 80E4, 82E1, 82E3]; 
(NdU)Co, [78Dl]; (SmMM)Co, [71 M 1,73D4];(SmGd)Co, [74B6,75D7,765 I, 78M6, 
79 G 14, 79 M 51; (SmTb)Co, [75 D 7, 78 M 6-j; (SmDy)Co, [75 D 7, 78 N 3, 78 M 6, 79 G 14, 
79 M 5, 83 E 33; (SmHo)Co, [78 N 3, 79 M 53; (SmEr)Co, [75 D 7, 78 M 6, 79 G 14, 79 M 5); 
(SmTm)Co, [79 G 141; (SmY)Co, [71 S 3,79 E 3,82 A S*]; (SmZr)Co, [76 0 I]; (SmGdR)Co,, 
R =Tb, Dy, Ho, Tm [83P 151; (SmGdNd)Co, [79 M 41; (SmGdDy)Co, [79G 14, 79 M 53; 
(SmGdHo)Co, [79 G 143; (SmErHoDyGd)Co, [78 N 33; (GdDy)Co, [71 W 23; (GdHo)Co, 
[71 W 23; (GdY)Co, [79 E 1,80E l-j; (GdTh)Co, [73 W 11; (TbY)Co, [79 E 1,79 E2, 80E 1); 
@yy)Co, [83 D 5,83 E 33; (HoY)Co, [82 E 43; (HoTh)Co, [73 W 11; (HoEr)(CoNi), [87 D 93; 
(ErY)Co, [83E3]; (ErTh)Co, [73 W I]; (YU)Co, [78D 11; (YTh)Co, [74G 1, 79 W3); 
(YTh)(FeCo), [74 G 1, 79 W 31; (SmZr)Fe, [88 L 33 

(NdSm)Ni, [84 E 2, 85 K 143; (NdGd)Ni, [69 W I]; (NdHo)Ni, [69 W I]; (GdDy)Ni, [69 W I]; 
(GdHo)Ni, [69 W 11; (GdY)Ni, [76 G 3*]; (DyEr)Ni, [84 E 2, 85 K 141 

R(CoM),, R =Gd, Tb, Y [76 0 11; Pr(CoM), [84 C 33; Pr(CoM),, M =Mn, Fe, Ni, Cr, V, Ti 
[83 243 

Ho(MnCo), [SOD 8, 82 D 7); Th(CoMn), [77 M lo]; R(MnNi), [83 P 33; La(MnNi), [82 L 33; 
Th(MnNi), [77 M lo]; La(MnCu), [88 K 33 

Sm(FeCo), [76 E 63; Ho(FeCo), 180 D 8, 82 D 73; Y(FeCo), [74 G 23; Th(FeCo), [72 V 11; 
R(FeNi), [73H 43; R(FeNi),, R=La, Ce, Y [84P 151; La(FeNi), [82L 1,83 0 1,84L 1,87E6, 
88El-J; Th(FeNi), [72Vl, 75El) 

R(CoNi),, R = Ce, La, Gd, Sm, Y, Th [78 E 23; La(CoNi), [73 V 3,75 B 6,75 B 8, 75 B 15,77 E4, 
77 E 7*]; Ce(CoNi), [77 E 4, 77 E 7*]; Pr(CoNi), [85 A IO]; Sm(CoNi), [7O 0 1, 75 E4, 
76E6,7603,77E7*,7706,7803,87M5];Gd(CoNi),[7001,77E3,77E4,77E7*,8003, 
81 Cl]; Tb(CoNi), [82P9]; Ho(CoNi), [79D9, 80D8, 81 D10, 83C4]; Er(CoNi), [7801, 
85Dl2, 85Dl3]; Y(CoNi), [75Tl, 76B19, 76B20, 77E4, 77E7*, 79E4]; Th(CoNi), 
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[74N5, 75B 8, 75B 13, 75B 15, 75N3-J; La(CoCu), [75B7]; Ce(CoCu), [85G 12, 86L2]; 
Pr(CoCu), [70 S 1,73 M 1,78 M 2,79 M 21; Sm(CoCu), [73 J 1,73 K 1,73 K 3,74 M 3,76 B 19, 
76E6, 78K9, 86M23; Gd(CoCu), [7OS4]; Tb(CoCu), [62Nl]; Dy(CoCu), [62Nl]; 
Ho(CoCu), [79D9, 80D 8, 81 D 10, 86C 51; Er(CoCu), [83 D 71; Y(CoCu)s [83 Y 51; 
Pr(CoAl), [73 0 5, 74 0 3-J; Sm(CoAl), [73 0 5, 75 0 21; Gd(CoAl), [70 S 41; R(CoZr), 
[78Y 31; R(CoTi), [78Y 31; RCosB,, R=Gd, Dy [85 M l] 

La(NiM),, M = Al, Ga, In, Sn [80 M 31; Ce(NiCu), [77 B 24,82 G 5,82 P lo,84 B 7,84 P 9,85 G 16, 
86 G 31; Sm(NiCu), [78 0 2-J; Yb(NiCu), [77 B 241; U(NiCu), [77 B 24, 82 R 33; RNi,Au 
[77 F I]; MM(NiAI), [86 R 43 

R(M’M”)HX La(NiMn),H, [82 L 31; Ce(NiM),H,, M = Mn, Fe [86 P 61; La(NiFe),H, [83 0 1,84 D I,87 L 11; 
Ce(NiCu),H, [84P 9-J; Ce(NiAI),H, [84P lo]; MM(NiAI),H, [86 R 41 

For mixed-valence compounds see 
Ce(CoCu)s C81 S 61; Ce(NiCu), [81 S 61; Eu(NiCu), [78 R 51 

For nuclear demagnetizing see also 
PrNi, C77A5,78A5,78B8,81F5,83K4, 86s19] 

Neutron diffraction 

Fig. 389. Magnetization density projected along the c axis 
in YCos compound. The magnetic densities on sites 
Co,(Zc) and Co,,(3g) slightly overlap while their centers are 
well separated. The distribution around the two sites is 
roughly the same. A weak magnetization can be seen at 
the origin of the unit cell, as expected from the projection 
of the substitution Co,v(61) sites on the Y location. Around 
this site, the magnetization becomes negative [80 S 81. 

Landolt-Bbmstein 
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Fig. 390. Magnetization density projected along the c axis 
of YCo, vs. distance r in the &plane from the unit cell 
origin. It is positive for small distance, as result of the 
existence of substitution atoms Co,,(61), decreases, 
becomes negative, presents a minimum at r=0.8& 
incrcascs slightly, and, for r > 1.5 A, increases rapidly as a 
part of the Co,,(3g) magnetization density is included in 
the average [80 S 83. 
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Fig. 391. Magnetic structures at low tempcraturc, values 
of the atomic magnetic moments as function of tcmpcra- 
ture and tempcraturc dcpcndcncc of the angle p bctwccn 
the direction of magnetic moment and c axis arc given for 
(a) NdCo, and (b) TbCo, compounds. The thermal 
variation of the bulk magnetization in a magnetic field of 
20kOc is also plotted. In both compounds a spin 
rcoricntation from basal plant to c axis is evidenced as 
tcmpcrature increases [66 L 33. 
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RCo, 

a b pCo 

PR 

Fig. 392. Noncollinearity of the magnetic structure during 
reorientation process for (a) ferromagnetic RCo, com- 
pounds with light R and (b) ferrimagnetic RCo, with 
heavy R. In the ferromagnetic compounds the direction of 
M, is so close to those of M,, and M, that evidence for 
noncollinearity of the magnetic structure is very difficult 
to obtain experimentally. A more favourable situation is 
obtained in the ferrimagnetic compounds as seen in (b) 
[83 D 2-J 

Fig. 393. Experimental values of the Sm magnetic neutron 
scattering amplitude for (hko) and (hkl), reflections and 
calculated form factor for the (hko) reflections at (a) 4.2 K 
and (b) 3OOK, for pBBHexch/kB= 175(25)K; A;(?) 
= -2OO(.SO) K, &(r4) =0(50) K; A:(P) = 50(50) K in 
SmCo,. In (c) the level scheme of Sm3+ ion in the 
exchange and crystal field is plotted. The Sm form factor is 
very different at 4.2 and 300 K, giving direct evidence for 
the exchange and crystal field mixing of excited multiplets 
into the ground state multiplet. The Sm magnetic moment 
is smaller at 300 than at 4.2 K and its orbital character is 
less pronounced. The cross-over is calculated to occur at 
350K above which temperature the spin contribution 
exceeds the orbital one. The SmCo, compound is fer- 
romagnetic below the cross-over and ferrimagnetic above 
[79 B 8, 79 G 71. 
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Fig. 394. Tempcraturc depcndcncc of (a) the reduced Co 
sublatticc magnetization nrco and (b) the rcduccd Ho 
sublatticc magnetization mu, in HoCo,., [Sl C3]. The 
solid lint in (a) is the calculated curve according to 
[73 071, the dashed lint after [81 C3]. The lines in (b) 
arc curves calculated according to the relation, 

with 

and J=J~V-cOmcO, whcrc J&+, is the exchange param- 
eter bctwcen the sublatticcs, Kf,, is the anisotropy con- 
stant, and O,,,, and 0, arc the angles bctwccn c axis and 
respcctivc sublattice magnetizations. The curves arc cal- 
culated for JE,-,,=6OK, and (I) K&=3 K and O,,, and 
O,, changing in the tcmpcraturc range 45 to 170 K from 
90” to 0”. (2) KE, =0 K and 0,,, 2 0,” in all the tcmpcraturc 
range. (3) KE,=3 K and 0,,,=90” in all the tcmpcraturc 
range. (4) K&=3K and 0,,,=0 in the tcmpcraturc range 
4.2...1000 K. In (3) and (4) O,,,, and B,, bchavc similarly. 
The expcrimcntal data agree with curve (3) in the 
tcmpcraturc range 4.2...45K, and with curve (4) in the 
tcmpcraturc range 170~~~500 K. 

a 

b 

Fig. 395. Magnetization density projcctcd onto the basal 
plant of ThCo,(A) and ThCo,.,,(B) compounds. In 
crystal A, the Co magnetic moment on the 3g site, 
0.90(8) pn, is lower than that on the 2c site, 1.20(8) pa. In 
crystal B, the magnetic moments of Co on 2c and 3g sites 
arc equal, 1.63(8) us [77 G 73. 
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Fig. 396. (a) Thermal variations of the spontaneous 
magnetization of ThCo, and of Co 2c and 3g sites, pCo(lc)r 
pc0(3g), obtained from magnetic measurements (solid 
circles) and polarized neutron diffraction (open circles) 
[79G 61. (b) Thermal variations of the superimposed 
magnetic susceptibility of ThCos (x,,) obtained from 
magnetic measurements (solid circles) and polarized 
neutron diffraction (open circles), the acting field being the 
applied magnetic field, and of the two Co sites (x,-~(~~), 
xcO&, the acting field being the sum of the applied 
magnetic field and the molecular field resulting from the 
interaction between the two Co sites. 

YNi5 

0 Ni(2c) 
@ l 6% @ 2Ni(3gl 

1 -w l Ni(3g) 

Fig. 397. Projections of the magnetic densities in YNi, 
and CeNi,, averaged on a square of 0.4A on each side 
(contours are in 10m3 u(,/A’) [82G3]. These evidence 
strong positive magnetic densities localized on Ni sites, 
those of the 3g sites being higher than those of the 2c sites. 
In YNi,, these densities correspond to a form factor of 3d 
electrons at the top of the band, whereas in CeNi, they are 
observed much more localized. The observed localization 
results from the superposition of a contribution of 3d type, 
similar to that in YNi,, and of a strong antiparallel 
polarization, more diffuse and nonuniform. No magnetic 
density is localized on Y and a weak one is found on Ce 
with 4f-type form factor. 
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Table 92a. Magnetic moments of Co, orbital proportion and occupation parameters in 
RCo, (R =Nd, Y) compounds [SOS 8,82 A 5-J. 

T PC0 Orbital Occupation parameters 
K PR proportion 

% 

YCO, ‘) 4.2 (2c)t.77(2) 

(3g)1.72(2) 

W) 

16(4) 

dz* 
dxz; dyz 
d(x* - y*); dxy 
dz* 
dxz 
dyz 
d(x* - y*) 
dv 

0.28(3) 
0.18(12) 
0.58 
0.15(2) 
0.24(4) 
0.19(3) 
0.22(3) 
0.20 

NdCo, *) 260 (2c)1.95(3) 33(5) 

!c!) 
(W .90(3) 20(3) 
(2c)1.84(3) 19(4) 

(Pl4 (W .W2) 12(2) 

‘) Sum of the localized magnetic moments in one unit cell is 8.9(1)u, and the 
magnetization measured in one cell is 7.99(2)~,. 

*) In NdCo, the anisotropy of Co atoms has sign opposite to that of Nd atoms. Above 
room temperature, the easy magnetization direction is determined by Co atoms to be along c. 
At low temperatures the anisotropy of Nd atoms is preponderant, the spontaneous 
magnetization is in the basal plane, parallel to the a axis. A rotation in spontaneous 
magnetization is observed between 240 and 290K. In this range of temperatures the bulk 
anisotropy is small. A polarized neutron study has been performed at 260K, the magnetiz- 
ation being successively aligned along a and c in H,,, = 46 kOe. A large orbital contribution to 
the Co magnetic moment is observed. This is reduced when the magnetization is 
perpendicular to c. The anisotropy of Co both in NdCo, and YCo, is nearly twice as large 
on the 2c site (of uniaxial symmetry), where the orbital contribution is largest, than on the 3g 
site. Such orbital contributions on a uniaxial site are difficult to reorient, and therefore, 
through spin-orbit coupling. are responsible for magnetic anisotropy. 
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Table 92b. Magnetic moments (Pi) of R and M atoms determined by neutron diffraction studies in some RCo, 
and RNi, compounds. 

T K) 

CeCo, 4.2 
295 

CeCo, 4.2 
PrCo, 4.2 

RT 
NdCo, ‘) 4.2 

78 
295 

SmCo, 4.2 
300 

TbCo, 4.2 
78 

295 
TbCo, 4.2 
TbCo,., 4.2 
HoCO,.,~) 4.2 

293 
HoCos., 4.2 
Ho%., 4.2 
ErCo5.6 4.2 
TmCo, 4.2 
YCO, 2) 4.2 
YCO, 1) 4.2 

TbNi, 4.2 
TbNi, 1.5 
ErNi, 4.2 
HoNi, 0 

‘) See also Table 92a. 
2, See also [62 J 11. 

PR 

- 
- 
- 
1.58(8) 
1.15(7) 
2.45(30) 
2.15(10) 
1.20(10) 
0.38 
0.04 
8.35(55) 11 a 
8.15(55) 11 a 
6.30(55) 11 a 
8.50(40) 
8.35 
9.3(3) 1 c 
3.86) II c 

El0 

8.6 11 c 
6.8 11 c 
- 
- 

7.3(3) 
7.14(40)~~a 
7.7 11 c 
7.4(5) 

PCo(i?c) 

1.30(30) 11 c 
1.20(30) I/ c 
1.14(5) 
1.30(5) 
1.50(5) 
1.45(20) 
1.50(20) 
1.50(20) 
1.86 
1.86 
1.55(20) 11 a 
1.55(25) 11 a 
1.35(25) 11 a 
1.60(15) 
1.55 
1.68(1O)lc 
1.62(10) II c 
1.85 
1.57 
1.50 11 c 
1.50 11 c 
1.66(4) 
1.77(2) 

piqi = 0.0(2) 
PNiZO 
PNiZO 
PNiZO 

PCa(3g) 

1.30(30) 11 c 
1.20(30) 11 c 
1.14(5) 
1.30(5) 
1.50(5) 
1.45(20) 
1.50(20) 
1.50(20) 
1.75 
1.75 
1.70(10) 11 a 
1.67(25) 11 a 
1.55(25) 11 a 
1.72(15) 
1.67 
1.71(10)1c 
1.62(10)//c 
1.85 
1.72 
1.5Ollc 
1.50 11 c 
1.66(4) 
1.72(2) 

Ref. 

67L4 

66L3 
71K3 

66B2,66L3 

7967 

67L4,66L3 

82P9 
75E2 
81C3 

82D3 
83C3 
78Y2 
78Y2 
69K5 
8OS8 

82P9 
7OL3 
64C2 
83C3 

Table 92~. Magnetic moments induced by a magnetic field of 48 kOe in RNi, (R = Y or Ce) 
compounds [82 G 31. 

PNi(2c) PNi(3g) PR Pm w3 lk3Ku.) 

10-3pL, localized diffuse bulk 

YNi, 2.4(4) 4.1(6) - 17.1(12) 2.2(21) 19.3(9) 
CeNi, 7.0(7) 8.2(8) 2.4(6) 41.0(18) - 11.8(27) 29.2(9) 
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Table 93. Magnetic moments along the c axis at R and Co sites in PrCo, deuterides 
determined by neutron diffraction studies [71 K 33. 

T PR PC. bb) 
K PB 

co, co,, co,,, 

PrCoJb7 ‘1 4.2 1.64(13) 0.12(8) 0.79(6) 0.79(6) 
17 OSo(4) 0.98(6) 1.28(S) 1.28(S) 

PrCoAg 292 - 0.83(4) 0.83(4) 0.83(4) 

‘) The crystal structure was a Cmmm-type in which the Co atoms are located in: 
Co,(O.366; 0; 0); Co,,(O; 0.5; 0.5) and Co,,,(O.25; 0.25; 0.25). 

0.4 

0 
Cl 0.2 0.6 0.6 0.8 

lbLo5 x- 1 bNi i5 

Fig. 398. Composition dependence of the Tb magnetic 
moment, pTh. and transition metal moments on sites 2c 
and 3g. phltzc, and P~,~~,. rcspcctively, at 4.2K in 
Tb(Co, -,NiJ, compounds [82P9]. Assuming pc,,~2c, 
= 1.60 ur, and pcocJs, = 1.72 pe at all x a good fit to the 
ph,c2c, and pL,,3p, data is obtained for P~~,~~,=O for all x 
and ph.i(2r, as shown in the figure. The dashed line 
provides pMc2c, calculated supposing pCoc2e, = 1.60 uB and 
P~~,~~,=O for all x. 

8 

7 

6 

-0 0.2 0.1, 0.6 0.8 1.0 
x- HoNi, 

Fig. 399. Composition dependence of the resultant mag- 
netization, pm, Ho sublattice magnetization, pHo. tran- 
sition metal magnetic moments in 2c and 3g sites, P~,,~~,, 
pMc3p,, and Ni magnetic moment in 2c sites, pNiczc,. at 
4.2 K for (open symbols and crosses) Ho(Co, -,Ni,), and 
(solid symbols) Ho(Co 1,,,l -,,Ni,), compounds [83 C 33. 
(+) Data obtained from magnetization measurements 
[8d D 81; ( x ) magnctiiration-of HoNi, single crystal 
[79 G 33. 
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a T- 

Cl 200 400 600 800 K 1000 
b T- 

90” 

I 
60" 

a 

30" 

0" 
0 100 200 300 400 500 K 600 

c T- 

Fig. 400. Temperature dependence of (a) Co magnetic 
moments in 2c and 3g sites, (b) Ho magnetic moment, and 
(c) angle 0 between the c axis and the direction of 
magnetization in HoCo,,, -./LX compounds [86 C 51. 
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8 ThCojFez 

b 

ThColFe3 

x = 0.4IO.6 
Th(Fe,.,Ni,), 

ThCoFe( ThFeS 

Fig. 401. (a) Magnetic structures at 4.2 K in the system 
Th(Co,Fe, -Js [74 E 23. The ferromagnetic and antifcr- 
romagnctic components pcrpcndicular to the c axis arc 
arbitrarily drawn normal to, and in the plane ofthc paper, 
respectively. The normal component is indicated by (+) 
sign. (b) Schematic rcprcscntation of magnetic structures 
occurring in the Th(Fe, -INi,), system at 4.2 K for x 50.2, 
x=0.4 and 0.6 [75E 11. 

E- 

800 
-13-10 -7 -5 -2 -1 0 1 2 4 

3 
meV 7 

r IIi,,,1,,IlI 5 4 I 8 

700 ErNi5 

I 
1=90K 

80 110 1LO 170 200 230 ; 
N- 

Fig. 402. Inelastic neutron scattering of ErNi, at tcmpcra- 
turc of90 K obtained by the time-of-flight spcctromctcr in 
direct gcomctry with an input energy of 14.34mcV and a 
scattering angle of 55”. I is the number of events per 
channel, N is the channel number, and E is the energy loss 
by neutrons. Channel width is 8us and flight length of 
monochromatic neutrons is ~3.5 m. The full lint dcscribcs 
the calculated CEF spectrum [84 G 33. 

1 
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Tb3’ in TbNi5 

16.54 = rlll 
5 

10.14 - r; 
8.26 - r, 

3.95 = l-5 
I21 

0.707 (16>+1-Ei>)t0.0010> 
0.707 (16>---6>) 

0.999 1 y 5> + 0.025 1 +1> 

0.997li4~+0.0681 +2> 

0.707(13>+ I-3)) 
0.707(13>- l-3)) 

0.0681 i4>+ 0.997 1 +2> 

If":-0025 1+5>+09991 +l> 
a - r;'*': O:OO(-IS>-1'6>)+10> 

Er3’ in ErNi 5 

11.75 12.97 
- ' 

I - GA G : : 0.875 0.951 I 1 f *g/2 T/2> > + + 0.485 0,308 

y 9.99 - GM : 0.4851 *l/2 > - 0.875 

3[ 
meV 

2! 

,- 

l- 

I- 

5 

c 0 

l- 

j- 

I- 

F 5/2 > 

T 3/2 > + 

i: 5/2 > 

0.008 1 TV~> 

g 7.96 - 
c, 7.89 - 

qA 
GE 

: 0.052 1 *13/2> + 0.549 1 +‘/2 > + 0.834 +“/2> 1 

:-0.308 1 t% >+ 0.951 TV > + 0.035 7% > 1 1 
6.04 - qB : 0.114 1 +'%>+ 0.826 1 +‘/2 > - 0.552 1 7”/2> 

1.72 - ly : 09921+v2>-0.12&l +v2>+ O.O2(T"/2> 

b O- qc : 0.004 I + g/2> -0.035 Ii3/2>+ 0.999 I T’5/2> 

Pr3+ in PrNi5 

- qB : 0.9756 1 +4>+ 0.21981 T 2> 

-r 3 0.707 13 > + 0.707 I-3> 

- GA : 0.21981 ~4> - 0.9756 1 f 2) 
BE : 1+1> 
-q : jo> 
-q : 0.70713>-0.7071-3> 

Fig. 403. Crystal electric field level scheme for (a) Tb3+ in 
TbNi, and (b) Er3+ in ErNi,, as derived from inelastic 
neutron scattering experiments [84 G 31. (c) Splitting 
energy level scheme of the ground-state multiplet 3H, of 
Pr3+ ion in PrNi, as determined by inelastic slow- 
neutron scattering [8OA 41. 

Land&-Bbmstein 
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Table 94. Crystal field parameters in RNi, compounds deduced from magnetic measurements on single crystals 
(MM) and neutron spectroscopy (NS). 

Bi B: B: BZ Type of Ref. 
analysis 

K lo-‘K 10-4K 

PrNi, 5.82 4.49 8.77 310 NS 79A4 
5.57(46) 4.20(58) 9.40(35) 302(23) NS 80A4 
5.68 4.43 6.51 360 MM 80NI 
5.84(20) 4.53(50) 8.86(80) 314 MM 88B3 

NdNi, 2.55 0.63 - 3.80 -139 NS 85615 
3.35 1.45 - 3.50 -135 MM 80Nl 

SmNi, -18.9 -100 0 0 MM 88BI 

TbNi, 3.65 - 0.18 -0.12 - 3.65 NS 83G5,84G3 
3.84 - 0.24 -0.06 - 3.67 NS 86Gl 
3.84 - 0.04 -0.40 - 4.0 MM 80Nl 
3.20 - 0.27 -0.45 - 1.0 MM 7963 

DyNi, 2.03 0.22 0.11 2.40 MM 80A8,81 A4 
2.30 0.22 0.10 2.7 MM 84AlI 

HoNi, 1.15 0.07 -0.09 - 2.7 NS 85G14 
1.15 0.19 -0.02 - 3.0 MM 80NI 
1.15 0.26 0 - 3.8 MM 79G3 

ErNi, - 0.64 - 0.23 0.23 1.3 NS 84G3,86G3 
- 0.69 0.0 0.53 3.5 MM 80Nl 
- 0.70(10) - O.IO(20) 0.5(2) 3(l) MM 77E8 
- 0.83 - 0.02 0.37 1.0 MM 7963 

TmNi, - 3.80 - 1.26 1.13 - 7.5 NS 84AI1,8262 
- 3.80 - 1.26 1.83 - 7.6 MM 8262 

For theoretical values of crystal field parameters calculated according to point charge model see also [77 E 8, 
78A4,80A8,79A4,79G3, 87B7). 

8 8 
meV meV 

6 6 

2 t I 4 
kl 

0 0 
0 0.1 0.2 0.3 0.6 0.5 0.1 0.2 0.3 0.4 0.5 
r c---L M F 5- A 

Fig. 404. Dispersion for excitations propagating along 
(QKI) and (OO<) in TbNi, at 4K. The solid lines are 
results ofa theoretical tit [86 G I]. One dispersive acoustic 
mode and two nondispcrsive modes arc evidenced. 
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For neutron diffraction studies see also 
RCo, R=Ce[67L4];R=Pr[71K3];R=Nd[66B2,66L3,82A5];R=Sm[79B8,79G7];R=Tb 

[66L3, 67L4, 75E2, 77K1, 77K2, 80K5, 81S16, 83K2-j; R=Dy [75E2, 81C2, 
83K2]; R=Ho [62Jl, 81C3, 82D3, 83D2, 83K2]; R=Er [78Y2]; R=Tm [78Y2]; 
R=Y [62Jl, 69K5, 74S3, 8OS8, 82A5]; R=Th [74E2, 7767, 79661 

RNi, R=Ce [82G3]; R=Tb [7OL3]; R=Er [64C2]; R=Y [Sl G5, 81 G8, 82631 
RMJ-4 PrCo,D,,, [71 K 31 
(R’R”)M, (TbY)Co, [82P 81; (YLa) (FeCo), [74 B 23 
R(M’M”)s Th(FeCo), [73 E 2, 74 E 23; Th(FeNi), [75 E 1, 76 E l] 

La(CoNi), [SOP 41; Tb(CoNi), [82 P 9, 83 K 51; Ho(CoNi), [83 C 3, 83 C 4, 83 K 53; Y(CoNi), 
[SO P 4-J; Th(CoNi), [73 A 4, 75 B 13, 76 E 11; Ho(CoCu), [86 C 51 

R(M’M”),H, La(NiFe),H, [87 L I] 

For inelastic neutron scattering see 
RCo, R=La, Y, Th [75Hl] 
RNi, 80Nl*]; R=La [85G15]; R=Pr [78A4, 80A4, 80A5, 83A5, 86S19]; R=Nd [85G15]; 

R=Tb [83G5,8463,86Gl]; R=Ho [85G14]; R=Er [83G5,8463]; R=Tm [82G2] 
RN&H, R=La [79BlO, 83N8, 84Y9, 85A8, 85L1, 878211; R=Pr [84AlO, 85A8] 
R(M’M”)s Ce(CuNi), [SS G 16, 86 G 31 
R(M’M”),H, La(NiM),H,, M = Al, Cu, Mn [86 L 41 

1.86 

Fig. 405. Composition dependence of g values in 
La, -,Gd,Ni, system [75 M 21. The g value for GdNi, 
compound is taken from [71 B 141. 

1.82 
0 0.02 0.04 0.06 0.08 0.10 0.12 1.00 

LaNi, x- GdNi, 

Table 95. g values and linewidth in some RNi, compounds. 
Ag=g-1.992 [64S I]. 

T(K) g Ag AH (Oe) 

GdNi, 78 1.942(7) -0.06 905 
GdCu, 65 2.009(7) 0.01 875 

5% Gd in 
LaNi, 20 1.877(7) -0.12 550 
YNi, 20 1.900(7) -0.10 525 
ThNi, 20 1.913(7) -0.09 525 
UN& 20 1.953(7) -0.05 470 

For EPR studies see 
GdNi, [71 B 14,72 U I] 
(GdLa)Ni, [64 S $68 D 1,75 M 2, 76 W 1, 79 L 61; (GdPr)Ni, [80 L43; (GdLa)Ni,H, [76 W I] 

For FMR studies see 
LaNi,H, [Sl S 8, 81 S 93 
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Miissbauer effect, time-dependent perturbed angular correlation, muon spin rotation 

4.2 K 
non - 
oriented 

a 

b , p,, 
I 

-9 -6 -3 0 3 
V- 

6 mm/s 

Fig. 406. “Fc Mksbauerspcctra at 300 K and 4.2 K of(a) 
nonoriented powder and (b) oriented powder having c 
axis parallel to y-ray for HoCo,,, sample having 6at% 
Co replaced by Fe [82 D 33. 

325 
kOe 

300 

I 275 

% s 
250 

200 
0 50 100 150 200 250 K 300 

Fig. 407. Thermal variation of the average “Fe magnetic 
hypcrfinc field on 2e, 61, and 3g sites in HoCo,., doped 
with Fe [82 D 33. 
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Table 96a. Data obtained from the analysis of “Fe Mijssbauer spectra of some RM,-based compounds. 

T ffhyp We) IS') (mms-‘) AQ(mms-‘) Ref. 
K 

We) WC) M(3g) WW Wg) WW Wg) 

SmCo4.A%.~~ 80 328 245 200 -0.25 -1.13 74P3 
293 316 245 201 -0.29 -1.13 74P3 

Sm%deo.2 300 - 212 248 - 0.07 -0.11 1.17 -0.22 73B7 
LaNi,Fe 4.2 216 84Ll 
LaNi,FeH,,, 4.2 210 87Ll 

‘) Isomer shift relative to “Co in Cr. 

Table 96b. Data obtained from the analysis of “Fe Mijssbauer spectra of HoCo,,, [82 D 31. 

T Hhyp We) Angle between the 
K moment and c axis 

We) w4 WW 

intensity ratio intensity ratio 
2 4 1 2 

HoCos., 4.2 303(l) 266(3) 270( 3) 204(10) 230(10) 80” 
“Fe doped 

Fig. 408. M&batter spectra for 57Fe in LaNi,,,Fe,,, at 
T=4.2K: (a) q=O and (b) q+O [84L I]. These favour a 
nonzero asymmetry parameter ‘1. The data suggest that 
the majority (95%) of Fe atoms occupy 3g sites. Other 
studies [81A 3, 81 N2] evidence the presence of one 
doublet corresponding to a 3g site. After [83 C I] evidence 
for the presence of Fe atoms both in 2c and 3g sites in 
LaNi, -=Fe, (x =0.035.. .0.5) system has been obtained. It 
seems that the site occupancy is influenced strongly by the 
metallurgical state. 

-6 -4 -2 0 2 4 mm/s 6 
V- 
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Table 97. Data obtained by Mossbauer effect studies at tssGd and “‘Eu sites in RM,-based compounds. 

IS') &Q/h 
mms-’ MHz 

0.19(I) 328(3) 
0.48(l) 159(3) 
0.17(I) 300(2) 
0.27(I) lOO(3) 
0.44(I) 97(5) 

Hhn 
kOe 

- 
- 
99(S) (0 = 00) 

366(4) (0 = 0’) 
65(12) (0=90”) 
40(20) (0 = 00) 

T Ref. 
K 

77B7 
4.1 
4.1 
4.1 
4.1 
4.1 

“‘Eu 
EuNi, 
EuNi,H, 

2.29(4) - 
1.05(4) 17q20) 

7806 
0 2.6 
201(3) 2.6 

‘) Relative to SmPd, source for rssGd and relative to EuF, for “‘Eu. 

Table 98. “Fe hyperhne parameters at 4.2 K, angle 0 between 
Hhrp and the principal axis of EFG, and the asymmetry 
parameter r~ of EFG in LaNi,-,Fe, compounds [84L I]. See 
also [81 A 3, 83 C 11. 

X IS 1) AQ 
mms-’ mms-r 

0.5 0.004 1.44 
0.75 0.024 0.88 
1.0 0.034 1.00 
1.2 0.034 1.16 

‘) Relative to metallic iron. 

Hhrp 0 
kOe 

179 61” 
205 60 
216 63” 
220 78” 

tl 

0.74 
0.55 
0.59 
0.78 

For nuclear y-resonance see also 
S’FC R(“FeCo),. R = Pr, Nd, Tb, Dy, Ho, Er [77A 93; R = Ho [82 D 31; R = Sm [82 N 51 

ThFe, [78 G 4, 78 G 5-J; ThFe,H, [84 G 73 
Nd(CoFe), [SS A 51; Sm(CoFe), [73 B 7, 74 P 33; Th(FeCo), [72 V 1,75 B 1 I]; Th(FeNi), [72V l] 
La(FeNi), [SI N2, 83C1, 8301, 84L1, 87LI) 
La(FeNi),H, [81 A3, 8IN2, 82D2, 82LI,8301, 87Ll] 

‘j’Ni LaNi,H, [82 R 63 
‘19Sn LaNi,,Sn,,, [SS 0 I]; SmCo, [83 Z 33 
“‘Eu EuM, [77V 2, 78 B I]; EuNi,, EuNi,H, [78 0 61 

(La,.,Eu,.,)Ni,.,Mn,., [8OC6, f3OC71 
ls3Eu SmCo, [82N S] 
“‘Gd GdCo,, GdNi, [77 T 6-J; GdCo,B, [85 M I] 

(GdR) (CoM),, M = Cu, Ni, Pt [80 S 91; (GdLa)Ni,, (GdLa)Co, [77 B 73 
r6’Dy DyM,, M =Fe, Co, Ni [66N I]; DyCo, [65 N 1, 89 G I]; DyNi, [65 N I] 
16”Er ErCo,, ErNi, [89 G I] 
L69Tm TmCo, [89 G 11; TmNi, [85 G 19, 85 G 201 

For nuclear y-resonance on 6’Ni, ts5Gd and “‘Dy in RM, compounds see also Tables 60b, 60a, and 59. 
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0.08 

-0.08 

-012 
0 10 20 30 ’ 

Channel no. - 

NMR 

Fig. 410. Spectra of 59Co NMR at 4.2 K in GdCo,H, (a) 
and YCo,H, (b) [SOY 21. The hydrogen has a considerably 
greater effect on the Co,,(3g) sites than on the Co,(2c) site. 
The intensity of the Co,,(3g) signal decreases and becomes 
broader as the amount of adsorbed hydrogen increases. It 
is assumed that in RCo, (R=Y or Gd) hydrogen atoms 
are preferentially located in the Co-only layers and that 
they distribute the quadrupole interaction and/or cause 
the inhomogeneous magnetic hyperfine field at Co,,(3g) 
site. 

0.08 Fig. 409. Spin rotation spectra for 140Ce in CeNi, at 
300 K and 14iPr in PrNi, at 80 K in a magnetic field of 

0.04 1.82(1)T [87 D 81. The paramagnetic enhancement factor 
determined is jI z 1 .O in RNi, (R = La, Ce, Pr). This shows 

I 

that Ce is nonmagnetic in these compounds as in the case 

0 of a-Ce. 

- 

0.08 

0.12 

For the perturbed angular coorelations see 
iiiCd in RNi, [Sl D 5, 81 D 61; R =Nd, Sm, Eu, Gd, 

Dy, Er, Tm [84 P 1 l] 
illIn in RNi, [SOD71 
14’Ce in RNi, [87 D 81 
lslTa in DyNi,, ErNi, [82K4] 

For pSR studies see also 
LaNisH, [81 G 19, 84 G 1 l] 

1: 
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T = 4.2 K 
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C H- 

Fig. 411. Magnetic field depcndencc of the “Co rcsonancc frcqucncy at 4.2 K for (a) YCo,, (b) RCo, (R =Ce, Pr, Nd, 
Sm), (c) RCo, (R = Gd, Tb, Dy, Ho) compounds [87 Y 83. The magnetizations of RCo, (R =Nd, Tb and Dy) compounds 
arc pcrpcndicular to the c axis and those of R =Y, Ce, Sm and Gd are parallel to the c axis. For R=Pr and Ho, the 
magnctiration makes angles of 21” and 72” with the c axis, respectively. In the case where the magnetization has an ac 
plant component, the 3g sites arc divided into two sites, 3g, and 3g,, with the population ratio 1:2. Then there are five 
sites, 2c, 3g,, 3g,, 61 and 2e, whcrc the number of Co atoms at 61 and 2e sites are very small. Considering the actual 
structure of YCo,,Tablc 84, there are the ratio ofoccupation numbers 1.7:3:0.3:0.1 for 2c, 3g, 61 and 2e sites. The NMR 
signals at the 61 and 2e sites in magnetic domains ofYCo, were too weak to be detected. It should bc noted that in YCo, 
the Co magnetic hypcrtinc field at the 2c site has a positive sign in contrast to the usual negative sign at the 3g site. This 
suggests that the Co atom at the 2c site in YCo, has a large orbital magnetic moment. 
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Table 99. 5gCo magnetic hyperfine field values at 4.2 K in RCo, compounds determined by NMR. 

Site HI!,, Hi& 

kOe 

H&p -Hi& Afbyp ‘) 
anisotrop 

APL~) Es3) 
PB cm-’ 

Ref. 

SmCo, 2c -114 -176 62 0.095 25 79SIO 
3g -159 -132 -27 - 0.042 -10 79SlO 

YCO, 2c - 99 -159 60 0.092 24 79SlO 
% -139 -121 -18 0.028 - 7 79SlO 

YCO, 2c - 87 -113 26 63 83Ll 
3g -141 -150 9 -28 83Ll 

ThCo, 2c - 76 -106 30 90 83LI 
% -144 170 26 -38 83LI 

GdCo, 2c 180 76Y3 
33 167.5 76Y3 

YCO, 2c 171 76Y3 
33 166 76Y3 

NdCo, 2c - 128 75SIO 
% -106 75SIO 

‘) Afhyp anisotrop is the anisotropic hyperfine field estimated from the relations between the observed 
signals and the Co sites by using Streever’s method [79 S 101. 

“) ApL the orbital moment calculated from the anisotropic component of the orbital hypertine field (Hjyp 
- H&,p)L=2ApL(r-3) for (H&,-H&JLz H/&- H&, and (rT3) = 35. IO26 cmm3. 

3, Local anisotropy energy per atom calculated from Es= ]1lAp,(p,)/2 p; where 1 is the spin-orbit 
coupling. The positive E, favours a moment alignment along the c axis. 

For Fig. 412, see next page. 

Fig. 413. Magnetic field dependence of the resonance 
frequencies of 5gCo in GdCo, -XNi, compounds [85 Y 91. 
The change in the NMR signals between x = 0 and x = 1 .O 
suggests that the dominant sublattice magnetic moment 
changes from the Co sublattice to the Gd one at x E 1.0, in 
agreement with the results of magnetic measurements. 
From the frequency shift due to substitution of Co by Ni, 
the effect of one Ni atom per formula unit on the Co 
magnetic hypertine, field is estimated at r10 kOe. The 
disappearance of the signal from Co,(2c) site by substitut- 
ing Ni is in accordance with the trend of preferential site 
occupation of Ni at the site 2c. On the other hand Co,(2c) 
signal is very unstable and difficult to be observed in most 
of the RCo, compounds. 

0 10 20 30 40 50 kOe 60 
H- 
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160 165 170 175 MHz 180 
v- 

Fig.412.Resonancelincshapcfor5gCoinY,-,Dy,Co,,at 
77K, havingO~x~0Sand x=l.O.Thepcaksassigned by 
I and II, corrcspond to signal from Co(2c) and Co(3g) 
nuclei. respcctivcly [77 Y 51. 

Fig. 415. Room-tempcraturc Knight shift of lgsPt in 
LaNi, -,Pt, system, as function of x [75 W 23. The upper 
curve is the Knight shift of the 2c sites and the lower curve 
is for the 3g site. The Knight shift of “‘Pt in Pt metal is 
indicated by an arrow. The Pt atoms prcfcr the 3g site 
and considerable ordering occurs for x 54. 

LoNi, O9 to 
v = 33.25 MHz 

IkOe 

t 

LoNiSH,,, 
v = 25.36 MHz A- - 

H- 

Fig. 414. 13’La NMR absorption lincshapcs in (a) LaNi, 
before hydriding, (b) LaNisH,,,, and (c) LaNi, after 
hydriding and allowing the hydrogen to escape [79 R 61. 
The changes in NMR spectra arc reversible. The original 
powder pattern has been restored with the same value of 
Knight shifts and quadrupole interaction [79R6]. Re- 
sidual strains remain in the lattice which broaden the lines 
somewhat. With ternary addition (Co, Pt) the activation 
energy for proton diffusion remains unchanged. 

1.5 I 
% LaNisexPt, 

-2.5 I 

-3.o.-- 
K(Pt metal) 

I 
0 1 2 3 1 5 

LoNi, x- LoPf, 
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Table 100. Magnetic hyperfine fields at 143Nd nucleus and 
the derived Nd magnetic moments in NdM, compounds by 
NMR studies at 4.2 K. 

PNd Ref. 

Free Nd3 + ion 4.30 3.27 72bl 
NWo, 7 3.91 3.00 75SlO 
NdCo,, site I 3.53 2.70 75s10,77s14 

site II 3.21 2.40 
NdCo, 3.44 2.60 75SlO 

‘1 The Hhyp values were calculated from NMR 
frequencies (taking pN(‘43Nd) = - 1.063 uN) and 
pN(143Nd)/pN(145Nd)= 1.608. The Nd magnetic moments 
were derived from Hhyp values by assuming a proportionality 
between Hhyp and pNd. The estimated contributions to the Nd 
hyperfine field induced by magnetic moments on neighbour- 
ing atoms should be of the order of 0.1 MOe [72 b I] and 
consequently were neglected. 

For NMR studies see also 
‘H LaNi,H, [74 H 2, 76 B 3, 76H 1, 77 H 5, 78 H 6, 79 K 2, 79 R 6, 80 K 3, 83 N 51; (LaCe)Ni,H,, 

(LaCe)(CoNi),H, [78 H 61 

59co 
La(NiCu),H, [SOS 121; La(NiAl),H, [79 B 9, 80 B lo]; La(NiCr)H, [79 H 8, 80 H 101 
RCo, [78 S 20-J; R = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Y [87 Y 81; R =Nd 175 S lo]; R = Sm 

[79SlO]; R=Gd [85Y9]; R=Y [76E3, 77F3, 7786, 79S10, 81K19, 83L1, 85Y9-J; 
R=Th [83Ll] 

RCo,H,, R = Gd, Y [SOY 2, 82 F 61 
(GdY)Co, [76 Y 3, 85 Y 91; (DyY)Co, [77Y 5-j; (HoY)Co, [77 Y 51 
Y(FeCo), [7614]; Gd(CoNi), [85 Y 91 

63Cu Ce(CuNi), [82P lo] 
CeCu,Fe [83 C 71 

S9Y YCo, [76 F I]; see also Table 61 
‘39La LaNi,, LaNi,H, [79 R 61 
141Pr PrNi, [SO K 2, 80 Z 41 
143Nd, 14’Nd NdCo, [75 S 10, 77 S 141 
14’Sm, ‘49Sm SmCo, [75 S II] 
l=Pt La(NiPt), [75 W 21 
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Anisotropy, magnetostriction 

Fig. 416. Variation ofanisotropy and coercive fields in the -101 

homogeneity rang of SmCo, and YCo, phases, i.e. erg 

R, -$o~+~~ compounds. For both type of compounds cm3 

H, decreases linearly when s increases. H, would reach 
zero when s =0.32 for Sm and 0.29 for Y compounds. This 
result is in agreement with the weak value of the 

I 

2 

anisotropy in R,Co,, compounds, whcrc s=O.33. In the 
YCo, phase, whcrc Y is nonmagnetic, the dccrcasc of H, 
is only induced by modification of the structure created by 

$0 

the pairs of atoms. The substitutions favour, locally, an 
~- 

- 
easy magnetization direction which is pcrpcndicular to 
the c ax:s. This effect induces the cancellation of the 

z-2 

anisotropy in approximately three unit-cells. The main 
modifications of the environment affect the hexagonal -4 
arrangement of the six Co atoms which surround the 
replaced R atom. On the account of the hole due to the 
substitutions. thcsc Co atoms leave the highly sym- -6 

metrical. uniaxial position (6m2) that they have in the 
i 

106 
.107 
z!l 
cm3 

0.2 

0 I 
s 

-0.2 

-0.4 

‘-0.6 
230 260 290 320 K 350 

CaCu, structure for a (mm) position on a two-fold axis - 
pcrpcndicular to the 6-axis. For the six Co atoms 
bclongin_e to the three unit-cells which surround the 
substitution, the second-order anisotropy co&cicnts, 
which arc generally the largest in value, must change their 
sign. In SmCo, the uniaxial anisotropy arises mainly from 
the large positive value of constant K, due to Sm atoms. 
When one of three atoms is rcplaccd by a pair of Co 
atoms. the local changes in anisotropy results from two 
diffcrcnt effects: (1) the disappcarancc of the anisotropy 
rclatcd to the replaced Sm atom and (2) the modifications 
of the local surrounding by Co atoms (as in YCo,). 
Moreover, the uniaxial character of the environment of 
Sm atoms close to the substitution disappears. This aficcts 
the crystalline potential and then amplifies the dccrcase of 
the anisotropy. Here, too, a substitution dccrcascs the 
local anisotropy in a zone of three unit-cells [76 D 91. 

Fig. 418. Temperature dependence of the anisotropy 
constants K,, K, and K, in NdCo, single crystal 
[7608]. The easy direction of magnetization rotates 
continuously from the b axis [lOO] at the lower spin 
reorientation temperature (T,,, =245 K) to the c axis 
[OOl] at the upper spin rcoricntation temperature (Kr2 
=285 K) in the bc plane K, changes the sign from 
ncgativc to positive just at Trr2, and K, from positive to 
ncgativc at a tempcraturc a littlc higher than Tnr2, but 
K, +2K, reverses its sign exactly at qT1. The anisotropy 
constant in the basal plant, K,, vanishes near Trr2, though 
it is fairly large (10’ergcmW3) at low temperatures. On 
account of this anisotropy change, the magnetization 
curve along the a axis [l lo] has a peak at a temperature 
slightly higher than T,,,, when a lield of more than 10 kOe 
is applied. 

Kirchmayr, Burzo 



Ref. p. 4051 2.4.2.17 R-3d: RM, 303 

Fig. 417. Temperature dependence of the anisotropy 
constants (a) K, for RCo, (R = Y, Ce, Sm, and CeMM, a 
Ce-rich alloy of La, Pr, Nd); (b) K, and K, for PrCo, 
compound [74 K 15,75 K 43. (c) K, for RCo, (R = La, Ce, 
Sm and Gd), and (d) K, for TbCo,,,, DyCo,,, and 
HoCos,, [74E3]. The apparent anomalous thermal 
variation of the bulk anisotropy of ferrimagnetic com- 
pounds has essentially to deal with the induced-field 
noncollinearity of R and Co magnetic moments, the 
dipolar contribution being too small [86B3]. An an- 
isotropy in the exchange energy of GdCo, is evidenced. 
The origin of this anisotropy results from spin-orbit 
coupling which introduces not only an anisotropic partial 
quenchmg of the 3d orbital contribution to the magneti- 
zation but also a nonnegligible spin anisotropy. 
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Table 101. Anisotropy constants of R atoms, exchange fields and crystal field parameters in RCo, compounds 
at 4.2K. 

Km K2u 

IO-14erg/R 

BI: 

10-2K 

BZ 

10-4K 

Ref. 

CeCo, - - 84 13.6 -28.6 - - 74K5 

PrCo, -2.24 3.22 70 - 2.7 0.66 - - 82El 
- - 84 4.5 - - - 7364 
- - 118 6.26 2.7 - - 74K5 

NdCo, 0 -2.0 98 3.5 - 0.22 - -146 82E3 
- - 115 1.3 - - - 7364 
- - 123 3.71 0.25 - 5.0 -124 81 L5 
- - 160 1.78 0.9 - - 74K5 

-4.0 +I.6 al 71Tl 
-6.5 + 3.0 
-7.1 +2.7 ii1 

75F3 
79El 

-1.9 - 233 82E3 
0 -2.0 186 82E3 

SmCo, 2.39 - 750 -11.5 - - 80E5 
- - - - 7.9 7364 
- - 420 - - - - 74K5 

240 -17 - 6.25 - - 75Sl 
200 - 7.43 74Bl5 
175(25) - 8.25 q12.5) I I 7967 

GdCo, - - 588 - - - - 74K5 
0 0 296 - - - - 79El 

Tbh.1 - 1.33 -0.91 117 1.7 - 0.26 - - 2.1 79El,82El 
TbCo, 210 1.4 - - - 7364 

D~Co5.2 - 2.92 0.14 70 1.3 0.013 - 1.1 82El 
DyCo, 140 0.9 - - - 73G4 

Ho%., -2.82 1.05 45 0.65 0.08 - - 82El 
HoCo, - - 140 0.3 - - - 7364 

ErCo, 1.1 - 48 - 0.51 - - - 82El 
84 - 0.4 - - - 7364 
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40 I 

-$ Y1-, Nd,Co5 - 
cm3 

I 
0 

c 
g-20 

-40 

-60 I’ 
0 0.2 0.4 0.6 0.8 1.0 

YCO, x- Ndio5 

Fig. 419. Composition dependence of the anisotropy 
constants, K, and K,, in Y, -,Nd,Co, compounds at 0 K 
[71 Tl]. These are linearly dependent on composition 
and support the single-ion model. 

I 

60” 

a 
30” 

T- 

Fig. 420. Temperature dependence of the angle cp between 
c axis and direction of magnetization in Nd,-,U,Co, 
single crystals [79 D 43. When the temperature increases 
from T,,i, the angle rp gradually decreases, and for Tz T,,Z 
the magnetization lies in the basal plane of the lattice. The 
angle rp determined by the equation 
cp =arcsin(-K,/2K,)‘/2 is shown by solid circles, the 
torque measurements by open circles. 

-ii 
” 0.6 

1.5 0.6 0.7 0.8 0.9 
x- YCOS 

Fig. 421. (a) Composition dependence of the anisotropy 
constant K, in Y(Co,Ni,-,), at 4.2K [86P3]. Experi- 
mental data are from (triangles) [77 B 231, (open circles) 
[86P 31, (solid circles) [77 E4]. By lines are plotted 
the values calculated according to the relation 
K,/K,(x = 1) = (2KEx, + 3Kfx,)/K,(x = 1) with (1) K; 
= 1.64. 1O-22 J/Co, K: =0.88. 1O-22 J/Co; (2) K”, 
=4.64. 1O-22 J/Co, K8,= -1.35. 1O-22 J/Co [79S IO], 
and (3) K’, =3.33. 1O-22 J/Co, Kpl= -0.18. 1O-22 J/Co 
[84K I]. In (b) are given the distributions, x, and xg, 
considered for Co atoms in 2c and 3g sites, respectively 
[SOP4]. 

Landolt-Btirnstein 
New Series IW19d2 

Kirchmayr, Burzo 



306 2.4.2.17 R-3d: RM, [Ref. p. 405 
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Fig. 4.22. Composition dependence of the anisotropy 
constants K, in Sm(Co, -INi,), and Sm(Co, -$u,)~ 
compounds, at 4.2K [76E6]. By solid circles arc dc- 
noted the K,,/K,,(x=O) values and by broken lint the 
prediction of the single-ion model of anisotropy. 

0 50 100 150 200 250 K 300 

Fig. 424. Temperature and composition depcndcncc of(a) 
the anisotropy constant, K, and K, = K, + 2K,, and (b) 
the angle of the easy direction of magnetization in 
HOG-,Cu, compounds [81 DlO]. 

I I 

Pr(Col-xCux 15 

x2 
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Fig. 423. (a) Anisotropy constants, K, and K,, as a 
function of tempcraturc for Pr(Co, -$u& compounds. 
The data for PrCo, arc from (triangles upward) [71 T 11; 
(triangles downward) [74 E 3,76 E 43 and for x =0.4 (solid 
circles); 0.5 (open circles) and 0.6 (squares) from [78 M 11. 
From the above data the Pr sublattice anisotropy con- 
stants, (K, +K,k,, wcrc evaluated. The (K, +K&, values 
arc positive for x = 0 and negative for x = 0.4,0.5, and 0.6. 
They are qualitatively in good agreement with stabili- 
zation cncrgics calculated using a single-ion model in terms 
of the crystalline electric field and exchange field acting on 
Pr ion. 
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For anisotropy studies see also 
RM, [70 S 3(T), 77 A 3,88 K 51 
RCo, [7OS5, 73G4, 7365, 7312, 7412(T), 74M3, 76E4, 7716, 79D4, 82E1, 86R1, 87B4, 88T13; 

R=Ce,Pr,Sm,Y [67S4];R=Ce,Pr,Nd,Sm,Y [71Tl*];R=Gd,Tb,Dy,Ho,Er[7307]; 
R = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho [74 E 31; R = Ce, Nd, CeMM, Sm, Y [74 K 15*]; R = Ce, 
Pr, Y, Th [75A 71; R = Ce, Pr, Nd, Sm, CeMM, Y [75 K 41; R = Sm, Gd, Y [79 S 12(T)]; R = Pr 
[8OA7, 84W1, 85K16]; R=Nd [66B2, 74F2*, 76D8, 80Hl1, 82A5, 84D2]; R=Sm 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
82B6, 83Al(T), 83J3, 84Wl]; R=Gd [86B3, 87B3]; R=Tb [75E2, 84P12-j; R=Dy 
[75E2,80B5];R=Ho[68Kl*];R=Y[67H2*,74F1*,74K6,75K5,76D9,76Y2,80A3, 
81Al,81L5, 82A5,84Kl, 85K16,85S25(T), 86P3,87B3, 88Tl] 

(R’R”)Co, (LaSm)Co, [79 E 31; (CeSm)Cos [79 E 31; (PrSm)Co, [71 S 3, 77 E 6, 78 H 31; (PrY)Co, [82A 8*, 
88 PI]; (NdSm)Co, [75 F 3,78 E 1, 79 E 3, 80 E 5, 81 K 6, 82 E 21; (NdY)Co, [71 T 1, 76 M 12, 
77H2, 80E 1, 80E4, 82 E 1, 82E 31; (NdU)Co, [78 D 11; (SmDy)Co, [83 E3]; (SmY)Co, 
[71S3, 79E3, 82A8*]; (GdY)Co, [8OEl, 80E2, 80E3, 82A16]; (TbY)Co, [8OEl]; 
(DyY)Co, [83 D 5,83 E 31; (HoY)Co, [82 E 41; (ErY)Co, [83 E 31; (YU)C!o, [78 D l] 

R(M’M”)s R(CoM), [76 K 61; Sm(CoM),, M = Fe, Ni, Cu [76 E 61; Y(FeCo), [73 R 7, 88 F 11; Th(FeCo), 
[73 R 71; R(CoNi), [7716]; Pr(CoNi), [85A IO]; Sm(CoNi), [75 E4]; Ho(CoNi), [Sl D lo]; 
Er(CoNi), [SS D 12, 87 D IO]; Y(CoNi), 186 P 31; Pr(CoCu), [73 M 1, 78 M I]; Sm(CoCu), 

’ 
[73 K2, 74M 3, 76B 21; Gd(CoCu), [7OS4]; Ho(CoCu), [81 D 10, 87D 101; Er(CoCu), 
[83D6, 83D7]; Gd(CoAl), [7OS4] 

For spin reorientation see also 
RCo, RCo,[66L3,79D4];R=Tb,Dy,Ho[83K2];R=Nd[7608];R=Tb[85El];R=Dy[7709, 

80B5] 
(R’R”)Co, (NdY)Co, [77D8, 79 E I]; (NdDy)Co, [77 0 8-J; (NdU)Co, [78 D I]; (GdY)Co, [79 E 11; 

(TbY)Co, [79 E 1,79 E 21 

4 I 
X-4 NdCo5 

3- , 

Fig. 425. Temperature dependence of the magnetostric- 
tion in a field of &?=2.1 T, (a) parallel and (b) per- 
pendicular to the c axis in an oriented assembly of NdCo, 
particles [81 P 31. The anomalous behaviour at 245 and 
285 K is associated with the spin reorientation process. 4b 
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100 150 200 250 300 K 350 
I- 

Fig. 426. Linear thermal expansion in the c direction on 
cooling NdCo, from 320K to 200K [Sl P 31. A pro- 
nounced anomaly in the thermal expansion is observed 
in the spin reorientation temperature range. 

Table 102. Magnetostriction constants of RCo, compounds. 

T p.2 p.2 Ref. 
K lb G-3 

PrCo, ‘) 0 -1.10 -2.2 83A6,85AlO 
NdCo, 265 -3.5 8 82A13 
NdCo, r) 0 -0.80 1.7 83A6 
SmCo, ‘) 0 1.30 -2.6 83A6 
TbCo,., 403.5 -3.0 6 83A6 
TbCo,. , ‘1 0 -1.80 3.5 83A6 
D~Co5.2 315 -4.0 8 83A6 
D~Cos.2 ‘1 0 -1.90 3.8 83A6 
HoCo,., 107.5 -2.5 5 83A6 
HoCo,., ‘) 0 -0.60 1.2 83A6 
ErCo5.5 ‘1 0 0.60 1.3 83A6 
TmCo5.s1) 0 0.60 -1.2 83A6 

r) Calculated according to single-ion model. 
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Fig. 427. (a) Magnetostriction of PrNi, for different 
temperatures along c axis, when the magnetic field is 
parallel and perpendicular to the c axis. In (b) and (c) the 
thermal variation of d(Ac/c)/dH* is shown. The maximum 
of d(Ac/c)/dH* around 15 K, as for the magnetic suscepti- 
bility, is due to the separation and the nature of the lowest 
crystal field levels [87 B I]. 

Fig. 428. Magnetostriction of TmNi, for different temper- 
atures along (a) c axis when the magnetic field is parallel 
and perpendicular to the c axis, (b) b axis when the field is 
parallel and perpendicular to the b axis, and (c) b axis 
when the field is parallel to c axis. The observed mag- 
netostriction along the c axis, for the external magnetic 
held parallel to c, and the change of sign for (Ab/b),,l, at 
4.2 K as function of the field, suggest a small contribution 
of the (M, =0)-state to the ground-state [87 B 11. 
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1 Y (Co,-,Ni, 15 

l/l, - 

Fig. 429. Temperature depcndencc of (symbols) the re- 
duced volume magnetostriction constant, &/&(T=O), 
and (lines) the reduced square of magnetization, 
pLl&T=O), in some Y(Co, -,Ni,), compounds 
[UAil]. 
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Fig. 431. Compressibility x (in arbitrary units) for some 
RNi, compounds versus the pcrccnt change in the Ni-Ni 
distance in the midplanc (3g sites) relative to the metallic 
diameter d in pure Ni. Where there is an expansion in the 
Ni-Ni distances, the compound is the most comprcssiblc 
(LaNi,), whereas the compound which is least com- 
pressible is the one whose Ni-Ni distances have under- 
gone the largest contraction (YNi,) [80T2]. 

230 
GPO 

225 

215 

205 

175 
J j 

Y--b- 
I - 

100 

43: 
Gio 

46.5 

39.0 39.0 
I 

38.5 Lb 
I I I 

I I 
I 

38.5 b I 
i I il II 
II II 

0 0 50 50 100 100 150 150 200 200 250 250 300 300 K K 3 3 
l- l- 

Fig. 430. Temperature dependence of the elastic con- 
stants, (a) cr r, cjj and cr3, (b) c4., and cs6, in NdCo,-single 
crystal [84D2]. In the spontaneous spin reorientation 
range the elastic constants show an anomalous bchaviour. 
See also [86 P 23. 
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For magnetostriction studies see also 
RM, [88 K 51 
RCo, [74K13];R=La,Ce,Sm,Y[74H9];R=Pr,Tb,Dy,Ho[83A6*];R=Nd[81P3,82A13,84D2, 

87A4]; R=Sm [74DlO, 77D6,79T2]; R=Dy [8OB6]; R=Th [75B14] 
R(M’M”), Pr(CoNi), [85 A 101; Y(CoNi), [85 A 11, 85 A 123 

For elastic and magnetoelastic properties see 
RCo, 
RNi, 

R=Nd, Tb, Dy [85D8]; R=Nd [83Pl, 84D2,86P2]; R=Sm [77D5]; R=Gd [78U3] 
R=Ce [8OBll]; R=Pr [88B3] 

RN&H, R=La [87R 101 
(R’R”)Co, (NdY)Co, [84 D 31 

Domain structure, magnetization processes 

Fig. 432. (a) Magnetization reversal curves of GdCo, 
single crystal which was previously magnetized at various 
fields H,. As the applied magnetic field decreases gradu- 
ally from each value of H,, magnetization reverses 
monotonically due to the demagnetizing field of the 
sample after the large jumps of magnetization at each 
nucleation field [SO U 11. Dendritelike domains appear 
after reversal at the nucleation field. These patterns suggest 
that the first domain nucleates at one point and spreads 
out through the entire sample. The lifetime of moving 
walls of the dentritelike domain increases with the increas- 
ing diameter of the spheric or spheroidal samples along 
the easy axis of magnetization. The velocity of wall tips is 
estimated to be approximately 5m/s at room temperature 
except for extremely small samples. (b) Magnetization 
reversal curves of the same sample premagnetized at 
H, = 11 and 2 kOe. These curves are obtained by decreas- 
ing the applied field in a sweep rate of 20Oe/min. 
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Fig. 433. Hysteresis loops of small particles of RCo, 
(R=Y or Sm) compounds: (a) YCo, having ~1Opg 
[71 B 83; (b) SmCo, particle having 2OOum [71 B 73, (c) 
SmCo, particle of 50um [71 B 71 and (d) SmCo, particle 
of 5 pm [7OZ 21. In (a) a rectangular loop behaviour is 
shown. Once the reverse domain was nucleated, it swept 
through and completely reversed the particle magneti- 
zation. The nucleation and coercive fields, respectively are 
identical. In (b) a domain nucleated and moved abruptly 
to a near-equilibrium position. It then moved to maintain 
zero internal field. In (c) are two distinct magnetization 
discontinuities separate by a region of gradual changes. It 
has been suggested 171 B 83 that a small-angle boundary 
divided the particle into two magnetically independent 
regions. The data from (d) were interpreted [7OZ2, 
71 Z l] by the wall motion limited by pinning in parts of 
the crystal, but not in other parts. The minor loops shown 
for demagnetized particles, confirm that wall motion is 
easy over large portions of the particles. The relative 
importance of domain nucleation and local wall pinning 
varies greatly from particle to particle and the magneti- 
zation processes of particles may bc influenced by both 
[73 L43. 
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Fig. 434. Schematic representation of domain structures 
in platelets of hexagonal crystal having single direction of 
easy magnetization parallel to the c axis and large 
magnetic anisotropy, as RCo, (R=Y, Ce, Pr and Sm) 
compounds. Thickness of platelets increases from (a) to 
(c). The anisotropy is sufficiently large to inhibit closure 
domain formation and only 180” domain walls which are 
nearly parallel to the c axis occur. In thin crystal platelets 
the domains consist of parallel strips which are alterna- 
tively magnetized (a). Increasing the thickness causes the 
strips to become undular. The amplitude of waves de- 
creases regularly with depth of penetration into the 
material (b). For still thicker crystals the surface structure 
illustrated in(c) appears. Cone-shaped surface domains of 
reverse magnetization penetrate as spikes partially 
through the crystal. Demagnetized particles even as small 
as 10 pm consist of a few domains. The demagnetization 
process of an initially fully magnetized particle thus 
proceeds by nucleation and subsequent growth of 
domains of reversed magnetization [71 B 11. 

Fig. 435. Composition dependence of the coercive field for 
(a) Sm, -XYXCog, (b) Sm, -,La,Co5, (c) Sm, -,Ce,Co, 
md (d) Sm, -,Nd,Co, at 295, 77 and 4.2 K [79 E 31. 
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1=4.2K 1 I-- i 
A- I - $?f SmCo,Ni, 

I 11 
30 I 1 I 1 1 

-24 -16 -8 0 8 16 T 2L 

Fig. 436. Magnetic field dcpcndencc of the magnetization 
for SmCo,Ni, in the form of aligned powders (parallel to 
field direction) at 77 K and 4.2K. The dashed lint 
represents the bchaviour of bulk polycrystalline material 
at 4.2K [78F8]. 

r 1 SmCo;-, Ni, I I r,l 1 
251 I I I P \I 

SmCoS x- SmNiS 

Fig. 437. Composition dependence of the coercive field in 
bulk SmCo, -,Ni, compounds at 4.2 K [76 0 6, 77 0 6, 
78 F 81. Similar behaviour was observed in SmCo, - .&AI, 
compounds [76 0 6,77 E $78 F 83. The data were analy- 
sed in mod& involving local magnetic moments and 
thermal activation of domain wall motion [76 0 63. The 
form of virgin magnetization curve, the presence of large 
intrinsic cocrcivc forces and the observation of pronoun- 
ced thermomagnetic history effects suggest the presence 
of narrow Bloch walls of only a few interatomic dis- 
tances. It is argued that the presence of narrow Bloch 
walls is the primary reason for the high coercive forces 
observed usually in solid pieces of RCo,-,Cu, com- 
pounds [76 B 193. 
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Fig. 438. Intrinsic coercive field, MHo versus temperature 
in (a) Pr(Co, -XCuX)s and(b) Nd(Co, -$t& compounds 
[79 M I]. Compounds with x20.3 have coercive fields 
greater than 5 kOe at low temperature, both in bulk single 
crystals and in powdered form. The coercive field in- 
creases steeply with decreasing temperature and the 
temperature dependence is stronger for larger x. The spin 
structure and energy of domain walls have been cal- 
culated using a discrete spin configuration model, and are 
found to be more sensitive to short-range fluctuations of 
the exchange interactions than to the anisotropy. Short- 
range exchange fluctuations can account for pinning fields 
of the same order of magnitude as the measured coercive 
fields. The exchange fluctuations may arise from fluctu- 
ations in the distributions of nonmagnetic Cu atoms in the 
compounds. 
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Table 103. Domain wall energy y, exchange constant A, domain wall thickness 
6, and single domain particle size d, in some RCo, compounds at RT. 

Y A Ref. 
erg cme2 10e6 erg cm-’ 

LaCo, 30 
CeCo, 25 1.3 

58 
PrCo, 40 1.1 

112 
NdCo, 30 
SmCo, 85 3.5 

150 
100 ‘) 

YCO, 35 1.5 

‘) From basal-plane measurements. 

72L2 
65 0.92 72L2 

73Rl 
35 0.61 72L2 

73Rl 
72L2 

51 1.6 72L2 
73Rl 
73Rl 

55 0.68 72L2 
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Fig. 439. Variation of reciprocal coercive field with loga- 
rithm of the sweep rate, in the range 10-2~~~1040c/s, in 
SmCo,,,Cu,,, single crystal at various tempcraturcs. The 
reciprocal cocrcivc field varies linearly with the logarithm 
of the sweep rate over a wide range, but lowers abruptly 
above a certain sweep rate. This suggests that the rate- 
controlling process of magnetization reversal changes 
from elementary nucleations on the parent domain walls 
to the domain growth resulting from wall motion 
[78U 13. 

0 0.05 0.10 035 0.20 0.25 (kOe)-’ 0.35 
l/H- 

Fig. 440. Rate of magnetization variation in 
SmCo,,,Cu, ,s measured near the coercive field for several 
values of the applied magnetic field. The plot 
log(ZM,)-‘(dM/dt) vs. H-' gives a convergent arrange- 
ment of straight lines. The intersection point is defined by 
H, = 41.7 kOe. The data suggest that the trapping effect of 
domain walls in Cu-rich regions is in competition with a 
kink creation mechanism [76 B 21. 
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Fig. 441. Magnetic viscosity cocfhcicnt S,(T) for SmCo, 
powder samples (grain size 20...50um) mcasurcd at 
different external magnetic field strengths [74H 11. S,(T) 
isdefincd by thcrclat’on, M(r)=M(O)+~,,S,(T)lnt, t in s, 
for the thermally activated magnetization relaxation, 
M(r), after a sudden change of the external magnetic ticld. 
The irreversible susceptibility corresponding to the con- 
sidered point on the hystcrcsis curve is denoted by xi,,. 

Fig. 442. Magnetic aftcrcffcct spectra of some RCo, 
compounds (R = La, Pr, Nd, Sm) after deuterium charging 
[79 H 4). Ar/r denotes the relative change ofthe reciprocal 
initial magnetic susceptibility between times t, and t, of 
the relaxation process. The shape of the double peak 
relaxation spectrum can be quantitatively explained as- 
suming that the hydrogen occupies two types of intersti- 
tial sites of orthorhombic symmetry. The relaxation pro- 
cess due to the transition within and between these 
configurations is described by two relaxation times which 
are related to the observed double peak spectrum. 
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For magnetization txocesses see 
RM, - 
RCo, 

[SSiSJ; R=Pr, Sm, M=Fe, Co [75D6] 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

R=Ce, Pr, Sm, Y [72L2]; R=Ce, Sm [76A4]; R=Pr,Nd, Sm [79Mll]; R=Ce, Pr, Sm, 
Y[71B1];R=La,Ce,Pr,Sm,Y[70S6];R=Ce,Pr,Sm,Y[71W3];R=Ce,Sm,Y[7311]; 
R=Nd, Sm, Y [73S3]; R=Pr, Sm, Gd, Y [74Ul]; R=Ce, Pr, Sm, Y [67S4]; R=La, Ce, 
Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Th, Y [68 B 61; R = Ce, Pr, Sm, Y [70 B 11; R = La [70 M 4, 
71213; R=Ce [78B5]; R=Nd [7OL5]; R=Pr [71Sl, 71T4, 71T5, 73L4, 84C3, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
72M2,72M3,73A2,73D6,73E3*, 73E4,7363,73K9,73K14,73L4,73M5,73M7, 
73S4, 73U1, 74D2, 74D5*, 74D6*, 74E4, 7462, 74L1, 75M4, 75M5, 75E5, 75H2, 
75K2,75Ml, 75P1,76DlO, 76H3,76K8,76T3, 77B12,77Gl, 77K7, 77N2, 77N3, 
78B5,78C4,781(5,78K6,78K13,78L3,78S21,79K9,79M6*, 7984,79T2, 80B17, 
80F2, 8OS2, 81G1, 8114, 8lM14, 82B6, 83S9, 84B6, 8401, 84818, 84W1, 85A3, 
85S8,86Tl];R=Gd[72B3,72D2,74E4,73E3*,75K2,76D5,76K5*,78U3,8OUl*, 
82U2*]; R=Tb [7OL5]; R=Y [69Bl, 71B8]; R=MM [75Nl] 

(R’R”)Co, 

R(M’M”), 

(LaSm)Co, [71 Ml, 79E3]; (CeSm)Co, 171 M 1, 79E3]; (CeSm) (CoCuFe), [71 N4]; 
(PrNd)Co, [71 T 63; (PrSm)Co, [71 M 1,72 C 3,73 C 2,73 M 3,77 E 6,78 L 3,85 G 5,85 V33; 
(NdSm)Co, [73 S 4,74 S 4,75 F 3,79 E 3,79 Z 11; (NdY)Co, [SO E I]; (SmGd)Co, [75 D 73; 
(SmTb)Co, [75 D 71; (SmDy)Co, [75 D 71; (SmEr)Co, [75 D 71; (SmY)Co, [79 E 31; 
(SmMM)Co, [71 M 1, 77 B I]; (SmPrNd)Co, [SS V 31; (SmErGd)Co, [82 S 161; 
(SmRGd)Co,, R=Tb, Dy, Ho, Tm [83 P 151; (GdY)Co, [SO E I]; (TbY)Co, [8OE I] 

Sm(FeCo), [73 B 20,86 C 33; Y(FeCo), [74 G 2-J; R(CoCuFe), [72 S 41; Ce(CoCuFe), [71 N 41; 
Sm(CoCuFe), [69 N 1, 71 R 5-J; R(FeNi), [78 0 51 

R(CoM),, R=La, Sm, M=Ni, Cu, Al [83Fl, 83F2]; R=Ni, Al, Si [84Fl]; R(CoNi), 
[76 E 51; R = Ce, La, Gd, Sm, Y, Th [78 E 2-J; R = La, Ce, Gd, Y [77 E 4-J; R = La, Ce, Sm, Gd, 
Y [77 E 7*]; La(CoNi), [75 B 8, 75 B 15, 76 0 7, 83 P 51; Sm(CoNi), [70 0 1, 75 E4, 75 P 2, 
7603, 7706, 78F8, 780 3, 7804, 83P5]; Gd(CoNi), [700 1, 80031; Er(CoNi), 
[78 0 I]; Y(CoNi), [76 B 19, 76 B 20, 76 0 71; Th(CoNi), [75 B 8,75 B 13, 75 B 15, 75 N 31 

R(CoCu), [76 B 61; R=Pr, Nd [79 M 11; La(CoCu), [77 B23]; Ce(CoCu), [69N 11; 
Pr(CoCu), [73 M2, 7911121; Sm(CoCu), [68N2, 69N 1, 70H 1, 7OU1, 73K2, 73K3, 
76B2,76B19,7606,77P6,77U1,78F8,78U1,78U2,7902,83A7,83U1,86U1,86U2]; 
Er(CoCu), [83 D 71; Y(CoCu), [77 B 231; Pr(CoAl), [74 0 31; Sm(CoAI), [74 0 I,75 0 23 

SmNi,M, M = Fe, Cu, Al [77 0 71; Sm(NiCu), [78 0 23 

For domain structure see 
RM, [88 K 51 
RCo, [72H2,73F3,74R3,76H2,76W2];R=Ce,Pr,Sm,Y[71B1,71B2,71W3,72L2];R=La, 

Ce,Sm[70M3];R=Ce,Pr,Sm[73R1];R=Nd[73E5];R=Sm[71B3,72K1,72W1, 
73E3*, 7363, 73L3, 73134, 74C4, 74K1, 75C6, 75K2, 75M4, 77Bl2, 77F2,79F4*, 
80F2, 81F3, 81G1, 81M14, 8401, 85A3, SSSS]; R=Gd [73E3*, 75K2]; R=Y 
[85 P 91 

(R’R”)Co, (SmPr)Co, [74 S 7, 75 S 5, 77 P 71 
R(M’M”), Sm(CoCu), [77 U 1, 78 K 9, 78 P 3, 78 S 14, 86 M 23; Sm(CoFeCuZr),.,, [81 F 31; Sm(CoAl), 

[74 0 41 

For magnetic aftereffect see 
RCo, R=La,Pr,Nd,Sm[79H4];R=Ce[74R6];R=Sm[73E1(T),74H1,79H5,80G1,84Sl7, 

85 S 231 
RCo,H, R=La, Pr, Nd, Sm [79H4]; R=Nd [73M4] 
R(M’M”), Sm(CoNi), [77 E 51; Sm(CoCu), [73 S 21 

For magnetic viscosity see 
RCo, R=Ce [76Gl]; R=Sm [73Hl] 
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Transport properties 

Fig. 443. Tempcraturc depcndcncc of the magnetic part of 
the specific heat, C$ in some RCo, (R =Ce, Pr, Nd, Sm 
and Gd) compounds [74K S]. The CT values wcrc 
obtained by substracting from C,, the heat capacity of 
LaNi,. From thcsc data crystal field paramctcrs wcrc 
dctcrmincd, Table 101. The calculated Cr;l values arc 
plotted by dashed lines. 
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Fig. 444. Thermal variation of the heat capacity for (a) 
LaNi,, CeNi,, (b) NdNi,, and(c) GdNi, [73 M 61. The C, 
values of CeNi, (TL4 K), close resemble those of the 
Pauli paramagnet LaNi,. NdNi, exhibits a h-type 
thermal anomaly peaking at 6.4K, which is ascribed to 
the break-up of ferromagnetism. It also shows excess heat 
capacity at higher temperatures resulting from excitations 
in the crystal field spectrum. Results for GdNi, are 
unusual. Magnetic entropy is introduced over an anoma- 
lously wide range of temperatures. The process culminates 
in two h-type thermal anomalies peaking at 29.8 and 
30.6 K, suggesting that the development of the coopera- 
tive phase occurs in two stages. Magnetic entropies of 
NdNi, and GdNi, at 300K are observed to be 95 and 
86%, respectively, of R ln(2.J + 1). Triangles in the inset of 
(b) represent data of [71 N 31. 

For Fig. 445, see next page. 
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Fig. 446. Plot of electronic specific heat constant y as 
function of electron concentration, e/a, for CaNi,, YNi,, 
LaNi, and ThNi, compounds [SOT 21. The y values are 
nearly the same (the difference between the lowest and 
largest value being smaller than 9%), but they show a 
linear variation with electron concentration. 
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Fig. 447. Composition dependence of the electronic spe- 
cific heat coefficient y in Ce(Cu,-XNi,), compounds 
[SS G 161. A decrease of the electron density of states at 
the Fermi level becomes relevant for the transition from 
concentrated Kondo system to intermediate valence state 
for 0.4<x<O.6. 
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Fig. 445. Thermal variation of the heat capacity in (a) 
ErNi,, (b) DyNi, and (c) HoNi, compounds [73 S 11. 
Typical I-type anomalies are shown at temperatures 
between 4 and 12 K. These are attributed to the onset of 
magnetic ordering. (d) TmNi, [82 G 21 showing experi- 
mental data (open circles) as well as lattice and electronic 
contributions (dashed line) to the heat capacity. As 
evidenced in the insert a X-type anomaly is observed at T,. 
A large magnetic contribution to the specific heat is 
evidenced above 7& As shown in (e) this contribution 
corresponds to a strong Schottky anomaly [82G2]. 
Solid lines in (d) and (e) correspond to calculations. 
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Table 104. Data obtained from specific heat measurements on RN& compounds 
[71N3]. 

Y 
mJ Km2 mol-’ 

LaNi, 34.33(13) 
CeNi 5 40.01(11) 
PrNi, 37.02(16) 

See also [8OT2]. 

P 
mJK-4mol-1 

0.299(14) 
0.279(12) 
0.309(17) 

C@F) 
eV-’ atom-l 

2.43 
2.83 
2.64 

00 
K 

340.9 
347.1 
333.5 

ob 
0 0.5 1.0 1.5 2.0 

x- 

Fig. 448. Electronic specific heat coefficient y and the Debye 
temperature On versus Al concentration in LaNi,-,Al, 
system before (solid circles) and after (open circles) 
hydrogenation [SO C 41. The y values in the LaNi, -,Pt, 
system decrease in a smooth fashion as the Ni content 
increases. The La,-,Th,Ni, alloys only exhibit a slight 
change in the electronic specific heat coefficient [SO C 41. 

Fig. 450. Nuclear magnetic energy of PrNi, at T=OK 
obtained by integrating its specific heat as a function of 
applied magnetic field [80 K 161. The data indicate that 
an internal field of poHi = 66(10) mT adds linearly to the 
applied field and that the order is ferromagnetic. The 
enhanced nuclear magnetic moment is 0.027(4) pn, and the 
nuclear exchange parameter is 1 Jt/k, = 0.20(4) mK. 
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Fig. 449. Low-temperature part of the nuclear specific 
heat per mole of PrNi, measured in the indicated 
magnetic fields. A spontaneous nuclear ordering in zero 
field of 141Pr occurs at 0.40(2)mK [75 A 1, 80 K 161. 
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Fig. 451. ac susceptibility, x, of PrNi, at 16 Hz as function 
of tcmpcrature in diffcrcnt static magnetic ficlds [83 K 43. 
The lowest two lines arc for 8 and 19 mT, respcctivcly. The 
observed bchaviour is similar to that expcctcd for a 
nuclear fcrromagnct with Tc=0.40mK. The ac susccpti- 
bility changes drastically even in fields which arc much 
smaller than the exchange field of 65 mT for T=O, or of 
18 mT for Tg Tc The application of a ficld seems to shift 
the apparent paramagnctic Curie tempcraturc, O,,, to 
substantially lower values. For example, measurements at 
16 Hz in zero field yield the same 0 value as dc mcasurc- 
mcnts, @p,=Odc=0.42mK. In 6mT, O,, 
= -O.O2(10)mK, whcrcas 0,,=0.35(7)mK. Set also 
[8OM 11, 81 K 171. 

Fig. 453. Thcrmoelcctric power (TEP) of (a) 
La(Ni, -,Cu,), and (b) Ce(Ni, -@I,)~ systems as function 
of temperature [84Cl]. The thermopower anomaly 
observed in mixed-valcnt CeNi, is dominated by 
conduction-electron scattering from Ni-derived 3d states. 
The tempcraturc shift of the anomaly by increasing La 
content in (LaCe)Ni, reflects composition-induced 
changes in the Ni-derived 3d-band structure and a giant 
mixed-valent TEP anomaly dcvclops below 300 K as the 
4f stability is increased by substituting Ni by Cu. 
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Fig. 452. Thcrmoclectric power, Q, of CeNi, single crystal 
along a and c axes [87 S 33. The Q values along the a axis 
have a flat maximum of 3 uV/K at 40...80 K, change the 
sign at 150 K and keep decreasing up to 300 K, while Q 
along the c axis has a maximum of 13 pV/K at 150.. .200 K 
and stays positive up to 300 K. The average for the three 
main crystallographic axes is found to bc near that of 
polycrystallinc data [84C 11. 
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For specific heat measurements see 
RCo, [78T3]; R=Ce, Pr, Nd, Sm, Gd [74K5]; R=Nd [7708]; R=Sm [78Z2]; R=Dy [61 Sl] 
RNi, R=La,Ce,Pr,Nd,Gd[7lN3];R=La,Ce,Nd,Gd[73M6];R=La,Y,Th,Ca[8OT2];R=La 

~8OO5,82Sl,85Gl5];R=Pr[72C8,75Al,79R5,80Kl6,8lKl7,82Sl,87Rl];R=Nd 
[85G15];R=Gd[70W2];R=Dy[73S1,74B4,74S1];R=Ho[73Sl,74B4,74Sl];R=Er 
[73Sl, 74B4, 74Sl]; R=Tm [82G2] 

RN&H, R=La [8004, 80051 
(R’R”)M, (LaTh)Ni, [80 C 4-j; (LaTh)Ni,H, [SO C4] 
R(M’M”)s La(NiCu), [80 T I]; Ce(NiCu), [85A 7, 85 G 16, 86 G 31; La(NiAl), [SO C4]; Y(NiAl), [80 T I]; 

Th(NiAl), [79 G 12, 80 T 11; La(NiPt), [SO C 41 
La(NiAI),H, [SO C 41 
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Fig. 454. Electrical resistivity along the c axis, Q, tempera- 
ture coefficient of electrical resistivity, de/d7; angle rp 
between the easy axis of magnetization and the c axis, and 
lattice parameters a and c as function of temperature for 
NdCo, compound [82A 131. The magnetostrictive con- 
stants determined in the center of spin reorienta- 
tion temperature range are @‘=8. 10M4 and 
I?’ = - 3. 10e4. The lack of orthorhombic distortion of 
the NdCo, shows that ly*’ < 10m4 at all temperatures. 
The temperature coefficient of the electrical resistivity Q 
along the c axis is constant below and above the spin 
reorientation temperature. This suggests that the an- 
isotropy of the interaction between the conduction 
electrons and the magnetic moments is small. 
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Fig. 455. Temperature dependence of the electrical resis- 
tivity in (a) CeNi,, NdNi, and (b) GdNi, compounds 
[73M6]. The magnetic transitions are evidenced in 
NdNi, and GdNi,, the loss of the spin-disorder resistivity 
being readily apparent in the former material. 
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Fig. 457. (a) Electrical rcsistivities in LaNi, -,Fe, com- 
pounds. x=0: resistivity vs. T curve, eLaNi,, of LaNi,, 
which represents the phonon contribution to the vari- 
ations of ~(x=hO). For x+0, Q,,,=Q-Q~,~~, has been 
plotted as function of temperature. This gives the magnetic 
contributions to the rcsistivities. The temperatures T,, T8 
and T, (see Figs. 385 and 386) were indicated. (b) Magnettc 
part of the resistivity, Q,, as function of temperature for 
large Fe content. The Curie temperatures, evidenced by a 
sharp drop of electrical resistivity, are marked by arrows 
[87E6]. 
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Fig. 456. Thermal variations of the electrical resistivity of 
CeNi, measured along the a and c directions. At very low 
temperatures it has a BT* dependence, the B coefficient 
being 7.10-10GcmK-2 along c, and ll.lO-lo 
Slcm K-* along a. The residual resistivities are 1.4. low6 
and 3.2. 10-6Gcm, respectively [82G 5-J. 
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For electrical resistivity see also 
RCo, R=Nd [82A13] 
RN& R=La, Ce, Nd, Gd [73M6]; R=La [85A2]; R=Ce [82G5, 8566, 87831; R=Pr [72C8, 

84R1,87L5]; R=Sm [88Bl*]; R=Gd [78R3]; R=Y [85G6] 
RM,K LaCo,H,, SmCo,H, [85 S 21; LaNi,H, [85 A 2, 85 S 21 
(R’R”)M, (CeLa)Ni, [84 C I] 
R(M’M”), La(NiFe), [87 E 6, 88 E I]; La(NiCu), [84 C I]; Ce(NiCu), [84 B 7, 84-C I]; Ce(NiGa), [87 K lo] 

For thermopower studies see also 
CeNi, [87 S 31 
(CeLa)Ni, [84 C l] 
La(NiCu), [84 C 11; Ce(MnM),, M = Ge, Al [88 K 43; Ce(NiCu), [84 B 7,84 C I,84 L 81; Ce(NiGa), [87 K IO] 

Spectroscopic studies 

CeOz CeCo5 CeNiS 

(Al 

I I 

Ce(Ni,,Cu0.3)5 

I I 
5700 5720 5740 eV 5760 5700 5720 57LOeV 5760 5700 5720 57kO eV5760 5700 5720 5740 eV 5760 

E- 

Fig. 458. L,,, absorption edges for Ce in CeNi,, CeCo,, 
CeO, and some Ce(Ni, -$uJ5 alloys at room tempera- 
ture [82 G 51. These show that in CeCo, and CeNi,, Ce 
has the same valence state, close to 4+, as in the insulator 
CeO,. In Ce(Ni,-$uJ, compounds for Cu content 
ranging from x=0.8 to 0.3, the shape of the absorption 
edge changes gradually from that characteristic of the 
trivalent state (A) to that characteristic of the almost 
tetravalent state (B). For valence state of Ce and Yb in 
intermetallic compounds see also [79 D 2, 81 K 161. 
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Fig. 459. Photoemission spectra for Ni, LaNi,, 
LaNi, -,C&, LaCu, and Cu [82 W 2). The band in LaNi, 
closely resembles that of elemental Ni and the d-band in 
LaCu, closely rcscmbles that ofelemental Cu. The APW 
calculations [82 M l] for LaNi, revealed good agreement 
with the above data. The density of states in LaNi, and 
LaNi,H, were analyscd in [87 G 111. Ei is the initial-state 
energy. 

For spectroscopic studies see 
L,,, absorption spectra 
RCo, R=Nd, Sm, Gd [76S5]; R=Tb, Dy, Ho, Er [76S6]; R=Pr, Sm [77S2]; R=Tm, Y [77S3]; 

R=Ce [82F9, 82G5, 83F4]; R=Pr [82F9] 
RFe, R=Ce [83F4] 
RNi, R=Ce [82G5, 83F4] 
(R’R”)Ni, R,,,Ce,,,Ni,, R=La, Pr, Gd, Er, Lu [83R I] 
R(M’M”), Ce(NiCu), [82 G 51 

Photoemission spectroscopy 
CeCo, [Sl K 163; SmCo, [77 S 73; LaNi, [Sl S 21; CeNi, [81 K 161 
LaNisH, 178 S l&82 W 73 
(CaEu)Ni,H, [84 S 71; La(NiMn), [87 L 3-J; La(NiCu), [82 W 21 

X-ray absorption spectroscopy 
DyCo, [80 H 7j; CeNi, [86 H 43 

Electron energy loss spectra 
SmCo, [87 C 23 

Photoelectron spectroscopy 
LaNi,, LaNi,Ti,,,, LaNisZr,,, [SOW 23; LaNisH,, La(NiAI),H, [87 B 111; (CaEu)Ni,H, [84 S 71 

Auger electron spectroscopy 
(CaEu)Ni,H, [84 S 7-J; La(NiM), [87 L 33 

Microcontact spectra 
PrNi, [84A 3*, 84A4*, 84A 5*] 
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Structure, lattice parameters 

2.4.2.18 R,M,, compounds 

R2 M17 

a hexagonal b rhombohedrol 

Fig. 460. Crystal structure of R2M1, compounds: (a) 
hexagonal structure (Th,Ni,,-type) having P6,/mmc 
space group (b) rhombohedral structure (Th,Zn,,-type) 
having Rgrn space group. A TbCu,-type structure was 
also evidenced, Table 105. 

Table 105a. Atomic sites in R,M,,-type compounds, hexagonal structure (Th,Ni,,-type) having P6,/mmc- 
space group [56Fl, 56M1,66B3]. 

Atom Site Coordinates 

RI 
RI, 
Ml 
MI1 
MI11 
WV 

2b I!I (0, &l/4) 
2d ~113,213, 314) 
6g *(l/2, 0, 0; 0, l/2, 0; l/2, l/2, 0; l/2, 0, l/2; 0, l/2, l/2; l/2, l/2, l/2) 

12j ~(x,y,1/4;~,x-y,l/4;y-x,X,1/4;y,X,1/4;x,x-y,l/4;y-x,y,l/4);x=l/3;y=O.968 
12k -k(x, 2x, z; 2X,X, z; x, X, z; X, 22, l/2+2; 2x, x, l/2+2; x, x, l/2+2); x=1/6; z=O.984 
4f &(1/3, 213, z; 213, l/3, l/2+2); z=O.109 

Table 105b. Atomic sites in R,M,,-type compounds, rhombohedral structure (Th,Zn,,-type) having RJm- 
space group. 

Atom Site Coordinates 

R 
MI 
MI1 
MI11 
WV 

6c 
9d 

18f 
18h 
6c 

*(o, 0, z); z=1/3 
*(l/z 0, l/2 0, 1/2,1/2 112, II% l/4 
-k(x, 0, 0; 0, x, 0; x, x, 0); x=0.283 
*(x, x, z; x, 2x, z; 2jl, R, z); x=1/2, z=O.148 
-k(O, 0, z); z=o.o94 

In addition the following translations (0, 0, 0); (213, l/3, l/3), (l/3, 213, 213). 
For TbCu,-type structure having P6/mmm-space group [71 B 221 see subsect. 2.4.2.17, Table 84 (s = 219). 

Land&B&mstein 
New Series IIV19d2 

Kirchmayr, Burzo 



Table 106a. Lattice parameters (A) of R2Fe,, compounds having Th*Ni,,-type structure (hexagonal). 

66B4 68Rl 69Gl 7OB14 71 M6 72B16 7267 7705 86S17* 

a C a C a C a C a C a C a C a C a C 

CeJe17 8.490 8.281 
Gd2Fe17 8.486 8.349 8.496 8.343 
TbFe17 8.467 8.309 8.473 8.323 
Dy2Fe17 8.444 8.310 8.467 8.312 8.455 8.309 
HoPeI 8.434 8.284 8.460 8.277 8.438 8.310 8.44 8.31 
Er2Fe17 8.423 8.284 8.435 8.281 
TmPe17 8.406 8.291 
YbFe17 8.414 8.249 
LuPe17 8.401 8.272 8.386 8.279 8.401 8.266 
Y2Fe17 8.463 8.282 8.466 8.300 8.461 8.299 

Table 106b. Lattice parameters (A) of R,Fe,, compounds having Th,Zn,,-type structure (rhombohedral). 

63Kl 66B4 65 K2 66Rl 6851 70B14 

a C a C a C a C a C a C 

%J%7 8.488 12.402 8.490 12.416 
Pr2Fe17 8.58 12.47 8.582 12.462 8.585 12.464 
NV’e17 8.578 12.462 
Sm2Fe17 8.554 12.441 
GWe17 8.55 12.40 8.517 12.429 8.538 12.431 
TW’e17 8.49 12.42 8.54 12.43 
Y2Fe17 8.46 12.41 



Table 106~. Lattice parameters (A) of R,Co,, compounds having Th,Nir,-type structure (hexagonal) ‘). 

66B4,77bl 6602 66L4 71G1,71G2 72B16 73K4 81M8 86818 

a c a C a C a c a C a C a C a C 

W%, 8.371 8.136 8.335(2) 8.104(4) 8.3779 8.1339 8.3779 8.1339 
Sm2Co17 8.360 8.515 8.384 8.159 

GWo,, 8.351 8.125 8.373 8.134 8.378 8.139 
TWO,, 8.348 8.125 8.347 8.127 

DYDI, 8.328 8.125 8.335(2) 8.102(3) 8.356 8.113 8.3614 8.117 8.357 8.117 

Ho,Co,, 8.320 8.113 8.335(2) 8.101(3) 8.331 8.117 8.3315 8.1339 8.331 8.131 

Er2Co17 8.310 8.113 8.301(2) 8.100(3) 8.317 8.125 8.3126 8.1306 8.302 8.103 8.310 8.135 

Tm2Co17 8.285(2) 8.095(3) 8.298 8.131 8.285 8.095 

YWo,, 8.309 8.096 8.271 8.089 
LU,COl, 8.247(2) 8.093(3) 8.29 8.12 

Y&%7 8.341 8.125 8.356 8.123 8.25 8.14 8.355 8.128 

‘) The hexagonal Th,Ni,,-type intermetahic compounds close to R2M,, stoichiometry in Er-Co and Y-Ni systems do not exist but in an ideal case. 
Substitutions must occur on all R rows parallel to the c axis with subsequent displacements of the M atoms. This leads to a nonstoichiometric composition, e.g. 
RM,., [72 G 71. In Lu-Fe system the stoichiometry shifts from LuFe,., to LuFe,., [72 G 81. 

Table 106d. Lattice parameters (A) of R,C!ol, compounds having Th,Zn ,,-type structure (rhombohedral). 

66B3 66B4 6602 73K4 76K3 81 M8 86818 

a C a C a C a C a C a C a C 

Ce2Co17 8.368 12.204 8.370 12.193 8.335(2) 12.153(4) 8.378 12.206 

Pr2Co17 8.438 12.253 8.427 12.265 8.415(2) 12.170(4) 8.4419 12.2605 8.432 12.333 
WCo,, 8.422 12.246 8.407 12.257 8.441(2). 12.181(4) 8.4279 12.2433 
Sm2Col, 8.385 12.214 8.379 12.212 8.402(2) 12.172(4) 8.4019 12.2308 

GWo, 7 8.377 12.198 8.365 12.184 8.361(2) 12.159(4) 8.3787 12.2091 8.349 12.24 
TWo,, 8.357 12.186 8.344 12.190 8.341(2) 12.152(4) 

DY,COI, 8.346 12.180 8.310 12.070 8.335(2) 12.135(3) 8.365 12.169 
Ho,Co,, 8.332 12.201 

Y,COl, 8.355 12.183 8.344 12.190 8.355 12.192 8.35 12.27 



Table 106e. Lattice parameters (A) 
of R&o,, compounds having 
TbCu,-type structure [73 K 41. 

a C 

Sm2Co17 4.8562 4.0813 
GWo,, 4.837 4.066 

The existence of RCo, com- 
pounds with z z 7 for R = La, Ce, Pr 
and Nd has been suggested 
[83G 161. 

Table 106f. Lattice parameters of RaNi,, compounds (A). 

66B4 67L1,69Pl 67Tl 68C2 69Vl 72B 16 82P4 84C4 

a C a C a c a C a C a C a C a C 

Nd,Ni,, 8.44 8.12 8.402 8.048 
Sm,Ni,, 8.471 8.049 8.47 8.06 8.38 8.105 8.367 8.061 
Eu*Ni,, 8.35 8.06 
Gd,Ni,, 8.431 8.049 8.43 8.04 8.33 8.06 
TbzNi,, 8.315 8.041 8.31 8.04 8.30 8.04 
Dy2Ni17 8.299 8.037 8.29 8.03 8.29 8.02 
Ho,Ni,, 8.298 8.027 8.29 8.02 8.28 8.02 8.295 8.034 
Er,Ni,, 8.287 8.017 8.28 8.01 8.25 8.00 
TmzNi,, 8.25 8.01 8.25 8.00 
YbsNi,, 8.25 8.005 8.28 8.024 
Lu,Ni,, 8.21 7.995 
Y2W7 8.307 8.040 8.30 8.04 8.31 8.04 
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Fig. 461. Polymorphic forms of R&o,, compounds at 
different temperatures [73 K 41. By asterisks are denoted 
alloys not investigated in the above work. 
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Fig. 462. Thermal variation of the lattice parameters for 
Y,Ni,,, Y&o,, and Y,Fe,, compounds. By full lines are 
plotted the lattice contribution to the thermal expansion 
[74 G 81. The interactions between Fe atoms are depen- 
dent on the distances d between them, being negative for 
d 5 2.45 A. Thus, the magnetic interactions between 
Fe,v(4fkFe,,(4f) are strongly negative while those be- 
tween Fe,(6gkFe,,,(l2k), Fe,(6g jFen(12j), and Fe,,,(l2k) 
-Fe,,,(l2k) are weakly negative. The interactions as- 
sociated with Fe atoms situated at distances larger than 
zz2.45a are positive. The negative interactions are not 
satisfied and consequently a large magnetic energy is 
stored. Competition between the temperature depen- 
dence of the magnetic and elastic energy provokes the 
observed expansion anomalies in R,Fe,, compounds. See 
also [71 G4]. 
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Fig. 464. Composition dependence of the room- 
temperature lattice constants in Pr2C01,-XMX com- 
pounds, where M=Fe, Mn, Cr, Cu and AI [83 S43. 
Single-phase materials were obtained with x 5 14 for 
M=Fe, x54 for M=Mn, x53 for M=Cr or Al and 
x Il.0 for M =Cu. The rhombohedral Th,Zn,, structure 
was retained for these systems. Similar variations in lattice 
parameters were observed in related systems as 
Ce2C017-xMr [82F12] and Sm&or,-,M, [72Sl]. 

Fig. 463. Variation at room temperature of the a and c 
lattice constants, the volume cell, V, and c/a ratio as 
function of the hydrogen content for Nd,Fe, 7HX hydrides 
[88 R 43, including the data from [82 H 3) (full symbols). 
The lattice expansion is strongly anisotropic. 
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Fig. 465. Composition dependence of the lattice constants 
in Smack, -PJ17 with M=Mn, Fe, Cr, at room 
temperature [77P 33. 
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Fig. 466. Co occupancy fraction, n (Co)-normalized to 
unity - for the four transition metal sites (c, d, f, h) as 
function of Co concentration in Nd,(Co,Fe, -X)17 com- 
pounds [82 H 31. The 6c-type transition metal sites are 
preferentially occupied by Fe ions. Concomitantly, the 9d 
and 18h sites have Co occupations larger than those 
predicted by stoichiometry (solid lines), while the 18f sites 
deviate only slightly from random occupation. In 
Y200.97Fe 0,03)17 appears to be a net preference of Fe for 
6c and 18f sites (RJm-type structure) [76D9]. After 
[76P2] in Y2(Co0,31 Fe,,,,),,,, alloy, Fe atoms show a 
preference for 6c sites at low substitution and relative 
preference for the 9d and 18h sites over the 18f sites. In 
hexagonal Tm,(Fe, -$o,)r7 compounds a slight pre- 
ference of Fe for the 4f sites is shown [76 G 121. The site 
occupation in Sm,(CoM),, compounds has been ana- 
lysed in [84K lo]. 
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Nd,b Nd,Co,, Nd,Fe,, 
x- 

NW,, 

For crystal structure and lattice parameters see also 

Wf,, [56Ml] 
Wfn17 R=Yb [83T7] 

R&, [64 W $65 W 2,66 R 1, 68 R I] (initially considered as RFe,); [66 B 4,66 S 1,82 P 41; R = Pr, Tb, 
Ho[65K2];R=Tb,Y,Th[72G8];R=Gd[61S2,63K1,70G2];R=Dy[82Bl];R=Ho 
[70R2]; R=Lu C72G7-J; R=Y [74G8, 77Sll] 

Wo,, [66 B 4,68 B I,73 B 22, 73 K 4,78 B $80 B 12,82 P 41; R = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, 
Tm, Y [66 B 31; R = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Y [66 L 43; R = Pr, Er, Tm, Yb 
[8lM8]; R=Sm [73K7]; R=Gd [76K3]; R=Er [69Sl]; R=Y [6502, 69S2*, 72Y1, 
74G8] 

R& 7 [65V1,66B4,69L1,69P1,82P4];R=Sm,Gd,Tb,Dy,Ho,Er,Tm,Y[67L1];R=Nd,Sm,Gd, 
Tb,Dy,Ho,Er,Tm,Yb, Lu,Y [68C2];R=Y [74G8]; R=Th [42Nl, 75D3] 

R&f,&4 Nd,Fe,,H, [SS R4] 

WR”W17 KJeYbCo,, [83 P7]; (SmPr),Co,, [74D9]; (SmGd),Co,, [74D9]; (SmY),Co,, [74D9]; 
(SmR),(CoZr),,, R = La, Ce, Y [SS F 41; (SmPr),(CoZr),, [83 F 81; (ErPr),Co,, [81 M 8, 
82Hll]; (ErZr),Co,, [82H 11-J; (YbPr),Co,, [Sl M8, 82H 111; (YbZr),Co,, [82H11] 

RAM’M”h7 R,@fnF& 7, R=La, Ce, Pr, Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb, Lu, Y [76 F2]; Ce,(MAl),,, 
M = Mn, Fe, Cu [63 Z I]; M = Mn, Co, Cu [62 Z I]; Ce,(CoM),,, M = Ti, V, Cr, Mn, Fe, Cu, 
Zr, Hf [82F 123; M=Cu,V,Ti,Zr, Hf [82 W 41; Pr,(CoM),,, M=Fe, Mn, Cr [83 J4]; M=Fe, 
Mn, Cr, Cu, Al [84 S 31; Sm,(CoM),,, M =V, Ti, Zr, Hf [82 S 91; Ho,(CoM),,, M = Fe, Ni, 
MO, Cr, W, Ti, Cu, Al [84 C 43; M = Mn, Fe, Ni, Cr, Ti, Al, Cu [82 C 91; Er,(CoM),,, M = Mn, 
Fe, Ni [77N I]; Pr,(CoMn),, [83 JS]; Er,(CoMn),, [82W4]; Gd,(CoMn),, [86K 11; 

Yb2WW17 [81 M 81; Y,(CoMn),, [SS Y 8, 86 K I]; Er,(FeCoMn),, [81 M 81; 
(ErPr),(FeCoMn),, [81 W 11; La,(MnAl),, [82F I]; Ce,(MnAl),, [82F 11; Er,(MnGa),, 
[85M4] 

R,(FeCo),, [77SlO]; Pr(FeCo),, [83 JS]; Sm,(FeCo),, [74D9, 75S43; Gd,(FeCo),, 
C74S 10-j; Dy,(FeCo),, [74S 10,82R I]; Er,(FeCo),, [74D9,81 M8,82 W4]; Tm,(FeCo),, 
[74N3]; Yb,(FeCo),, [77Nl]; Y,(FeCo),, [71R2, 71S7, 72H1, 74S10, 75T1, 85C2]; 
Gd,(FeNi),, [75S8]; Dy,(FeNi),, [76S II]; Y,(FeNi),, [76S 111; La,(FeAl),, [82Fl]; 
Nd,(FeAl),, [7OV 31; Sm,(FeAl),, [76 M 51; Tb,(FeAl),, [75 0 11; Dy,(FeAl),, [77 0 5, 
84P131; Tm,(FeAl),, [74N3]; Y,(FeAI),, [86P4]; Er,(FeSi),, [87A6] 

Sm,(CoNi),, [78Mll]; Er,(CoNi),, [74D9, 79s I]; Y,(CoNi),, [75Tl, 78M 11); 
Pr,(CoAl),, [73 04, 73 0 53; Nd,(CoAl),, [77N I]; Sm,(CoAl),, [7304, 730 5, 77Nl-j; 

YACoAlh 7 [74H 3*]; (PrEr),(MnFeCo),, [82 W 31; Pr,(CoCr),, [83 54, 83 J 51; 
Pr,(CoCuM),,, M = Zr, Hf, Ti [86 H 51; Sm(CoCu), [76 M 61; Sm(CoCuFeTi), [83 S 11; 
Sm,(CoCr),, [79 S I]; Er,(CoCr),, [79 S 11; Sm,(CoM),,, M=Ag, Ge [SS 521; R,(CoZr),,, 
R=Ce, Sm [82Fll]; Y,(CoZr),, [SSY 81; R,(NiAl),, [SSPlO(T)]; Y,(NiCu),, [7OCl] 
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For thermal expansion of lattice parameters see 
R,Fe,, [79G4]; R=Pr, Tm [83M5]; R=Y, Lu [71 G4]; R=Er [73B23] 
Y,Co,, [71 G4]; Y,Ni,, [71 G43; Dy,(FeCo),, [82R l] 

For microstructure see 
R,Co,, [74Al]; R=Sm [77G8] 
RJM’M”),, Sm(CoCu), [77 M 63; Sm,(CoM),,, M =Mn, Fe, Ni, Sn [82 P6]; Ce(CoCuFeTi), [78 L4]; 

Sm(CoCuFe), [77 L 3, 78 L4]; Sm(CoFeMn), [78 M 143 

For single crystal growing see 
R,M,, C83M31; Y&O,, C82W61; (YCe),Co,, [85M7]; R,(FeCo),, [73F5]; Y,(CoFe),,, Y,(CoAI),,, 

Y,(CoFeCu), [82 W 63; Y,(CoM), ,, M = Fe, AI, Cu [83 S 19, 83 S 201 

For thermal decomposition see 
Ce,(CoFe), , [73 R 31 

For M site occupation see 
Y,(FeCo),, [76P2, 86T5]; Y,(CoMn),,, Y,(CoZr),, [85 Y 81; Nd,(FeCo), , [82 H 33; Sm,(CoFeMn),, 

[84 K lo] 

Magnetization, Curie temperatures 

0 25 50 75 100 125 kOe 150 
H- 

Fig. 467. Magnetization isotherms at 4.2K in Y,Fe,, 
single crystal. The magnetic field is applied parallcl and 
pcrpcndicular to the c axis. An anisotropy of magneti- 
zation, Ap,=O.OlOp,/Fc atom, i.e. 0.8% of the sponta- 
neous magnetization is evidcnccd [87 A 13-J. The tempcra- 
turc depcndencc of Ap, values is plotted in Fig. 501. 
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Fig. 468. Magnetization curves at 4.2K, along different 
crystallographic directions in some R,M, 7 single crystals: 
(4 Ho2Fe17 compound having the b axis as easy axis of 
magnetization, (b) Dy,Co,, compound having the a axis 
as easy axis of magnetization within the easy basal plane, 
(4 Ho&o,, compound having the b axis as easy axis of 
magnetization within the easy basal plane, (d) Er,Co,, 
with the hexagonal c axis as easy axis of magnetization, 
and(e) Y&o,, compound. In (e) the inset shows the low- 
field behaviour of Y&o,,. The easy plane compounds 
Ho,Co,,, Dy,Co,, exhibit within the basal plane first 
order moment reorientation transitions. The magnetiz- 
ation isotherms for ferrimagnetic compounds were ana- 
lysed in a two-sublattices model (solid lines) in order to 
determine the anisotropy constants as well as the ex- 
change interactions coefficients [86 S 181. 
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Fig. 469. Thermal variations of magnetization in R,Fe,, 
(R =Ce, Nd, Pr, Tb, Dy, Ho, Er) comnounds measured in 
a magnetic field of 45 kOe [66 S 23. 

; 
I.U. 
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20 20 
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10 10 

0 100 200 300 400 K 500 
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Fig. 470. Thermal variations of the spontaneous magne- 
tization for Gd,Fe,,, Lu,Fe,,, Y,Fe,, [69G l] and of 
the magncti;ration for Er,Fe,, measured in a magnetic 
field of 20 kOe [87 A 63. 
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Fig. 471. Temperature dependence of the magnetization 
in R&o,, compounds in a magnetic field of 20 kOe: (a) 

[66 L I] and (c) R=Yb, Lu [74N6]. The thermal vari- 

R=Ce, Pr, Nd, Sm, Y (b) R=Gd, Tb, Dy, Ho, Er, Tm 
ation of the spontaneous magnetization for Lu,Co,, is 
also plotted [71 G 1, 71 G2]. 
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0 40 80 120 160 K 200 
I- 

Fig. 472. Temperature dependence of the spontaneous 
magncti;r;ltion in R2Ni,, compounds: (a) R=Sm, Gd, 
Dy; (b) R =Tb, Ho, Er and Tm [67 L 11. 

Ni 
0.25 

0 25 50 75 100 125 K 150 
I- 

Fig. 473. Thermal variation of the spontaneous magneti- 
zation of Y,Ni,,, Y*Ni,, and Y,Ni,s compounds 
[8OG2]. The change in stoichiometry comes from the 
replacement of some of the Ni dumbell atoms by Y ones. 
The evolution of the magnetic properties results from the 
decrease of magnetic interactions as Y atoms replace Ni 
atoms. The variation of the interactions with the moditi- 
cation of the Ni surroundings allows the stabilization of the 
high- or low-magnetization states in Y2Ni,, and Y,Ni,, 
compounds, respectively. The very weak itinerant fer- 
romagnetism in Y,Ni,, must be associated with the 
intrinsic properties of some of the four Ni sites. 

0 200 400 600 800 1000 1200 K 1500 
T- 

Fig. 474. Thermal variation of the reciprocal magnetic’ 
susceptibility for Gd,Fe,, [82 b 11, Dy,Fe,, [84P 131, 
Y,Fe,, [70B8] and Gd,Ni,, [72B 143. In case of 
ferrimagnetic compounds the x-r vs. T curves show a 
nonlinear behaviour. 
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Table 107a. Magnetic properties of R,Fel, compounds. 

66Sl 69B5 69Gl 70B 14 7OL8 74Nl 77Gl4 77bl 84Pl3 

270 
283 
327 
389 
460 479 
408 
363 
325 

310 
232.5 

270 
310 332 

213 
282(l) 286 

325 

472( 1) 
407 
364 395 
335 
297 

271(3) 275 
255 280 

263(2) 
302 358 

Ps (PIJ Paramagnetic 
behaviour 

66Sl 69B5 69G1, 70B14 74Nl 77bl 81 C4* 84Pl3 70B8, 
7lG3 82bl 

Ce2Fe17 
Pr2Fe17 
WFe17 
Sm2% 
GWel 7 

30.6 29.7 
30.6 
30.0 

22.9 21.1 

16.2 

17.9 
16.1 
14.8 
17.1 

25.6 
34.9 34.2 
34.7 32.8 34.1 32.9 

nonlinear 
f’vs. T: 
Fig. 474 

17.1 
16.36(16) 

c-w 
x-‘vs. T: 
Fig. 474 
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Table 107b. Magnetic properties of R&o,, compounds. 

66L1, 68B7 71 G I, 72BlI 72Sl 74Nl 78Mll 
66L3 71G2 

Ce2Co, 7 1083 

Pr,Co,7 1171 

WCo,, 1150 

Sm2Co17 1190 1190 
GWo,, 1209 1220 
TWO, 7 1180 

Dy,Co,7 1152 

Ho,Co, 7 1173 1173 
Er,Co, 7 1187 1160 1160 

Tm2Co17 1182 1175 

YWo, 7 1180 

Lu3,7 1192 1175 

YKO,, 1167 1167 1167 1213 

66L1, 68B7 71 G I, 72BlI 72SI 74Nl 78KI1, 78Mll 81 C4* 
66L3 7IG2 79D4 

&Co I 7 
pr,co, 7 

Nd,% 7 

SWh7 

G&Co,, 

TWO 17 

Dy,Co,7 

Ho,Co,, 

Er$o I 7 
Tm2Co17 
YWo 17 

Lu,Co, 7 

y,co,7 

26.1(2) 
31.0(4) 
30.5(4) 
20.1(2) 
14.4(2) 
10.7qI5) 
8.30(15) 
7.7(I) 

10.1(5) 
11.3(6) 

27.8(3) 

24.6 
32.6 
33.2 
27.8 29.1 

14.1 13.8 
8.9 
7.5 

9.3 7.5 8.36(8) 
IO.6 10.56 9.8 

13.80 13.4 
22.80 

26.9 28.50 26.9 
27.2 27.8 27.2 28.05 
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Table 107~. Magnetic properties of R,Ni, 7 compounds. 

T, (K) Ps b3) Paramagnetic 
behaviour 

67Ll 72B14 74J1, 7538 77Y2 80G4 67Ll 68Cl 72B14 74J1, 7538 80G4 72B14 
7551 7551 

Sm,Ni,, 186 4.5 5.25 
Gd,Ni, , 205 190 187 8.8 9.36 8.90 

Tb,Ni,, 178 178 8.5 12.2 
Dy&, 168 154 8.05 14.7 
Ho,Ni,, 162 152 12.2 13.8 

8.20 

13.0(3) 
Er,Ni, 7 166 140 166 9.1 11.0 9.2(3) 
Tm,Ni,, 152 152 7.31 
Lu,Ni, , 5.00 

Y2Ni17 160 151 149 5.0 4.67 4.42 

x-‘vs. T 
nonlinear 
C,=19.9cm3Kmol-1 
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350 
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0 10 20 30 kbor 40 
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Fig. 475. Pressure dependence of the Curie temperature 
T, in some R,Fe,, compounds [73 B 253. Rather great 
decrease of Te values is evidenced as pressure increases, in 
agreement with the previous discussion (cf. caption to 
Fig. 462). See also [74 B 18, 85 R 21. 

Table 108. Pressure dependence of the Curie tem- 
peratures in R,M,, compounds. F = d log T,l 
dlogK 

flJ+ 
K/kbar 

r Ref. 

ErFe, 7 ‘1 -4.1 2.2 73B25 
Y2Fe17 -9.8 5.3 71 G3 

NWo, 7 +0.7 -1.0 73B25 
GdKo, 7 +0.6 -0.8 73B25 
ErGb 7 +1.1 -1.5 73B25 
y,co,7 -0.3 0.4 73B25 

W2Ni I 7 - 0.44(3) 4.4 7551 
Ho,Ni,, - 0.44(3) 4.5 7451 b 
Er,Ni,, - 0.48(3) 4.8 7451 Fig. 476. Composition dependence of the lattice constants 
Y2Nii7 -0.44(3) 4.6 75Jl at room temperature (RT), a and c, Curie temperature T, 

specific magnetization at RT, u, measured in an external 

‘) Deduced from Fig. 3 in [73 B 251 for p 5 6 kbar, magnetic field of 27 kOe on textured powders, and 

see also Fig. 475. anisotropy constants at RT, K,, for compounds having 
rhombohedral structure (R3m): (Sm, -rGd,)ZCo,7, 
(Sm,-,W2Co,7, (S~,-,YWO,~, Sm2(Co,-,W,7 
and hexagonal structure (P6,/mmc): Er,(Co, -rFe317, 
Er,(Co, -,NiJ,,. Solid and open bars indicate easy-axis 
and easy-plane anisotropy, respectively [74 D 93. The Tc 
values for Sm,(Co, -XFe3,7 are from [73 M IO]. 
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l? 
) -\,. 17=1.2K / 1 

0 0.2 0.4 0.6 0.8 1.0 
Y2Fe17 x- 

Fig. 479. Composition dependence of the saturation mag- 
netic moment in Y2F’e, -xW17 [75P5]; 
Y,(Fe, -x4)L7. solid symbols [86P4], open symbols 
[74Ni]; and Y#e,-,NiJ,, [74Nl] compounds at 
4.2 K. 

l 4” i I I 
10 
v x Er2-xTh,Co,, 

l Gd2-xTh,Co,, 
0 Gd2-,Ce,Cq7 
. b’,-xThxC% 

5 A OY2-xC%@Jn - 
. Ho,.,Th,Co,, 
o Ho2.xCexCo,7 

0 
0 0.4 0.8 1.2 1.6 2.0 

x- 

Fig. 477. Composition dependence of the saturation mag- 
netization in R,-,R:Co,, compounds at 4.2K with 
R = Gd, Dy, Ho or Er and R’= Th or Ce [73 N 4,75 N 23. 

1250 

K Y2”17 

0 0.2 0.4 0.6 0.8 1.0 
‘WI7 x- 

Fig. 478. Composition dependence of the Curie tempera- 
ture in Y,(Fe, -$oJr,, open symbols [75P5], solid 
symbols 173 M 1 I]; Y,(Fe, -.AIJ1,. open symbols 
[74N 11, solid symbols [86P4]; and Y,(Fe, -,NiJ,, 
[74 N l] compounds. 

3.5 1 I I 700 

R2(Fe,-xNix),7 K Pe 

3.0 600 

2.5 500 

I 2.0 400 

d I 

-a 1.5 300 * 

““iioo 
01 I IO 
0 0.2 0.4 0.6 0.8 1.0 

R2Fe17 x- bN117 

Fig. 480. Composition dependence of the mean Fe mag- 
netic moment at 4.2K and Curie temperatures in 
WFe, -xW17 compounds with R=Gd, Dy, and Y 
[76S 111. 
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1400 I 
K 

I 

Rz( Fel-xCox)17 

200 I I I . sill - 
. Tm 

0 0.2 0.4 0.6 0.8 1.0 
x- 

Fig. 481. Composition dependence of the Curie tempera- 
tures in R,(Fe, -$o,)r7 compounds with R = Gd, Dy, Y 
[74SlO], R=Sm [73Mll] and R=Tm [77G13]. 

1400 I I 
K Sm,(Co,-xMx),7 

8001 
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2oor-Yt-m- 
01 

u 0.1 0.2 0.3 0.4 0.5 
Sm2Co17 x- 

Fig. 483. Curie temperature of Sm,(Co, -xMx)17 alloys 
with M =Fe, Mn, Cr and Al. By Co substitution a 
decrease in Tc values is observed [77 P 41. 

01 I 

O&,, 
03 0.2 0.3 0.4 0.5 

x- 

Fig. 482. Composition dependence of the mean Fe mag- 
netic moments determined by saturation magnetization 
at 4.2K and mean effective Fe magnetic moments in 
Dy,(Fe, -,Al,),, compounds [84P 131. 
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e*y; 
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v Sm2(Cal-,Ni,)t7 

; < 1 1=4.2K 1 

0 0.2 0.4 0.6 0.8 1.0 

Sm2Co,7 x- Sm2 47 

Fig. 484. Composition dependence of the saturation mag- 
netization at 4.2K in Sm,(Co, -xMJ17 compounds: 
M=Fe, open symbols [77 P4], solid symbols [73 P2, 
75 T I]; M = Mn, open symbols [77P 41, solid symbols 
[73P2, 75Tl], M=Ni [78Mll], and M=Cr [73P2, 
75 T 1, 77 P 41. 
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Fig. 485. Composition dependence of the Curie tempcra- Fig. 486. Variation of the saturation magnetization with 
tures in the Sm, -,R,Co 16.4Zro,c system, with R = La, Cc, composition in the Sm,-,R,Co,,,,Zr,,, system at room 
Pr and Y [85F4]. temperature with R = La, Cc, Pr and Y [85 F 43. 

0 0 2 2 4 4 6 6 8 8 10 10 12 12 14 14 

PrlCo17 PrlCo17 x- x- 

Fig. 487. Composition dependence of the Curie tempera- Fig. 488. Variation of the saturation magnetic moment as 
tures in PrZCo,7-xM, compounds, where M=Fe, Mn, function of composition in Pr2Co17-xMr compounds at 
Cr, Cu, or Al [83 S43. 77 and 295 K for M = Fe, Mn, Cr, Cu and Al [83 S4]. 
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Fig. 489. Composition dependence of the Curie tempera- 
tures in Pr,(Co,,Cu)(,,-,,,,,M, alloys with M=Ti, Hf 
and Zr [86 H 51. 

v Hf 
22 

0 0.2 0.4 0.6 0.8 1.0 
Pr,Co,,Cu x- 

Fig. 490. Dependence of the saturation magnetization on 
the concentration of M =Ti, Zr and Hf in 
~~2~~o&4~17-x~~~7 M, system, at 4.2 K (full lines) and at 
300 K (dashed lines) [86 H 51. The dotted line shows ps 
expected for simple dilution in the transition metal lattice. 

For magnetic measurements see also: 
R&f,, - 
WeI 

WOI, 

R2Ni17 

[85 R 2, 88 K 51 
[74G8, 85133, 87R2, 88Rl]; R=Pr, Nd, Er, Th [72B15]; R=Er, Tm, Yb [74G14]; 

R=Ce [70Bl4, 7264, 74671; R=Pr [68Jl]; R=Nd [88W3]; R=Tb [7602]; R=Dy 
[82Bl];R=Ho[81C4*];R=Er[75Jl];R=Tm[73G7,74G7];R=Lu[72G4,74G7]; 
R=Y [70B8, 7551,77Sll, 86D3, 87Al3*] 

167s 3, 79D4, 78 B 5, 86R2, 87U2, 88 RI]; R=Ce, Pr, Nd, Sm, Gd, Tb, Ho, Er, Tm, Lu, Y 
[66Ll,66L4,66S2];R=Ce,Pr,Nd,Y,Th[72Sl];R=Sm,Gd,Er,Tm,Y[74D8];R=Er, 
Tm,Yb[74N6];R=Tb,Dy,Ho[75D4*];R=Pr,Er,Tm,Yb[81M8];R=Ce,Pr,Nd,Sm, 
Gd, Tb, Dy, Ho, Er, Tm, Yb [85R4]; R=Dy, Ho, Er, Y [86Sl8]; R=Nd [87R3]; R=Sm 
[72S3,79D6,87R3];R=Gd[76K3,76K4];R=Tb[76M13];R=Dy[73D7,86Sl7*]; 
R=Ho [76M13, 81C4*, 85F3*, 85R4, 87Sl7*]; R=Er [75Jl, 76M13]; R=Tm 
C74M4-j; R=Lu [74M4]; R=Y [67H2*, 73D7, 7551, 77M9, 79H1, 85S25(T), 
87 S 24(T)] 

[68 C 1, 69 C 1 (reported T, values exceed, the correct ones), 69 P 1, 77 P 21; R = Sm, Gd, Tb, 
Dy, Ho, Er, Tm, Y [67 L I]; R=Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y [68 C I]; R=Dy, 
Ho,Er,Y[75Jl];R=Dy,Ho,Er,Y[75P4];R=Ho[74Jl];R=Er[74Jl];R=Y[8OG2, 
80G4,81G5, 84V1, 85R9,87Sl2(T)] 

Nd,Fe, 7HX [88 R 41 
(GdY),Fe,, [82A lo]; (DyY),Fe,, [82P7] 
WWol 7, R=Gd, Dy, Ho, MM [73N4,75N2]; (RPr),Co,,, R=Sm, Er, Tm, Yb [83W2]; 

(R-W&o,,, R=Gd, Dy, Ho, Er, MM [73N4, 75N2]; (SmPr),Co,, [74D9]; 
(SmPMCozr)l 7 [83 F 81; (SmGd),Co,, [74D9]; (SmY),Co,, [74D9, 82D6]; 
(SmGdDy),(CoCuZr),,, (SmGdHo),(CoCuZr),,, (SmErGd),(CoCuZr),, [85 C 11; 
(SmRL(CoCuWl 7, R=Pr, Nd [85W5]; (SmR),(CoM),,, R=Gd, Dy, Er [8OR3]; 
(SmPr),Co ~6.Jro.6 C83 F 81; ~S~~L~o16.4Zro.6, R = La, Ce, Y [85 F 4-J; (SmGd),(CoMn), 7 
[79B3]; (SmNd),(CoFe),, [79L5]; (GdY),Co,, [82A 15, 87K 11; (DyY),Co,, [74M5, 
77M93; (ErPr),Co,, [8lM8, 82Hl1, 82WS-J; (ErPr),Co,,(FeMn), [78MlO, 81 WI, 
82 W 3-J; (ErZr),Co,, [82H II]; i,YbPr),Co,, [81M8, 82Hll]; (YZr),Co,, [82Hll]; 
(LuTm),Co, 7 [74 M 4, 75 M 63 
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R,(M’M”),, R,(CoM),,, R=Ce, Pr, Sm, Er, Tm, Yb, M=Ti, V, Cr, Mn, Cu, Zr, HI [83W2]; R=Sm, Er, 
M=Fe,Ni,Cu [85Z2];Ce,(CoM),,, M=Ti,V,Cr,Mn,Fe,Cu,Zr,Hf[82F12];R=Cu,V, 
Ti, Zr, Hf [82 W 41; Pr,(CoM), ,, M =Fe, Mn, Cr, Cu, Al [83 S4, 84s 33; Sm,(CoM),,, 
M =V, Ti, Zr, Hf [82 S 91; M = Ag, Ge [85 J 23; Ho,(CoM),,, M = Fe, Ni, MO, Cr, W, Ti, Cu, 
Al C84 C 41; M = Mn, Fe, Ni, Cr, Ti, Al, Cu [82 C 91; Dy,(FeM), ,, M = Co, AI [83 R 21 

RAMnW, ,, R=Ce, Pr, Nd, Y, Th [72Sl]; Pr,(CoMn),, [82Jl, 8354, 8355, 83261; 
Sm,(CoMn),, [77P4, 77P5, 81K1, 84Jl); Er,(CoMn),, [76N4, 77N1, 82W4]; 
Er#eCoMn),, C78 M 10, 81 M 81; Yb,(CoMn),, [Sl M 83; Yb,(FeCoMn),, [78 M 10, 
81 M81; Y,(CoMn),, [SSY 83; La,(MnAl),, [82Fl]; Ce,(MnAI),, [82Fl] 

R,CFeCo),,[71R3,71R4,74H4,75Sl2,85R6,88G2];R=Ce,Pr,Nd,Sm,Y,MM[72Rl]; 
R=Ce,Pr,Nd,Y,Th[72Sl];R=Gd,Dy,Y[73Kll];R=Ce,Pr,Nd,Sm,Y,MM[73Mll]; 
R=Pr, Nd, Sm, Gd, Y, MM [74K3*]; R=Gd, Dy, Y [74SlO]; R=Ce, Sm, Y [8402]; 
Pr,FeCo), , 174 S 6*, 76 M 7, 82 M 4, 82 S 24, 83 J 4, 83 J 5, 83 T9, 83 Z 61; Sm,(FeCo),, 
[73MlO, 74D9, 75P6, 75S4, 76P4, 77P4, 77P53; Dy,(FeCo),, [82Rl]; Ho,(FeCo),, 
C86S18, 878161; Er,(FeCo),, [74D9, 76N4, 77N1, 81M8, 82W4]; Tm,(FeCo),, 
C74N33; Yb,(FeCo),, [77Nl]; Y,(FeCo),, [71S7, 72S3, 73P2, 74S6*, 75P5, 75T1, 
76D 9,83 S 19*, 83 S 20*, 85 C 21 

R,(FeNi),,, R=Gd [73Kll]; R=Ho, Tm, Y [74Nl]; R=Gd [75S8]; R=Dy [76Sll]; 
R=Y [73Kll, 76Sll) 

R,(FeAI),,,R=Ho,Tm,Y[74Nl];R=La[82Fl];R=Sm[76M5];R=Tb[73O6];R=Dy 
[7701,84P13,85R5,85R7,88Rl];R=Tm[74N3];R=Y[86P4];Er,(FeSi),,[87A6] 

Sm,(CoNi),, [78M 111; Gd,(CoNi),, [77E3]; Er,(CoNi),, [74D9, 76N4, 77N 1, 79s 11; 
Y,(CoNi),, [75Tl, 78M 111; Pr,(CoCr),, [83J4, 83J5, 83261; Sm,(CoCr),, [77P4, 
77 P 51; Sm,(CoCr), , [79 S I]; Er,(CoCr), , [79 S 11; Y,(CoCu), , [77 H l*, 83 S 19*, 
83 S 2O*l; Pr,(CoAl),, [74 0 33; Nd,(CoAl),, [77N 1-J; Sm,(CoAl),, [740 3, 77N 11; 
Y2tCoW,, C77H I*, 83S19*, 83S20*]; Sm,(CoAg),, [84J2]; Ce,(CoZr),, [82F 111; 
Sm,(CoZr),, [81 K 1,82F 111; Y,(CoZr),, [SSY 83; Pr,(CoCuM),,, M=Zr,Hf, Ti [86H 5); 
Ce&oCuFeTi), [77 I 51; Sm(CoCuFeTi), [83 S I]; Sm(CoCu), [76 M 81; Sm(CoCuFe), 
[76 M 9, 79 A 51; Sm(CoZrFeCu), [79 B 4, 85 L 21 

R,(NiAU,, [85 P 10(T)]; Gd,(CuNi), , [79 P 2*); Tb,(NiAl), 7 [86 H I]; Dy,(NiAl),, [83 C6]; 
Y,(CuNi),, [7OC 1 (reported T, values exceed the real ones)] 
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Neutron diffraction 

T=300K ’ 
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fan structure 
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Fig. 491. Neutron diffraction pattern of Ce,Fe,, com- 
pound at 300, 140, and 4.2K. At low temperatures a 
transition from helimagnetic to fan structure is exhibited 
[74 G8]. In compounds with R=Tm or Lu a transition 
from helimagnetic to ferrimagnetic (or ferromagnetic) 
ordering is shown. The observed spin structures are due to 
the competition between positive and negative exchange 
interactions between Fe atoms-see caption to Fig. 462. A 
complex magnetic structure was also suggested in 
Yb,Fe,, compound by Miissbauer effect measurement 
[74G 141. 
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I i 0.16 - hr ‘m 
I I 

2 
\ fan structure ’ 

1 
helimognetic I 

g 0.14 - 43”< y < 90” 

- Ion structure 

0 40 80 120 160 200 240 K 
I- 

Fig. 492. Thermal variation of the propagation vector, Q, 
in c-units of the CaCu,-type structure, and of the intensity 
of the OOO+ line in LuFe,,, and Ce,Fe,, compounds 
[72 G 43. In the transition region, both helimagnctic and 
fan structures may be observed due to the lack of 
homogeneity of the samples. The limiting angle of the fan 
structure is 11’. 

Fig. 493. Magnetic structure of Tm,Ni,, at 4.2K. A 
canted magnetic structure is evidenced, where the Tm 
moments of site I, pTmo,. arc parallel to the c axis, and the 
Tm moments of site II, pTmflr,. and of the Ni sublattice 
make an angle with the c axis. In case of Tb,Ni,, and 
Er,Ni,, collinear magnetic structures arc evidcnccd with 
all moments perpendicular to the c axis [77 Y 23. 

Tm,Ni,, 
l= 4.2K 

I 

l Tm o Ni 
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Table 109. Magnetic structures determined by neutron diffraction measurements in R2M,, compounds. 

Magnetic structure T P&LB) P&B) Ref. 
K 

PRl PR2 PC Pd Pf Ph 

fan 
helimagnet 

see Fig. 491 
helimagnet I 
helimagnet II 
ferromagnet 
ferrimagnet 
ferrimagnet c axis 
ferrimagnet (ab) plane 
ferrimagnet (ab) plane 
helimagnet 
ferrimagnet -L c axis 
ferrimagnet 11 c axis 
fan 
helicoidal 

< 90 
130 

4.2.e.110 
12O...T, 
300 
77 
4.2 

80 
231 
235...275 

80...235 
< 80 
<I50 

150...270 

- 1.55 
72G4, 
74G7, 
7468 
74Pl 

1.20(17) 1.20(17) 1.85(28) 1.58(25) 1.56(18) 1.47(18) 82H3 
9.5(2) -2.1 71M6 
6.4(2) -2.2(l) 74El 
4.2(2) -2.2(l) 
0.0(3) - 1.5(3) 

7467 

72G4, 
7468 

W%, 
Y2COl, 

Tb,Ni,, 
Dy2Nil 7 
Ho,Ni,, 
Er,Ni,, 
Tm,Ni,, 
Y2Ni17 

ferromagnet 
ferromagnet 

ferrimagnet I c axis 
ferrimagnet I c axis 
ferrimagnet I c axis 
ferrimagnet 11 c axis 
canted structure 
ferrimagnet I c axis 

300 1.74(17) 1.74(17) 3.22(16) 1.50(14) 1.04(9) 1.63(11) 82H3 
300 2.12(5) 1.87(4) 1.89(4) 1.87(4) 7433 

4.2 8.7(4) 8.5(5) - 0.3(4) 77Y2 
4.2 9.4(4) 8.5(4) - 0.2(2) 77173 
4.2 8.9 8.5 -0.3 77Yl 
4.2 8.4(5) 7.5(4) -0.3(4) 77Y2 
4.2 6.4(5) 5.6(5) - 0.3(4) 77Y2 
4.2 0.35(10) 77Yl 



352 2.4.2.18 R-3d: R2M,, [Ref. p. 405 

For neutron diffraction studies see also 

WeI R=Ce [72G4, 7467, 7468, 74Pl]; R=Nd [82H3]; R=Ho [71M6]; R=Tm [74El]; 
R=Th [73E2] 

Wo,, R=Ho [70M5]; R=Y [74S3] 

Wi17 R=Tb,Er,Tm [77Y2];R=Ho,Y [77Yl];R=Dy [77Y3] 
R,(M’M”),, Nd,(FeCo),, [82H 33 

For inelastic neutron scattering studies see 
Ho,Co,, [8OC5*, 80N4, 82C12-J; Ho,Fe,, [82C12] 

EPR, FMR 
Ferromagnetic resonance measurements on Gd,Ni,, may be analysed according to Wangsness’ relation 

with g,,=2.00 and g,,=2.10 [8OB 151. 

Miksbauer effect 3.15 1 Tm,Fe,, 

.z 
s 
s 

9. 
4 

9. 

91 

I I I I t I I I I J 

-8 -6 -4 -2 0 2 1, 6 8 mm/s 10 
v- 

Fig. 494. Mossbauer spectra of Tm,Fe,, obtained below and above the magnetic phase transition at 72K. The 
measured spectra, given by the data points, arc fitted to a superposition of a number of hyperfine spectra, each of which 
has been associated with one of the crystallographic iron site as indicated underneath the spectra. The hyperfine 
spectrum due to a small contamination of metallic Fe is also indicated [74G 151. 
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Fig. 495. Temperature dependence of the magnetic hyperfine field at 
ThzNi,, structure [76 G 1 I]: (a) Tm,Fe 

57Fe observed in several compounds having 
17, Er,Fe,,, @I Tm2Fe15C02; (4 Tn-++,Ni,, Er,Fe,&, (cl) Tm,Fe,,Co,; 

(e) Tm,Fe,&o,. The temperature TM marks the transition from a magnetization parallel to the c axis (T< TM) to a 
magnetization parallel to the a axis (T > TM). Triangles : HhYP at f-site Fe nuclei; circles: HhYP (average) at other-site nuclei. 
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4uu I I 

kOe Er2 Fe,,-,Si x 57 Fe 
I I I 

ErFe,, x- 

Fig. 496. Hyperfine magnetic field strength for four 
crystallographic incquivalent Fe sites obtained from 
57Fe Mijssbaucr effect measurements at 4.2K in 
Er,Fe,,-,Si, alloys [87A 63. 

0 3 6 9 12 15 
a DY~F~,, x- DY247 

Fig. 497. Hypcrfine interaction parameters at (a) “Fe and 
(b) “‘Dy nuclei in Dy,Fe,,-,Co, compounds at 4.2K 
[SS P 123. The isomer shifts arc relative to (a) pure iron 
and(b) a GdF, source at room temperature. The data for 
Dy metal arc also given. 
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Table 110. Magnetic hyperfine field at “Fe in R,Fe,, compounds. 

Structure T Hhyp (kOe) for sites Ref. 
hex: f 

: 
k j 

rh: c h f 

Ce2Fe17 4.2 329 257(20) “) 

275 

282 

(2h,)251 
(4hJ291 
(2h,)284 
(4hJ263 
275 2, 

74G 15, 
7865 
77G14 Pr2Fe17 rh 81 342 (2fJ286 

(4f,)265 
(2f1)281 
(4fJ304 

Nd,Fe,, rh 80 351 

rh 77 332 
Sm,Fe,, rh I5 368 
Gd,Fe,, rh 15 381 

hex I5 379 
rh 77 359 

Tb2Fe17 hex 84 367 

74615, 
77GI4 
74G14 
74G15 
74615 
74GI4 
74614 
74GI5 303 

291 

301 

306 ‘) 
3152) 
291”) 
(2k,)293 
(4k,)262 
(2k,)276 
(4k,)313 
(2k,)283 
(4k,)289 
312 2, 

GM291 
(4j;)317 
PjJ317 
M2W 
C&W 
(4j2)307 

Dy2Fe17 hex 

hex 

80 364 74015, 
77014 
82Bl 4.2 368 

Ho2Fe17 15 372 74GI5, 
77G14 
7865 
87A6 
77G14 
74615, 
77G14 
78G5 
74G15 
85C2 
87A13 

Er2Fe17 hex 4.2 371 
Er2Fe17 ‘) 

314(20) 2, 
hex 4.2 370 320 290 

Tm2Fe17 hex 3.7 419 322 302 
Yb2Fe17 hex 15 362 3162) 

294(20) “) 
299 2, 

299.99 208.54 
WI) 3W) WII) W4) 

in the occupancy ratio 
Fe,:Fe,,:Fe,,=2.3:9:6 

290 
334 

Y2Fel 7 

YPe17 ‘) 

hex 4.2 
rh 15 
hex 300 
hex 4.2 

357 
364 
299.92 265.7 

(Fed 29W 

‘) From Fig. 5 in [87A6]. 
“) Average hyperfine field for g(d), k(h), j(f) sites. 
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New Series IW19d2 

Kirchmayr, Burzo 



356 2.4.2.18 R-3d: R,M,, [Ref. p. 405 

Table 111. Magnetic hypertine field at 169Tm, quadrupole sp litting and crystal field terms in Tm,M,, 
compounds at T=4.2 K [87 G 81. 

Tm 
site 

PoH,,, 
T 

&QP 
cm/s 

B!, Vi!' 
K 

TmPe17 

Tm,Co, 7 

Tm,Ni,, 
Tm,Ni,, ‘) 

Tm3+ 
free ion 

I 
II 
I 
II 
I, II 
I 
II 

755(3) 
739(3) 
737(2) 
724(2) 
72W) 
72W) 
72W) 
720 

15.2(3) 
16.2(3) 
14.8(2) 
15/l(2) 
14.0(5) 
14.1(5) 

15.7 

-0.5(3) B$= -0.5(3) 
OS(3) B;= 0.5(3) 

-0.9(2) B; = - 0.9(2) 
-0.3(2) B;= -0.3(2) 
- 1.7(5) B; = - 1.7(5) 

V$= -2.1(4) 
v,o = - 1.9(3) 

‘) The crystal field parameter Vf negative for both Tm sites and is the same within the accuracy of analysis. 
The negative Vt implies an easy direction of magnetization parallel to the c axis at low temperatures and a 
crystal field split ground state corresponding to IJ= + 6) for both Tm sites [86 G 73. 

For nuclear y resonance studies see also 
57Fe R,Fe,, [73Al, 74Gl5, 76E2]; R=Pr, Gd, Tm, Lu [7OL8]; R=Ce, Pr, Nd, Tb, Dy, Tm, Yb 

[77G14];R=Ce,Er,Y,Th[78G5];R=Ce[70B14];R=Nd[71Al];R=Gd[71Al];R=Dy 
[82Bl,82G13];R=Tm[73G7j;R=Y [74M9,77Sll,86D3,87A13];Nd,Fe,,HX[88R4]; 
@yY),Fer, [SS P 12, 85 P 133 

R,(FeCo),, [77SlO, 82N5]; Tm,(FeCo),, [76Gll, 76G12, 776133; Y,(FeCo),, [71 S7, 7388, 
85C2]; RJFeNi),,, R=Gd, Dy, Y [77S12]; Er,(FeNi),, [76Gll]; Tm,(FeNi),, [76Gll]; 
La,(FeAl),, [82Fl]; Dy,(FeAl),, [83P19]; Er,(FeSi),, [87A6]; Er,(FeMn),, [88T3] 

rs3Eu Sm,(CoFe),,, Sm,Co,My, M = Fe, Cu, Zn, Zr [82 N 51 
ls5Gd Gd,Co,, [77T6, 85D5]; Gd,Fe,, [85D5] 
16’Dy Dy,Fe,,[74B7,79B7,82B1,82G13,84P16,85Pll];Dy,Co,,[74B7,79B73;Dy,Ni,,[79B73 

@yY),Fe,, C85 P 12,85 P 133; Dy,(FeAl),, [83P 193; see also Table 59 
166Er (ErPr),Co,, [82 W 53 
*69Tm Tm,Fe,, [86 G 7, 87 G 8, 89 G 11; Tm,Co,, [87 G 8, 89 G l] 

Kirchmayr, Burzo tandolt-FKknstein 
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160 170 180 190 200 210 220MHz230 
v- 

Fig. 498. NMR spectra of R,Co,, (R = Ce, Pr, Gd and Tb) 
compounds at 77 K [76 151. The “Co spectra have four 
peaks corresponding to crystallographically inequivalent 
sites. 

Table 112. Magnetic hypertine field determined by NMR on 5gCo in R&o,, compounds. 

T 
K 

Gyp We) 

18f 18h 6c 9d 

Ref. 

Ce2Co17 77 -182 
Pr2Co17 77 -186 
WCo,, 77 -187 
Sm2Co17 4.2 161 
GWo,, 77 -191 
TWo,, 77 -191 
DYKOI, 77 -192 
Ho,Co,, 77 -192 
y2co17 77 -175(l) 
y2co17 77 - 195 
y,co,, 4.2 171 

-161 -200 
-158 -221 
-161 -221 

132 176 
-167 -221 
-170 -221 
-165 -221 
-165 -220 
- 168(2) -198(l) 
-165 -215 

174 200.8 
179 199.8 

-173 7615 
-170 7615 
-171 75SlO 

150 82Pll 
-180 7615 
-184 7615 
-179 7615 
-179 7615 
- 168(2) 76Nl 
-178 73D5 

96 82F5 

Land&-Bornstein 
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l= 4.2 K 

100 150 200 MHz 250 

v- 

ig. 499. 59Co spin-echo spectra of Gd,(Co, -xFeX),7 
compounds for x =O, 0.03, 0.1, 0.2 and 0.7, at 4.2K. 
Broken curves show the results in zero external field and 
full curves show the results at 5 kOe. The assignments to 
the lattice sites are also shown [Sl K 33. 

210 4 I 

MHz (Y,-, Gdx)2Co,7 

y2b7 x- 'Wo,7 

Fig. 500. Variation of the 59Co resonance frequency as a 
function of Gd concentration in (Gd,Y, -&Co,, com- 
pounds at 77 K [76N 11. This dependence is attributed to 
the contribution of Gd 4f electrons to the hypetline field. 
The resonance frequencies were ascribed to: A - 6c(Co,,); 
B - 18f(Co,,), C - 18h+9d(Co,,,+Co,). 

For NMR studies see also 
2’Al Tb,(NiAl), , [86 H l] 
5gco R2Co,7,R=Ce,Pr,Nd,Gd,Tb,Dy,Ho,Y[76I5];R=Nd[75S10];R=Sm[82P11];R=Gd 

[73DS, 80F5-J; R=Y [73D5,77F3,77Y5,78F5,79SlO, 80F5) 
(YNd),Co,, C87K6-j; (YGd),Co,, [76Nl, 82F5] 
R,(CoMn), 7 [82 F 41; R,(CoFe), ‘, R = Ce, Pr, Nd, Gd, Tb, Dy, Ho, Y [76 I 53; Gd,(FeCo), 7 

[81 K3]; Y,(FeCo),, [7614,79SlO]; Gd,(CoMn),, [82F7,82F8]; Y,(CoMn),, [82F7, 
82F8];Yz(CoCu),7 [8111, 81123; YJCOAI),~ [8111, 81123; 

8gY Y2Fe17 [7309, 83V2, 85V2]; Y~CO,~ [76Fl, 85R9]; (YGd),Co,, [82F5]; see also 
Table 61 

143Nd, 14’Nd Nd,Co,, [75 S 10, 77 S 143 
14’Sm, 14’Srn Sm,Co,, [82P 111 

Kirchmayr, Burzo Landolt-BarnsWin 
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Anisotropy, magnetostriction 
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Fig. 501. Thermal variation of the anisotropy constant K, 
and the anisotropy in the magnetization, Ap, in Y,Fe,, 
compound [87A 131. The decrease with temperature of 
K, is slightly faster than that theoretically predicted for a 
localized magnetic moment. K.(T)=K.(Ol 
@4(7)/M(O))‘-docdashed line [86 D 31. The‘ large an; 
isotropy of the magnetization is associated with the 
large magnetocrystalline anisotropy, see Fig. 467. 
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Fig. 502. (a) Temperature dependence of the anisotropy 
constants K, and K, in R&o,, compounds with R = Ce, 
Pr, Nd, Sm and Y [79 D4]. In (b) are plotted the 
KpJK&(O K) values, 1=2 and 4, compared with the 
prediction of the one-ion model K&(T)/Ki(O) 
=fr+ 1,2[L!-1(m,)] (solid lines). 
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-61 I 
0 200 400 600 800 K 1000 

I- 

Fig. 503. Temperature dependence of the anisotropy 
constant K, in R&o,, compounds with-p =Gd, Er, Tm, 
Lu (full circles) and of the effective anisotropy constants, 
Kx=K,+2K,+..., in R&o,, compounds with R = Tb, 
Dy and Ho (open circles). The shape of the K vs. T curves 
is more complex than in light rare-earth compounds, 
especially for Tb,Co,,, Dy,Co,, and Ho&o,,. This 
may be connected with the fact that under the action of 
an external magnetic field a noncollinear magnetization 
can appear along the hard direction and give an ad- 
ditional increase of the magnetization [75 D 4,79 D4]. 

1.0 

0.8 

I 

z OJ 
G- 
\ 
G- 0.4 
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Fig. 504. Temperature dependence of K, for the Co 
sublattice in Y&o,,, YCo, and Y&o, compounds and 
the values calculated according to the relation 
K,/K,(OK)=(l-0/T,,) [M/M(OK)]’ [79D4]. The ex- 
perimental data seem to be satisfactory described by the 
Akulov-Zener-Carr law mentioned above. 
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Table 113. Anisotropy constants of some R,M,, compounds. 

T Kl K2 Ref. 

K 106ergcme3 

4.2 - 56.5(5) 17.5(5) 81 C4 
K,: 0.85(3) 

4.2 -23(l) - 0.11 86D3,87A13 

TWO, 7 

DY,COI, 

=G3317 

Er2Co17 

Tm2Co17 

YbCo,, 

L%COl, 

Y2COl7 

77 
293 

77 
293 
293 

77 
293 
77 

293 
4.2 

77 
293 

4.2 
77 

293 
RT 

4.2 
77 

293 
RT 

4.2 
RT 
77 

293 
77 

293 
RT 
RT 

67 
32 

- 4.7 
- 3.0 
- 2.7 

- 

-40 
-28 
-31 
- 14.8(4) 
-20 
-11 

5.0 
17 
3.5 
2.7 

18.9 
27 

3.9 
4.3 
3.4 
3.8 

- 5.8 
- 2.0 
- 5.8 
- 4.0 
- 2.9 
- 2.1 

14 
3.5 
0.50 
0.35 
3 

- 

2.5 
2.0 
3.0 

K,: 0.66(2) 
1.5 
0.7 
1.6 
4.00 
0.23 
1.6 
1.6 
4.00 
0.23 
1.3 
4.3 
0 
0.90 
0.20 
0.50 
0.30 
0.03 

- 0.10 

74D7 
74D7 
74D7 
74D7 
76K3 
75D4 
75D4 
75D4 
75D4 
81 C4 
75D4 
75D4 
74N6 
74D7 
74D7 
74N6 
74N6 
74D7 
74D7 
74N6 
74N6 

75D4 

74D7 

66Hl 

For Fig. 505, see next page. 

Fig. 506. Magnetization orientation phase diagram in 
Pr201 -AlI7 compounds [82M4]. The shaded 
region represents the region over which the easy axis 
rotates. The experimental data are consistent with the 
theoretical analysis [82 C 1, 82 C 23. Pr2Co17 

. 
Pr2 Fe17 
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Fig. 505. Dependence of the easy direction of magncti- 
zation the composition ’ some 
R,(CO,_,~~~,, compounds [74Al, 78Hl,%E5]. 
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5 co17 x- 

Fig. 507. Composition dependence of the anisotropy 
constants K, and K, for Y,(Co,-,M,),, compound with 
M = Fe, Mn, Cr extrapolated at 0 K [77 P 31 (K,) and 
withM=CuandAl,at77K[72H1,74H3,77Hl](KI, 
W 
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Fig. 509. Anisotropy constant K1 at OK for the 
Sm,(Co,-,MJ,, compounds with M=Cr, Mn and Fe 
[77P 31. 
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Fig. 508. Temperature dependence of the magnetocrystal- 
line anisotropy constant K,, for some Y,(Co,-,M.J17 
compounds with: (a) M = Fe and (b) M = Mn [75 P 5, 
77 P 33. 
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For anisotropy studies see also: 

bM,, [88 K 5-J 
WeI [87R2]; R=Ho [81 C4*, 82821; R=Tm [78W2]; R=Y [86D3, 87A13]; Er,Fe,, [781*] 
R&o,, [73G4, 73G5, 74A1, 74K4, 78W2, 78B5, 79D4, 87R1, 88Tl-J; R=Sm, Gd, Er, Tm, Y 

[74D8]; R=Sm, Y [74K6]; R=Er, Tm, Yb [74N6]; R=Sm, Er, Tm [74Gll]; R=Tb, 
Dy, HO [75D4*]; R=Tb, HO, Er [76M13]; R=Pr, Nd, Sm, Gd [77Tl]; R=Sm, Er, Tm 
[78Kl];R=Ce,Pr,Nd,Sm,Gd,Tb,Dy,Ho,Er,Tm,Yb[85R4];R=Pr[84Wl];R=Nd 
[87R3]; R=Sm [76K7, 82B6, 83J3, 84W1, 87R3]; R=Gd [76K3, 76K4]; R=Ho 
[81C4*, 8282, 85R4-j; R=Y [66Hl, 67H2*, 77M9, 78H1, 78K3, 79H1, 79S12(T), 
84Kl] 

W”LM, ‘I WY),Co,, C85K21; (SmPr,Co,, [74D9, 81 Ll]; (SmNd),Co,, [81 Ll]; (SmGd),Co,, 
C74D91; (SmGd),(CoMn),, [79B33; (SmY),Co,, [74D9, 81 Ll, 82D6]; 
(SmW2Co16,4Zro.6, R=La, Ce, Y [85F4]; (GdY),Co,, [87Kl, 87K2]; (DyY),Co,, 
[74 M 5,77 M 93; (NdSm),(FeCo), , [79 L 53 

RzOM’M”)I 7 R@M), 7 E76 K 63; Ce,(CoM), ,, M = Cu, V, Ti, Zr, Hf [82 W 4); Pr,(CoM), ,, M = Mn, Fe, Cr 
C83 J 4, 83 J 51; Sm,(CoM),,, M = Fe, Mn, Cr [77P 3, 77 P 5, 78 D 3, 81 L 11; Er,(CoM),,, 
M=Fe, Mn, Ni [76N4,77Nl]; Y,(CoM),,, M=Mn, Fe, Cr [77P3,81 Ll] 

Pr,(CoMn),, C83 J5]; Sm,(CoMn),, [Sl K 1-J; Gd,(CoMn),, [82F7, 86K 11; Y,(CoMn),, 
[82F7,84Kl, 86Kl]; Er,(CoMn),, [82W4] 

R,(FeCo),, [82Cl(T), 82C2(T)]; R=Gd, Dy, Y [77Gll, 78M8]; R=Pr [74S6*]; R=Sm 
[73MlO, 74D9,76P4]; R=Er [74D9, 82W4]; R=Tm [88Fl]; R=Yb [77Nl]; R=Y 
[72Hl, 74S6*, 75P5,78K2, 83S19*, 86T5, 88Fl] 

Sm,(CoNi),, C78M Ill; Er,(CoNi),, [74D93; Y,(CoNi),, [78M 11-J; Pr,(CoCr),, [83 J5]; 
Y&oCU)~, C77I-I I*, 8112, 83s 19*]; Nd,(CoAI),, [77N I]; Sm,(CoAl),, [77N I]; 
Y&WI, C74H3*, 77H I*, 8112,83S 19*]; Sm,(CoAg),, [85 521; Sm,(CoGe),, [8552]; 
R,(CoZr), ,, R = Ce, Sm [82 F 1 I]; Sm,(CoZr),, 181 K I] 

For spin reorientation see 

R,Co,, [79 D4] 
R2(M’M”),, M’, M”=Fe, Co, Mn, AI, Ni, Cu [79 E 51 

I 125 

- 

$100 
I 

z - 

75 

0 5 10 15 20 kOe 25 

Fig. 510. Room-temperature magnetostriction of some 
R,Fe,, polycrystals [8OA 2,8Oc I]. The sign of I.,, -AI is 
indicated in parentheses. Tb,Fe,, and Dy,Fe,, com- 
pounds contain both rhombohedral and hexagonal 
phases. With the exception of Tb,Fe,, (as cast), all 
samples were thermally treated at 1000°C. 
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Fig. 511. Temperature dependence of the magnetostric- 
tion, lz,, -A,, at H=25 kOe in R,Fe,, (R=Pr and Tm) 
compounds [83 M 51. In case of Tm,Fe,, compound the 
sign of 1,, -I, is negative at high temperatures. Near 
Tr80K it becomes positive and the magnetostriction 
increases with decreasing temperature. Near Tr220K 
the magnetostriction is nearly temperature independent. 
This behaviour may be correlated with the start of spin 
reorientation from easy plane to easy axis (c axis) at 
TE~OK, and the fact that below T=235K the easy 
direction of magnetization becomes the a axis in the basal 
plane. 
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Fig. 512. Forced magnetostriction of Y,Fe,, and 
Lu,Fe,, single crystals. Strains are measured along the a 
axis and c axis [76 G 53. The largest magnetostriction is 
measured along the c axis and a positive sign is observed 
for A(c/u)/(c/u), see Fig. 513. These results are associated 
with the strong dependence of the negative interactions 
occurring in the substitution zone on the interatomic 
distances. 
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Fig. 513. Temperature dependence of the volume, 
o = A VIE and the da ratio. E = A(cla)Ncla), anomalies in 
Y,Fei,’ single crystal [76 G 51. 
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Fig. 514. Tcmpcrature dcpcndcncc of the magnctostric- 
tion cocflicicnts I.’ and I.‘in Y&o,, and Dy,Co,, for an 
applied magnetic field of 9 kOc [73 D 71. 
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Fig. 515. Tempcraturc dependence of the magnetostric- 
tion coeflicicnts A.’ and 1’ in Tm,Co,, and Lu,Co,, for a 
magnetic field of 9 kOe [74 M 43. 
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Fig. 516. Composition dependence of the magnetostric- 
tion, A,, -A,, at H = 25 kOe as function of the Fe content 
in Pr,(Co, -rFer)17 compounds at T= 80 and 295 K 
[82M4]. 
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‘or magnetostriction studies see also: 
i2Fe17 [8OA2, 851331; R=Pr [83M5]; R=Tb [72C6, 74C2, 74C33; R=Tm [83M5]; 

R=Lu [76G5]; R=Y [76G5] 
w47 [74Al];R=Gd[75D5];R=Tb[72C5,76M13];R=Dy[73D7,74M6*];R=Ho[76M13, 

79D5*]; R=Er [76M13, 79D5*]; R=Tm [74M4, 79D5*]; R=Lu [74M4, 79D5*]; 
R=Y [73D7,74M6*, 75D5] 

Wi17 R=Tb [72C5] 
R’R”)lM,, (SmY),Co,, [84 K 111; (DyY),Co,, [74 M 6*]; (LuTm),Co,, [74 M 41 
I(M’M”),, Pr,(FeCo),, [82M4,83T9,84R4]; Dy,(FeCo),, [82R 1,83R2,87H2]; Dy,(FeAl),, [83R2, 

85R1, 87H2, 88Rl]; Er,(FeCo),, [86K6] 

For elastic and magnetoelastic properties see also: 
Er,(FeCo), , [86A 61 

Fransport properties 
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Fig. 517. Thermal variation of the specific heat of Y,Ni,,. 
The circles are the experimental values, the line corre- 
sponds to the lattice and electronic contributions with 
Debye temperature 0, = 404 K and electronic coefficient 
y=O.17 Jmol-’ Km2 [8OG2]. Amagnetic contribution is 
evidenced between 30 and 160 K. The magnetic entropy at 
7” is determined as S,=30(10)Jmol-1 K-‘. For pNi 
=0.26 uB deduced from magnetization measurements, a 
maximum magnetic entropy, S, = 25 J mol- ’ K -I, is 
obtained. 

For specific heat measurements see also 
RN,, Y2Ni,, [80G2] 
k4M’M”), 7 Pr,(CoFe),, [84 G S] 

For magnetocaloric effect see also 
R,(M’M”),, Ce,(CoFe),, [84 0 21; Sm,(FeCo),, [84 0 21; Y,(FeCo),, [84 0 21 
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Fig. 518. Temperature derivative of the 
electrical resistivity, deld’l; in 
Pr201 -xFeJ17 compounds. (a) 
Anomalous behaviour is observed near 
the spin reorientation temperature for 
the samples having x =0.2 and 0.3. No 
anomalies have been found for the 
samples with x=0 and x= 1.0. (b) 
Behaviour of the temperature deriva- 
tive, de/dT, near the Curie point for 
x=0.55, x=0.80 and x=1.00 [85M9]. 
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For electrical resistivity and magnetoresistivity studies see also 
R&f,, Y2Ni,, [8OG2] 
RJM’M”),, Pr,(CoFe),, [82 S 24, 85 M 91 

Domain structure, magnetization processes 

Fig. 519. Magnetic domains in Sm,Co,,. Rosette struc- 
ture in grain at right is characteristic of easy-axis magnetic 
symmetry. Characteristic easy-axis domain patterns were 
seen in Sm,Cot,, Gd,Co,, and R,(FeCo),,. Domains 
were not seen in Pr,Co,,, Ce,Co,,, Y,Co,, and 
Nd,Co,, [72 L 11. 
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Fig. 520. Dependence of the mean domain width Don the 
mean grain thickness L in polycrystalline Dy,Fe,, com- 
pound. The points record the experimental results and the 
line is the theoretical relation described by the equation 
d=0.32c/3. From these data are estimated the Bloch 
wall energy y= 16.6. 10m3 J mm3, the Bloch wall width 
6=1.8.10T9m,and K,=6.9.106Jm-3 [8OP3]. 

For magnetization processes see also: 
&MI -I [88 K 5-J; Sm,M,, [SS B l] 
WeI [66 s l] 
R,Co,, [67S3,76N3];R=Sm,Er,Tm[74U1];R=Pr[84W1,85C5];R=Sm[70B1,72S3,73C3, 

77G8,82B6, 8401, 84W1, 85B6];‘R=Y [78K3] 
R,(M’M”),, Sm,(CoM),, [85S23]; M=Mn, Fe, Cu [79E5] 

R,(FeCo),, [71 R3, 758123; Pr,(CoFe),, [76M7]; Sm,(CoFe),, [70N2, 74H5, 75P6, 
81 Jl]; Y,(FeCo),, [72S3]; MM,(FeCo),, [73T3] 

Prz(CoA!), , [74 0 33; Sm,(CoAl), , [74 0 33; Sm(CoCu), [75 P 7,76 M 6,76 M 8,76 N 3,76 P 3, 
77M6,78Nl, 79N1, 86Cl] 

R(CoCuFe),, R = Ce, Sm [75 M 51; Ce(CoCuFeTi), [77 I 53; Sm(CoCuFe), [75 L I,76 M 9,76 S 7, 
77 L 31; Sm(CoFeMn), [76 N 2, 79 E 53; Sm(CoCuFeZr), [77 0 10, 81 F 3, 82 P 51; 
Sm(CoCuFeTi), [83 U 11; Sm(FeNiCoM), [85 L 23; (SmR) (CoCuFeZr), R = Pr, Nd [85 W 53 

For domain structure see 
Wf,, [88K5]; R,Fe,, [86Sll]; DyaFe,, [8OP3]; R&o,,, R=Pr, Nd, Sm, Gd, Y [72Ll]; 

Sm,Co,, [73Rl, 8401-J; Dy,Co,, [76A3]; R=Ho [79K6]; R=Er [79K5] 
RAM’M”), , Sm,(CoMn),, [Sl D8]; R,(FeCo),,, R=Ce, Pr, Sm, Gd, Y [72Ll]; Sm(CoCu), [79M8, 

79N I]; Er,Fe,Co,, [79K 51; Ho,Fe,Co,, [79 K 63 

For magnetic aftereffect see also 
Ra(M’M”)i, Sm,(CoM),, [85 S23] 

Spectroscopic studies 

For spectroscopic studies see 
Valence band spectra Gd,Fe,, [79A 61 
Ln, spectra Ce,Co,, [82 F9] 
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2.4.2.19 RM,, compounds 

Crystal structure, lattice parameters 

Fig. 521. Packing of Mn atoms about R atom in RMn,, 
compounds. These compounds crystallize in a body- 
centred tetragonal structure having 14/mm-space group, 
each unit cell containing two formula units [52 F 11. The 
positions of the atoms in lattice are given in Table 114. 

Table 114. Positions of the atoms in RM,,-type structure (space group 14/mmm) [52 F 11. 

Atom Site Coordinates 

R 2a 0, 090 
MnI 8f 114, 114, 114; 314,314, l/4; l/4, l/4, 314; 314, l/4, l/4 
MnII 8i x, 0, 0; f, 0, 0; 0, x, 0; 0, 2, 0; x=0.361 
MnnI 8j x, 112, 0; X, 112, 0; l/2, x, 0; l/2, X, 0; x=0.277 

Adding also (0, 0, 0); (l/2, l/2, l/2) to all positions. 

Table 115. Lattice parameters (A) of RMn,, compounds. 

66Wl 67Kl 76D7 81Y3 

a C a C a c a c 

NdMn,, 8.660 4.810 
GdMn,, 8.720 4.780 8.624 4.782 
TbMn,, 8.680 4.780 8.573 4.760 
WMn12 8.670 4.760 8.579 4.763 
HoMn,, 8.620 4.750 8.570 4.747 
ErMn,, 8.560 4.740 8.540 4.740 
TmMn,, 8.540 4.730 
YMn12 8.530 4.780 8.595 4.773 8.59 4.79 8.579 4.760 
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New Series IIV19d2 Kirchmayr, Burzo 



372 2.4.2.19 R-3d: RM,, [Ref. p. 405 

4.80 
C a t 

8.55 4.75 I 
u 

t 850 5.70 

0 
8.45 

Nd Pm lb Ho Tm Lu 
a Sm Gd Dy Er Yb 

860 I I 4.80 
a Sm (Fedo,hTi 1 I + 

1 8.50 1 I I \I 
0% 

D I I I I\.1 I 

0 0.2 0.4 0.6 0.8 1.0 
b SmFeJi x- SmCo,,Ti 

Fig. 522. Lattice parameters of(a) R,FeIOV, [87 D23 and 
RFe,,Si, [ES B 51 compounds at room temperature. The 
Dccurrence ofthe ThMn,,-type structure is not limited to 
the composition RFeIOM,. The most extensive solid 
solution ranges of RFe,, -.M, alloys are observed in the 
RFe,,-,V, system, where 1.4~~~3.5. For M=Si and 
MO compounds the solid solution ranges are much 
smaller, and for M =Ti and W the ThMn, ,-type structure 
is not observed for x = 2, but for slightly smaller x values 
[SE B 5, 88 D 11. (b) Sm(Fe, -,CoJ, ,Ti solid solutions 
[88 0 11. 

Fig. 524. Composition dependence of the occupation of 
crystallographic sites by Fe in RFe,AI,, --)( (4s~ 56) 
compounds with R=Y [86F3] and Gd [87L7] deter- 
mined by Miissbauer effect studies at room temperature. 
The data for GdFe,AI, are from [Sl F23. The 
RFe,AI,,-, with 45x$6 crystallize in a body-centred 
tetragonal structure of ThMn,,-type [77 V 3, 78 B 23, 
78 F 2, 81 F 2, 82 F 2, 83 F 3, 84 P 73. In RFe,AI, mainly 
the 8fsite is populated by Fe. With increasing Fe content, 
the Fe spills from the 8f site into the other two, 8j and 8i, 
sites. The ThMn,,-type structure was also observed in 
compounds with x = 8 and 10 obtained by melt-spinning 
and annealing at 450 K [SE W 21. 

I 
Y(Mn,-xCoxh2 I 

I igot:... ,...,0:\ 

0.1 0.2 0.3 0.4 0.5 0.6 
YMnl2 x- 

Fig. 523. Composition dependence of the occupation of 
crystallographic sites by Mn and Co in Y(Mn, -,CoJ12 
compounds at room temperature determined by neutron 
diffraction studies [83 Z2]. At room temperature, the Co 
atoms tend to occupy the 8f sites primarily and then the 8j 
sites. They avoid the 8i sites when x is lower than 0.67. In 
YFe,,Ti the 8f and 8j sites are virtually fully occupied 
by Fe whilest the 8i sites are partially occupied by Fe and 
Ti atoms [88 M 23. 
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Table 116a. Lattice constants of Table 116b. Lattice constants of RM,Al, (M =Mn, 
RM,Al, (M = Cr, Mn, Fe, Cu) com- 
pounds (A) having ThMn,,-type 

Cu) compounds (A) having NaZn,,- and Th,Zn,,- 
type structures [SO F 11. 

structure [80 F 11. 

Structure a c 
a c 

GdCr,Al, 8.893 5.186 LaCu,Al, NaZn,, 11.90 ’ 
DyCr,Al, 8.890 5.132 CeCu,Al, NaZn,, 11.87 
ErCr,Al, 8.878 5.126 PrCu,Al, NaZn,, 11.86 
TmCr,Al, 8.872 5.122 NdCu,Al, NaZn,, 11.84 
LuCr,Al, 8.866 5.119 SmCu,Al, NaZn,, 11.81 

EuCu,Al, NaZn,, 11.92 

GdMn,Al, 8.845 5.108 TbMn,Al, 8.820 5.092 LaMn,AI, TWb 9.225 13.14 
DyMn,Al, 8.800 5.080 CeMn,Al, TWn17 8.999 13.11 
HoMn,Al, ‘) 8.777 5.067 PrMn,Al, TWn17 9.005 13.13 
ErMn,Al, 8.768 5.062 NdMn,Al, TWn17 8.996 13.14 
TmMn,Al, 8.765 5.060 SmMn,Al, TbZn17 8.951 13.09 

YbMn,Al, 8.751 5.053 
LuMn,Al, ‘) 8.760 5.057 
YMn,Al, 8.796 5.079 

PrFe,Al, ‘) 8.845 5.106 
EuFe,Al, r) 8.937 5.160 
GdFe,Al, 8.687 5.015 
TbFe,Al, 8.651 5.029 
DyFe,Al, 8.650 5.001 
HoFe,Al, 8.636 4.985 
ErFe,Al, 8.619 5.016 
TmFe,Al, 8.605 5.005 
YbFe,Al, ‘) 8.662 5.001 
YFe,Al, 8.646 4.992 

GdCu,Al, 8.691 5.062 
TbCu,Al, 8.657 5.053 
DyCu,Al, 8.662 5.042 
HoCu,Al, 8.651 5.039 
ErCu,Al, 8.630 5.029 
TmCu,Al, 8.624 5.040 
YbCu,Al, 8.643 5.043 
LuCu,Al, 8.605 5.050 
YCu,Al, 8.662 5.058 ‘) Indicates some impurities in 

the sample. 

For crystal structure and lattice parameters see 
RMnl, [84P8]; R=Gd, Tb, Dy, Ho [8704]; R=Th [52Fl, 75D3] 
R(M’M”),, R(MnM),,, M=Fe, Co, Ni [84P8]; Y(MnFe),, [Sl Y 2,81 Y 31; Er(MnGa),i [85M4] 

RM,Al,, M = V, Cr, Mn, Fe, Co, Ni, Cu [76 B 221, M = Cu, Cr, Mn [79 F 3-J; R = Mn, Cr [84P 71; 
CeMJls, M=Mn, Fe, Cu [62Zl, 63211; RFe,Al, [78F2, 83Nll]; RFe,AI, [83Nll]; 
RM&,, M = Fe, Cu, Mn, Cr [SO F 1, 84 P 71; M = Mn, Cu, R = La, Ce, Pr, Nd, Sm [82 F 11; 
RFe,Al, [83 N 1 I] 

R(FeTi),,, R=Nd, Sm [88L41; RFe,,V, [87D2, 87D3]; RFe,,M,, M=Cr, V, Ti, MO, W, Si 
[SS B 51; NdFe,,Mo, [87 D 4,88 D 11; YFe,,M,, GdFe,,M,, M = Si, Ti, V, Cr, Co, W [87 D 4, 
88D 11; Sm(FeTi),, [87S22,88L4];Y(FeV),, [87D4,88D l];Y(Fe,,Ti) [88M2];YFel,Ti 
[88 M 21; SmFe,,Ti [SS Y 21 (later identified as Sm(FeTi),, [88 0 I]; Ce(MnNi),, [75 K 11; 
U(NiSi), r [75 K I] 

For thermal expansion see: TmFe,,V, [88 B 51 
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Magnetization, Curie temperatures 

Fig. 525. Temperature dependence of the reciprocal mag- 
netic susceptibility for RMn,, (R=Gd, Tb, Dy and Ho) 
compounds. The arrows indicate the NCel temperature 
[8704-J. 

Table 117. Magnetic properties of RMn,, compounds. 

% (K) TR ‘1 (W %I ‘)W Ps(Pd~U.) Pelf (k/R) Q(K) 

69K4 77D3 8704 77D3 8704 8704 77D3 8704 77D3 8704 8704 

NdMn,, 135 
GdMn,, 160 4.6 5.0 3.6 4.2 8.0 7.92 -80 
nMn,2 110 108 4.4 4.7 3.0 6.51~ 4.4 9.7 10.26 - 7 
DyMn,, 110 IO0 2.2 2.2 5.01c 5.05 10.4 10.50 -11 
HoMn,, 95 90 1.6 1.7 S.Ollc 6.4 10.5 10.40 - 8 
ErMn,, 87 1.9 6.5 11 c 9.8 
TmMn,, 1.2 7.6 
YMn,, 110 

‘) TR is the ordering temperature of R sublattice. The TRL value is obtained from ac-susceptibility. 
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Fig. 526. Temperature dependences of the magnetizations 
in RCr,AIs compounds with (a) R=Gd, Tb, Dy and (b) 
R = Sm, Lu. In (c) the magnetization isotherms at 4.1 and 
13 K for TbCr,Al, are plotted [79 F 31. 
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Fig. 527. Temperature dependence of the magnetization 
in RMn,AI, compounds: (a) R = Pr, Sm, Eu and Lu; (b) 
Gd and Dy. In (c) and (d) the magnetization isotherms at 
low temperatures are given for some of these alloys 
179 F 33. 
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T- 

Fig. 528. Temperature dependence of the magnetization 
and reciprocal magnetic susceptibility for (a) GdFe,Al, 
and (b) DyFe,Als compounds. The ordering of R mag- 
netic moments becomes manifest only at very low tempera- 
tures, Tk This fact is attributed to the small R-Fe 
interaction strength and the particular crystal structure of 
the compounds, leading to vanishing molecular field at 
the R sites once the antiferromagnetic ordering of Fe 
magnetic moments has been established [78 B 231. 
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Fig. 529. Field-cooled (dashed lines) and zero-field-cooled 
(solid lines) temperature dependences of the magneti- 
zations of YFe,Al,,-, compounds at (a) 0.5 kOe and (b) 
2kOe. Only for systems, with x=4.5, 5.0 and 5.5 dif- 
fercnces are observed between zero-field-cooled and ficld- 
cooled magnetizations. The temperature at which the two 
curves separate is defined as the spin glass temperature, To 
[86 F 2, 86 F 33. 

For magnetic properties see also 

RMn,2 [69K4]; R=Gd, Dy, Er [66Kl]; R=Gd, Tb, Dy, Ho, Tm, Y [77D3]; R=Th [88W3] 
R(M’M”), z RFe,Al, [77 V 3,78 F 2,83 N 1 I]; R =Nd, Gd, Tm [78 B 231; RM,AI,, M =Cu, Cr, Mn [79 F 31; 

GdFe,Al, [87F9]; RFe,AI, [82F2, 83F3, 83Nll-J; RM,Al,, M=Cr, Mn, Cu [81 F2]; 
RFeJI, [Sl F 1, 83N 1 I]; RM,AI,, M=Mn, Cu, R=La, Ce, Pr, Nd, Sm [82 F 11; 
Gd(FeAl),, [87 L6, 87 L7, 88 W2]; R(MAI),,, M=Cr, Mn [80N5]; Y(FeAI),, [82Y4, 
86F2, 86F33; Y(FeMn),, [Sl Y2, 82Y5]; R(FeAI),, [87M2] 

RFe,,V, [87D2]; RFe,,M,, M=Ti, V, Cr, MO, W, Si [87D4, 88B5, 88B6, 88Dl]; 
GdFe,,M,, M=Si, Ti, V, Cr, Co, W [87D4,87 M 23; NdFe,,Mo, [87D4,88D I]; Y(FeV),, 
[~~D~,~~DI];YF~,,M,,M=S~,T~,V,C~,CO,W[~~D~,~~D~];RF~,,T~,R=G~,D~,Y 
[8701, 88Zl]; RFe,,M, M=Ti, V, MO, R=Gd, Dy, Y [SSZl]; SmFe,,Ti [88Y2]; 
SmFe,,M, M=Ti, V, MO [88Zl]; Nd(FeTi),,, Sm(FeTi),, [SS K I]; RFe, ,Ti [88 0 I]; 
SmFe, ,Ti [SS 0 I, 88 L4]; DyFe, ,Ti [SS L 2); SmTi(FeCo), 1 [87 0 1,88 0 11; YSi,(FeCo),, 
[SS B 51; CeMn,Ni, [88 W 33; (NdDy)Fe,,Ti [88 Z I] 
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Fig. 530. Composition dependence of the ordering tem- 
perature Tc and spin glass temperature To determined by 
extrapolation to zero magnetic field in YFe,Al,,-, com- 
pounds [86 F 31. 
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r,- 
Fig. 531. Dependence of the spin glass temperature TG in 
YFe,Al,,-, compounds, on the applied magnetic field to 
the power 2/3. The lines plotted, in the W3 - T diagram 
represent the lines of phase transitions from spin glass 
behaviour to a magnetically ordered state [86 F 31. 

Fig. 533. Temperature dependence of the tilting angle 0 of 
the easy axis with respect to the a axis in the (ac) plane in 
GdFe,Al,. Closed and open circles are the 0 values at the 
applied field H of 4.6 and 18.3 kOe, respectively [87 F 91. 
Besides TN = 170 K defined by a cusp, two magnetic phase 
transitions were defined in the x - T curve at 28 and 20 K 
by a sharp peak and by an inflection point in the 
rapidly increasing part, respectively. These are denoted 
by Tc, the Curie temperature, and by TR, a spin reorien- 
tation temperature.The dotted curve represents the curve 
at H =0 between TR and T, by plotting the T-value at a 
given 0 estimated from the experimental T-H 
dependences. 
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Fig. 532. Thermoremanent (PTRM) and isothermal rema- 
nent (PI,& magnetizations of some YFe,Al,,-, com- 
pounds at 4.1 K as function of the applied magnetic field 
[86 F 2, 86 F 31. These are typical of all spin glasses. The 
remanent magnetization values are time-dependent; they 
decay quite slowly after field removal, as evidenced by 
vertical bars. (b) Exhibits this behaviour for plRM in 
YFe,Al, at 7.5 kOe (open circle in (a)). The magnetic field 
at which plRM and pTRM approach a common value is close 
to the field obtained by extrapolating TG to OK in Fig. 531. 
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2.5 5.0 5.5 6.0 
x- 

Fig. 534. Magnetic phase diagram of GdFe,Al,,-, com- 
pounds. The symbols P, AF, F, and Fi signify paramag- 
netic, antiferromagnetic, ferromagnetic, and ferrimag- 
netic states, respectively [87L7]. The various types of 
magnetic ordering may be correlated with the site occu- 
pancy by Fe atoms. 

Table 118a. Lattice parameters and magnetic properties of RM,AI, compounds (M = Cr, Mn) [79 F 31. 

1 i TN Ps’) C, 0 ~crr(R) ~,,#4 
K PB1f.U. cm3 Kmol-’ K IJB PB 

LaCr,AI, 9.131 5.127 
CeCr,Al, 9.042 5.128 
PrCr,AI, 9.023 5.135 W 0.38 2.2 - 16(2) 3.58 0.16 
NdCr,AI, 9.000 5.136 2.1 -11(2) 3.62 0.12 
SmCr,Al, 8.973 5.136 19(2) 0.03 1.4 - 24(2) 0.86 0.61 
GdCr,Al, 8.950 5.133 8(2) 1.5 9.1 - 9(2) 7.94 0.15 
TbCr,Al, 8.925 5.130 12(2) 3.3 12.6 - 5(2) 9.72 0.08 
DyCr,A!, 8.926 5.132 16(2) 4.2 15.5 - 5(2) 10.63 0.12 
HoCr,Al, 8.910 5.126 8(2) 4.1 13.8 - 5(-a 10.6 - 
ErCr,Al, 8.903 5.124 14(2) 3.8 12.3 - 4(2) 9.59 0.08 
TmCr,AI, 8.903 5.131 ll(2) 2.4 7.7 -11(2) 7.57 0.07 
YbCr,AI, 8.945 5.132 - - 0.43 7(2) 1.45 0.10 
LuCr,AI, 8.884 5.119 
YCr,AI, 8.920 5.130 

LaMn,AI, r) 9.057 5.167 
CeMn,AI, 8.910 5.150 - - 0.40 W - 0.9 
PrMn,AI, 8.952 5.142 1W) 0.38 2.90 - l(2) 3.58 1.6 
NdMn,Als 8.925 5.133 7(2) 0.48 3.05 - WI 3.62 1.7 
SmMn,AI, 8.902 5.120 1 w 0.14 1.04 - 18(2) 0.86 1.4 
EuMn,Al, 8.982 5.161 2w 0.46 - 
GdMn,AI, 8.911 5.116 28(2) 3.1 9.23 -4(2) -7.94 T.6 
TbMn,AI, 8.865 5.108 21(2) 4.3 13.3 7(2) 9.72 1.7 
DyMn,Al, 8.849 5.112 19(2) 4.0 16.0 - 26(2) 10.63 1.9 
HoMn,AI, 8.845 5.097 14(2) 4.8 15.7 - 22) 10.60 1.5 
ErMn,Al, 8.837 5.093 15(2) 4.1 12.0 -2 9.59 1.0 
TmMn,AI, 8.848 5.080 13(2) 3.7 8.26 5(2) 7.57 1.5 
YbMn,Al, *) 8.875 5.111 - - - - - - 
LuMn,AI, 8.814 5.083 - - 0.39 10 - 0.9 
YMn,AI, 8.857 5.101 - - 0.34 5(2) - 0.8 

‘) At 4.2K and 17kOe. 

For lattice parameters of RM,AI, (M = Mn, Fe, Cr) compounds see also 176 B 223. 
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Table 118b. Lattice parameters and magnetic properties of RFe,Als compounds. 

i i 
TR Tra 0 CID Ps7 P,,(R) pefdW 
K K K cm3 Kmol-l cLB1f.U. PB PB 

78F2 78F2 78B23 78F2 78F2 78B23 78F2 78F2 78F2 78B232) 

LaFe,Als 8.900 5.075 - 103 135.4(2) - 68 
CeFe,Als 8.793 5.047 - 115 159.7(2) 23 
PrFe,Als 8.824 5.054 12 107 

;42.0(2) 
35 

NdFe,Al, 8.804 5.054 19 137 44 
SmFe,Als 8.770 5.053 44 108 - 68 
EuFe,Als 8.784 5.051 137 - 148 

GdFe,Als 8.743 5.052 11 130 ;72.3(2) -151 
TbFe,Al, 8.740 5.036 20 126 165.3(2) - 105 
DyFw% 8.728 5.050 25 122 - - 80 
HoFe,Als 8.720 5.038 22 137 - - 66 
ErFe,Als 8.700 5.028 25 111 183.0(2) - 38 
TmFe,Als 8.688 5.037 20 109 186.6(2) 7 
YbFe,Als 8.691 5.017(7) 8 103 - 62 
LuFe,Als 8.687 5.030 - 97 197.3(2) 79 
YFe,Als 8.750 5.060 - 94 184.7(2) - 16 

‘) At 4.1 K and 16 kOe. 
“) Deduced from C values according to addition law of susceptibilities. 

9.7 7.1 0.36 - 4.4 3.77 
8.7 6.3 0.26 - 4.2 3.55 

10.5 8.9 1.06 3.58 4.2 3.82 
11.4 8.6 0.18 3.62 4.4 3.73 
8.2 6.8 0.46 0.86 4.0 3.66 

11.3 0.27 3.52 4.5 - 

18.0 15.0 2.40 7.92 4.5 3.78 
21.4 18.5 2.10 9.72 4.4 3.65 
22.6 22.3 2.30 10.60 4.2 3.92 
23.9 20.5 1.65 10.60 4.4 3.43 
20.6 18.3. 2.80 9.56 4.3 3.70 
16.3 13.6 2.00 7.60 4.3 3.40 
13.3 6.7 2.80 4.54 4.6 2.87 
9.5 13.6 0.60 - 4.3 5.17 

10.6 7.1 0.28 - 4.6 3.77 
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Table 118~. Lattice parameters and magnetic properties of RCu,AI, [79 F 33. 

TN 
K 

Q 
K 

pew(R) 

talc. 
PB 

exp. 
PB 

CeCu,Al, 8.839(3) 5.153(3) 
PrCu,Al, 8.817(3) 5.150(3) 
NdCu,AI, 8.789(3) 5.143(3) 
SmCu,AI, 8.797(3) 5.143(3) 
EuCu,Al, ‘) 8.886(3) 5.156(3) 
GdCu,AI, 8.746(3) 5.146(3) 
TbCu,A!, 8.752(3) 5.134(3) 
DyCu,Al, 8.725(3) 5.137(3) 
HoCu,Al, 8.72q3) 5.122(3) 
ErCu,Al, 8.712(3) 5.130(3) 
TmCu,AI, 8.674(3) 5.114(3) 
YbCu,AI, 8.746(3) 5.122(3) 
LuCu,AI, 8.670(3) 5.098(3) 

-17(l) 
15(l) -15(l) 
20(l) -18(l) 

~25 -40(5) 

32(l) -;6(1) 
22(l) -14(l) 
17(l) - 5(l) 
7(I) - 7(l) 
66) -IO(l) 
5(l) - 60) 

flat x vs. T curve 
flat 1 vs. T curve 

2.54 2.62 
3.58 3.56 
3.64 3.58 
0.86 1.00 

- - 
7.94 7.89 
9.72 9.50 

10.60 10.60 
10.60 10.90 
9.60 9.80 
7.57 7.76 

‘) Contained an additional phase. 

Table 120. Magnetic properties of RM,AI, (M = Fe, Cu) compounds [81 F 23. 

%d ‘) T Inax 0 C, 
K K K cm3Kmol-’ PB 

EuFe,AI, *) 135(5) 
GdFe,AI, 345(5) 
TbFe,AI, 335(5) 
DyFe,AI, 325(5) 
HoFe,AI, 3lW) 
ErFe,Al, W5) 
TmFe,AI, 3, W5) 
YbFe,AI, 21W) 
YFe,AI, 345(5) 

220(10) 
26qlO) 
250(10) 
215(10) 
210(10) 
150(10) 
120(10) 
250(10) 

328(5) 
328(5) 
320(5) 
311(5) 
328(5) 
345(5) 
327(5) 

16.q2) 
19.0(2) 
19.5(2) 
19.4(2) 
19.0(2) 
14.3(2) 
16.8(2) 

3.3(2) 
3.1(2) 
W) 
2.7(2) 
3.1(2) 
3.1(2) 
3.w (4.7) 

TN 
K 

0 
K 

C, 
cm3Kmol-r 

P,,,-@) 
PB 

GdCu,Al, 
DyCu,Al, 
ErCu,Al, 
TmCu,Al, 

21(2) 
3.9(l) 
2.6(l) 

- 22(l) 
- 14(l) 
- 12(l) 
- 5(l) 

7.8 7.9(l) 
14.8 10.9(l) 
12.4 9.9(l) 
6.6 7.3(l) 

‘) Derived from “Fe Mossbauer effect studies. 
*) Contained EuAI,. 
3, Contained YbAI; 
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Table 119. Lattice parameters and magnetic properties of RFe,Al, compounds [83 F 31. 

i i 
L W) T camp K Ps ‘) Km’) Cm 0 P,&) p&e) 

K kOe 4.1K K cm3Kmol-l K 
magnetic Mbssbauer 

theory 
PB/f.U. PB PB 

study data 

SmFe,Al, 
GdFe,Al, 
TbFe,Al, 
DyFe& 
HoFe,Al, 
ErFe,Al, 
TmFe,Al, “) 
YbFe,Al, 
LuFe,Al, 
YFe,Al, 

8.763(l) 
8.709(l) 
8.706(l) 
8.701(l) 
8.685(l) 
8.675(l) 
8.680(l) 
8.678(l) 
8.662(l) 
8.706(l) 

5.056( 1) 
5.025( 1) 
5.026(l) 
5.020(l) 
5.014(l) 
5.009(l) 
5.001(l) 
5.008(l) 
4.988(l) 
5.026(l) 

220(W) 
268(10) 
248(10) 
227(10) 
227(10) 
218(10) 

260(10) 
240(10) 
225(10) 
210(10) 
215(10) 

185(5) “) 13.6(3) 
0.4(3) 

90(5) 6.3(3) 
93(5) 24.3(3) 
6W 9.5(3) 
2W) 18.5(3) 

207(10) 
212(10) 
215(10) 

180(10) 
165(10) 
165(10) 

2.0(3) 
2.0(3) 
2.0(3) 

5.1 205(10) 
0.4 193(10) 
0.6 185(10) 
1.8 192(10) 
2.3 160(10) 
1.7 140(10) 
0.5 100(10) 
3.6 110(10) 
5.4 140(10) 
5.8 135(10) 

9.7(3) 
16.8(3) 
15.7(3) 
21.3(3) 
21.6(3) 
19.5(3) 

9.7(3) 
11.3(3) 
12.3(3) 

265 0.84 3.9 
241 7.94 3.8 
174 9.72 2.5 
177 10.63 3.4 
186 10.60 3.5 
192 9.59 3.6 
109 7.57 
224 0 3.9 
224 0 4.2 
230 0 4.4 

‘) Magnetic moment at 4.1 K and in field of 50 kOe (18 kOe for R=Gd and Tm). 
“) Maximum point of magnetization in low fields. 
3, Only when cooled within seconds in small field. 
“) Contained an appreciable amount of a second phase. 

For Mlissbauer effect study on RFe,Al, see [82F2, 83 F3]. 
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Fig. 535. Thermal variations of the magnetizations in 
RFe,,V, compounds: (a) R =Nd, Gd, Ho, Er, Lu and (b) 
R=Tb, Dy, Th, Y in a magnetic field of 1000 kAm-r 
(12.5 kOe). As in binary systems the R and Fe magneti- 
zations couple parallel or antiparallel, when R is a light 
or heavy rare-earth element, respectively [87 D 21. 
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Fig. 536. Curie temperatures of RFe,,V, [87D2] and 
RFe,,Cr, [88B 5) compounds as a function of the 
De Gennes factor, G =(g,- l)‘J(J + 1). 
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Fig. 537. Curie temperatures of (a) Y(Fe, -$o.&& and 
(b) YFe,,-,Cr, compounds [88 B 51. 

Neutron diffraction 

YMnl2 

Fig. 538. Magnetic structure of YMn12. Y atoms are 
represented by large circles and Mn atoms by small 
circles; the atoms drawn with full lines lie in the plane 
z = 0, those drawn with dashed lines lie in the plane z = l/2. 
The Mn atoms on the f site (dashed dotted lines) he in the 
planes z = l/4 and z = 3/4 [76D 7, 77 D 31. In the YMn,, 
crystallographic structure, each Mn atom lies in a mirror 
plane which contains the c axis. In the magnetic structure, 
each magnetic moment is perpendicular to this mirror 
plane. The Shubnikov group of the magnetic structure is 
1,4/m’mm. Although the magnetic structure is non- 
collinear, the arrangements of magnetic moments be- 
tween first neighbouring atoms are nearly collinear. The 
structure is justified considering the large negative ex- 
change interactions associated with the short interatomic 
Mn-Mn distances (2.4...2.5A). The perpendicular cou- 
plings which appear between atoms belonging to two 
neighbouring arrangements are associated with inter- 
atomic Mn-Mn distances close to 2.7A, when the ex- 
change interactions vanish. 
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Table 121a. Magnetic moments of Fe and Mn determined by neutron diffraction studies in some compounds 
having 14/mmm tetragonal body-centred structure. 

T PM” hJ PFe h3) 

K 
8i 8j 8f 8i 8j 

YMn,, 4.2 0.42(4) 0.42(4) 0.14(4) - - 
Y(Mno.7Feo.3)l 2 4.2 1.30(5) 1.36(6) 0.04( 5) 1.30(S) 1.36(6) 
Wfno.4Feo.& 4.2 0.98(10) 1.07(10) 0.1(l) 0.98(10) 1.07(8) 
Weo.417%.s83),2 4.1 no long-range magnetic order 
YFeloV2 4.2 1.95 1.52 

r) Shaked, H. and Melamud, M., unpublished data cited in [86 F 33. 

8f 

0.04(5) 
0.1(l) 

1.83 

Ref. 

76D7 
81 Y 3 
81 Y 3 
‘1 
88Hl 

Table 121b. Magnetic moments of 3d transition metal atoms 
in Y(Mn, -XCo,),2 compounds ‘) [84Z 11. 

T P3d b) 

K 
8i 8j 8f 

YMn,, 77 0.66 0.66 0.22 
Y(Mno.7Coo.3h 2 77 2.00 2.10 2.10 
Wfno.6Coo.4h 2 77 1.80 1.84 1.84 
VMno,sCoo.5h2 77 1.40 1.50 1.50 
W%4Cod~2 77 1.20 1.20 1.20 

‘) The Y(Mn, -$oJ12 compounds show an antifer- 
romagnetic structure of noncollinear type for x = 0,0.3, and 
0.4. The arrangement of some magnetic moments on 8f and 8j 
sites change into parallel to each other for x =0.5, 0.6, and 
0.67, whereas the magnetic moments of 8i sites remain in 
antiparallel configuration. Moreover, the ratio of the fer- 
romagnetic component increases with the increase of Co 
content. All magnetic moments on 8i, 8j and 8f sites are 
parallel to each other in the basal plane of the tetragonal 
structure for x = 0.8. The sample exhibits ferromagnetism in 
this case. As compared with YMn,,, the substitution of Mn 
with Co leads to an increase ofthe mean magnetic moment on 
8i, 8j and 8f sites. 
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Table 122. Magnetic structures of some RFe,Al, compounds determined by neutron diffraction studies at 4.2K. 

Fe sublattice R sublattice Ref. 

YFe,Al, 

TbFe,Al, 

Antiferromagnetic 
G, “); 0.65 pB 
PFe = 0.65 PB 

Antiferromagnetic along f [ 1001 
G, “); 0.75 pB 

Ferromagnetic along [OIO] 
G, ‘); 0.75 pB 

PFe = 1 .02 PB 

DyFe,Al, ‘) 

HoFe,Al, ‘) 

Conical spiral structure. The 
propagation vector of the spiral 
is along [IIO], and the rotation 
angle of the Fe moments is about 45”. 
PFe = 3.6 PB 

Conical spiral structure. The 
propagation vector of the spiral 
is along [IlO], and the rotation 
angle of the Fe moments is about 35”. 
PFe = 3.6 PB 

- 7935 

A ferromagnetic moment is induced in Tb 
sublattice along [l IO] direction. This 
moment serves as a spiral axis for a 
spiral having a propagation vector 0.1315 [l lo]. 
The magnetic moment of the conical 
spiral thus formed increases sharply to 
saturation at 2 20 K. 
F, ‘) = 2.91 pa; F, ‘) = -2.91 pa; spiral: 6.27 uB; pTb = 7.50 ~~ 

No indication of the magnetic ordering 
of rare-earth sublattice. 

7985 

8386 

No indication of the magnetic ordering 
of rare-earth sublattice. 

83S6 

‘) These results contradict a previous interpretation [77 B 51. The Fe magnetic moments seem to be greater than these supposed by comparing to data given by 
[79 s 51. 

For neutron diffraction studies see also 
YMn, [76D7, 77D3] 
Y(MnFe),, [SlY3, 82Y5]; Y(MnCo),, [83Z2, 84Z1, 85Hl]; YFe,,Ti [88M2] 
RFe,Al,, R = Tb [79 S 51; R = Dy, Ho [83 S 61; R = Tb, Er [77 B 51 
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Mksbauer effect 
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Fig. 540. Temperature dependence of the average “Fe 
hypefine field in DyFe,,,V,. A drop of 1 T in H,,, values 
is evidenced at about 190K, indicating a magnetic phase 
transition, where the magnetization turns to the c axis at 
higher temperatures [88 G 51. 

C 

0 10 20 30 40 50 1 60 
h”h,, - 

Fig. 539. Room-temperature “Fe Miissbauer spectra of 
the melt-spin GdFe,,V, (a) before annealing and(b) after 
annealing at 450 “C.(c) shows the magnetic hyperfine field 
distribution for the pre-annealed sample [88 W 23. 

90’ 
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0' 
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l- 

Fig. 541. Thermal variation of the angle 0 between the 
magnetization and c axis in DyFe, ,Ti. The reorientation 
has its onset at 80 K and is complete at 200 K. The solid 
and dashed lines are calculated values in a crystal field 
model with B;=0.30K, B:=0.53.10-3K, 
Bz = 1.5 S 10e6 K and Bz = 0, respectively. The circles are 
the data determined from magnetic measurements and 
triangles are obtained from Miissbauer effect measure- 
ments [88 L 23. 
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Fig. 542. Average 57Fe hypertine fields flbyp, at 77K in 
some GdFe,,-,M, alloys. The samples containing 
M = V, Ti, MO, W have comparable E7,,,, values for the 
same concentration, x, whereas for Si R,,, drastically 
increases. The above behaviour was connected with the 
site preference of the Si atoms which share the 8j and 8f 
positions, while V, Ti and MO substitute Fe in 8i ,sites, 
which carries the highest magnetic moment [89 S I]. 

Fig. 543. Mijssbauer spectra of 57Fe in YFe,Al,,-, 
compounds at 4.1 K. The solid curves are theoretical 
least-squares fit spectra composed of spectra in the f site 
(vertical a line), j site (b line) and i site (c line). The 
assignment to j and i sites may also be reversed. Line d 
shows the contribution to the spectra from very small 
hyperfine fields, large only for the spin glass systems, while 
the e line arises from pure metallic iron [86 F 31. 

Table 123. Magnetic hyperhne field, H,,,, 
and quadrupole splitting, e2qQ/2, of 
RFe,,V, compounds measured at 4.2K 
[SS GS]. 

PO&~ 
T 

e2qQ12 
ems-’ 

r61Dy 

W’eloV2 
Dy3+ free ion 

547(3) 6.3(3) 
565 7.0 

166Er 
ErFe,cV, 
Er3+ free ion 

740(10) 0.80(10) 
765 0.81 

16gTm 
TmFercV, 
Tm3+ free ion 

702(4) 15.8(3) 
720 15.7 

Y Fe,A112-x 
I = 4.1 K 
57 co 

1.000 

0.980 

0.960 

I I ” I I 

-4 -2 0 2 mm/s 4 
V- 
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Fig. 544. Composition dependence of (a) the isomer shift 
(relative to u-Fe standard) and(b) quadrupole splitting of 
8f and 8i, 8j sites in GdFe,Al,,-, compounds [87 L7). 
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Fig. 546. Temperature dependence of the magnetic hyper- 
fine fields at 57Fe in TmFe,Al, and NdFe,Als com- 
pounds [78 B 231. 
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Fig. 545. Temperature dependence of 57Fe magnetic 
hyperline fields and their orientation 0 relative to the 
tetragonal axis in RFe,Al, compounds with (a) R = Gd, 
Tb, Ho and (b) R=Er, Tm, Y, and (c) temperature 
dependence of the reduced hyperfme fields at 57Fe in the 
8f and 8j sites and of 161Dy in the 2a site of DyFe,Al, 
compound [81 F2]. 
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Table 124. Hypertine interaction parameters at “Fe in YFe,AI,, -I compounds. The parameters assigned to the j 
and i sites may be reversed [86 F 33. AH,,,,: relative spread in magnetic hyperfine field. 

Site YFe,AI, YFed17., YFesAI, Y%.sAks YFe,AI, 

Hhrp (kOe) at 4.2 K f 113 109 111 111 70 
j 0 144 144 145 145 

AH,,, (%I ; 

0 172 172 172 166 

3 14 6 2 2’) 
j - 4 6 6 16 

1- 
- 16 10 8 4 

e2qQ/4 (mm s-r) 0.07 0.07 0.09 0.13 0.15 1) 
! 0.30 0.09 0.08 0.10 0.11 

IS (mm s-l) 3, i 
0.172) 0.08 0.05 0.09 0.09 
0.18 0.18 0.20 0.18 0.19') 

j 0.23 0.12 0.14 0.13 0.14 
i 0.22 0.07 0.06 0.07 0.07 

‘) Was not a free parameter in fitting the spectrum. 
2, These values agree with those measured above 7,. 
3 1 IS relative to 57CoRh source.. 

Table 125a. Hypertine interaction parameters of Miissbauer isotopes (ls5Gd, 161Dy, l%r) in RM,&, 
compounds (M = Cr, Mn, Fe, Cu). 

T IS wNH,,yplh e2qQlh 
K mms-’ MHz MHz 

Isotope tssGd IS relative to SmPd, source 
GdCr,Als 4.1 OW5) 172(4) 301(4) 

77 0.40(5) 295(4) 
GdMn,AI, 4.1 0.43(5) 102(5) 217(4) 

77 0.39(5) 218(4) 

GdFe,Al, 4.1 0.4(l) 188(5) - 238(5) 
77 041) ww - 228(5) 

GdCu,AI, 4.1 0.4(l) 166(4) - 83 
77 04) - 83(l) 

Isotope 16’Dy IS relative to GdF, source 
DyCr,AI, 4.1 1.3(l) - 835(30) 236q120) 
DyMn,Al, 4.1 1.5(l) - 835(30) 2485(120) 
DyFe,AI, 4.1 1.5(l) - 845(30) 2545(120) 
DyCu,AI, 4.1 1.5(l) - 750(30) 188q120) 
Free ion - 840 2560 

Isotope ‘66Er IS relative to Ho,,,Y,,,H, source 
ErCr,AI, 4.1 -0.05 1790(50) 690(60) 
ErMn,AI, 4.1 1735(50) 570(60) 
ErFe,Al, 4.1 161q50) 560(60) 
ErCu,Al, 4.1 1350(150) 490(60) 
Free ion 1840 3100 

‘) Angle between hyperfine field and c axis. 

0’) 

W) 

46(6) 

44(4) 

@X6)” 

Ref. 

78F2 

79F3 

79F3 
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Table 125b. Hypetine interaction parameters of Mijssbauer isotopes (“OYb, 151Eu, 57Fe) in RM,Al, 
compounds (M=Cr, Mn, Fe, Cu). 

T IS H hYP &Q/h 0’) Ref. 
K mms-’ kOe MHz 

Isotope l”Yb 
YbCr,Als 
YbMn,Al, 
YbFe,Als 
YbCu,Al, 

4.1 
4.1 
4.1 
4.1 

IS relative to TmAl, source 79F3 
- 0.2 - 385(10) 40(5) 
- 0.2 - 340(10) 

- 550(30) 2280(30) 
- 0.1 - 210(10) 

Isotope lslEu 
EuMn,Al, 

EuFe,Als 

EuCu,Al, 

4.1 
300 
505 

4.1 
273 
513 
300 

IS relative to SmF, source 78F2 
- 3.90 
- 6.95 
- 7.20 
- 0.1 148(4) - 30(15) 
- 1.38 137(7) 
- 3.05 155(7) 
- 10.8 

Isotope “Fe 
YCr,Als 
TbCr,Als 

TbMn,Al, 

YMn,AI, 

CeCu,Als 

NdCu,Al, 
TbCu,Al, 

ErCu,Als 

4.1 
4.1 

77 
4.1 

77 
4.1 

77 
4.1 

295 
4.1 
4.1 

295 
4.1 

IS relative to Fe metal 79F3 
0.21(3) 9.7(2) 
0.21(3) 10.0(2) 
0.23(3) 9.2(2) 
0.26(3) W) 17.0 48(5)” 
0.29(3) 17.4(3) 
0.21(4) 13.2(2) 
0.21(3) 11.9(2) 
0.23(4) 4.3(2) 
0.23(4) 4.1(2) 
0.25(3) 3.6(2) 
0.22(3) 3.8(2) 
0.24(3) 3.2(2) 
0.25(3) 3.1(2) 

Isotope “Fe 
LaFe,Al, 
CeFe,Als 
NdFe,Al, 
GdFe,Al, 
TbFe,Al, 
ErFe,Al, 
TmFe,Al, 
LuFe,Al, 
YFe,Al, 
ThFe,Al, 

4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 

IS relative to “Co-Rh source 78B23 
0.59 114 
0.57 118 
0.58 113 
0.58 101 
0.58 106 
0.57 112 
0.58 111 
0.56 108 
0.57 116 
0.56 112 

‘) Angle between hyperfine field and c axis. 

For Mossbauer effect studies on 16’Trn and r61Dy in RFe,AI, compounds see also [82 G 151. The Tm sublattice 
orders below 4(1)K and the Dy sublattice below T,=35 K. For “Fe studies see also [77V3]. 
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Table 126a. Hyperfine interaction parameters at “Fe in RFe,A!, compounds at 4.1 K and relative population 
of sites [80 N 5, 81 F 2). 

H,,, 9 
kOe 

e'qQ/h 
MHz 

IS 2) 
ems-’ 

Relative population 8 3, 
of sites % 

f j f j f j i f j i f j 

GdFe,A!, 153(2) 142(2) -24(3) 22(3) O.OO(3) 0.20(3) 0.18(3) 60(2) 26(2) 14(2) 68(2)” 45(2) 
TbFe,A!, 158(2) 151(2) -20(3) 26(2) O.OO(3) 0.24(3) 0.25(3) 60(2) 30(2) W(2) 81(4)” 4ql) 
DyFe,A!, 169(2) 153(2) -17(l) 16(l) 0.04(3) 0.18(3) 0.18(3) 63(2) 32(2) 5(2) 60(2~ 34(2) 
HoFe,A!, 166(2) 152(2) -22(l) 23(l) 0.02(3) 0.20(3) 0.17(3) 61(2) 35(2) 3(2) 65(2)0 4q2) 
ErFe,A!, 163(2) 159(2) -16(l) 18(2) 0.05(3) 0.30(3) 0.25(3) 66(2) 30(2) l(2) 90(5)0 39(2) 
TmFe,A!, 0.06(3) 0.17(3) 0.26(3) 62(2) 30(2) 7(2) 
YbFe,A!, 0.16(3) 0.18(3) 0.13(3) 61(2) 31(2) 9(2) 
YFe,AI, 154(2) 144(2) -19(2) 17(2) 0.06(3) 0.24(3) 0.19(3) 67(2) 17(2) 16(2) 67(2)” 38(2) 

‘) Besides the high Tc, the Fe in 8i sites is not ordered magnetically even at 9OK, though ordered at 4.2 K. 
‘) Isomer shift relative to Co-Rh source. 
3, Orientation of the hyperfine !ie!d relative to the principal axis of the EFG tensor. 

Table 126b. Hyperhne interaction parameters of ls5Gd, 161Dy, 166Er, *‘OYb and lslEu in RM,A!, 
compounds [81 F 23. 

T Hhsp e'qQ/h IS 0') 
K kOe MHz ems-’ 

‘=GdFe,A!, 4.1 209(2) - 108(4) 
77 209(2) - 108(4) 

155GdMn,AI, 4.1 198(7) 160(12) 
77 190(10) 

1 =GdCu,A!, 4.1 246(2) - W) 
77 

’ =GdRh,A!, 4.1 186(4) 264(4) 
77 264(4) 

16’DyFe6A!6 4.1 5880(20) 
166ErFe6A16 4.1 8240(20) 1370(20) 
170YbFe6A!6 4.1 990(30) 3900(600) 
151EuFe6A!6 4.1 2W) 

77 137(4) 

‘) Orientation of the hypertine field relative to the tetragona! axis. 

0.38(2) 
0.38(2) 
0.45(3) 
0.41(3) 
0.53(2) 
0.55(2) 
0.10(3) 
0.15(3) 
0.9!(3) 
0.w 

0.2(2) 
0.19(4) 

43(4) 
43(4) 
9w 

48(3)” or 61(3)” 

60(2) 

44P) 

For Mossbauer effect studies see also 
57Fe Y(57FeMn),2 [83S24]; Gd(FeA!),, [87L7, 88W23; R(FeA!),, [8ON5]; Y(FeA!),, [82Y4, 86F2, 

86F3]; RFe,A!, [77V3, 78F23; R=Nd, Gd, Tm [78B23]; EuFe,A!, [78F I]; RFe,A!, 
[83 F 33; R =Gd, Tb, Dy, Ho [83 N I I]; RFe,A!, [81 F I]; RFe,,V, [SS G 5); DyFe, ,Ti [SS L 23; 
R(FeM), 2, M =V, MO, Ti, W, Si, R = Sm, Gd, Er, Y [89 S l] 

“‘Eu EuM,AIs [79 F 31; EuFe,A!, [78 F I, 78 F2]; EuFe,A!, [8! F2] 
“‘Gd GdM,AI, [79 F 33; GdFe,Al, [78 F 2); GdFe,A!, [83 F 33; GdM,A!,, M = Fe, Cu, Mn, Rh [8! F 23; 

GdFe,,M,, M=Ti, V, Cr, MO, Si, W [88B6] 
la’ Dy DyM,A!, [79 F3]; DyFe,A!, [82 G 153; DyFe,A!, [Sl F 1, 81 F23; DyFe,,V, [SS G 51 
166Er ErM,AI, [79 F3]; ErFe,A!, [Sl F I, 81 F2]; ErFe,,V, [88 G 5) 
la9Tm TmFe,AI, [82 G 15, 85 G 193; TmFe,,V, [88 G 53 
“‘Yb YbM,A!, [79F3]; YbFe,Al, [78F2]; YbFe,A!, [81 Fl, 81 F2] 
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0 IO 20 30 40 50 kOe 60 
H- 

Fig. 547. External magnetic field dependence of the 
resonance frequency of 55Mn in GdMn,,. The magnetic 
structure is shown in the inset. The signals A and D are 
due to the Mn atoms at i and j sites whose magnetic 
moments are collinear with the Gd magnetic moments. 
The broad signal B is due to Mn atoms at i and j sites 
whose magnetic moments are perpendicular to the Gd 
magnetic moments. The signal C is due to Mn atoms at f 
sites, whose magnetic moments are very small as in case of 
YMn,, [87 0 41. 

For NMR studies see also 
55Mn YMn,, [83 Y 71; “MO, g7Mo, R(FeMo),, [89 S l] 

Anisotropy, magnetostriction 
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Fig. 548. Temperature dependence of the anisotropy field 
in YFe,,Ti compound [88 M 21. 

For anisotropy see also 
Sm(FeTi),, [88 Y 2-J; Dy(FeTi),, [SS L 21; Y(FeTi),, [SS M 21 
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Fig. 549. Thermal expansion behaviour of TmFe,,V,. An 
invar-type anomaly is evidenced. The Curie temperature 
is indicated by arrow [88 B 53. 

Magnetization processes 

For magnetization processes see also 
Y(FeAI), 2 [86 F 2, 86 F 33; RFe,AI, [82 F 2, 83 F 33; Sm(FeTi), 2, Nd(FeTi), 2 [88 K l] 

Transport properties 

For electrical resistivity and thermopower studies see 
Y(MnAI), 2 [87 K 43 

Photoemission study 

For X-ray photoemission study see 
EuFe,Al, [Sl M 43 
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2.4.2.20 RM,,-type compounds 

Crystalline structure, lattice parameters 

La(FeSi),,, La(NiSi),,, 
Ce(CoSi),,, Pr(CoSi),,, 
Nd(CoSi),, [68 K 31 

LaC 

I I 
a 050 

Fig. 550. (a) Projection along the c axis for a part of the 
NaZn,,-type unit cell in which the LaCo,, compound 
crystallizes. The Co atoms occupy two different sites in a 
ratio Co,:Co,,= 1:12, Table 127. Each Co, atom is sur- 
rounded by an icosahedron of 12Co,, atoms and thus has 
a fee-like local symmetry. The icosahedra are packed in 
alternate directions so that each unit cell contains 8 
icosahedra and therefore 104 spins. Each Co,, atom has 
ICo, and 9Co,, nearest neighbours [67 Z I]. (b) De- 
pendence of the lattice constant a on Fe concentration in 
La(Fe,Al, -Ji3 compounds. The scale on the right-hand 
side refers to the distance, d, between the Fe, and Fe,, 
atoms [84P 33. In La(Fe,Al, -& system single-phase 
samples were obtained in the concentration range 0.46 
~x$0.92;forLa(Fe,Si,.J1,intherange0.81~x~0.88, 
and x20.81 for La(Co,Si,-J,, system. In case of 
La(Ni, -$i,),, only the sample with x =0.154 was 
studied [83 P2, 84 P 33. For the crystal structure of 
La(FeSi),,, R(CoSi),, with R=Ce, Nd and La(NiSi),, 
see also [68K 31 and for La(FeCoM),,, M=Si, Al see 
[85 B 141 and for La(FeAl),, see [83 Y 1, 85 P 21. 

12.0 12.0 
8, 8, 2.52 2.52 

A A 
11.9 11.9 

2.50 2.50 

t 11.8 11.8 2.48 2.48 

b b I I 

11.7 11.7 2.46" 2.4c 

11.6 11.6 2.44 2.44 

11.51 12.42 
0.4 0.5 0.6 0.7 0.8 0.9 1.0 l 1-50.Lo.5 2x2 1.0 

b x- LaFe,3 

Table 127. Positions of the atoms in 
the NaZn,,-type structure of 
LaCo,, [67Z 11. 

Atom 

8La 
8C0, 
96Co,, 

Site 

f(U4, l/4, l/4) 
(0, 090); UP, w, l/2) 

*I(09 Y, 4; *u/2, 2, Y) 
y=O.112, z=O.178 
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Magnetization, Curie temperature 

0 1 2 3 4 T 5 
PoH - 

Fig. 551. Magnetization isotherm at 4.2K for 
La(Fe,,,,,Al,,,,,),, sample [84 P3]. The sample was 
cooled in zero field to helium temperature and then the 
magnetic field was increased. The spin-flip field at 4.2 K, 
measured in increasing field is 3.88 T, but only 0.61 T with 
decreasing field. The transition takes place within a field 
change of 1 mT. Analogous behaviour was found for 
other samples with x > 0.877. 

15.0 I I 
T La ( FexAl,-,),3 / 0 

12.5 I 

l=b.ZK 0 

I 

10.0 t 

5.0 II 

2.5 +I 

01 I /I 
a86 0.87 0.88 0.89 0.90 0.91 0.92 0.93 

xv 

Fig. 552. Composition dependence of the spin-flip fields 
observed in some La(Fc,Al r -.Jr 3 compounds at 4.2 K, for 
increasing (open circles) and decreasing field (full circles) 
[84P 33. 

Kirchmayr, Burzo Landolr-Btrmctein 
New kricc 111/19d2 



Ref. p. 4051 2.4.2.20 R-3d: RM,, 399 

OC 
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Fig. 553. Temperature dependence of the low-field mag- 
netic susceptibilities for the three typical regimes of 
La(Fe,Al,-,),a system [84P2]. In (a) a mictomagnetic 
behaviour is shown, in (b) a ferromagnetic transition and 
in(c) an antiferromagnetic one. The insert in (b) shows the 
low-temperature deviations from the soft ferromagnetic 
state. Note the different x scales. The susceptibilities were 
plotted in units of inverse demagnetizing factor D-l. 
D =4n/3 for the spherical samples. The full ferromagnetic 
state is indicated by a susceptibility of l.OOD- l. 

Fig. 554. Magnetic phase diagram of La(Fe,Al,-,),a 
300 

rystem [84P 2, 86 P 11. In the first regime, 0.46 5;~ 40.62, 
K 

:he magnetic susceptibility has a distinct mictomagnetic 250 
:usp at about 50K. The large positive paramagnetic 
Curie temperature indicates the predominantly ferromag- 
retie exchange interactions, i.e. mictomagnetism. The 200 
:ffective Fe magnetic moment determined at high temper- 
ttures (where a Curie-Weiss law is evidenced) is 3.5 pa/Fe. 
In the second regime, 0.62 5x SO.86 a ferromagnetic I ~ 150 
behaviour is shown. In the concentration range, 0.845 x 
50.86, a hysteresis has been observed where the sucep- 
tibility above Tc behaves differently on heating and 
cooling, but both curves yield the same Tc, Fig. 553(b). In 
the third regime, 0.86 sx 50.92, an antiferromagnetic 
order is suggested. The cusp temperature, Curie tempera- 
ture, and Neel temperature are indicated for the respective 
regimes. The La(M,Si, -&a compounds with M = Fe or 
Co are ferromagnetic [83 P2], while LaNi,,Si, is a Pauli 
paramagnet [83 P 21. 

100 

50 -VW 
mictomagnetism 
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x- 
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Table 128. Physical properties of LaCo,, compound. 

a T, Ps hi/w 

A K 

~Co,, 11.344 11.330 1290 20.5 
Ref. 67B3 6721 68Vl 68V1,75Hl 

[Ref. p. 405 

2.5 
cls 
3d 

2.0 

t 1.5 

6 
1.0 

300 
K 

200 
0.5 I 

hu 100 

0 0 
0.5 0.6 0.7 0.8 0.9 1.0 

x- 

For magnetic properties see also 
La(FeCoM),,, M=Si, Al [85B 143 
La(FeAI), [83Vl, 83Y 1, 84P2, 84P3, 85P2,87Al] 

Fig. 555. Composition dependence of the saturation mag- 
netization at 4.2K in La(Fe,Al,-J,, [84P2], 
La(Fe,Si,-,),, [83P2] and La(Co,Si,-,),, [83P2] 
compounds. In case of La(Fe,Al, -J13 system the magne- 
tic moment increases linearly with x having a slope of 
0.24 p#e per substituted Fe atom. In the mictomagnetic 
regime there are deviations from this line; probably, the 
field of 5.0T is not enough to saturate the magnetization. 
The saturation magnetic moment in the antiferromag- 
netic regime has been measured in high field where 
metamagnetic transitions to the full saturated magnetic 
moment were found. A linear dependence of the mean Fe 
moment is also seen in La(Fe,Si, -J13. A rapid decrease of 
the Co magnetic moment in La(Co,Si, -JL3 compounds 
is shown. The Curie temperatures Tc of La(Fe,Si, -J,3 
are linearly dependent on composition. 

-6.6 -5.8 -5.0 -4.2 -34 -2.6 -1.8 

Fig. 556. Temperature dependence of the magnetic sus- 
ceptibility at T> Tc close to the Curie point in 
LaFe 1,,2Si,,, compound [83 P23. x follows a relation of 

where y=1.38. A value y=1.37 

was obtained in LaFe,,,,Fe,,, compound. 
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Neutron diffraction 

Fig. 557. Model for the antiferromagnetic structure of 
La(Fe,Al,+J,, compound - as for x=0.91 [86H2, 
86 P I]. Each “spin” represents a cluster of thirteen atoms 
by considering the icosahedron of Fe,, atoms and the 
central Fe, atom. The Fe, sites are predominantly (> 97%) 
occupied by Fe. The Al atoms are statistically distributed 
only over the Fe,, sites, thereby favouring the fee-like 
coordination of the Fe atoms. The occurrence of the small 
magnetic moment on Fe, site, pFeI z 1 .I0 pB cf. Table 129, 
reflects the instability of the Fe magnetic moment in a fee 
local environment. The magnetic unit cell coincides with 
the nuclear unit cell, which forms the basis of cluster 
model. 

Table 129. Magnetic moments of Fe determined by neutron diffractions in 
La(Fe,Al, -J13 compounds at 4.2 K. 

X T ord Magnetic PFe @BLg) Ref. 
K structure 

Fe1 FeII 

0.91 218 AF 1.10(7) 2.14(3) 86H2,86Pl 
0.69 237 F 1.41(8) 86H2,86Pl 

80 

t I 
I 

LaCo,, 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 peV 2 
AE- 

Fig. 558. Energy spectra obtained by means of inelastic 
spin-flip scattering of neutrons in LaCo,, compound at 
10K [75 H 11. The mean Cd magnetic hyperfine field 
determined from these data is Hbyl, = - 173 kOe. 
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Mksbaner effect 
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Fig. 559. Fe concentration dependence of the average 
magnetic hyperfine lield, I?,,,, and the isomer shift, IS, for 
57Fe, in La(Fe,Al,-,),, compounds at 4.2K [86H 23. 
The J%,, values increase with x, the ferromagnetic- 
antiferromagnetic phase boundary being revealed by a 
substantial drop of R,,, close to the composition x =0.87. 
See also [83 V I]. 
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Fig. 560. Average magnetic hyperline field fl,,, at 4.2 K, 
of La(Fe,Al, -X)13 as function of pressure and lattice 
parameter for x=0.86 and 0.88 at ambient pressure and 
for x=0.86 at p=O.t ; 0.2; 0.8 and 2.4GPa. The dashed 
line shows the F+AF phase transition due to change in 
the chemical composition, the dotted line denotes the 
F+AF phase transition due to external pressure. The 
solid lint indicates the pressure depcndencc of 8,,, in the 
pressure-induced AF phase [87A 1-J. 

For Miissbauer effect see also 
La(FeSi),, [83P2], La(FeAI),, [83Vl, 83Y 1, 86H23 
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Anisotropy, magnetostriction 
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a T- 
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0 0.25 0.50 0.75 1.00 1.25 1.50 
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Fig. 561. Spontaneous volume magnetostriction, o, as 
function of temperature and reduced temperature T/T, in 
La(Fe,Al,-Jr,. The thermal expansion exhibits a strong 
Invar-type character and is described by a combined band 
and local-moment model which allows calculations of 
corresponding magneto-volume coupling constants 
[85P2, 86Pl]. 

1.21 I I I I I 
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I La ( Fe0.89AI 0.11) 13 I I I 
1.0 

I 

0.8 

5 0.6 

OX 

0.2 

- 
I I I 
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Fig. 562. Forced volume magnetostriction, or = AV/K as 
a function of magnetic field for the antiferromagnetic 
La(Fe,,,,Al,,,,),, sample at 4.2K. The behaviour of the 
other samples in the antiferromagnetic regime is analog- 
ous. Up to the spin-flip transition the relative volume 
change, c~,r6.10-~, is rather small. At the spin-flip 
transition there is a huge magnetic expansion, wr 
= 1 . IO-*. Upon decreasing the field the same hysteresis 
loop is followed as has been observed with magnetization 
[85P2], see Fig. 551. For La(FeCoAl), see [84B 131. 
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Transport properties 
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Fig. 563. (a) Temperature dependence of the electrical 
resistivity e for the La(FeO,,,Al,,,,),, sample in a field of 
4.76T along with the zero-field resistance as a typical 
example of the antiferromagnetic regime. (b) shows 
the ratio &4K)/e(3OOK) versus Fe concentration in 
La(Fe,AI,-J,, compounds. By F is denoted the fer- 
romagnetic or induced ferromagnetic state and AF the 
antiferromagneticground state [85 P2). Upon applying a 
field at 4.2 K, the resistivity e(H) first decreases at a rate 
1 pQccm/r and at the spin-flip transition there is a Ae of 
20 uR cm. Thus, there is a total decrease of the resistivity 
in a field of 4.76T of about 17%. The negative de/dT in 
zero field becomes positive beyond the spin-flip field. 
Above TN there is no observable field dependence of the 
resistivity. The magnetoresistance of the spin-flipped 
antiferromagnetic samples is quite similar to the zero-field 
resistance of the ferromagnetic samples. Samples in the 
ferromagnetic regime do not show pronounced changes in 
electrical resistivity upon applying a magnetic tield. 

I I IUtl I I I 

For electrical resistivity studies see 
La(CoSi), s, La(NiSi),,, La(FeSi),,, La(FeAl),, [83P 2, 85 P 23 

Magnetization pracesses 

For magnetization processes see 
La(FeAl), s [84 P 3) 

-0.121 I I 
150 175 200 225 250 275 K 300 

I- 

Fig. 564. Temperature dependence of the electrical resis- 
tivity derivative de/d7 in several LaFe,Si,,-, com- 
pounds near Tc The position of Tc is indicated by means 
of arrows [83 P2]. The anomalous critical behaviour of 
the resistivity was explained in terms of lattice softening 
near the Curie temperatures associated with the Invar- 
type anomaly. 
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2.5 Compounds of rare earth elements and 4d or 5d elements 

2.5.1 Introduction 

The tables and figures in this section contain magnetic data on metallic or pseudometallic compounds of the 
rare earth group of elements which contain besides the rare earth element at least one 4d (Ru, Rh, Pd) element 
or/and one 5d (OS, Ir, Pt) element. The compounds are summarized in two tables in subsect. 2.5.2. Table 1 is 
devoted to binary and pseudobinary compounds of the rare earth elements and 4d elements. It contains also 
pseudobinary compounds of the rare earth elements which contain besides a 4d element also 5d element. Table 2 
is devoted to binary and pseudobinary compounds which contain besides the rare earth element at least one 5d 
element. 

The compounds listed in the tables are designated by their chemical formula. The compounds are arranged in 
the order as their elements appear in the periodic system. Thus the rare earth elements are listed in following 
order 

SC, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, 

the 4d elements in the order 

Ru, Rh, Pd, 

and the 5d elements in the order 

OS, Ir, Pt. 

The compounds are listed in the tables according to the decreasing atomic ratio of the rare earth to the 4d 
or/and 5d elements. Consequently, the rare-earth-rich compounds appear in the beginning of each table. 

The tables provide information on paramagnetic Curie temperature 0, ferromagnetic Curie temperature T,, 
NCel temperature TN, magnetic susceptibility x, saturation or spontaneous magnetic moment ps, and effective 
paramagnetic moment pefP The column “Remarks” may provide further data. 

The observed effective paramagnetic moments as well as the saturation magnetic moments depend on the 
crystal electric field (CEF) splitting, which depends on the electron configuration and on the local symmetry of 
the particular element. This splitting is characterized by the CEF Hamiltonian which can be expressed in 
different ways, in terms of the CEF parameters B, [64 h I], or in the case of cubic symmetry by the so-called Lea 
Leask and Wolf parameters W and x [62 111. All these parameters are used in this compilation. 
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2.5.2 Survey of compounds and properties 

Table 1. Rare earth compounds with 4d elements Ru, Rh, Pd. p, refers to 4.2 K and x to RT, unless stated otherwise. R: rare earth element, M: 4d element. 

0 T, TN 
R K K 

x Pelf 
PBB 

Remarks Ref. 

RI -.Mx 
Gd, -xRu, 

x=0.15 
0.30 
0.40 

W,.,,Rho.,s 
Wxd’do.,, 

R,M 
Y,Ru 

Y,Rh 
Gd,Ru 
Gd,Rh 
DY,Ru 
W&h 
Y&J,, 

Gd,,Ru,, 75 
DY,,~, 18 
‘%.d%.m 50 
DY wd’d,.,, 45 
Ho mJ’d,.,.s 33 

WC 
YJ’d, 
Gd,Pd, 

80 
79 
56 

105 
150 

8 
72 

0.78 

r30 62 6.05 
-25 41 5.9 
-10 27 8.27 

Fig. 2 
333 335 
335 

78 
77 
57 

III 
145 

II5 

Fig. I 
6.1 
7.1 
6.0 
5.6 
5.7 

0.57 

440 

6.89 

a(T): Fig. I 80Al 
8.5 
8.8 
8.1 

8.05 
8.05 

10.6 
10.6 

8.1 
10.6 
9.7 

10.7 
10.6 

7.6 
7.8 

xg in 10 -6 cm3/g, Pauli para- 
magnet, crystal structure not 
known 

xrn in 10S6 cm3/mol 
crystal strcture not known 

crystal structure not known 

xs in 10-6cm3/g, Pauli para- 
magnet, crystal structure not 
known 

crystal structure not known 
crystal structure not known 

ps at 55 kOe, H, = 9.7 kOe at 4.2 K 
p, at 55 kOe, H, = 1.3 kOe at 4.2 K 

pS at 5.5 T 

80AI 
80AI 

76Ll 

75L2 
76 Ll 
75L2 
76Ll 
75L2 
76Ll 

76LI 
76Ll 
64Bl 
64BI 
64Bl 

77YI 
64BI 
73L? 



L 

TbsPd, 
W&b 

Ho,Pd, 

ErsPd, 
TmsPd, 

R,M, 
Y,Rh, 

La,Rh, Fig. 5 

La,Pd, 
Ce,Rh, 
Ce,Pd, 

Pr,Rh, 
Pr,Pd, 
Nd,Rh, 
Nd,Pd, 
Sm,Rh, 
Sm,Pd, 

Gd,Rh, 

Tb,Rh, 55 Fig. 9 10.16 
Dy,Rh, 41 Fig. 9 10.55 
Ho,Rh, 34 Fig. 9 10.30 
Er,Rhs 26 Fig. 9 9.22 

65.3 
44 
39 
63 
31 
17 
4.5 

13 
29 

-33 
37 
30 
58 
49 

63.5 Fig. 3 

38 Fig. 3 

22.5 Fig. 3 
15 Fig. 4 
7 Fig. 4 

650 

Fig. 6 
Fig. 5 
Fig. 6 

5.4 
Fig. 5 
Fig. 6 
Fig. 5 
Fig. 6 
Fig. 5 
8.34 

Fig. 7 

10.63 77Yl 
11.0 73L2 
11.38 77Yl 
10.6 73L2 
11.48 77Yl 
9.77 77Yl 
7.46 77Yl 

2.31 
2.31 
2.52 
3.39 
3.39 
3.43 
3.34 
1.5 

134 170 Fig. 9 8.35 
175 142 Fig. 10 7.9 

xrn in 10e6 cm3/mol, Pauli 
paramagnet 

Pauli paramagnet 

Ce valency 3.17 suggested 
Ce valency 3.1 suggested 
Ce trivalent 

no Curie-Weiss behaviour 
xs at RT in 10m6 cm3/g, below 

183 K susceptibility field- 
dependent, magnetization 
anisotropic with 
preferred direction along 
c axis, a(T) at 9.6 kOe 
along c axis: Fig. 8 

above 470 K Curie-Weiss behaviour, 
o(T) at IOkOe: Fig. 10, 
a(H, 7’): Fig. 11 

75L2 

7301, 
75L2 
7301 
7301 
7301 
85 Kl 
7301 
7301 
7301 
7301 
7301 
75Jl 

7301 
75L1, 
75L2 

7301 
7301 
7301 
7301 

continued 



Table 1 (continued) 

0 7-C % 
K K K 

x P. 
lb/R 

Remarks Ref. 

R,M 
Y,Ru 

Eu,Pd 33 8.2 
Gd,Ru 48 7.95 
DY,Ru 15 10.5 

R,M, 
Y,Rh, 
Gd,Rh, 

KM, 
Y,Rh, 
Ce,Pd, 
Sm,Pd, 

Gd,Rh, 

Gd,Pd, 265 

W,Pd, 

0.64 

520 
98 7.98 

-26 3.3 2.52 

73 
56 

34 

28 
15 

22 
20 

51 

24 Fig. 13 

40 Fig. 17 
18 Fig. 13 

27 Fig. 19 

300 

4.97 
Figs. 12, 7 

Fig. 13 

Fig. 15 

7.9 
6.85 8.35 

7.7 
18.4 

6.59 10.01 

5.2 11.0 
5.87 10.77 

10.8 
8.2 11.0 

xp in 10-6cm3/g, Pauli para- 
magnet, crystal structure not 
known 

crystal structure not known 
crystal structure not known 

xrn in low6 cn?/mol 

xm in low6 cm3/mol 75L2 
Ce estimated to be trivalent 85Kl 
no Curie-Weiss behaviour 73L2 
xs at RT in 10m6cm3/g 7551 

high-temperature phase 
ps at 1.5 K and 60 kOe, p&II) 

at 1.5K: Fig. 14 

75L2 
84Gl 

ps at 20 kOe in ua/f.u., a(H) at 
4.2 K: Fig. 15, at low 
temperatures ferromagnetic 

p. at 1.5 K and 60 kOe, p&Z, T): 
Fig. 16 

73L2 
80Yl 

84Gl 

ps at 20 kOe in u,/f.u. 
p, at 1.5 K and 60 kOe, p&I, 7’): 

Fig. 18 

8OYl 
84Gl 

ps at 20 kOe in ua/f.u., a(H) 
at 4.2K: Fig. 19 

73L2 
8OYl 

76Ll 

71Hl 
76Ll 
76Ll 

75L2 
75L2 



Ho,Rh, 

Ho,Pd, 

Er,Rh, 

Er,Pd, 

Tm,Pdz 

11 19 

2 
14 20 

3 8 

4 18 

-10 

RW, 
Gd,Rh, 33 

Fig. 13 7.07 10.63 ps at 1.5 K and 60 kOe, p,,(H) 84Gl 
at 1.5K: Fig. 14 

10.6 73L2 
Fig. 19 16.4 12.0 ps at 20 kOe in us/f.u., a@) 8OYl 

at 4.2K: Fig. 19 
Fig. 13 5.78 9.59 ps at 1.5 K and 60 kOe, p&f) 84Gl 

at 1.5K: Fig. 14 
Fig. 19 9.5 9.8 ps at 20 kOe in us/f.u., o(H) 8OYl 

at 4.2K: Fig. 19 
Fig. 20 6.5 8.3 ps at 20 kOe in un/f.u., a(H) 8OYl 

at 4.2 K: Fig. 20, ordering 
temperature below 4.2 K 

7.92 75L2 

RM 

ScRu 
YRh 
CePd 
SmPd 

EuPd 
GdRh 

GdPd 
TbRh 

DyRh 

DyPd 
HoRh 

HoRh 
HoPd 

0 

-22 

25 
28 
29 
22 

2 

8 
29 

-3 

3 
20 

6.5 

29 
32 
19.2 

4.8 

48 

3.2 

1.10 xg in 10e6 cm3/g, Pauli paramagnet 73Tl 
0.15 xs in 10e6 cm”/g 75L2 

2.50 Ce estimated to be trivalent 85Kl 
4.39 xa at RT in 10m6cm3/g 7551 

Figs. 12, 7 
8.2 Eu divalent suggested 73Ll 
7.95 75L2 

6.6 7.7 85D2 
6.27 9.83 85D2 

Fig. 21 4.9 9.4 ps and kOe, a(H) at 1.5 K 27 72Cl 
at 1.5 K: Fig. 22, CEF effects 

Fig. 21 6.4 10.4 ps at 2.3 K and 27 kOe, a(H) 72Cl 
at 2.3 K: Fig. 22, from pDy 
neutron diffraction 7.1 un, 
CEF effects 

10.6 75L2 
10.5 73L2 

Figs. 21, 22 5.5 10.3 ps at 1.7K and 27 kOe, o(H) 72Cl 
at 1.7K: Fig. 22, CEF effects 

10.5 75L2 
10.4 73L2 

continued 



Table 1 (continued) 

0 T TN 
K K K 

x P. 
IbJm 

Remarks Ref. 

ErRh 

TmRh 
YbPd 

-4 3.3 Figs. 21, 22 5.4 

-7 2.7 3.90 
-92 Fig. 23 
160 

Fig. 24 

9.4 

7.1 
3.81 
4.3 

R,Ms 
Gd,Pds 
DyJ’d, 
Ho,Pd, 

2 8 73L2 
I6 IO.5 73L2 
IO 10.3 73L2 

WI, 
Ce,Pd, 
Pr,Pd, 
Nd,Pd, 

Sm,Pd, 

Gd,Pd, 

Gd,Pd,-,Pt, 

-27 
-17 

8 
8 

3.1 
Fig. 25 

9.5 Fig. 25 
9.5 

3.54 
Figs. 12, 7 
Fig. 25 

2.59 
3.46 
3.42 

-11 
-11 

8.09 

x=0 -11 Fig. 27 8.10 
= 0.5 55 Figs. 27, 28 9.64 
=I 80 Figs. 27, 28 9.70 
=2 30 Figs. 27, 29 8.39 

ps at 1.6 K and 27 kOe, a(H) 
at 1.6K: Fig. 22, CEF effects 

Yb in a mixed valent state 

magnetic transition at 0.5 K, 
magnetic order occurs at a 
fractional Yb valency of 2.8 
suggested, orders probably 
antiferromagnetic 

Ce estimated to be trivalent 
a(T): Fig. 26 
a(H) at 4.2 K: Fig. 25, a(T): Fig. 26 

xs at RT in 10m6cm3/g 

TM,, TM, susceptibility maxima, 
below TM, long-range ordering, 
below TM, spin glass phase 
suggested, a(H, T): Figs. 32, 33, 
T,,(x) and xmaX(x): Fig. 31 

T,,=17K, T,,=6K 
TM,=20K, TM,=7.8K 
T,,=20K, TM,=7.5K 
T,,=22K, TM,=7.5K 

72Cl 

80BI 
8012 
77Kl 
85Pl 

85Kl 
77Y2 
77Y2 
79Gl 
7551 

77Y2 
79GI 
80Gl 



x=3 
=4 

Tb,Pd, 

DyJ’d, 

Ho,Pd, 

Er,Pd, 

Tm,Pd, 

Yb,Pd, 

R,W 
Ce,Pd, 

RW 
ScRu, 

YRu, 

Y,Ho, -=Ruz 

YRh, 

LaRu, 

La, -,Gd,Ru, 

LaRuRh 

28 
26 

-12 
-12 
-6 
-6 
-2 
-2 
-4 
-4 
-2 
-2 

Fig. 30 
Fig. 30 
Figs. 25, 34 

8.17 
8.14 

10.0 

10.4 

10.4 

9.71 

7.39 

4.42 

T,,=20K 
T,,=23K 

peff leads to Yb valency of 2.95 

77Y2 
79Gl 
77Y2 
79Gl 
77Y2 
79Gl 
77Y2 
79Gl 
77Y2 
79Gl 
85P2 

2.59 Ce estimated to be trivalent 85K1 

20 
20 
14 
14 
12 
12 

Figs. 25, 34 

Figs. 25, 34 

Fig. 25 

Fig. 25 

3 Fig. 35 

-35 1.5 

x,,, at RT in 10-4cm3/mol, 
superconductor at 1.52 K 

x,,, at RT in 10-4cm3/mol, 
superconductor at 1.67 K 

xg in 10 - ’ cm3/g, structure 
type MgZn, 

64Sl 3.3 

4.0 64Sl 

1.3 76Ll 

Fig. 36 
Fig. 37 Fig. 37 

83Wl 
8501 Fig. 37 for x=0.8 the system is para- 

magnetic even at 4.2K 
xg in 10e6 cm3/g, Pauli para- 

magnet 
xrn in lO-‘j cm3/mol at 4.2K, 
Pauli paramagnet, o(H) at 

4.2 K and 274 K: Fig. 38 
xm at RT in 10-4cm3/mol, 

superconductor at 1.6 K 

0.47 75L2 

206 
Fig. 38 

3.3 

83Hl 

64Sl 

Fig. 36 
Fig. 39 7.6 

Fig. 36 

83Wl 
72Hl perf in u,JGd, below x N 0.05 

superconductor: Fig. 39 
83Wl 

continued 



Table 1 (continued) 

0 
K 

T, 
K 

TN 
K 

x Perr 
IbP 

Remarks Ref. 

LaRh, 

La, -,Ce,Rh, 
CeRu, 

0.73 
Fig. 36 
Fig. 40 

7.2 

Figs. 41, 42 
Fig. 43 
Fig. 44 

Ce, -.Pr,Ru, Fig. 45 

Ce, -,Nd,Ru, 
Ce, -,Gd,Ru, 

Ce, -,Tb,Ru, 

Fig. 46 
Fig. 47 Fig. 47 

Fig. 46 
Fig. 51 

Fig. 52 

Fig. 48 

Fig. 53 
Fig. 54 

Fig. 55 

Figs. 52, 58 

x,,, at RT in 10-4cm3/mol 64SI 
83Wl 

0.33 

xm for x = 0.2 and 0.4 
x,,, at RT in 10-4cm3/mol, 

superconductor at 4.9 K 
Ce valency 3.87 suggested 
Ce tetravalent suggested 

84Hl 
64Sl 

71H3 
7OVl 
83Wl 

below x ~0.32 superconductor: 
Fig. 45 

58M1 

71Wl 
a(H) at 2.7,4.5 and 12 K: Fig. 49, 76AI 

Curie constant vs. x: Fig. 50, 
for x co.35 superconductor: 
Fig. 47, for all alloys pcff = 3.57 u,/Pr 

7IWl 
below x = 0.08 superconductor: 

Fig. 51 
58MI 

superconductor for x < 0.1 I : 
Fig. 52 

7ow1, 
71w1, 
73R1, 
77Rl 

for x < 0.1 IO superconductor, 78KI 
ferromagnetically ordered Gd 
atoms down to x=0.105 in 
H=O and to x=0.095 with H-+0 

high-field a(H) at 1.5 and 4.2K: 85K2 
Fig. 56, low-field u(H) at I.5 K: 
Fig. 57, coexistence of ferro- 
magnetism and superconduc- 
tivity suggested 

superconductor for x < 0.2, 70H1, 
TJx) and T,(x): Figs. 52 and 58 71w1, 

73R1, 
81 Fl 

F .- 
P 
1(1 
w 



Gel -PYJ% 

Ce, -,Ho,RuZ 
Ce, -,Er,Ruz 
Ce(Ru,Rh, -Jz 
CeRu, -=Os. 

CeRh, 

Ce(Rh,Pt, -J2 
PrRu, 

PrRh, 8 2.2 

NdRu, 

NdRh, 

Fig. 52 
Fig. 59 Fig. 59 

Fig. 46 
Fig. 46 

Fig. 69 
40 
33.9 

23 33.9 
35.3 

33.9 

Figs. 61, 63 

Fig. 65 for x > 0.6 superconductor 
Fig. 66 complete solid solution, below 

Fig. 43 
880 
Fig. 67 
Fig. 68 

Fig. 70 

2.6 

7.9 1.16 

-5 7.9 
7.9 

2.1 

Fig. 69 
35 
7 1.7 

below x = 0.24 superconductor: 
Fig. 59, hysteresis loops at 1.5 
and 4.2K for x=0.18: Fig. 60 

o(H, 7’): Fig. 62, o(T): Fig. 63, 
hysteresis loops at 4.2 K: Fig. 64 

x = 0.8 superconductor 
Ce tetravalent suggested 
xm in 10m6 cm3/mol 

3.96 
from neutron diffraction: pP,, 

simple ferromagnetic ordering 
suggested, pP,( T): Fig. 71 

Ppr$o;~4.;~: ~~;t2&f~ 
: . 

effects 

3.67 

p,,(H) at 4.2K: Fig. 72, p,,(H) 
at 77K: Fig. 73, strong CEF 
effects 

from neutron diffraction: pPr 
at 4.2 K, simple ferromagnetic 
ordering suggested 

71Wl 
78Al 

79Al 

71Wl 
7lWl 
84H2 
85Hl 

7OVl 
80Bl 
82Bl 
82Bl 
59Bl 
59Cl 
80G3 
80Vl 
82Fl 

83Gl 

64C1, 
80Bl 
83Gl 

8OVl 
80G3 
82Fl 

59Bl 
59Cl 
64C1, 
80Bl 

continued 



Table 1 (continued) 

0 T, TN 
K K K 

x P. 
Pam 

Remarks Ref. 

SmRh, 

SmPd, 

EuRh, 

EuPd, 
GdRu, 

80 7.8 
Fig. 70 

100 

Fig. 69 
83 

73 

75 

66 

71 

39 

7.95 
GdRh, 

75.e.80 

GdPd, 
TbRh, 

W’dz 
HoRu, 

HoRh, 

-12 

6.8 

7.1 
7.0 
7.03 

7.1 
8.1 

35 structure typeMgZn, 
27 8.1 

30.3.35 

6 
25 

13 

16 

16 

10.5 

10.5 
10.37 
10.3 

Fig. 75 

8.0 

8.0 

7.7 

8.3 

p. at 6.5 kOe 

a(T) at 5 kOe: Fig. 75, p,,(H) 
at 4.2 K: Fig. 76 

p. at 6.5 kOe 
2O.a.23 

20 0.6 

22 0.53 
2.70 

Figs. 12, 7 

Fig. 74 

6.9 

7.9 
7.95 

10.6 
10.52 

xs in 10 +cm3/g 

no Curie-Weiss behaviour 

Eu divalent 
Eu divalent 

structure typeMgZn, 

ps at 6.5 kOe 

64c1, 
80Bl 
73Bl 
7551 

64C1, 
74Bl 
68Wl 
68Wl 
59Bl 
59Cl 
76Ll 
64c1, 
80Bl 
73 B 1 
75L2 
79Hl 
80Tl 
82Tl 
73L2 
64c 1, 
80Bl 
76 Ll 
64c1, 
80Bl 
75L2 
79Hl 
73L2 
8501 

64Cl 
75L2 
79Hl 



HoPd, 
ErRu, 

ErRh, 

TmRh, 
YbRh, 
LuRu, 

RM, 
ScPd, 
Sc,Ce, -XPd, 

YRh, 287 

YPd, 

Y,Ce, -XPd, 

Yo.d%.dd3 

Yo.OLxPd3 

Y 0.94Sm0.06Pd3 

YPd,:Gd 

Y cmGdo.cJ’d3 

Yo.wTbo.dd3 

Fig. 69 
13 
7 

-6 
-6 

Fig. 77 

Fig. 78 
Fig. 79 

Fig. 78 
Fig. 36 
Fig. 80 
Fig. 81 

Fig. 84 

Fig. 70 

7.2 

Fig. 70 

10.3 

7.58 
4.50 

no magnetic ordering down to 2K 

4.3 

transition from Ce tetravalent 
for x>O.5 to an intermediate- 
valent state for x<O.3 
suggested from x( T x) and 
ESR experiments 

xm in lop6 cm3/mol, Pauli 
paramagnet 

diamagnetic at room temperature, 
paramagnetic below 50 K 

o(H) at 1.64 and 4.2K: Fig. 82, 
cr, = 2.606 G cm3/g 

a(H) at 1.53 and 4.2K: Fig. 82, 
a, = 2.664 G cm3/g 

a(H) at 1.57 and 4.2K: Fig. 82, 
6, = 0.581 G cm3/g 

p, in pa/Gd, p&H/T) at 15 mK: 
Fig. 83 

a(H) at 1.57 and 4.2K: Fig. 82, 
rrs = 6.625 G cm”/g 

a(H) at 1.6 and 4.2 K: Fig. 82, 
o,=6.103Gcm3/g 

o(H, T): Fig. 85 

73L2 ._ 
59Bl 
59Cl 
64C1, 
80Bl 
8462 
80Bl 
59Bl 

72Gl 
80G5 

75L2 

71 Gl 

71H2 
72Gl 
83Wl 
81Gl 
82Kl 
81Hl 

81Hl 

81Hl 

81Bl 

81Hl 

81Hl 

8OLl 



Table 1 (continued) 

0 
K 

T, TN 
K K 

x Remarks Ref. 

Yo.,&yo.od’d, 

Y omsHoo.od’d3 

YPd,:‘66Er 
“o.,,Ero.od’d, 

Yo.9sTmo.02Pd3 

y ~o.o.dd, 0.954 

LaPd, 

La$e, -xPd, 
CeRh, 
CeRh, -=P& 

CePd, 

- 0.242 
Fig. 87 
Fig. 80 
Fig. 88 
Fig. 89 

Fig. 80 
Fig. 90 

2.76 
Fig. 91 

Fig. 90 
Fig. 92 
Fig. 44 

1.2 

Fig. 94 

CT(H) at 1.55 and 4.2K: Fig. 82, 
us= 5.432 G cm’/g 

a(H) at 1.54 and 4.2K: Fig. 82, 
a,=6.104Gcm3/g 

p&H/T) at 15 and 27 mK: Fig. 86 
a(H) at 1.55 and 4.2 K: Fig. 82, 

a, = 7.302 G cm3/g 
a(H) at 1.52 and 4.2K: Fig. 82, 

a,=1.907Gcm3/g 
u(H) at 1.54 and 4.2K: Fig. 82, 

a, = 2.486 G cm3/g 
diamagnetic at room temperature, 

paramagnetic below 50 K 
xg in 10-6cm3/g at 295 K 

xs in 10w6cm3/g at 295K, Ce 
tetravalent suggested, Pauli 

paramagnet 

x0 in 10m3 cm3/mol, at T+O Ce in 
intermediate-valent state, 
temperature of xmax: TM = 140 K 
no magnetic ordering observed 

P,,W, n: Fig. 94, P&Q at 4.2 
and 20K: Fig. 95 

81 HI 

81Hl 

81Bl 
81 Hl 

81Hl 

81Hl 

71Gl 

72Gl 

81Gl 
84Ml 
77T1, 
78Pl 
81Gl 
81 M 1 
72Gl 

81 Ml 
82T2 
83Wl 
85Kl 

85Al 



Fig. 93 

CePd, : Gd 

CePd,: 166Er 

CePd, -=Pt, 
x=0 

=0.5 
=I.0 
=2 
=2.5 
=3 

PrPd, 

NdPd3 

SmPd, Fig. 104 

EuPd, 

0 Figs. 97, 98 

- 229.7 
- 296.4 

-40.6 
- 54.3 
-58.3 
-7 

0 1.05 

1 
-5 

Fig. 99 

10.90 
Fig. 100 

10.91 
Fig. 102 

1.94 
Figs. 12, 7 

Fig. 105 

Fig. 106 

2.10 
1.96 
2.50 
2.50 
2.54 
3.4 
3.69 

3.4 
3.50 

intrinsic increase of the high-field 
susceptibility at low 
temperature established: 
Fig. 93, p&I, T): Fig. 96 

ps in dW P~~(HIT) at 12 
and 15mK: Fig. 83 

p&H/T) at 15 and 27mK: Fig. 86 
susceptibility of CePd, with 

<2000ppm of 166Er shows 
Curie behaviour from 3 to 
10 mK, natural Er contains 
22.9 at% of 167Er, the samples 
with 166Er still contained 
3.3 at% of 16’Er 

structure type AuCu, 
structure type AuCu, 
structure type AuCu, 
structure type Cl5 
structure type Cl5 
structure type Cl5 

xg in 10m6 cm”/g at 295 K 

p,,(H): Fig. 101 

xg in 10m6 cm”/g 

pNd(H) at different temperatures: 
Fig. 103 

no Curie-Weiss behaviour 

xg in 10m6 cm3/g 

Eu trivalent 

Eu trivalent, addition of Si 
induced valency fluctuation, see 
EuPd,Si,.,, and EuPd,Si,.,, 

86Vl 

81Bl 

81Bl 
80Ml 

82Rl 

71H2 
72Gl 

85Dl 
71H2 
72Gl 

86Dl 

72G1, 
71Gl 
7551 

68Wl 
71G1, 
72Gl 
83D1, 
84Ml 

continued 



Table 1 (continued) 

0 
K 

T, 
K 

TN 
K 

x Remarks Ref. 

GdRh, 
GdPd, 

53 

3 
1.5 

TbPd, 
3 
1 

W’d, 2 
0 

7.5 

7.5 56.7 
Fig. 107 

2 

2.5 83.0 
Fig. 108 

96.7 
Fig. 109 

7.85 

8.0 
8.03 

9.3 
9.61 

10.1 
10.51 

HoPd, 

ErPd, 

TmPd, 

YbPd, 

LuPd, 

4 
0 

0 
0 

-1 

0 

93.4 
Fig. 109 

76.1 
Fig. 109 

0.20 

-0.128 
Fig. 87 

RW 
ScPd, 
YPd, 

Fig. 78 
Fig. 78 

9.3 
10.38 

9.5 
9.40 

7.5 

xs in 10e6 cm3/g at 295 K, 
pGd(H) at 1.5 and 4.2K: Fig. 107 

x,, in 10s6 cm3/g at 295 K 

from heat capacity: orders 
magnetically at 3.75 K 

xs in 10b6cm3/g at 295K 

x8 in 10m6 cm”/g at 295 K 

,yg in 10e6 cm3/g at 295 K 

75L2 
71Gl 
71H2 
72Gl 

71Gl 
71H2 
72Gl 

79Ml 

7IH2 
72Gl 

71H2 
72Gl 

71H2 
72Gl 

71H2 
72Gl 
71H2 
72Gl 
72Gl 

71Gl 

72Gl 
72Gl 

4.3 

xg in lOa cm”/g at 295 K 

diamagnetic at room temperature, 
paramagnetic below 50 K 



RMs 
YRh, 

SmPd, 

GdRh, 

RM, 
CePd, 

&A% -x 

Y amPdo.,,, 
Ce,Pd, --x 

x=0.011 
x=0.065 

Ce,.,lPdo.,9 
Pr,Pd, -x 
Nd,Pd, --x 
Sm,Pd, --x 
Euo.o,,Phm, 
‘3mPdo.w 

38 

754 

1.70 
Figs. 12, 7 

7.95 

1.5 

Fig. 110 
Fig. 111 
Fig. 112 
Fig. 113 
Fig. 110 

Fig. 110 
Fig. 115 

Fig. 115 
Fig. 115 

Fig. 115 

Fig. 117 

Fig. 117 

Fig. 117 

Fig. 110 

7.9 

9.2 
10.3 

10.1 

9.3 

7.2 

4.0 

xrn in 10-6cm3/mol, Pauli 
paramagnet, high-temperature 
phase 

xg in 10e6 cm3/g 

high-temperature phase 

x,,, in 10m4 cm3/mol at 300 K, 
Ce nearly trivalent (N 3.1) 
suggested, xe=0.17. 10m6 cm3/g, 
no magnetic ordering observed 

o(H) at 4.2 K: Fig. 114 
a(H) at 4.2 K: Fig. 114 
o(H) at 4.2 K: Fig. 114 

peff in pB/Gdr a(H) at 4.2K: 
Fig. 116 

peff in pBLB/Tb 
peff in P,PY, 4H) at 4.2~ 

Fig. 116 
pert in u&-Jo, a(H) at 4.2K: 

Fig. 116 
peff in p&r, a(H) at 4.2K: 

Fig. 116 
peff in pB/Tm, o(H) at 4.2K: 

Fig. 116 
peff in ps/Yb, a(H) at 4.2K: 

Fig. 114 
-a(H) at 4.2K: Fig. 114 

75L2 

7551 

75L2 

85Kl 

73Gl 
80Hl 

73Gl 
73Gl 
73Gl 
73Gl 
73Gl 
73Gl 

73Gl 
73Gl 

73Gl 

73Gl 

73Gl 

73Gl 

73Gl 



Table 2. Rare earth compounds with 5d elements OS, Ir, Pt. ps refers to 4.2K and x to RT, unless stated otherwise. R: rare earth element, M: 5d element. 

0 T, TN 
K K K 

x P. 
I@ 

Pelf 
lbm 

Remarks Ref. 

R,W 
La&, 
La,Pt, 

Ce,Ir, 

Fig. 118 
Fig. 119 
Fig. 120 

-32 Fig. 118 

Ce,Pt, 

WIr3 

Pr,Pt, 

Nd& 55 
GW’h >300 

RzM 
Gd,Pt 165 Fig. 125 

155 Fig. 126 

Tb,pt 

33 Fig. 1 19 2.30 
-12 7 Fig. 1 21 2.71 

34 Fig. 1 18 3.46 
23 Fig. 1 19 3.53 
6 16 Fig. 1 23 3.61 

70 
95 

99 98 Fig. 131 7.3 9.56 

99 98 Fig. 126 7.41 9.66 

Fig. 119 

Figs. 129, 130 

2.35 

3.40 
6.9 

6.95 

9.90 

Pauli paramagnet 
Pauli paramagnet 

Ce valency suggested 3.18 and 
3.15 from ionic radius and 
magnetic moment measurements, 
respectively 

Ce valency 3.1 suggested 
no saturation achieved at 20 kOe, 

a(H, T): Fig. 122, ferrimagnetic 
or noncollinear moment 
arrangement suggested 

a(H, 7’): Fig. 122, ferrimagnetic 
or noncollinear moment 
arrangement suggested 

a(H, T): Fig. 124 

a(H, T): Fig. 127 
p. at 150 kOe, p,,(H) at 4.2 K: 

Fig. 128 
hysteresis: Fig. 132, a second phase 

transition observed at 50K, 
which is smeared out at higher 
magnetic fields 

p. at 20 K and 150 kOe 
pTb(H, T): Fig. 133, strong 
magnetocrystalline anisotropy 

p. at 150 kOe, p&if) at 4.2.K: 
Fig. 128 

7301 
7301 
80G2 
7301 

7301 
80G2 

7301 
7301 
80G2 

7301 
80G2 

80G4 
83Cl 

80G4 

82C2 

83Cl 



DyzPt 50 75 Figs. 129, 130 10.65 a(H, T): Fig. 134, a second phase 80G4“ 

60 66 

10 40 

Fig. 126 

Figs. 129, 130 

Fig. 126 

Figs. 129, 130 

9 Fig. 126 

5 Fig. 126 

. transition at 45 K observed, 
which is smeared out at higher 
magnetic fields 

7.25 ps at 150 kOe, p&H) at 4.2K: 
Fig. 128 

83Cl 

Ho,Pt 

10.28 

10.58 

22 17 

4 35 

8.23 10.58 

9.62 

a second phase transition at 8 K 
observed, which is smeared out 
at higher magnetic fields 

ps at 150 kOe, p,,(H) at 4.2 K: 
Fig. 128 

80G4 

83Cl 

Er,Pt a second phase transition at 6 K 
observed, which is smeared out 
at higher magnetic fields 

ps at 150 kOe, p,,(H) at 4.2 K: 
Fig. 128 

80G4 

83Cl 

Tm,Pt 

5 

0 

6.95 9.04 

4.5 7.34 ps at 2K and 150kOe, pTmQ at 2K: 83Cl 
Fig. 128 

RsW 
GW’b 176 Fig. 135 7.2 

Tb,Pt, 78 Fig. 137 5.4 

4.5 

9.72 

no Curie-Weiss behaviour, ps at 
20 kOe q,,(H) at 4.2 K: 
Fig. 136 

8363 

Dy,Ph 50 Fig. 139 10.56 

Ho,Pt, 28 Fig. 141 10.25 

a(H, 7’): Fig. 138, nonlinear 83G3 
magnetic structure suggested, 
ferromagnetic, strong anisotropy 
effects at low temperatures 

p, at 20 kOe, o,Q at 4.2 K: 8363 
Fig. 140, nonlinear magnetic 
structure suggested, ferro- 
magnetic, strong anisotropy 
effects at low temperatures 

o,,,(H) at 4.2 and 36.8 K: Fig. 142, 8363 
spontaneous magnetization in 
high field far below the satura- 
tion, nonlinear magnetic structure 
suggested, ferromagnetic, strong 
anisotropy effects at low 
temperatures 

continued 



Table 2 (continued) 

0 T, % 
K K K 

x Remarks Ref. 

NdPt 8 

GdPt 66 

Tbpt 44 

13.4 

23 

22.5 

66 

67.7 

56 

58.7 

Fig. 146 

Fig. 150 

1.44 3.68 

6.7 8.29 

8.1 9.71 

RM 

CePt 

PrPt 5 

5.81 
5.8 

15 Fig. 146 

0.73 

1.02 3.46 

T, from specific heat Fig. 143 
T, from temperature dependence 

of the electrical resistivity: 
Fig. 145, ps at 1.5 K, p&Z, T): 
Fig. 144 

T, from ac susceptibility, CEF 
effects observed, p,,(H) at 4.2 K: 
Fig. 147, from neutron diffrac- 
tion: magnetic structure 
collinear with magnetic moments 
parallel to c axis, pPr = 2.2(2) pa 

T, from electrical resistivity: 
Figs. 148 and 149 

T, from ac susceptibility, pN,,(II) 
at 4.2K: Fig. 147, from neutron 
diffraction: magnetic structure 
collinear with magnetic 
moments in the (a,~) plane, 
pN,, = 2.34(20) pa, angle between 
Nd moments and a axis 22(5)“; 
CEF effects observed 

Tc from electrical resistivity: 
Figs. 148 and 149 

a,(T): Fig. 150, pGd(H) at 4.2 K: 
Fig. 151 

T, from electrical resistivity 
Figs. 148 and 152 

p&f): Fig. 151, p,.,, from neutron 
diffraction, magnetic space 
group Pn’m’a 

T, from electrical resistivity: 
Figs. 148 and 152 

81H2 
8362 

82Cl 

86Gl 

82Cl 

86Gl 

8OCl 

86Gl 

8OCl 

86Gl 



DyPt 25 23 7.1 10.45 

22.2 

HoPt 15 16 8.2 10.24 

18.2 

ErPt 14 16 8.1 9.13 

18.4 

TmPt 2 6 7.0 7.36 

Ybpt 

R,M, 
Nd,Pt, 

0 4.0 77Kl 

9 Figs. 153, 154 3.9 

Gd,Pt, 27 Figs. 153, 154 8.13 

Tb,Pt, 
26 
16 

23 Fig. 30 8.14 
Figs. 153, 154 8.87 

DyJ’t, 9 Figs. 153, 154 

Ho,Pt, 3 Figs. 153, 154 

10.5 

10.3 

p,,(H) at 4.2K: Fig. 151, pDy 
from neutron diffraction, 
magnetic space group Pn’m’a 

T, from electrical resistivity: 
Figs. 148 and 152 

p,,,(H) at 4.2 K: Fig. 151, pHo 
from neutron diffraction, 
magnetic space group Pnm’a’ 

T, from electrical resistivity: 
Figs. 148 and 152 

p,,(H) at 4.2 K: Fig. 151, pEr 
from neutron diffraction, 
magnetic space group Pnm’a’ 

T, from electrical resistivity: 
Figs. 148 and 152 

p,,(H) at 4.2 K: Fig. 151, pTm 
from neutron diffraction, 
magnetic space group Pnm’a’ 

a,(H) at 4.2K: Fig. 156, 
0 and de Gennes factor: 
Fig. 155 

u,(H) at 4.2K: Fig. 156, 
0 and de Gennes factor: 
Fig. 155 

a(H) at 4.2K: Fig. 32 
specimen contained a second 

phase, o,(H) at 4.2 K: Fig. 156, 
0 and de Gennes factor: 
Fig. 155 

a,(H) at 4.2K: Fig. 156, 
0 and de Gennes factor: 
Fig. 155 

a,(H) at 4.2K: Fig. 156, 
0 and de Gennes factor: 
Fig. 155 

80Cl 

86Gl 

8OCl 

86Gl 

8OCl 

86Gl 

8OCl 

79Gl 

79Gl 

80Gl 
79Gl 

79Gl 

79Gl 

continued 



Table 2 (continued) 

0 T, TN 
K K K 

x Pelf 
h/R 

Remarks Ref. 

Er,Pt, -5 Figs. 153, 154 

Tm,Pt, -1 Figs. 153, 154 

RM, 
YIr, 
YPt, 
Laos, 
La, -,Ce,Os, 
Lair, 

LaPt, 

13.5 
6.47 

Fig. 36 
Fig. 157 

60 
Fig. 36 
-29 
-32 
Fig. 36 

LQd, -J% 
x=0 

=O.I 
= 0.2 
=0.3 

CeOs, 

31 30 
27 28 
24 26 
22 23 

Fig. 44 
CeIr, 

CePt, 

Fig. 43 
Fig. 44 

7 Fig. 43 
5 I.6 

6.98 8.40 
7.04 8.35 
6.88 7.86 
6.94 7.88 
Fig. 70 

Fig. 70 

-78 Fig. 159 
22.9 

Fig. 44 

9.3 

7.77 

a,(H) at 4.2K: Fig. 156, 
0 and de Gennes factor: 
Fig. 155 

a,(H) at 4.2K: Fig. 156, 
0 and de Gennes factor: 
Fig. I55 

xm in IOm6 cm3/mol 
xrn in 10m6 cm3/mol 

x,,, at RT in 10-6cm3/mol 

x,,, at RT in 10-6cm3/mol 
zrn in low6 cm3/mol 

Ce tetravalent suggested 

2.50 
2.33 

2.49 

Ce trivalent suggested 
heat capacity gives TN = I.7 K: 

Fig. 158 

x,,, at 300K in 10-4cm3/mol 

79Gl 

79GI 

80Bl 
80Bl 
83WI 
86SI 
64SI 
83WI 
64SI 
82BI 
83WI 
77Dl 

59Bl 
83WI 
59BI 
7OVl 
83WI 
7OVI 
7251 

8001 
82B1 
83WI 



Pros, 
PrIr, 

PrPt, 6 1.67 

NdOs, Fig. 69 Fig. 70 
NdIr, Fig. 69 Fig. 70 
NdPt, 4 1.60 

SmOs, 
SmIr, 
SmPt, 
EuIr, 
EuPt, 
GdOs, 
GdIr, 

Fig. 69 
Fig. 69 

11.2 
-4 11.2 

11.2 

0 13.5 
7.7 

-6 7.7 

7.7 1.52 

0 10 
Fig. 69 
Fig. 69 

6 
Fig. 69 

105 
Fig. 69 
Fig. 69 
84 

84 82.5 

Fig. 160 1.60 

Fig. 70 
Fig. 70 

2.5 
Fig. 71 

2.08 

0.9 

2.11 
Fig. 70 
Fig. 70 
0.19 
Fig. 70 

Fig. 70 
Fig. 70 
6.8 
6.6 

3.72 
from neutron diffraction: pPr, 
simple ferromagnetic ordering 

suggested 
p,,(H) at 4.2K: Fig. 72, p,,(H) 

at 77K: Fig. 73, strong CEF 
effects 

3.45 

3.70 

a,(H) at 4.2 and 300K: Fig. 161 
p&f) at 4.2K: Fig. 162 

from neutron diffraction: pPr, 
simple ferromagnetic ordering 
suggested 

Ppkp;;4.;;: ~s~;n$g~ 
: . , 

effects 

o,(?:H): Fig. 163 

3.60 

strong CEF effect influence on ps 

7.9 Eu divalent 

7.8 

59B 1 .-’ 
59Bl 
80G3 
8OVl 
82Fl 

83Gl 

64C1, 
80Bl 
67Wl 
80G3 
8OVl 
82Fl 

83Gl 

59Bl 
59Bl 
64C1, 
80Bl 
67Wl 
59Bl 
59Bl 
73Bl 
59Bl 
68Wl 
59Bl 
59Bl 
79Cl 
8OSl 

continued 
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YbIr, Fig. 69 Fig. 70 
-4 Fig. 169 

59Bl 
85Wl 

77Gl 

77Gl 
82Rl 
77Gl 
70Nl 
69Al 

7OVl 
79Ll 
8011 
8011 

8011 

8011 

8011 

8011 

8011 

8011 

continued 

4.49 

RM, 
LaPt, 376 

298 
xm at 80K in 10-6cm3/mol 
x,,, at 300K in 10m6 cm3/mol 

feebly paramagnetic, Knight shift 
temperature-independent suggests 
that the d-band of Pt is full 

CePt, 

PrPt, . 
TbPt, 
W’t, 

-108 
- 58.3 
-22 

2.92 
2.54 
3.84 

Fig. 99 

from neutron diffraction 
from neutron diffraction: Dy 

magnetic moments are aligned 
in opposite directions in 
adjacent (111) magnetic planes 

20.5 8.4 
13.2 9.0 

RM, 
CePt, 

PrPt, 
NdPt, 

GdPt, 

2.52 Ce trivalent 

ps at 19 kOe 
ps at 19 kOe, o(H) at 4.2 K: 

Fig. 172 
ps at 19 kOe, a(H) at 4.2 K: 

Fig. 172, weak ferro- 
magnet suggested 

ps at 19 kOe, a(H) at 4.2 K: 
Fig. 172 

p,.at 19kOe, oQ at 4.2K: 
Fig. 172 

ps at 19 kOe, a(H) at 4.2K: 
Fig. 172 

ps at 19 kOe, no paramagnetic 
behaviour, no ordering observed 

ps at 19 kOe, a(H) at 4.2 K: 
Fig. 172 

Fig. 170 
0.4 

Fig. 171 1.0 
-20 
-7 

13.5 

4.0 

Fig. 173 6.3 8.1 

Tbpt, 

W’t, 

HoPt, 

ErPts 

TmPt, 

5.5 

2 

2 

x8 Fig. 174 4.7 9.9 

10.6 

10.5 

Fig. 175 5.0 

Fig. 174 4.9 

4.3 

-14 Fig. 175 2.2 7.7 



Table 2 (continued) 

0 T, TN 
K K K 

x P” 
PB/R 

Pcff 
lb/R 

Remarks Ref. 

RxM, -x 

Gd,Ir, --x 

x = 0.33 
= 0.22 
= 0.086 
=O.OlO 

84 
58 
40 
40 

8.25 
72 

6.6 7.8 
6.4 7.4 
7.2 8.3 
6.9 8.1 

solubility of Gd in Ir about 
600 T, and ppm, 0 N 40 K 
for all x < 0.086, Tc in the 
eutectics at N 32 K, 
@I, T)Fig. 176, 
p&x): Fig. 177 

8OSl 



Ref. p. 5431 2.5.3 R-4d (Ru, Rh, Pd), 5d (OS, Ir, Pt): figures 493 

2.5.3 Figures 

50 1 

0 0 

50 1 

I I I 
0 50 100 150 200 250 K 30: 

T- 
0 20 40 60 K 80 

T- 

Fig. 1. Gd, -xRu,. Temperature dependence of CT~ and Fig. 2. Y,Pd,. Temperature dependence of xi’ at 
x,’ [80A I]. 1 kOe [77 Y I]. 

0.25 

0 25 50 75 100 125 K 150 0 IO 20 30 K 40 
T- T- 

300 
J&l 
cm3 

I 

200 

:x' 
100 

!i! 
(31113 
0.75 

I 
0.50 

YE 
z-3 

0.25 

Fig. 3 R,Pd,, R=Tb, Dy, Ho. Temperature depen- Fig. 4. R,Pd,, R=Er, Tm. Temperature dependence 
dence of xi’ at 1 kOe [77Y I]. of xi’ at 1 kOe [77Y I]. 

1 
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494 2.5.3 R-4d (Ru, Rh, Pd), 5d (OS, It-, Pt): figures [Ref. p. 543 

0’ I I I I I I I I 
50 100 150 200 250 300 350 400 450 K 50; 

l- 

Fig. 5. R,Rh,, R=La, Ce, Pr, Nd, Sm. Temperature 
dependence of xi ’ [73 0 11. 

50 100 150 200 250 300 350 400 450 K 500 
T- 

Fig. 6. R,Pd,, R=La, Ce, Pr, Nd. Temperature de- 
pendence of 1, 1 [73 0 11. 

Chelkowski 
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1600 I 
.ltP 
& 
mol I 

Sm,Pd3 
Sq-, Pb, 

RT 

-0 0.2 0.4 0.6 0.8 1.0 
Sm x- Pd 

Fig. 7. Sm, -,Pd,. Room-temperature values of the 
molar susceptibilities vs. Pd atomic concentration 
[75 J I]. The vertical line indicates the limit of solubility of 
Sm in Pd; triangles: data of [68 H I]. 

0 50 100 150 200 250 K 300 
T- 

Fig. 8. Sm,Pd,. Interpolated temperature depen- 
dence of (T at 9.6 kOe along the preferred direction 
(hexagonal c axis) [75 J I]. 

50 
mol 
ii? R7Rh3 
40 R=Er 

d 

0 
50 100 150 200 250 300 350 400 450 K 5 

!O 

IO I 
:E 
22 

I 

IO 

I 

Fig. 9. R,Rh,, R=Gd, Tb, Dy, Ho, Er. Temperature 
dependence of x&’ [73 0 11. 

Landolt-Bbmstein 
New Series IW19d2 CheIkowski 



496 2.5.3 R-4d (Ru, Rh, Pd), Sd (OS, Ir, Pt): figures [Ref. p. 543 

1.25 

I 
1.00 

I 
b r;HE 

0.75 

0.25 

0 100 200 300 400 500 600 700 K BOO’ 
T- 

Fig. 10. Gd,Rh,. Temperature dependence of xi1 
(per mole ofGd) and cr at 10 kOe for (I) powder sample, (2) 
bulk sample, “free orientation” (easy magnetization direc- 
tion in field direction), (3) bulk sample, easy direction 
approximately perpendicular to magnetic field [75 L 11. 

0.6 

0.3 

b 0 
1.2 I 

0.9 

b 
“0 0.3 0.6 0.9 1.2 kOe 1.5 

H- 
Fig. 11. Gd,Rh,. Magnetic field dependence of u at 
different temperatures (a) for powder sample (open circles) 
and bulk sample (solid circles) with easy direction appro- 
ximately in the magnetic field direction, and (b) for bulk 
sample with easy direction approximately perpendicular 
to the magnetic field [75 L I]. 

6 
.lO” 
& 
9 

6 

I I I I 6 

4 

2 

I 

4 

H”2 

0 

8 

4 

L 
- 
I 

0 
0 

Smbd,- 4 
0 

k 
0 - IL..o-o-- --- 

I 2 

0 1 
0 50 100 150 200 250 K 300 

I- 
Fig. 12. Sm-Pd compounds. Temperature dependence of 
xs [75 J 1-J. The broken lines indicate a Pauh-type para- 
magnetic behaviour. 

I 10 
0 

Sm - 40-6 

Chdkowski Landolt-Barnstein 
New Series 111119d2 
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R3Rh2 

20 40 60 K 80 
T- 

Fig. 13. R,Rh,, R = Gd, Tb, Dy, Ho, Er. Temperature 
dependence of xs (samples cooled in zero magnetic field) 
[84 G I]. 

0 1 2 3 4 5 T 6 
CloH - 

Fig. 14. R,Rh,, R=Gd, Ho, Er. Magnetic field de- Fig. 16. Tb3Rh,. Magnetic field dependence of pTb at 
pendence of pR at 1.5 K [84 G 11. 1.5K (I), 8K (2), and 17K (3) [84G I]. 

IO I 
.102 Gd,Pd, 
mol I 

I 1 
0 50 100 150 200 K 250 

a T- 

50, 50 I I I I 

40 40 

t t 30 30 
z z 
.2 .2 
z z 
d d 
c c 

20 20 
b b 

10 10 

0 0 5 5 10 10 15 15 20 20 kOe kOe 
b H- 

Fig. 15. GdBPd,. (a) Temperature dependence of x;’ 
and (b) magnetic field dependence of Q (in arbitrary units) 
at 4.2 K [SOY 11. 

0 1 2 3 5 T 6 
POH - 

Land&Btirnstein 
New Series IW19d2 
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498 2.5.3 R-4d (Ru, Rh, Pd), 5d (OS, Ir, Pt): figures [Ref. p. 543 

15 
cm3 
mol 

12 

0 20 10 60 80 K 100 
a I- 

.-- 
ti 
cm’ 

300 

0 50 100 150 200 K 250 
b I- 

Fig. 17. Tb,Pd,. Temperature dependence of (a) xrn 
and (b) xi’ at 1 kOe [SOY 13. 

I- 
O 30 60 90 120 150 K 180 

4 
I 3 

7.z 
N 

2 

% 
12 2 

c 
b 

8 

1 

0 
0 3 6 9 12 15 kOe 1E 

H- 

Fig. 20. Tm,Pd,. Temperature dependence of xi ’ at Fig. 19. R3Pd2, R=Dy, Ho, Er. (a) Temperature de- 
1 kOe and magnetic field dependence of Q (in arbitrary pcndcncc of X,,, at 1 kOe and (b) magnetic field depcndencc 
units) at 4.2 K [SOY 1-J. of u (in arbitrary units) at 4.2 K [8OY 11. 

0 1 2 3 a 5 1 6 
P’oH - 

Fig. 18. Dy,Rh,. Magnetic field dependence of pDy at 
1.5K and 8K [84Gl]. 

I 

8 

s 
6 

4 

0 40 80 120 160 K 200 
a l- 

5 

0 8 12 16 kOe 20 
b H- 

Chelkowski 
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30 
mol 
cm3 
25 

0 50 100 150 200 250 K 300 
T- 

Fig. 21. RRh, R=Tb, Dy, Ho, Er. Temperature de- 
pendence of xi ’ [72 C 11. 

12 
.10-3 
Q$ 
mot 

8 

I 6 

w’ . . 

4 
t 

Ihl I I I I I 

01 I I I I I I 

600 

I boo 

200 

nl 
-0 200 LOO’ 600 800 1000 1200 K l&O0 

T- 

Fig. 23. YbPd. Temperature dependence of (a) xrn and 
(b) xi ‘. Open and full circles indicate data for two samples 
of different preparation [SO 121. 

o- 5 10 15 20 25 kOe 30 
a H- 

6 
.1o-3 .’ 

p. 

(31113 / 
\. 

9 
\R =Ho 

/ 

21 I I I I 
0 2 L 6 K 8 

b T- 

Fig. 22. RRh, R = Tb, Dy, Ho, Er. (a) Magnetic field 
dependence of u and(b) temperature dependence of xB for 
HoRh and ErRh [72 C I]. , 

0 0.5 1.0 1.5 2.0 K 2.5 

Fig. 24. YbPd. Temperature dependence of the ac 
susceptibility xBc at 0.172mT [SS P I]. 

indolt-Bbmstein 
:w Series IIV19d2 

Chdkowski 



500 2.5.3 R-4d (Ru, Rh, Pd), 5d (OS, Ir, Pt): figures [Ref. p. 543 

10 

0 50 100 150 200 250 K 300 
a H- 

0 
b 

5 10 15 20 25 kOe : 
H- 

Fig. 25. RsPd,, R = Pr (I), Nd (2), Gd (3), Tb (4), Ho (5) 
Er (6) Dy (7), Tm (8). (a) Temperature dependence of 
1; r and (b) magnetic field dependence of c at 4.2 K (in 
arbitrary units) for NdsPd, [77 Y 23. 

0 5 10 15 20 K 25 
T- 

Fig. 26. R,Pd,, R = Pr, Nd. Temperature dependence 
of u (in arbitrary units) [77 Y 23. 

5 
cm3 
mol 

4 

3 

I 
NE2 

1 

0 20 40 60 80 K 100 
T- 

Fig. 27. GdsPdl-,Pt,. Temperaturedependenceofx, 
at 1 kOe for x 5 2. The branches for the sample with x = 1 
show the temperature dependence of X,,, after being cooled 
in 1 and 2 kOe, respectively. Arrows indicate a low- 
temperature maximum and an anomaly in ~~(7’) [SOG 11. 

Chdkowski Landolt-BOmsrein 
New Series lWl9d2 
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2.4 Y 6 

\ 

P 
-1 

Xm 
7nTm-; , I I 5 

l//1 I 
1.6 

“0 50 100 150 200 250 K 300 

Fig. 28. Gd,Pd4-,Pt,. Temperature dependence of ,y,,, 
and y, ’ for x = 0.5 at (open circles) 1 kOe and (triangles) ._... 
10 kOe, and x = 1. Arrows indicate low-temperature max- 
ima [80 G I]. 

5 

I 

4 

L43 

2 

1 

c 

Fig. 29. Gd,PdzPt,. Temperature dependence of x,,, 
and xi’ at 1 and 11 kOe. Arrows indicate low- 
temperature maxima [80 G I]. 

T- 

25 
& 
mol 

20 

25 
glj 
mol 

20 

5 

20 40 60 80 K 100 
T- 

Fig. 30. Gd,PdPt,, Gd,Pt,. Temperature depen- 
dence of x,,, for (a) Gd,PdPt, at 0.5 and 1 kOe and (b) 
Gd,Pt, at 1 kOe. The arrow indicates a structure in x,,,(T) 
[8OG 11. 

Land&-Bbmstein 
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Chdkowski 
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x- Gd,Pt, 

Fig. 31. Gd,Pd,-.Pt,. Composition dependence of 
T,, (onset of long-range order) and the maximum sus- 
ceptibility at 1 kOe [80G 11. 

& Gd3PdLmxPtx 

‘:::I 

30 - 
,’ 

0 x=0 
v 1 
A 4 

I 

20 

I 
b 15 

0 4 8 12 16 kOe 20 
H- 

Fig. 32. Gd,Pd,-,Pt,, x=0, 1, 4. Magnetic field de- 
pendence of c at different temperatures. The curves for 
x=0.5 and 1 are identical [8OG 1-J. 

Ola I I I I 
3001 I I 

0 5 10 15 20 kOe 25 
H- 

Fig. 33. Gd,Pd, -,Pt,, x = 2, 3. Magnetic field depen- 
dence of c at different temperatures [80G 11. 

2001b 
0 10 20 30 40 K 50 

I- 

Fig. 34. R,Pd,, R =Tb, Dy, Ho. Temperature depen- 
dence ofx; ’ for (a) R = Tb, Dy and(b) R = Ho. The arrows 
indicate TN [77 Y 2). 

Chdkowski Landok-BOrnstein 
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300 I 
B!Q Yb3PdL . . 

cm3 . . . . . . . . 

. . . . . . . 
/’ 

200 
. 

..’ 

t 

. . . . . . ,..’ 
. . . . ./ 

. . . 
/ 

7;: 100 . . . . . ..‘. 

‘. . . . 
/’ . . . . . . 

.A 
. ..’ . . . 

.A . ..’ 

0 100 200 300 400. 500 600 K 700 
a T- 

b T- 

Fig. 35. Yb,Pd,. Temperature dependence of (a) xi 1 
and (b) x,,, between 1.3 and 3 K [85P 21. 

16 
K 

0 0 
4 

‘N 

-4. 
0 0.2 0.4 0.6 0.8 1.0 

HoRu? 
x- 

YRuz 

Fig. 37. Y,Ho, -xR~Z. Spontaneous magnetization 
p. Curie temperature Tc, paramagnetic Curie tempera- 
tures 0, parallel, O,,, and perpendicular, O,, to the c axis, 
respectively, vs. Y concentration x [85 0 I]. 

1.2 
*lo-3 
gy 
mol 

I 0.6 

N’ 0.4 

0.2 

0 

-0.2 ’ I I I I I 
0 50 100 150 200 250 K 3 

T- 
I00 

Fig. 36. YRu, (i), LaRu, (2), Laos, (3), LaRuRh (4), 
Lair, (5), LaRh, (6), LaPt, (7), YPd, (8). Temperature 
dependence of x,,, [83 W I]. 

0 10 20 30 40 50 60 kOe 70 
a H- 

do 50 100 150 200 250 K 300 
b T- 

Fig. 38. YRh,. (a) Magnetic field dependence of c and 
(b) temperature dependence of xg [83 H 11. 
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0 0.02 o.oz 0.06 0.08 0.10 
LLlRUr x- 

4 
.10- 

& 
molCf 

I 2 

G 

1 

0 

Lo,,Ce,lRh, I 

100 200 300 K 400 
I- 

Fig. 39. La, -,Gd,Ru,. Composition dependence of 
Tc and the superconducting transition temperature T,. 
The straight line in the upper part of the Tc curve is fitted 
to some further points at higher x which have been 
omitted for scaling reasons. The circle with arrow means 
that there is no superconductivity down to this tempera- 
ture [72 H I]. 

01 I I I I I I 
0 50 100 150 200 250 K 30; 

r- r- 

Fig. 41. CeRu,. Fig. 41. CeRu,. Temperature dependence of KS and Temperature dependence of KS and 
x87- [71 H 33. x87- [71 H 33. 

Fig. 40. La, -,Ce,Rh,. Temperature dependence of Km 
for x =0.2 and 0.4 [84 H 11. 

0 50 100 150 200 250 K 300 
I- 

Fig. 42. CeRu,. Temperature dependence 
(x8-x0)-‘. x0 is the temperature-independent magnet:: 
susceptibility, x0 = 1.70. lop6 cm”/g [71 H 31. 
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0 0.1 0.2 0.3 0.4 0.5 0.6 1.0 
CeRu2 x- PrRu? 

Fig. 45. Ce, -,Pr,Ru2. Composition dependence of Tc 
and superconducting transition temperature T, [58 M 11. 

CeRuZ PrRu? 

Fig. 47. Ce, -,Pr,Ru,. Composition dependence of 
Tc, 0 and the superconducting transition temperature T, 
[76A 11. 
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Fig. 46. Ce, -,R,Ru2, R =Pr, Nd, Ho, Er. 
Composition dependence of the magnetic spin 
ordering temperature T, and superconducting transition 
temperature T,. Tc is given by a maximum of the ac 
susceptibility. The shaded areas indicate two-phase 
regions of Cl 5 and Cl4 structure types. (a) R = Pr, Nd, Er 
and (b) R=Ho [71 WI]. 
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1L 
.10’3 
cm) 
mol 

10 

1 8 
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I- 

Fig. 43. CeM,, M=Ru, Rh, Ir, Pt. Temperature de- 
pendence of x,,, [7OV I]. 
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Fig. 44. CeIr,, CeOs,, CeRu,, CePd,, CePt,. 
Temperature dependence of xrn. First a low-temperature 
measurement was made, the following heating and cool- 
ing is indicated by arrows [83 W 11. 
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0 50 100 150 200 K 250 
T- 

Fig. 48. Ce, -,Pr,Ruz. Temperature dependence of 
xi1 for different x [76A 11. 

0 0.2 0.4 0.6 0.8 1.0 
CeRu, x- PrRu2 

Fig. 50. Ce, -,Pr,Ru,. Composition dependence of 
the Curie constant C (in’arbitrary units) [76A I]. 
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Fig. 49. Ce,,,Pr0.4Ru,. Magnetic field dependence of 
c at 2.7, 4.5 and 12 K [76A I]. 
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Fig. 51. Ce, -,Gd,Ru,. Composition dependence of 
Tc and superconducting transition temperature T, 
[58 M I]. 
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Fig. 52. Cer-,R,Ru,, R=Gd, Tb, Dy. Composition 
Dependence of Tc and T,. The shaded areas indicate two- 
chase regions of Cl5 and Cl4 structure types and an 
midentiied phase X. See also Fig. 46 [71 w-l]. 
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Fig. 54. Ce., -.Gd,Ru,. Composition dependence of 
Tc and the superconducting transition temperature T, 
determined from magnetic susceptibility measurement. 
Solid triangles correspond to the temperature at which a 
small dip in the susceptibility appears [78 K I]. 
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Fig. 53. Cer -,Gd,Ru,. Composition dependence of 
the magnetic transition temperature TM from (open cir- 
cles) Mossbauer experiment and (solid circles) magnetic 
susceptibility maximum, and superconducting transition 
temperatures T. [77 R 1, 77 D 21. 
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Fig. 55. C!er -,Gd,Ru,. Temperature dependence 01 
the ac susceptibility x,~ (in arbitrary units) for different x 
[SS K 23. 
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Fig. 56. Ce, -XGd,Ru,. Magnetic field dependence of 
e (in arbitrary units) at 1.5 and 4.2K for different x 
[85K2]. 
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Fig. 58. Ce, -,Tb,Ru,. Composition dependence of Fig. 59. Ce, -XDy,Ru,. Composition dependence of 
Tc, susceptibility maximum xrnsx (in arbitrary units) and 0, Tc and the superconducting transition temperature T, 
superconducting transition temperature T, [70 H 11. [78 A 11. 
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Fig. 57. Ce, -,Gd,Ru,. Low-field magnetization vs. 
H. The solid and dashed curves correspond to the virgin 
increasing and decreasing geld-sweeps, respectively 
[SS K 21. 
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Fig. 60. Ceo.dhs Ru,. (a) Hysteresis loops (in 
arbitrary units) and (b) initial magnetization curves 
C78Al-j. 
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Fig. 62. Ce0,8Dyo.,Ruz. Magnetic field dependence of 
u at 1.6, 4.6, 13 and 26 K [79 A 11. 
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Fig. 61. Ce, -xDy,Ru,. Temperature dependence of 
the ac susceptibility (in arbitrary units) for dilferent x 
[79A I] 
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Fig. 63. Ce,,,Dy,.,Ru,. Temperature dependence of 
the ac susceptibility xac and u at 500e (in arbitrary units), 
0 and Tc are the paramagnetic and ferromagnetic Curie 
temperatures [79A 11, 
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Fig. 64. Ce, -,Dy,Ru,. Hysteresis loops at 4.2K (c in Fig. 65. Ce(Ru,Rh, -J2. Composition dependence of 
arbitrary units) [79A I]. x,,, at room temperature [84 H 21. 
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Fig. 66. CeRu, -xOs,. Temperature dependence of 
xi l. Susceptibility data for CeOs, during heating (A) and 
cooling (B) [85 H I]. 
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Fig. 67. CeRh,. Temperature dependence of I,,, 
[82 B 11. 
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Fig. 68. Ce(Rh,Pt, -J2. Temperature dependence of Fig. 68. Ce(Rh,Pt, -J2. Temperature dependence of 
xi1 C82Bl-J. xi1 C82Bl-J. 

Fig. 70. RRu,, ROs,, RIr,. Magnetic moment per R 
atom of three series of compounds, compared with 
theoretical values for R3+ ions for total moment (gJ) and 
for spin only [59 B 1). 
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Fig. 69. RRu,, ROs,, RIr,. Experimental values of Tc 
for three series of compounds and theoretical values of 
S(S+I) and J(J+l)(g-1)’ [59Bl]. 
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Fig. 71. PrRu,, PrIr,. Temperature dependence of the 
ordered magnetic moment pPr obtained from neutron 
diffraction [82 F 11. 
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Fig. 72. PrM,, M =Ru, Rh, Ir, Pt. Magnetic iso- 
therms at 4.2 K [83 G I]. 
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Fig. 73. PrM,, M=Ru, Rh, Ir, Pt. Magnetic field 
dependence of ppc at 77 K. The pulsed-field magnetization 
measurements are indicated by the dashed line. The solid 
lines are theoretical calculations. The curves (I) and (2) are 
calculated on the basis of the CEF Hamiltonian ignoring 
interactions between magnetic ions. In the curves (2) the 
external magnetic field is assumed to be pointing along 
the cube edge. The curves (I) are obtained by averaging 
over all possible angles between quantization axis and 
external field direction. The curves (3) are obtained by 
including both the CEF Hamiltonian and the exchange 
Hamiltonian in the calculations. The experimental data 
on PrRh, are indicated twice. The theoretical calculations 
are based on different CEF parameters: x=0.93, 
W= -0.35 meV for (A), and x=0.75. W= -0.33 meV for 
(B) [83 G 1-J. 
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Fig. 74. GdRh,. Temperature dependence of XL’ 
[80T 1). 
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Fig. 75. HoRu,. Single crystal. Temperature depen- 
dence of 1; 1 in the directions parallel and perpendicular 
to the c axis, and temperature dependence of u at 5 kOe 
along a and c axes [85 0 11. 
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0 1 2 3 k T 5 
IM- 

Fig. 76. HoRu,. Single crystal. Magnetic field depen- 
dence ofp,, at 4.2 Kin the a axis (1 IZO), b axis (IOiO), and c 
axis (0001). The full lines are calculated with CEF 
parameters B:=O.llK. Bi=OK, B~=l.9~lO-‘K, 
Bz = 1.5. 10e4 K and 1=0.55 T/pr,, where 1 is the mole- 
cular field parameter [85 0 I]. 
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Fig. 78. RPd,, RPd,, R = SC, Y. Temperature depen- 
dence of xs [72 G I]. 
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Fig. 77. TmRh,. Temperature dependence of xi r 
[84 G 21. 
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Fig. 79. Sc,Ce,-,Pd,. (a) Temperature and (b) com- 
position dependence of x,,, [80G 51. 
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Fig. 80. Ce(Pd, -.Rh,),, Ce, -,Y,Pd,, Ce, -,La,Pd,. 
Magnetic susceptibility I,,, vs. x [81 G 11. 

Fig. 81. Y,Ce, -,Pd,. Composition dependence of the 
low-temperature susceptibility x,,,. For x 20.5 the samples 
show a nearly temperature-independent sustiptibility 
(TSIOOOK) [82K 1-J. 
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Fig. 82. Y, -xR,Pd3, R =Pr, Nd, Sm, Gd, Tb, Dy, Ho, 
Er, Tm, Yb. Magnetic field dependence of Q for x =0.06 
(R=Pr), 0.06 (Nd), 0.06 (Sm), 0.07 (Gd), 0.05 (Tb), 0.042 
(Dy), 0.045 (HO), 0.06 (Er), 0.02 (Tm), 0.046 c(b). The solid 
lines are free-ion Brillouin functions. The dashed lines 
correspond to the initial magnetic susceptibilities for the 
CEF ground state r,, lJ2) and I-, for Pr, Nd and Sm, 
respectively 181 H 11. 
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0 .15 30 45 60 kOe/K;5 0 1 2 3 4 K 5 

H/T - 

Fig. 83. YPd,:Gd’(lOOppm at T=15mK), CePd,:Gd 
(2&l ppm at T.= 12 and i$mK)., Magnetic’momeni per 
Gd ion vs. H/T. The solid line is the theoretical free-ion 
magnetization B7,JH/T), and the. dashed line is the 
magnetization calculated with zero magnetic field CEF 
scheme @,=2.7mK) at T=12mK [81 Bl]. 
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Fig. 85. Y,,,,TbO,osPd,. Magnetic field dependence 
of D at 1.6 and 4.2K. Solid lines are free-ion Brillouin 
functions [80 L 11. 
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Fig. 84. ’ ‘Y,.,,Tb,,OsPd,. Temperature dependence of 
xi’ (open circles) compared with the prediction from 
neutron crystal field spectrum (dashed line) with CEF 
parameters W= -0.25meV and x=0.97. The solid line 
represents the Curie law [SOL I]. 
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Fig. 86. YPd,:Er (730ppm at T=15 and 27mK), 
CePd, : Er (2000ppm at T= 15 and 27mK and for 
IOOOppm at T= 15mK). Magnetic moment per Er 
ion vs. H/7? Inelastic neutron scattering and ESR 
measurements indicate a F, ground state and a Fs excited 
state for Er in YPd,. For Er in CePd, ESR measure- 
ments indicate a I, grouhd state. The solid lines are 
calculated magnetization curves for these ground states 
[slBl].: .!’ 
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Fig. 87. RPd,, R=La, Lu. Temperature dependence 
of x( [72 G 1-J. 
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Fig. 89. CeRh, -,Pd,, ZrRh, -,Pd,. Composition de- 
pendence of x,,, and of AX,,, = X,(CeRh, - ,Pd,) 
-X,(ZrRh,-,PdJ, at room temperature [78P 1,77 T I]. 
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Fig. 88. CeRh,. Temperature dependence of xrn 
[84 M 1-J. 
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Fig. 90. CeRh, -.Pd,. Temperature dependence of 
x,T for different x [Sl M 11. 
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Fig. 91. CePd,. Temperature dependence of xs 
Jonson-Matthey cerium (I), 99.95% pure Koch-Light 
cerium (2), Ce3+ free-ion values (3) [72 G I]. 
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Fig. 92. CePd,. Single crystal. Temperature depen- 
dence of x,,, [82T2]. 
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Fig. 94. CePd,. (a) Temperature dependence of x,,, 
for x=2.9, 3.0, and 3.1. The symbols correspond to the 
intrinsic susceptibility values derived from high-field 
magnetization measurements. (b) shows the low-field pee 
vs. p,H for CePd,., at different temperatures [85A I]. 

For Fig. 95 see next page 

Fig. 93. CePd,. Temperature dependence of lrn. The 
tilled symbols correspond to the intrinsic susceptibility 
values derived from high-field magnetization measure- 
ments [86 V 1). 
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Fig. 96. CePd,. Magnetic field dependence of pee at 
4.2,20 and 78 K [86 V 11. 
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Fig. 95. CePd,. (a) Magnetic field depcndencc of p,-. 
and (b) pce/poH vs. (pJf)* for x=2.9, 3.0 and 3.1, at 4.2 
and 20K. The dashed lines correspond to the intrinsic 
magnetic susceptibility [SS A 11. , 
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Fig. 97. CePd, (1OOOppm 166Er). Temperature de- 
pcndence of x- r (arbitrary units) [80 M 11. 
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Fig. 98. Ce, -,Er,Pd,. Normalized susceptibility, x/x, 
of natural Er and *66Er impurities in CePd, vs. T-’ for 
x =2OOOppm of natural Er, 2ooO ppm of 166Er and 
1OOOppm of 166Er [80M 11. 

Chelkowski 



Ref. p. 5431 2.5.3. R-4d (Ru, Rh, Pd), 5d (OS, Ir, Pt): figtires 521 

70 
.10-4 
cm3 - 

I I I 
CePdlmx Pt, 
I I I 

mol 

50 

cm3 
ICI 

I 

12 

9 
H’ 

6 

3 

0 
-0 50 100 150 200 250 300 350 K 400 

T- 

Fig. 99. CePd, -.Pt,. Temperature dependence of x,,, 
for different x [82 R I]. 

Fig. 101. PrPd,. Magnetic field dependence of pPr at 
different temperatures. His corrected for demagnetization 
field and is directed parallel to the [IOO] direction. 
Calculations ‘with the set 6f CEF parameters: (i) 
B, =0.54. IO-’ meV, B, =0.45. 10m4 meV (dashed lines); 
and (ii) B,=0.45* IO-‘meV, B,= -0.714. 10e4meV 
(solid lines). In the Leask and Wolf notation [62 1 l] these 
parameters are (i) x=0.85, W=O.38 meV; and 
(ii) x=0.75, W=0.36meV, respectively [85D I]. 
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Fig. 100. PrPd,. (a) Temperature dependence of xi’ 
corrected by -0.15. 10e6 cm3/g for matrix diamagne- 
tism. (b) shows on an expanded scale the data below 30 K 
in relation to (A) the line through the high-temperature 
data, (B) the free-ion slope and (C) the line corresponding 
to I, ground state [72 G I]. 
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Fig. 102. NdPd,. (a) Temperature dependence of xi’ 
corrected by -0.15. 10m6cm3/g for matrix diamagne- 
tism. (b) shows on an expanded scale the data below 20 K 
in relation to (A) the line through the high-temperature 
data, and the lines for the ground states (B) TJr), (C) lJz) 
and (D) f” covering at T=OK [72G 11. 
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Fig. 103. NdPdJ. Single crystal. Magnetic field de- 
pendence of pN,, at dilferent temperatures with magnetic 
field along [lOO] axis. The lines are calculated with CEF 
parameters x= -0.905 and W= -0.131 meV [86D 11. 
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Fig. 104. SmPd,. (a) Temperature dependence of xi’ 
corrected for matrix diamagnetism. The solid line is 
calculated for the free-ion state. (b) shows on an expanded 
scale the data below 20K in relation to the calculated 
curve (solid line) and the Curie-Weiss (8 = - 3 K) lines for 
(A) the free-ion;(B) a Fs ground state;(C) a F, ground state 
[72G 1,71 G I]. 
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Fig. 105. EuPd,. Temperature dependence of 1~~ cor- 
rected for matrix diamagnetism. The solid line IS cal- 
culated for the free-ion state from the CEF level scheme 
[71G1,72Gl]. 
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Fig. 106. EuPd,. Temperature dependence of x,,, 
[83Dl, 84Ml). 
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Fig. 108. TbPd,. (a) Temperature dependence of xi ’ 
corrected for matrix diamagnetism. (b) shows the 
behaviour below 20 K on an expanded scale [72 G I]. 

Fig. 107. GdPd,. (a) Temperature dependence of xi’ 
corrected for matrix diamagnetism. (b) shows the 
behaviour below 30K on an expanded scale. (c) shows 
magnetic field dependence of poI at 4.2, 1.5 K. Curves A 
and B represent the Brillouin function at 4.2 and 1.5 K, 
respectively [72 G 11. 
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Fig. 109. RPd,, R=Dy, Ho, Er. (a) Temperature de- 
pendence of xi 1 corrected for matrix diamagnetism. (b) 
shows the behaviour on an expanded scale [72 G I]. 

Fig. 110. R,Pd, --1, R=Y, Ce, Eu, Lu. Temperature 
dependence of xs for R=Lu: (I) x=0.005, (2) 0.01, (3) 
0.02; Ce: x=0.01; Eu: x=0.013; Y: x=0.015 (all these R 
have no magnetic moment in Pd). The arrows indicate 
the positions of the ~(7) maxima. The low-temperature 
increases in x(7’) arc due to the rare-earth and/or 
iron-group impurities [73 G I]. 
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Fig. 111. Ce,Pd, -X. Concentration dependence of xp Fig: 112. ‘Ce,,~llPd,,g,,. Temperature dependence of 
at room temperature [80H 11. 1 xg 180~ i]. , ” 
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Fig. 113. Ce,,,,,Pd,,,,,. Temperature dependence of 
x,, of a quenched alloy; solid circles: during heating; open 
arcles:,during cooling [8OH 11. 
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Fig. 114. R,Pd, --x, R = Pr, Nd, Sm, Yb, Lu. Magnetic 
field dependence of CT at 4.2 K for dilute alloys (generally 
x=0.01 or less). The solid lines represent the lit to the 

aH 
data by equation .0(H)= ~ 

1 +bjHl 
+cH. In the limit of 

large H, a(H)= 5 +cH, so that c is the matrix suscepti- 

bility and i is proportional to the saturation moment per 

R atom, pR [73 G 11. 
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Fig. 115. R,,,,Pd,,,,, R=Gd, Tb, Dy, Ho. Inverse of 
the rare-earth contribution to the magnetic susceptibility, 
xii(T), and xi(T) for Dyo.olPdo.9s9 where xR(T)=xgU7 
-x,,,.,(T). xma,(T) is the susceptibility of Lu,,0,Pd,.,9 (see 
Fig. I IO) [73 G I]. 
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Fig. 116. R,Pd,-,,R=Gd, Dy,Ho, Er,Tm. Magnetic 
field dependence of u at 4.2K. For explanation see the 
caption to Fig. I I4 [73 G I]. 
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Fig. 117. R,Pd,-,, R=Tm (x=0.015), Er (x=0.01), Yb 
(x=0.0085). Inverse of the rare-earth contribution to 
the susceptibility 1; l, and ~~6’7 for Ero.olPdo.99. zR is 
defined in the caption to Fig. Ii 5 [73 G 11. 
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Fig. 119. R,Pt,, R = La, Ce, Pr, Nd. Temperature de. 
pendence of xi ’ [73 0 I]. 
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Fig. 121. Ce,Pt,. Temperature depcndencc of X,, and 
Xi’ [80G2]. 
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Fig. 123. Pr,Pt,. Temperature dependence of x,,, and 
1,’ [8OG2]. 
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Fig. 124. Gd,Pt,. Magnetic field depcndencc of u at 
different temperatures [SO G 21. 
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Fig. 122. R,Pt,, R=Ce, Pr. Magnetic field depen- 
dence of Q at different temperatures [80G 23. 
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Fig. 125. Gd,Pt. Temperature dependence of x,,, at 
1 kOe [80G4]. 
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Fig. 126. R,Pt, R=Gd, Tb, Dy, Ho, Er, 
Tm. Temperature dependence of xs (samples were 
cooled in zero magnetic field) [83 C 11. 
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Fig. 127. Gd,Pt. Magnetic field dependence of 0 at 
different temperatures [80 G 41. 
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Fig. 128. R,Pt, R = Gd, Tb, Dy, Ho, Er, Tm. Magnetic 
field dependence of pR at 4.2 K (Tmi 2 K) [83 C 11. 
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Fig. 129. R,Pt, R=Tb, Dy, Ho, Er. Temperature de- 
pendence of xi ’ [80 G 43. 
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Fig. 130. R,Pt, R =Tb, Dy, Ho, Er. Temperature de- 
pcndencc of the initial low-field xrn at 1 kOe [80 G43. 
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Fig. 131. Tb,Pt. Temperature depcndencc of xi I Fig. 132. Tb,Pt. Hysteresis loop at 4.2 K [80G4]. 
[82C2]. 
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Fig. 133. Tb,Pt. First magnetization curves, pTb, at 
different temperatures [82 C 23. 
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Fig. 134. Dy,Pt. Magnetic field dependence of D at 
different temperatures. These curves are typical of the 
R,Pt compounds [80 G 41. 
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Fig. 135. Gd,Pt,. Temperature dependence of x,,, at 
1 kOe [83 G 31. 
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Fig. 136. Gd,Pt,. Magnetic field dependence of u, at 
4.2 K [83 G 31. 
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Fig. 137. Tb,Pt,. Temperature dcpendencc of X,,, and 
1;’ at 1 kOc [83G3]. 

Fig. 138. Tb,Pt,. Isotherms. (I) Initial curve at 4.2 K 
after the sample was cooled down in zero field. (2) 
Decreasing field at 4.2K. Increasing (3) and decreasing 
~)3fiilcI,at 23 K. Increasing field at 44 K (5) and 80 K (6) 
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Fig. 139. Dy,Pt,. Temperature dependence of I,,, and Fig. 140. 
x;’ at 1 kOe [83 G 33. 

Dy,Pt,. Magnetic field dependence of u, at 
4.2 K [83 G 33. 
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Fig. 142. Ho,Pt,. Magnetic field dependence of urn at 
4.2 and 36.8 K [83 G 31. 
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Fig. 141. Ho,Pta. Temperature dependence of x,,, and 
xt;;’ [83G3]. 
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Fig. 143. CePt. Temperature dependence of the spe- 
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citic heat. LaPt is given for comparison [Sl H 21. 
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Fig. 144. CePt. Magnetic field dependence of pee 
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Fig. 145. CePt. Temperature dependence of theelectri- 
cal resistivity Q and of the magnetic contribution to the 
electrical resistivity, e,, of CePt. The magnetic phase 
transition is accompanied by a change in the tempera- 
ture dependence of e. LaPt is given for comparison 
[83G2]. 
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Fig. 146. RPt, R=Pr, Nd. Temperature dependence 
of Xi1 [82 c 1-J. 

Fig. 147. RPt, R = Pr, Nd. Magnetic tield dependence 
of pR at 4.2 K [82 C I]. 
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Fig. 148. RPt, R = La, Pr, Nd, Gd, Tb, Dy, Ho, Er. (a) 
Temperature dependence of the electrical resistivity e. (b) 
shows de/dT vs. T for GdPt [86 G 11. 
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Fig. 149. RPt, R=La, Pr, Nd. Temperature depen- 
dence of the magnetic contribution to the electrical 
resistivity, Q,, for PrPt and NdPt (after subtraction of the 
phonon, ep, and residual, e,, part), and temperature 
dependence of the electrical resistivity e for LaPt. Solid 
line is calculated [86 G 11. 

Fig. 150. GdPt. Temperature dependence of 1; r and 
pS. The solid line represents the B,,, Brillouin function, 
circles are the experimental points [80 C I]. 
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Fig. 151. RPt, R=Gd, Tb, Dy, Ho, Er, Tm. Magnetic 
field dependence of pR at 4.2K [8OC I]. 
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Fig. 152. RPt, R=Gd, Tb, Dy, Ho. Er. Temperature 
dependence of the magnetic contribution to the electrical 
resistivity, Q,, after subtraction of the phonon, or, and 
residual, Q, resistivities (Q,=Q-Q,-Q,) [86G 11. 
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Fig. 153. Rapt,, R=Nd, Gd, Tb, Dy, Ho, Er, 
Tm. Temperature dependence of x,, [79 G 11. 
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Fig. 154. R,Ptd, R=Nd, Gd, Tb, Dy, Ho, Er, 
Tm. Temperature dependence of xi1 [79 G I]. 
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Fig. 155. Rapt,, R=Nd, Gd, Tb, Dy, Ho, Er, 
Tm. Observed paramagnetic Curie temperatures 0 and 
calculated 0 for R3+ ions by Hund’s rule vs. de Gennes 
factor G=(g-l)‘J(J+l) [79Gl]. 
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Fig. 156. R,Pt,, R=Nd, Gd, Tb, Dy, Ho, Er, Fig. 157. La, -,Ce,Os,. Temperature dependence of 
Tm. Magnetic field dependence of o, at 4.2 K [79 G I]. xrn for x=0.75 and 1.0 [86 S 11. 
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Fig. 158. CePt,. Temperature dependence of the heat 
capacity C. For comparison the heat capacity of LaPt, is 
shown [72 J I]. 
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Fig. 159. CePt,. Temperature dependence of x,’ Fig. 159. CePt,. Temperature dependence of x,’ 
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Fig. 161. PrPt,. Magnetic field dependence of 6, at 
4.2 and 300K [67 W 11. 
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Fig. 160. RPt,, R=Pr, Gd, Ho. Temperature depen- 
dence of x;’ [67 W 11. 
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Fig. 162. PrPt,. Magnetization curves at 4.2K 
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Fig. 163. RIr,, R=Nd, Tb. Temperature dependence 
of q,, at 12, 8 and 4 kOe [59 B I]. 
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Fig. 164. GdPt,. Magnetic field dependence of Q, at Fig. 165. GdPt,. Magnetic field dependence of c at 
4.2 and 300 K [67 W I]. 4.2 K [77 D 11. 
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Fig. 166. GdPt,. Variation of Tc indicated by electri- 
cal resistivity measurements as a function of x [76 T 11. 
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Fig. 167. HoPt,. Magnetic field dependence of u, at 
4.2 and 3OOK [67 W 11. 
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Fig. 169. YbIr,. Low-tempcraturc depcndencc of ac 
reciprocal susceptibility, x,‘, (in arbitrary units) 
[SS W 11. 
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Fig. 168. TmIr,. Low-temperature dependence of ac 
reciprocal susceptibility, x,‘, (in arbitrary units) 
[SSWl]. 

Fig. 168. TmIr,. Low-temperature dependence of ac 
reciprocal susceptibility, x,‘, (in arbitrary units) 
[SSWl]. 
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Fig. 170. CePt,. Temperature dependence of X,T and 
xi’, and x,,,T for Ce 3t free ion. The solid lines are 
theoretical with CEF parameters Bi =33.8 cm-‘, Bi 
=-0.0828 cm-r, 1= -0.54cm3/mol and 
=50~10-6cm3/mol, where ~,--,~J-r=(&~~)-r-$ 
[79L 11. 
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Fig. 172. RPt,, R=Nd, Cd, Tb, Dy, Ho, 
Tm. Magnetic field dependence of Q at 4.2 K [80 I 11. 
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Fig. 173. GdPt5. Temperature dependence of xi’ 
[SO I I]. 
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Fig. 174. RPtS, R=Tb, Ho. Temperature dependence 
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Fig. 176. Gd,,,,Ir,,,,. Magnetic field dependence of u 
at different temperatures [80 S 11. 
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Fig. 175. RPt,, R = Dy, Tm. Temperature dependence 
of x; t [SO I 1-J. 
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Fig. 177. Composition dependence of pGI at 1.4...1.6K 
and 54 kOe after cooling the samples in a magnetic field 
from above Tc [SOS 11. 

Fig. 177. Composition dependence of pGI at 1.4...1.6K 
and 54 kOe after cooling the samples in a magnetic field 
from above Tc [SOS 11. 
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