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2.7.1 Introduction 

More than a thousand binary metallic compounds of rare earths (R) exist. Among them, compounds with Be, 
Mg and group 2B elements constitute a family of about 340 members. One of their main features is the fact that 
the alloyed metal (X) is nonmagnetic; a deep knowledge of the fundamental aspects of 4f magnetism in a metallic 
surrounding may then be gained. In the past, studies on polycrystalline samples were mainly based on magnetic 
susceptibility and spectroscopic measurements. For the last 15 years, magnetic studies have been extensively 
diversified using monocrystalline materials: the various interactions of the well-localized 4f shell with its 
surrounding (crystalline electric field - CEF) as well as with its neighbours (pair interactions, not restricted to the 
Heisenberg exchange) are now rather well determined. This shows in particular how progress in magnetism is 
strongly dependent on the crystallographic and metallurgical characteristics of the samples. 

As a consequence, this review is organized as follows: the first part of the introduction defines the 
metallurgical conditions for the preparation of single-phase samples in the mono- or polycrystalline state; the 
crystallographic characteristics are also presented which determine, through the symmetry and the number of 
the rare-earth sites, the difficulty for the analysis of the magnetic properties. The introduction then gives the 
salient features of the 4f magnetism observed in these compounds. Finally, review articles are given. 
Abbreviations, symbols and necessary conversions between magnetic units are listed in the introduction of this 
volume. In the following subsections, compounds are presented according to their crystallographic structure in 
order to facilitate comparison in relation with the alloyed metal. Subsect. 2.7.2 is devoted to RX compounds 
within the CsCl-type structure, subsects. 2.7.3 and 2.7.4 to RX, and RX, compounds,respectively; subsect. 2.7.5. 
collects X-rich compounds together, except for the RBe,,-series discussed in subsect. 2.7.6. Subsect. 2.7.7. 
presents the ternary compounds first studied. 

2.7.1.1 Crystallography and metallurgy 

Table 1. Composition, structure type, space group, symmetry of the rare earth sites, nature of the melting (C: 
congruent; P: peritectic) and references for binary rare earth compounds with Be, Mg, Zn, Cd, Hg elements. 
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All the compounds are characterized by rather difficult metallurgical conditions. This is due to (i) the hazards 
involved in handling Be or heavy elements like Cd and Hg and (ii) the high vapour pressure of Mg, Zn, Cd, and 
Hg. This latter difficulty enforces the physicist to use closed refractory metallic crucibles and limits the crystal- 
growing to the Bridgman method. This in particular explains the weak number of studies for Hg compounds. 

The low electronegativity of rare earths in comparison with other elements was shown to be the driving 
reason for the large number ofdefmed compounds occurring for a given alloyed metal [76 M 43. Thus 9 different 
structures have been observed with Mg, 18 with Zn, 14 with Cd and 7 with Hg. On the contrary, only one 
structure is obtained with Be, the rare earth electronegativity difference with Be being weak. As the stability of a 
structure also depends on the metallic radii of the components, series for a given metal are often incomplete due 
to the lanthanide contraction. In some cases only one compound is observed, for which the rare earths Ce, Eu, 
Yb, exhibit exotic properties. 

Figure 1 gives the histogram of about 340 compounds here considered as a function of the rare earth 
concentration. It also includes Y and SC compounds. About 180 compounds are distributed in only 3 
compositions RX, RX,, RX,. Table 1 gives the details of compounds existing in every structure. It thus appears 
that from a crystallographic point of view Y behaves like a true rare earth while SC is more different and will 
not be considered in the following. The RX compounds constitute complete series within the CsCl-type 
structure for Mg. Zn, Cd, and Hg, allowing systematic magnetic studies and comparisons. RX, and RX, series 
are in general very large, if not complete. Compounds defined by more complicated stoichiometric ratios may 
be often deduced from a simple structure: the NaZn ,a-type structure of RBe,, can be considered as a CsCI- 
type arrangement of polyhedrons of 24 Be at the corners and 1 R at the centre. Table 1 also gives the symmetry 
of the R site. This in particular defines the number of unknown parameters occurring in the magnetic 
Hamiltonian: the high symmetry of RX will then facilitate a deep insight in the 4f magnetism. More detailed 
information on the symmetry may be found in specialized handbooks [67p, 72p, 85~1. 

Also indicated in Table 1 is the nature of the melting, deduced from phase diagrams gathered in handbooks 
like “Constitution of binary alloys” [58 h, 65e, 69~1 or the General Electric “Handbook of binary phase 
diagrams”. Indeed, it is of fundamental importance for magnetic studies to be performed on single-phase 
materials. This is easily realized for congruently melting compounds, but necessitates more or less complicate 
annealing in the case of peritectic meltings. In addition a congruent melting greatly facilitates the preparation of 
large single crystals well-suited for magnetic studies. However, one has to keep in mind that phase diagrams are 
not fully established and may depend on the purity of the rare earth. 

As a consequence of these crystallographic and metallurgical conditions, complete series of binary compounds 
with congruent melting have motivated the large majority ofmagnetic studies, particularly when the symmetry of 
the rare earth is high: thus the main part of the literature is devoted to the RX compounds. 

In relation with the large difference in electronegativity between the two components, pseudobinary 
compounds can usually be obtained by partial substitution of a rare earth for another: this process has been used 
with nonmagnetic La, Y and, to a smaller extend, Lu for decreasing the magnetic interactions. Substitution ofthe 
alloyed metal for another is sometimes found in particular with regard to the nature of the magnetic interactions. 
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The metallurgical difficulties previously discussed explain that synthesis of ternary or quaternary defined 
compounds based on Be, Mg or group 2B elements is only starting (subsect. 2.7.7). 

2.7.1.2 Magnetism 

The origin of the coupling between magnetic ions is of fundamental importance. The high ordering 
temperatures often observed cannot be accounted for by magnetic dipole forces. Indeed, in metallic systems, 
conduction electrons play the driving role by propagating their local interaction with the inner 4f shell from one 
site to the others. This indirect exchange mechanism has been described in the RKKY model of Ruderman and 
Kittel [54 R 11, Kasuya [56 K l] and Yosida [57 Y l] assuming that the conduction electrons behave as free 
electrons. The Curie temperature 0 is then given by the De Gennes law [62 D 11. An analogous description may 
be carried out for the antiferromagnetic ordering temperature. Other properties associated with the magnetic 
coupling, such as the spin disorder resistivity [62 R I] or nuclear (NMR and Mijssbauer spectroscopy) and 
electronic (EPR) resonances [57 Y 11, can also be analysed within this simple theory. From an experimental point 
of view, it met some success, but its shortcomings are now obvious: the rigid-band assumption is unable to 
explain for instance 

(i) the slower decrease of magnetic interactions in Gd,Y, -,Zn than in Gd,La, -,Zn with increasing the 
dilution (Fig. 47), 

(ii) the fact that keeping the electron number constant leads to different behaviours in GdCd,Zn, -11 and in 
G4Ago.51no.5)xZnI -x (Fig. 48), 

(iii) the sign reversal for 0 in RMg and RZn series (Table 3), and 
(iv) the magnetism of heavy RMg compounds, for which the spin structure is either canted or hesitating 

between ferro- and antiferromagnetism (subsect. 2.7.2). 
De Haas-van Alphen experiments have shown that the Fermi surface is far from being spherical [73 J I] and 

evidence has been obtained in NMR experiments for a large 5d character of the conduction band [77 G 1, 
77 D I]. This orbital character of the conduction band gives rise to additional contributions to the magnetic 
interactions [70 L 11. This alters the De Gennes law, as was quantitatively shown for the RCd compounds 
[84A 11. The d-character of electrons close to the 4f shell has been confirmed by numerous band calculations 
[77 H I] (Fig. 2). A recent thorough study ofthe complete k-f Coulomb interaction has shown the great difficulty 
to define precise variation laws within a rare earth series, as well as from one series to another (Figs. 3,4) [85 S I]. 
This may be experimentally underlined by Table 7 which gives exchange forces between successive neighbours 
deduced from spin wave excitation spectra in heavy RZn compounds. 

Another consequence of the d-character of the conduction band is the existence of quadrupolar pair 
interactions as observed for instance in CsCl-type compounds (subsect. 2.7.2). These high-order pair interactions 
may be sometimes larger than the bilinear ones as in TmZn and TmCd (Figs. 67,106). As for these latter terms, 
again no simple variation law across a series is observed. 

With regard to the crystalline electric field (CEF), the failure of the point charge model has been extensively 
evidenced by systematic and unambiguous determinations based on neutron spectroscopy. Here again, 
considering the complete k-f local interaction has shown that the large d-character of the conduction band 
mainly determines the CEF in cubic compounds. The dependence of the CEF parameters on the rare earth is 
complex and included in the Slater integrals [79 S 1,86 G 11. As for the pair interactions, no variation law across 
an R series or an X series can be easily obtained, in particular for high symmetry. 

The CEF is of similar strength as pair interactions. Thus the overall CEF splitting of energy levels in the 
paramagnetic phase is often of the same order of magnitude as the magnetic ordering temperature. The CEF 
mixing of the 4f wave functions, particularly strong in high symmetry, enforces a quantum treatment for 
analysing all the magnetic features. Realized in particular in cubic compounds, this has explained coherently a 
large number of various anisotropic physical properties (see subsect. 2.7.2). 

Table 2. General reviews. 

Crystallography and metallurgy Magnetism 

Iandelli and Palenzona [79 i] Buschow [79 b, 80 b] 
Pearson [67p, 72 p, 85 v] Kirchmayr and Poldy [79 k] 
Hansen, Elliott and Shunk Fulde [79f] for crystal fields 

[58 h, 65 e, 69 s] for phase diagrams Liithi [SO I] for magnetoelastic effects 
RBgl [84 r] for ternary compounds 
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2.7.2 RX compounds 

The complete series of CsCl-type compounds have been extensively studied, except for the Hg series due to 
unfavourable metallurgical conditions. They have historically furnished the best support for defining the limits of 
the RKKY model and revealing the large d-character of the conduction band. The effects of the polarization of 
the conduction band is here emphasized by the examples of the SmZn and SmCd ferromagnets: conduction 
electrons are polarized parallel to the 4f spin moment, i.e. antiparallel to the total angular momentum .I = L- S, 
and their magnetization exceeds the 4f one [79 G I]. Because of the weakness of the resulting magnetization these 
ferromagnets have been considered as antiferromagnets for a long time. 

Another peculiar feature of the magnetic coupling is encountered in RMg compounds: a canted structure is 
found in GdMg, i.e. for an S-state. This cannot be explained in cubic symmetry by isotropic or anisotropic bilinear 
interactions. The coupling responsible of this canting is not yet known. It seems rather large, but weakly 
anisotropic. It may also occur in other heavy RMg compounds, where the magnetic structure hesitates between 
ferro- and antiferromagnetism (Table 3). 

As a function of temperature, the spontaneous magnetization does not follow a Brillouin function, but 
exhibits spin wave contributions (Figs. 14,97). These latter ones have to be analysed in a CEF model [80 M 21. 
However, magnetic dispersion spectra cannot be described coherently across a series (cf. Table 7) although the 
long-range nature is obvious for bilinear interactions. 

RZn and RCd single crystals have revealed a lot of characteristic CEF features: changes of easy 
magnetization direction are often observed from a twofold axis stable at low temperature to a fourfold or 
threefold one stable up to the ordering temperature. This first-order phase transition is explained by entropy 
effects driven by the anisotropic splitting of the level scheme under the exchange field (Figs. 38,39). The necessity 
of a quantum treatment is required by the existence of a large anisotropy for both the energy and the 
magnetization (Table 9). CEF parameters do not vary according to a simple law across a series (Table 5). 

The most original feature of these compounds is to exhibit large quadrupolar interactions. They are 
composed of both magnetoelastic and pair interactions. The magnetoelastic coupling consists of the 
reappearance of a second-order CEF term by lowering the cubic symmetry; it leads to record strains reaching 
1.4%. The existence of such spontaneous deformations facilitates the determination of the actual antifer- 
romagnetic structure from powder neutron diffraction (Figs. 35, 36). This magnetoelasticity constitutes the 
privileged probe for determining quadrupolar pair interactions: the pair coefficients can be deduced from the 
softening of elastic constants or from the change of length measured parallel (A ,,) and perpendicular (/iJ to an 
applied magnetic field in the paramagnetic temperature range (parastriction process [SO M I].) Within the same 
susceptibility formalism for the disordered temperature range, quadrupolar interactions may be determined 
through the third-order magnetic susceptibility, i.e., the initial curvature of the magnetization curve [Sl M I]. 

TmZn and TmCd, which exhibit a quadrupolar ordering, appear as the archetypes of compounds dominated 
by quadrupolar interactions. However, magnetization processes are also strongly influenced (Figs. 65,111); in 
DyZn and DyCd the quadrupolar coupling determines the easy axis in competition with the CEF [85 G 11. As 
for the cubic CEF and the bilinear terms, both magnetoelasticity and pair interactions mainly originate from the 
conduction band [85 S 11. 

RCd sets a complex problem, not yet solved, about structural transformations (Figs. 117,118). Below 210 K, 
the cubic CsCl-type structure transforms into a structure of lower symmetry for LaCd, CeCd, PrCd and NdCd. 
Two mechanisms have been proposed, either a splitting of eg states of the rare earth 5d electrons [73 I l] or a 
softening of zone boundary phonons [SO K 31. The situation is complicated by a second transformation at lower 
temperature. For heavy RCd compounds, a unique very weak transformation does not significantly modify the 
magnetic properties. 
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Table 4. RX compounds. Room-temperature lattice parameter a, room-temperature electrical resistivity Q, 
magnetic molar susceptibility x,,, or Pauli molar susceptibility xp, and electronic specific heat coefficient y. 

a 
nm 

e (300 K) 
@cm 

xm or xp 
10-4cm3mol-’ 

Y 
mJ mol-’ Km2 

LaMg 
CeMg 
PrMg 
NdMg 
SmMg 
EuMg 
GdMg 
TbMg 
DyMg 
HoMg 
ErMg 
TmMg 
YbMg 
YMg 

LaZn 
CeZn 
PrZn 
NdZn 
SmZn 
EuZn 
GdZn 
TbZn 
DyZn 
HoZn 
ErZn 
TmZn 
YbZn 
LuZn 
YZn 

LaCd 
CeCd 
PrCd 
NdCd 
SmCd 
EuCd 
GdCd 
TbCd 
DyCd 
HoCd 
ErCd 
TmCd 
YbCd 
LuCd 
YCd 

LaHg 
CeHg 
PrHg 
NdHg 
SmHg 

0.3962 [73 B 31 
0.3901 [73 B 31 
0.3877 [73 B 33 
0.3860 [73 B 31 
0.3832 [73 B 31 
0.4102 [79 i] 
0.3808 [73 B 31 
0.3778 [73 B 33 
0.3759 [73 B 31 
0.3755 [73 B 31 
0.3737 [73 B 31 
0.3749 [73 B 33 

0.3796 [73 B 31 

0.3760 [60 I l] 
0.3713 [63 0 l] 
0.3678 [60 I l] 
0.3667 [65 I I] 
0.3625 [64 M 21 
0.3812 [65 I I] 
0.3601 [601 l] 
0.3576 [65 I I] 
0.3562 [6511-J 
0.3546 [65 I l] 
0.3533 [65 I l] 
0.3515 [651 l] 
0.3629 [65 I I] 
0.3491 [65 I I] 
0.3577 [71 s l] 

0.3905 [60 I l] 
0.3865 [601 I] 
0.3830 [60 I l] 
0.3811 [601 l] 
0.3771 [601 l] 
0.3960 [65 I I] 
0.3748 [601 I] 
0.3734 [65 I l] 
0.3716 [65 111 
0.3695 [65 I l] 
0.3677 [65 I l] 
0.3665 [65 I l] 
0.3808 [65 I I] 
0.3640 [65 111 
0.3712 [63 L l] 

0.3864 [76 B l] 
0.3816 [601 l] 
0.3799 [601 l] 
0.3780 [601 l] 
0.3744 [60 I l] 

0.2 (140 K) [8OP l] 
0.25 (80K) [SOP21 

1.56 [83A l] 

0.45 [Sl P l] 
0.58 (200K) [Sl P23 

0.24 [86 M l] 

0.75 [84A l] 
0.89 [83 K I] 
0.70 [83 S l] 
0.90 [84A l] 
0.25 [74 S l] 

1.26 [SO S 21 

0.74 [84A l] 
0.47 [84A l] 
0.39 [84A I] 
0.25 [84A I] 

0.31 [84A l] 

xp: 0.27 [SOP l] 6.8 [SSPl] 
40 [85 P I] 

xp: 1.92 [SOP l] 7.8 [79P l] 

xp: 0.24 [SS P I] 9 [SS P l] 
19 [SS P l] 

x (300 K): 0.27 [65 I l] 

x (200 K): 0.037 [76 D I] 

xp: 1.9 [SS P l] 7.3 [SS P I] 

xp: 1.3 [84A l] 

x (300 K): 0.26 [65 I l] 

x (300 K): 2.8 [65 I l] 

xp: 1.2 [84A l] 

continued 
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12 2.7.2 Rare earth-group 2 elements: RX compounds [Ref. p, 93 

Table 4 (continued). 

a e (300 K) xrn or xp Y 
nm @cm 10-4cm3mol-’ mJmoI-’ K-’ 

EuHg 
GdHg 
TbHg 
&His 
HoHg 
ErHg 
TmHg 
YbHg 
LuHg 
YHg 

0.3880 [65 I l] 
0.3719 [6OI l] 
0.3690 [65 I l] 
0.3676 [65 I l] 
0.3660 [65 I l] 
0.3645 [65 I l] 
0.3632 [65 I 1-J 
0.3731 [65 I I] 
0.3607 [65 I l] 
0.3670 [63 L l] 

x (300K): 0.25 [65 I l] 

x (300 K): 3.3 [65 I l] 

Table 5. RX compounds. Cubic crystalline electric field parameters of 41h and 61h order, A4(r4) and A,(P), 
Lea Leask and Wolf parameters [62 L 11, W and x, and the experimental method for their determinations. 

W 

K 

x A4(r4) 

K 

A,(‘? Experimental 
method 

Ref. 

CeMg 
TbMg 
DyMg 
HoMg 
ErMg 
TmMg 

-32 1 - 83.5 0 
0.5 -0.5 > 0 <o 

- 0.4 >0.25 > 0 <o 
0.32 -0.26 42 -13 

- 0.32 - 0.03 3.6 - 10.8 
0.61 -0.11 - 6.5 - 12.9 

CeZn -11 1 - 28 0 
PrZn - 3.6 -0.57 - 47 -20 
NdZn 3.4 0.52 -101 -17 
TbZn 1 -0.3 - 41 -83 
HoZn 0.36 0.08 - 14 -18 
ErZn - 0.61 0.16 - 36 -17.9 
TmZn 1.2 -0.31 - 38 -19.6 

NdCd 6.2 0.18 - 32 -15 
DyCd - 0.45 -0.32 - 32 -15 
HoCd 0.33 0.19 - 32 -15 
ErCd - 0.5 0.16 - 32 -15 
TmCd 0.95 -0.34 - 32 -15 

neutron spectr. 
magnetic meas. 
magnetic meas. 
neutron spectr. 
neutron spectr. 
neutron spectr. 

neutron spectr. 
neutron spectr. 
neutron spectr. 
magnetic meas. 
neutron spectr. 
neutron spectr. 
neutron spectr. 

magnetic meas. 
magnetic meas. 
magnetic meas. 
magnetic meas. 
magnetic meas. 

8OP2 
76Al 
76Al 
77S2 
76Ml 
86Gl 

81 P2 
78Ml 
78Ml 
74M2 
7732 
74M3 
78M3 

85Al 
85Al 
85Al 
85Al 
79Al 

Morin 



Ref. p. 931 2.7.2 Rare earth-group 2 elements: RX compounds 13 

Table 6. RZn compounds. Elastic constants cd4, 2 c1 1 q -c,,), cs=gcrr +2c,,) and linear thermal expansion 
coefficient c( at room temperature (if not indicated otherwise), tetragonal and trigonal symmetry magnetoelastic 
coefficients, B, and B,, respectively. 

c44 ~h-c12) cB u Bl B2 

GPa 10-6K-’ K 

CeZn 
PrZn 
GdZn 
TbZn 
DyZn 
HoZn 
ErZn 
TmZn 
LuZn 
YZn 

37.6 16.1 59.9 [86 M l] 
38.4 16.4 59.5 [86 M l] 
43.2 18.0 61.1 [86M l] 
47.3 21.8 56.7 [86 M l] 
51.8 27.3 71.6 [76 M 31 
52.1 23.9 67.7 [76 M 21 
54.0 26.3 75.1 [86 M l] 
47.3 24.2 62.1 [71 S I] 

120 [Sl P 21 
33 [86 M 11 

9.2 [77 M l] 11 12 [8OMl] 
10.7 [77 M l] 10.4 - 1 [SO M 1-j 
11 [77Ml] 3.6 - 6 [SO M 1-J 
9.7 177 M I] -11 0 [SO M 11 
7 (40K) [84M l] -28 14...34 [8OM l] 
5 (40 K) [84 M l] 

For Tables 7-9, see next page. 

Table 10. TmX compounds. Lattice parameter a and elastic constants ca4, $(cll -c,,), cB =$c, r + 2c,,) at 
room temperature, magnetoelastic coefficients B,, B, and quadrupolar pair interaction coeffkients K,, K, for 
tetragonal and trigonal symmetry, respectively, CEF parameters A,(r4), A,(r6) and bilinear interaction 
coefficient O*. 

a 

nm 

c44 

GPa 

Kc11 -c12) cB Bl B2 

K 

TmRh 0.3349 [74 c 11 
TmCu 0.3415 t-65 I I] 39.4 37.0 75.8 [SO J l] -28 26 
Tmkg 0.3562 [65 I l] 39.0 24.8 77.1 [86G2] -20.5 31 
TmMg 0.3749 [73 B 31 51.8 36.9 55.1 [86 G I] - 5.4 20...30 
TmZn 0.3515 [651 l] 52.1 23.9 67.7 [76 M 21 -28 14...34 
TmCd 0.3665 [65 I l] 43.8 15.8 56.4 [73 L I] -14 

Kl 
mK 

A4(r4) A&? a* 

K K 

TmRh -105 -15.5 [74 C I] 
TmCu 7 - 60 [SOJl] - 60 -19.2 -3.0 [SOJl] 
TmAg 2 - 75 [86G2] - 50.9 -11.8 - 3.9 [86 G 21 
TmMg 5 2 -200~~~-100 [86Gl] - 6.5 -12.9 2.2 [86 G l] 
TmZn 20 - 90 [8OMl, 8lMl] - 38 -19.6 2.8 [78 M 3, 81 M l] 
TmCd 11 - 50 [78M4, 81Ml] - 32 -15 0.0 [79A l] 

Land&Bbmstein 
New Series IW19e2 Morin 



2.7.2 Rare earth-group 2 elem
ents: R

X com
pounds 

[Ref. p. 93 

G
 

L5 
i 

M
orin 

Iandolt-B&rnstein 
New Series IIV19e2 



Ref. p. 931 2.7.2 Rare earth compounds: RMg 15 

I 
0.16 

~0.12 

0.08 

0.04 

0 40 60 
T- 

80 K 100 0 0 50 50 100 100 150 150 200 200 250 K : 250 K : 300 

Fig. 5. CeMg, La,,sCe,,,Mg, LaMg. Electrical resis- Fig. 6. CeMg. Reciprocal magnetic molar suscepti- 
tivity less low-temperature residual resistivity, Q,, vs. bility x&l vs. temperature for a polycrystalline sample 
temperature, for polycrystalline samples [SOP 21. [SOP2]. 
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Fig. 7. LaMg, CeMg. Specific heat C, vs. temperature 
measured on polycrystalline samples for increasing tem- 
perature [8OP 21. 
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I 40 
LA 

20 
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M I- X M 

Fig. 8. CeMg. Magnetic excitation curves in the 
ordered phase at 5 K and 3K. Phonon branches are 
indicated by thin lines (L, T correspond to longitudinal 
and transverse modes, respectively) [84P I]. 
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mol 
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25 

I 20 

7s 15 

10 

0 50 100 150 200 250 300 K 350 
l- 

Fig. 9. GdMg, TbMg. Reciprocal magnetic molar sus- 
ceptibility 1,’ vs. temperature for monocrystalline sam- 
ples [75A 11. 

0 30 60 90 120 K 150 
I- 

Fig. 11. GdMg. Temperature dependence of ferro- 
magnetic (pr) and antiferromagnetic bhF) moments per 
Gd atom (powder neutron diffraction measurements) 
[7S M 21. 

Fig. 12. GdMg. Powder neutron diffraction spectra !t 
12 and 130 K with I.=05 8, for an annealed poly- 
crystalline sample [78 M 21. Peaks labelled Al originate 
from the container. 
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Fig. 10. GdMg, YMg. Specific heat C, vs. temperature 
measured on annealed polycrystalline samples for in- 
creasing temperature [79P 11. 
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3.0 I 
GdMg T=lZK 

I f 
0 0.5 1.0 1.5 2.0 kOe 

H- 

aa 
2.5 

Fig. 13. GdMg. Field dependence of different magnet- 
ic intensities of the powder neutron diffraction at 12 K; a 
different scale was chosen for each line. The inset gives the 
canted magnetic structure in zero magnetic field [78 M 21. 
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D D 

LaMg x- GdMg 

Fig. 15. Gd,La,-xMg. (a) Variation with compo- 
sition of the paramagnetic Curie temperature 0. (b) 
shows the composition dependence of the room- 
temperature lattice constant a [76 B 31. 

12- 
Fig. 14. GdMg. Spontaneous magnetic moment per 
Gd atom pS vs. TZ (lower scale) and vs. T312 (upper scale) 
measured on a single crystal [75A I]. 
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cl 0.2 0.4 0.6 0.8 1.0 

GdMg x- Gdh 

Fig. 16. GdMg, -,Zn,. Variation of the spontaneous 
magnetic moment per Gd atom, pS, with composition at 
4.2 K [74 B 33. 
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Fig. 17. TbMg. Powder neutron diffraction spectra at 
100 and 4.2 K [75 A 11. 
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Fig. 18. TbMg. Allowed magnetic structures at 4.2 K 
[75A I]. 
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T- 

Fig. 19. TbMg. Intensity of the powder neutron 
diffraction reflections (0%) and (100) vs. temperature 
[77Sl]. 

0 20 LO 60 80 100 120 kOe 1 
H- 

Fig. 20. TbMg. Magnetization curves corrected for 
demagnetization of a single crystal at 4.2 K. Field direc- 
tions are indicated; arrows give the field variation 
[76A 11. 
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351 I / I I I I 

0 50 100 150 200 250 300 350 K 1 
I- 

Fig. 21. RMg, R=Dy, Ho, Er. Reciprocal magnetic 
molar susceptibility xi r vs. temperature for mono- 
crystalline samples [76A 11. 

0 

0 20 40 60 80 100 120 kOe 140 
H- 

Fig. 22. DyMg. Magnetization curves corrected for 
demagnetization at 4.2 K. Field directions are indicated. 
The inset shows the temperature variation in H = 310 Oe 
of the initial magnetization (curve I) and of the remanent 
magnetization after saturation (curve 2) [76A 11. 
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Fig. 23. HoMg. Magnetization curves corrected for 
demagnetization for a single crystal at 4.2K. Field 
directions are indicated [76A 11. 

Fig. 24. HoMg. Powder neutron diffraction spectra at 
IOOK (upper part) and 4.2 K (lower part). Note the 
intensity bump corresponding to the (0 0 l/2) reflection 
[76A I]. 
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H- 

Fig. 25. ErMg. Magnetization curves corrected for 
demagnetization for a single crystal at 4.2K. Field 
directions are indicated. The inset shows the temperature 
variation of the initial magnetization in H=95Oe 
[76A l-j. 

300 

0 
-20 -10 0 5 10 meV 15 

AE- 

Fig. 26. ErMg. Inelastic neutron scattering spectra in 
the paramagnetic phase, at 10 K (lower part) and 53 K 
(upper part) for an incident neutron energy of 36.24 meV. 
AE is the energy transfer from the incident neutron 
enerev. The full lines are calculated in the CEF model 
[76k]. 
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Fig. 27. TmMg. Inelastic neutron scattering spectra in 
the paramagnetic phase at 5 K and 36 K. The incident 
neutron energy is 12.6 meV. AE is the energy transfer from 
the incident neutron energy. Arrows correspond to tran- 
sitions indicated on the level scheme [86 G I]. 
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Fig. 29. TmMg. Temperature variation of the shear 
elastic mode, ci I - ciz. The hatched line is the lattice 
background without magnetic contributions, the full one 
is calculated in the quadrupolar interaction model 
[86Gll 

Fig. 30. LaZn. Temperature dependence of (a) thee 
magnetic molar susceptibility x,,,,(b) electrical resistivity Q 
and (c) 13gLa Knight shift K. Open circles: measured 
values; solid circles: corrected for impurity contribution. 
The full line in (a) is a guide for the eye [75 G 11. 
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Fig. 28. TmMg. Temperature variation of the shear 
elastic mode, cb4, and of the bulk modulus, cB [86 G 11. 
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Fig. 31. RZn, R =Ce, Pr, Nd, Sm. Reciprocal magnet- 
ic molar susceptibility xi1 vs. temperature for annealed 
polycrystalline samples [75 M 1, 75 M 33. 
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I- 

Fig. 32. CeZn, LaZn. Electrical resistivity Q vs. tem- 
perature (two CeZn and two LaZn samples). The residual 
rcsistivities are matched to that of CeZn at low tempera- 
ture. The broken curve represents the difference between 
CeZn and LaZn resistivities [81 P2]. 
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Fig. 33. CeZn, CeMg. Electrical resistivities after cor- 
rection of lattice contribution and impurity resistivity, Q,, 
vs. temperature. Note the logarithmic scale for T [Sl P 21. 

0.07 
Is 
f.u. 

0.06 I I ‘% I I 
0.05 

I E 0.04 
4 

0.01 
25 26 27 20 29 30 K : 

T- 

1 
11 

Fig. 34. CeZn. Magnetic moment pm vs. temperature 
in a magnetic field of H = 10 kOe for hydrostatic pressures 
p = 0.53 GPa (open circles) and p = 0.11 GPa (full circles). 
The curves show a temperature hysteresis of about 0.2 K 
[83 G I]. 

0.369 I\1 

I 0.368 

u 
d 0.367 

0.365 

0.364 1 
0 50 100 150 200 250 K 300 

T- 

Fig. 35. PrZn. Thermal variation of lattice parameters 
measured by X-rays on a quenched polycrystalline 
sample. The hatched line corresponds to the extrapo- 
lation in the antiferromagnetic phase of the Grtineisen 
behaviour from the cubic phase. V corresponds to the 
volume of the elementary cell [75 M 11. 
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PrZn 

a 

Fig. 36. PrZn. Magnetic structures associated with 
the (l/200) magnetic propagation vectors, indistinguish- 
able from a powder neutron diffraction pattern. The 
spontaneous tetragonal strain (Fig. 35) indicates struc- 
ture (a) to be the actual one [75 M 11, 
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Fig. 37. NdZn. (a) Isothermal magnetization curves 
below and above the spin reorientation tempcraturc at 
T=4.2 and 19 K for a polycrystallinc sample. (b) Tem- 
peraturc variation of the magnetic molar susceptibility, 
xm [75 M 11. 
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Fig. 38. NdZn. Specific heat C, measured for increas- 
ing temperature. The thin solid line represents the lattice 
contribution. The inset gives the temperature variation of 
the specific heat with a logarithmic scale in the low- 
temperature transition range [75 M 21. 
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Fig. 39. NdZn. (a) Energy splitting of the Nd multiplet 
J=9/2 for magnetization along the [IIO] and [Ill] 
directions at 0 K. The magnetic moment corresponding to 
each energy level is indicated. (b) Temperature variation 
of the [l lo] (full line) and [ 11 I] (hatched line) free energy 
calculated for the same cubic CEF level scheme. TR is the 
temperature for the change of easy magnetization direc- 
tion, where TR = 18 K is the experimental value [75 M 21. 
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Fig. 40. SmZn. Magnetization processes of a single 
crystal at 80K, driven by narrow domain walls. Field 
directions are indicated [75 M 31. 
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Fig. 42. RZn, R =Gd,Tb, Dy, Ho. Reciprocal magnet- 
ic molar susceptibility x;’ vs. temperature for mono- 
crystalline samples [75 M 31. 
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Fig. 41. SmZn. Angular dependence of the magnetic 
form factor pf at 4.2 K in a magnetic field of 48 kOe for a 
single crystal. 0 is the Bragg angle and the neutron 
wavelength is 1= 0.42 A. The full line gives the calculated 
dependence of the 4fmagnetization; for small 0 values, the 
shift from the p/ data corresponds to the band polar- 
ization, opposite to the 4f magnetization and larger 
in modulus at 0=0” [79G 11. 

66 
MHz 

66 

62 

I 51 
$MHz 

49 

45 \ 

611n 

t:t: 
0 10 20 30 40 50 kOe 60 

Fig. 43. GdZn. Nuclear magnetic resonance line 
frequencies v, of the “‘Cd, “‘Cd, and 67Zn isotopes vs. 
magnetic held H in a monocrystalline sample at 1.6K 
[84 K 1-J. 
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Fig. 44. GdZn. Temperature variation of the sponta- 
neous tetragonal strain ~a =1/2/3 (c/a- 1) in the ordered 
state and of the Ed strain induced by a l-kOe-field in the 
paramagnetic state (open circles: strain-gauge data; solid 
circles: dilatometric data; full lines are calculated vari- 
ations) [77 M I]. 
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T- 

Fig. 46. GdZn. Temperature dependence of the cd4 
elastic mode in both the para- and ferromagnetic phases. 
The full curve is the extrapolation of the paramagnetic 
behaviour [81 R I]. 

Fig. 48. GdCd, -XZnX, Gd(In,,,Ag,,,), -XZnX. Paramai- 
netic Curie temperature 0 vs. the Zn concentration, 
the conduction electron number being kept con- 
stant [72 B I]. 
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Fig. 45. GdZn. Isobaric magnetic molar susceptibility 
x,,, vs. temperature. The pressure values are indicated. 
Arrows give the Curie temperature value [74 H 11. 
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Fig. 47. Gd,Y, -,Zn, Gd,La, -,Zn. Curie tempera- 
ture Tc and paramagnetic Curie temperature 0 vs. the Gd 
concentration [76 E 11. 

300 
K 

250 

t 
@ 2oo 

100 
0 0.2 0.4 0.6 0.8 

x- GdZn 

Landolt-Bbmstein 
New Series III/19.%? Morin 



30 2.1.2 Rare earth compounds: RZn [Ref. p. 93 

10 

k 
8 

I 6 

4” 
4 

0 50 100 150 200 K 250 
l- 

Fig. 49. TbZn. Temperature variation of the sponta- 
ncous magnetic moment per Tb atom (full curve) in 
comparison with the Brillouin function B,(T) for 5=6. 
The initial magnetizations along hard axes (dashed 
(curves) are also given below and above the spin reorien- 
tation temperature, T,=61.9 K [73 M 11. 
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Fig. 51. TbZn. Temperature dependence of the electri- 
cal resistivity e and its derivative de/dT near the spin 
reorientation temperature Ta [80 S 31. 
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Fig. 50. Fig. 50. TbZn. TbZn. Temperature dependence ofthe electri- Temperature dependence ofthe electri- 
cal resistivity e and its temperature derivative, normal- cal resistivity e and its temperature derivative, normal- 
ised with respect to electrical resistivity e, at the Curie ised with respect to electrical resistivity e, at the Curie 
temperature. Sharp peaks occur at the Curie temperature temperature. Sharp peaks occur at the Curie temperature 
Tc, and the spin reorientation temperature Tn. Lower Tc, and the spin reorientation temperature Tn. Lower 
tigure: temperature dependence of the specific heat C, tigure: temperature dependence of the specific heat C, 
[80 S 33. [80 S 33. 
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Fig. 52. TbZn. Temperature dependence of the ther- 
moelectric power Q (measurements on a single crystal) 
[SOS 11. 
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Fig, 54. RZn, R =Tb, Dy, Ho, Er, Tm. Reciprocal Fig. 55. RZn, R=Tb, Dy, Ho, Tm. Reciprocal para- 
parastriction susceptibility, Hum vs. temperature striction susceptibility H/l/l/i((--/i,l vs. temperature for a 
for a magnetic field H applied along the [OOI] axis. The magnetic field H applied along the [ll I] axis. The 
changes of length, All and A,, are measured parallel and changes of length, A ,, and A,, are measured parallel and 
perpendicular to H. Full curves are calculated [SO M I]. perpendicular to H. Full curves are calculated [80 M 11. 
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Fig. 53. TbZn. Temperature dependence of the de- 
rivative of the thermoelectric power dQ/dT near Tc 
[SOS I]. 
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Fig. 56. DyZn. Temperature variations of the sponta- 
neous magnetic moment per Dy site, pI, along the easy 
magnetization axis [OOl] and of its projections on [l lo] 
and [ 1111 axes [73 M 23. 
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Fig. 58. DyZn. Thermal variation of the spontaneous 
tetragonal strain cg = \/@ (c/u- 1) in the ordered state 
and of the sj strain induced by an I-kOe-field in the 
paramagnetic state (open circles: strain-gauge data; solid 
circles: dilatometric data; full lines are calculated) 
[77 M 11. 

l- 

Fig. 57. DyZn. Thermal variations of the change of 
length, A,, and A *, parallel and perpendicular to the 
magnetic moment lying along a fourfold easy axis of a 
single-domain sample. The paramagnetic curve is extra- 
polated down to OK (dotted line) according to a 
Griineisen law. The bulk strain E” corresponds to the shift 
from the Griineisen law of the (P)‘j3 average lattice 
parameter. The difference AlI -A, = c/a- 1 gives the 
spontaneous tetragonal strain, 
[77 M 11. 
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Fig. 59. DyZn. Thermal variations of the spontaneous 
volume strain ,sy in the ordered state and of the sy strain 
induced by an 1-kOe-field in the paramagnetic state (open 
circles: strain-gauge data; solid circles: dilatometric data; 
full lines are calculated variations) [77 M 11. 
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Fig. 60. HoZn. Temperature variation of the sponta- Fig. 60. HoZn. Temperature variation of the sponta- 
neous magnetic moment per Ho site, pS, extrapolated to neous magnetic moment per Ho site, pS, extrapolated to 
zero magnetic field, for the [l lo] and [ll I] axes and of its zero magnetic field, for the [l lo] and [ll I] axes and of its 
projection along [loo]. B,(T) is the Brillouin function for projection along [loo]. B,(T) is the Brillouin function for 
5=8 [73Ml]. 5=8 [73Ml]. 
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Fig. 61. HoZn. Magnetization processes corrected for 
demagnetization along the three main axes as indicated at 
4.2 K (upper part) and 30 K (lower part) on both sides of 
the spin reorientation temperature, T,=23 K [73 M I]. 

Fig. 61. HoZn. Magnetization processes corrected for 
demagnetization along the three main axes as indicated at 
4.2 K (upper part) and 30 K (lower part) on both sides of 
the spin reorientation temperature, T,=23 K [73 M I]. 

4 

Fig. 62. HoZn. (a) Temperature variation of the satu- 
rated shear strain E,, measured on both sides of the 
temperature for the change of easy magnetization direc- 
tion, T,=23 K. In (b) the a,, field dependence is 
measured for an applied magnetic field along [loll at 
4.2 K (twofold easy direction) and at 30 K (threefold easy 
direction) [77 M I]. 
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Fig. 63. HoZn. Magnetic dispersion curves in the 
ordered range at 21 K (upper part) and 4.2 K (lower part). 
Lines are calculated variations: the chain curves represent 
a longitudinal excitation. Other branches arc transversal 
ones [78 H 11. 
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Fig. 64. Ho,,,,Y,,,,Zn. Inelastic neutron scatterin! 
intensity in the paramagnetic phase vs. the energy transfer 0 
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AE from the incident neutron energy of 22.69 meV. Solid -15 -10 -5 0 5 8 10 meV 
lines are calculated variations [77 S 23. AE- 
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Fig. 65. ErZn. Magnetization curves corrected for 
demagnetization along the three principal cubic direc- 
tions at 10 K (a) and 4.2 K (b). The lines are theoretical 
fits including quadrupolar contributions. (c) shows the 
temperature dependence of the critical field H,, along 
[ill], for which the magnetization changes suddenly 
[78 M 51. 
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Fig. 66. Er,,,Y,,,Zn. Inelastic neutron scattering in- 
tensity vs. the energy transfer AE from the incident 
neutron energy of 33.41 meV at different temperatures. 
The full lines are calculated in the CEF model [74 M 33. 
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Fig. 67. TmZn. Specific heat, C, for increasing tem- 
perature. At To=8.55 K the quadrupolar ordering is 
occuring in the paramagnctic phase, at Tc=8.12K the 
fcrromagnctic ordering (measurements on a single crystal) 
[7S M 33. 
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Fig. 70. TmCd. TmZn. Shear elastic mode, 
tic,, -c,J, vs. temperature. Full lines are calculated 
behaviours in the CEF and quadrupolar interaction 
model. Dashed lines are background elastic constants 
without magnetic interactions [79 L 21. 
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Fig. 68. TmZn. Thermal variation of the electrical 
resistivity e and its temperature derivative in the phase 
transition range measured on a single crystal. The two 
discontinuities correspond to the electronic scattering by 
spins and quadrupoles, respectively [7S M 3). 
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Fig. 69. TmZn. Magnetization curves corrected for 
dcmagnetiiration along [OOl] at 4.2 and 15 K. Lines are 
calculated considering, in particular, quadrupolar inter- 
actions [83 G 23. 
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Fig. 71. TmZn. Attenuation coeffkient A for the 
$cII -c12) elastic mode at frequencies of 6 MHz, 
10 MHz and 30MHz. The solid line is a theoretical fit 
[79 L 11. 
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Fig. 72. TmZn. Reciprocal parastriction susceptibility 
HMm vs. temperature for a magnetic field H along 
a [OOl] axis and a [ 11 l] axis. The changes of length, A ,, 
and A,, are measured parallel and perpendicular to H in 
the paramagnetic phase. Lines are calculated in presence 
of quadrupolar interactions [80 M 33. 
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Fig. 73. TmZn, LuZn. (a) Linear thermal expansion 
coefficient CI along the [OOl] axis vs. temperature. (b) 
Magnetic contribution to the linear thermal expansion 
coeffkient, a,,, = tx (TmZn) - a (LuZn), in TmZn. Lines are 
theoretical fits [84 M 11. 
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Fig. 74. TmZn. Dispersion curves of magnetic excita- 
tions at T=lgK in the paramagnetic phase and at 
T=4.2 K in the ordered one. Lines are calculated. L, Tf 
and TAX correspond to magnetic longitudinal, magnetic 
transverse and acoustic phonon branches, respectively 
[80 M 21. 
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Fig. 75. YZn. Normal elastic modes, gc,, -cl*), ca4 
and c,=j(c,, +2c,,) vs. temperature [71 S 11. 
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Fig. 76. YZn. Phonon distributions at room tempera- 
ture along the principal symmetry directions. The solid 
lines represent dispersion curves fitted to the experimental 
points with a force-constant model including 61h- 
neighbour interactions. The dotted lines represent disper- 
sion curves computed from a two-force-constant model 
involving only nearest-neighbour interactions with values 
for the force constants derived from single crystalline 
elastic constants. The dashed lines are limiting slopes at 
long-wavelength limits as indicated by measurements of 
ultrasonic wave velocities [72P 21. 
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Fig. 77. YZn. Heat capacity C, vs. temperature Fig. 78. YZn. 
measured on a polycrystalline sample in increasing tem- 

Debye temperature 0, vs. temperature. 

perature [74 M 21. 
The full line is deduced within a 61h-neighbour force- 
constant model from the phonon dispersion curves of 
Fig. 76. Dots are deduced from the specific heat of Fig. 77 
within an Einstein model [75 M 31. 
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?g. 79. LaCd. Temperature depcndcncc of the pro- 
Iuct 1, T for a monocrystalline sample Arrows indicate 

,mperature drift [84A 1). he te 
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Fig. 80. LaCd, YCd. (a) Electrical resistivity Q vs. 
temperature. (b) gives the jump of Q at the structural 
instability [84A 11. 

4 
Fig. 81. LaCd. Isobaric electrical resistivity Q vs. tem- 
peraturc. For each curve, the pressure is indicated in GPa 
below the hysteretic behaviour at the structural phase 
transition temperature: the sharp jump in the electrical 
resistivity marks the cubic-to-tetragonal phase transition 
[81 P 1-J. 
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Fig. 82. LaCd, LaZn. Electric resistivity Q vs. hydro- 
static pressure p at 300K for increasing pressure (vari- 
ations measured on polycrystalline samples) [81 P I]. 
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Fig. 83. CeCd. Reciprocal magnetic molar suscepti- 
bility x;’ vs. temperature. T,, and T,, are the two 
structural phase transition temperatures [85 F 11. 
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Fig. 85. CeCd. Magnetization processes corrected for 
demagnetization at 4.2 K along the three main crystallo- 
graphic directions [85 F 11. 

4 
Fig. 84. CeCd. Electrical resistivity Q vs. temperature 
at various pressures indicated at the e-jump correspond- 
ing to the cubic-to-tetragonal phase transition. For clarity 
the curves are shifted in a vertical sense, but can be put on 
an absolute scale by substracting 0.5 @m for 
p=0.66GPa, 0.375 @rn for p=O.51 GPa, 0.25 porn for 
p=0,32GPa, and 0.125pQm for p=0.27GPa. Arrows 
indicate the temperature drift [83 K I]. 
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Fig. 86. PrCd, NdCd. Temperature variation of the 
reciprocal magnetic molar susceptibility 1,’ [84A 11. 
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Fig. 88. PrCd. Thermoelectric power Q for increasing Fig. 89. PrCd. Temperature dependence of the deriva- 
temperature near the structural transition, measured tive of the thermoelectric power dQ/dT along the [llO] 
along the [i lo] direction [83 S 11. direction [83 S 11. 
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Fig. 87. PrCd. Hysteretic thermal behaviour of the 
electrical resistivity e around the structural transition at 
125 K for consecutive thermal cycle (A-F). Measurements 
on a single crystal [83 S 11. 
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Fig. 90. PrCd. Isothermal magnetization curves along 
the threefold and fourfold axes at 4.2 K and 23 K, i.e. 
below and above the temperature of change for the 
magnetic structure, T* = 18 K. Arrows indicate 
magnetic field drifts [84A I]. 
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Fig. 91. NdCd. (a) Temperature dependence of the Fig. 92. NdCd. Magnetization processes corrected for 
electrical resistivity Q for a single crystal. (b) gives the demagnetization along the three main crystallographic 
temperature derivative of Q as a function of temperature directions at 4.2, 50 and IOOK. Lines are calculated 
near the change of easy magnetization direction [84A I]. behaviours within a CEF model [85 A 11. 
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Fig. 93. SmCd. Magnetic moment pm of a poly- 
crystalline sample vs. temperature in applied magnetic 
fields of 2.74 kOe and 9.39 kOe [74 S 11. 
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Fig. 94. SmCd. Hysteresis loop at 77 K. The poly- 
crystalline specimen was cooled to this temperature in 
the remanent field of the magnet (z50Oe) [74 S 11. 
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Fig. 95. SmCd. (a) Magnetic molar susceptibility I,,, 
vs. temperature for a polycrystallinc sample (b) shows the 
magnetic susceptibility above room temperature [74S 11. 
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Fig. 96. RCd, R=Gd, Tb, Dy, Ho, Er. Temperature 
variation of the reciprocal magnetic molar susceptibility 
xi1 [84Al]. 
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Fig. 98. GdCd. Thermoelectric power Q vs. tempera- 
ture measured on a single crystal. Note the small anomaly 
at 210K, corresponding to the weak structural phase 
transition occuring at this temperature (see Fig. 118) 
[80 S 21. 
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Fig. 97. GdCd. Spontaneous magnetic moment ps vs. 
temperature (a) and vs. T312 (b). Full curves are guide for 
the eye [SOS 21. 
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Fig. 99. TbCd. Specific heat C, measured in increasing 
temperature on a polycrystalline sample [85 A 11. 
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Fig. 100. TbCd. Magnetization processes, corrected 
for demagnetization along the three main crystallo- 
graphic axes at 4.2 K, 50 K and 80 K. Note the change of 
easy magnetization axis between 50 and 80 K [85A 11. 
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Fig. 101. DyCd. (a) Temperature variation of the Fig. 102. DyCd. Magnetization processes corrected 
electrical resistivity p. (b) gives its tempcraturc dcrivativc for demagnetization along the three main crystallo- 
close to the tempcraturc of change for the magnetic graphic axes at different temperatures. Curves are cal- 
structure. T*=40K [84A 11. culated in CEF model including quadrupolar interac- 

tions [85A 11. 
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Fig. 103. DyCd. Magnetization hysteresis cycle 2 
4.2 K along [OOI] (full curve) and [ll 11 (dashed curve) 
[85A 11, 
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Fig. 104. HoCd. Magnetic processes corrected for 
demagnetization along the three principle axes at different 
temperatures. Curves are calculated variations [85 A I]. 
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Fig. 105. ErCd. Magnetization processes corrected 
for demagnetization along the three principal axes at the 
temperatures indicated. Curves are calculated in CEF 
model [85 A I]. 
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Fig. 106. TmCd. Specific heat C, vs. temperature for a 1 
polycrystallinc sample [73 L 1). g O.OOE 
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Fig. 108. TmCd. Thcrmoelcctric power Q vs. tcmpcra- 
ture (mcasurcd on a polycrystalline sample) [75 S 11. 
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Fig. 107. TmCd. Temperature variation (a) of the 
electrical resistivity e and (b) of its temperature derivative 
de/dT in the range of the quadrupolar ordering (measurc- 
mcnts in increasing temperature on a single crystal) 
[84A 1). 

15. 

t 

” TmCd 
12 

l=L2K 
G 

0 HII [lOOI 
': 6- II [llll 
G v II [Olll 

I t 

-31 I 
0 3 

I 
6 

I 
9 

I 
12 kOe 15 

H- 

Fig. 109. TmCd. Magnetic field dependence of the 
shear elastic mode, c, , -cr 2, normalized to the zcro-tield- 
value for the three main field directions at 4.2K. The 
magnetic field is perpendicular to the ultrasonic propa- 
gation [Oil] direction [73 L 11. 
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Fig. 110. TmCd, Tm,,,Y,,,Cd. Low (a) - and high (b) - 
temperature reciprocal magnetic molar susceptibility 
xi’ vs. temperature. The straight lines are the extrapo- 
lations of the linear high-temperature behaviour. The full 
curves are calculated within a CEF model. The dilute 
compound does not exhibit a quadrupolar ordering 
temperature [79A I]. 
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Fig. 11 I. TmCd. Experimental and calculated iso- 
thermal magnetization curves along [OOI] in both the 
tetragonal and cubic phases. Temperatures are indicated 
[79A I]. 

55 
0 0 50 50 100 100 150 200 150 200 250 250 300 kOeZ 400 300 kOeZ 400 

kOe 

78 

76 

Fig. 112. TmCd. Plots of p,/H vs. the square of the 
magnetic field, Hz, corrected for demagnetizing effects. H 
is applied along the [OOI] axis at the temperatures 
indicated [Sl M I]. 
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Fig. 113. TmCd. Tm,,3Y,,Cd. Temperature dc- 
pendence of the third-order magnetic susceptibility x’,“), 
related to a 4f-site, along [@Xl and [ill]. The lines arc 
calculated taking into account quadrupolar interactions 
of both tctragonal and trigonal symmetries, characterized 
by the G, and G, values. For the trigonal symmetry the 
dilution does not modify the bchaviour [81 M 11. 
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Fig. 114. YCd. Temperature variation of the product 
xrn T for increasing temperature on a polycrystalline 
sample [84A 11. 
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Fig. 115. RCd. Bilinear interaction coefficient O* vs. 
the DC Gennes factor (g,- 1)2J(J+ 1). The inset gives 
the difference, A@*, between the experimental O* value 
and the De Gennes factor, as a function of the orbital 
coupling parameter (2-g,)2J(J+ 1) for the heavy RCd 
compounds [84A 11. Open circles: stable, solid circle: 
unstable compounds. 
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Fig. 116. RCd. Room-temperature electrical resistiv- 
ity Q (open circles: stable compounds; solid circles: 
unstable ones) vs. the De Gennes factor, (g, - l)‘J(J + 1) 
[84A 1-J. 
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Fig. 117. RCd. Temperature variation of the shift Fig. 117. RCd. Temperature variation of the shift 
from the high-temperature linear behaviour for the re- from the high-temperature linear behaviour for the re- 
ciprocal magnetic susceptibility, A& ’ [SS A 21. ciprocal magnetic susceptibility, A& ’ [SS A 21. 

a- 

Fig. 118. RCd. Structural phase diagram as a function 
of the lattice parameter a. For T > 210 K, the structure is 
cubic; for T<210K, it remains very close to cubic for 
heavy RCd compounds (open circles). For light RCd 
compounds, the structure below 210K is unknown 
[SS A2]. 

2.7.3 RX, compounds 

Light RMg, compounds are cubic, heavy ones hexagonal. All of them have been studied only on 
polycrystalline materials; they are ferromagnetic except SmMg, and EuMg, which were found antiferromagnet- 
ic. Here again, the shortcoming of the RKKY model was shown by NMR studies [77D l] (Fig. 126). Large 
magnetic moment reductions were observed (Figs. 120,121,128). The existence of quadrupolar interactions was 
assumed in PrMg, for explaining the nature of the ferromagnetic transition [Sl L I]. 

RZn, crystallize in the orthorhombic CeCu,-type structure. Their magnetism is characterized by 
commensurate or incommensurate antiferromagnetic structures. The 0 values are close to the Ntel temperatures 
(Table 12). No single crystal has been grown in spite of the congruent melting point. 

Very limited data are available in the literature about RCd, and RHg, compounds. 
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polycrystalline materials; they are ferromagnetic except SmMg, and EuMg, which were found antiferromagnet- 
ic. Here again, the shortcoming of the RKKY model was shown by NMR studies [77D l] (Fig. 126). Large 
magnetic moment reductions were observed (Figs. 120,121,128). The existence of quadrupolar interactions was 
assumed in PrMg, for explaining the nature of the ferromagnetic transition [Sl L I]. 

RZn, crystallize in the orthorhombic CeCu,-type structure. Their magnetism is characterized by 
commensurate or incommensurate antiferromagnetic structures. The 0 values are close to the Ntel temperatures 
(Table 12). No single crystal has been grown in spite of the congruent melting point. 

Very limited data are available in the literature about RCd, and RHg, compounds. 

Land&BOrnstein 
New Series IW19e2 Morin 







54 2.7.3 Rare earth-group 2 elements: RX, compounds [Ref. p. 93 

Table 13. RCd2, RHgz compounds. Room-temperature lattice parameters a, b, c, magnetic characteristics 
(effective magnetic moment per rare-earth ion, pcrr, paramagnetic Curie temperature 0, magneting ordering 
temperature TF;. low-temperature spontaneous magnetic moment per rare earth ion, p,). 

a b c Peff 0 T-4 PS Ref. 
P’n K K PB 

nm 

CeCd, 0.5077 0.3447 2.18 - 75 6301 
EuCd, 0.5057 0.7922 0.8500 7.82 34 36 7.1 77Bl 
GdCd, 0.4941 0.3467 8.40 129 71 Bl 
YbCd, 0.5989 0.9597 divalent 71 Pl 

CeHgz 0.4942 0.3540 2.73 - 33 6301 
EuHg, 0.4978 0.3710 8.00 29 6811 
YbHg, 0.4896 0.3534 divalent 6811 

12 
J 
molK 

2000 
9 

I 6 1500 
e 

3 
1000 

0 0 
I- 500 

Fig. 119. RMg2, R=La, Ce, Pr. Temperature vari- u 
ation of the molar heat capacity C, for polycrystalline ,E 
samples [78 B 11. z 
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Fig. 120. PrMg,. Spontaneous magnetic moment per Fig. 121. PrMg,. Inelastic neutron scattering inten- 
Pr atom, p, vs. temperature. The dotted line is the sity vs. the energy transfer AE from the incident neutron 
Brillouin curve for J =4. The broken and full lines give the energy of 14 meV at the temperatures indicated. The inset 
result of a mean&Id calculation without and with shows the deduced crystal held level scheme of Pr 
quadrupolar interactions, respcctivcly [81 L 11. [Sl L 11. 
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Fig. 122. NdMg,. Spontaneous magnetic moment per 
Nd atom ps vs. temperature. The dotted line is the 
Brillouin curve for J=9/2. The full line is calculated 
within a model including CEF and bilinear interactions 
[Sl L I]. 
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Fig. 124. EuMg,. Temperature variation of the mag- 
netic moment pm, and of the reciprocal magnetic molar 
susceptibility x;’ . The pm vs. T curves refer to applied 
magnetic fields of 3, 9 and 18 kOe, respectively [78 B I]. 
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Fig. 123. SmMg,. Fig. 123. SmMg,. Magnetic moment pm vs. tempera- Magnetic moment pm vs. tempera- 
ture in applied magnetic fields of 9 kOe and 18 kOe ture in applied magnetic fields of 9 kOe and 18 kOe 
[78 B I]. [78 B I]. 
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Fig. 125. GdMg,. (a) Normalized intensity of the nu- 
clear magnetic resonance spin-echo spectrum vs. the 
frequency v at 4.2K. (b) shows the magnetic held de- 
pendence of the ls7Gd resonance frequency v, [82 D I]. 
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Fig. 126. Gd,La, -xMg,. Paramagneticcurie temper- 
ature 0 vs. Gd concentration for polycrystalline samples 
[82 D 11. 
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Fig. 129. CeZn,, SmZnz. Magnetic moment pm and 
reciprocal magnetic molar susceptibility xi ’ vs. tempera- 
ture (measurements in a 20 kOe&ld on polycrystalline 
samples) [70 D 11. 
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Fig. 127. DyMg,. Spontaneous magnetic moment per 
Dy3+, p, vs. temperature. The full line is the Brillouin 
curve for J = 15/2 with an effective Land& factor g,,, = 1.24 
[81 L 1-J. 
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Fig. 128. ErMg,. Spontaneous magnetic moment per 
Er3+ ps vs. temperature. The full line represents the 
Brillouin curve for J = 15/2 with an effective Land& factor 
g,,,=1.04 [81 Ll]. 

Fig. 130. CeZn,. Magnetic unit cell. Circles represent 
the positions of the Ce atoms, the arrows the magnetic 
moment directions [72 D 11. 
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Fig. 132. NdZn,. Temperature variation of the intens- 
ity of the (OOO*) magnetic reflection of a powder neutron 
diffraction spectrum [73 D I]. 

Fig. 131.’ PrZn,, NdZn,. Magnetic moment pm, and 
reciprocal magnetic molar susceptibility xi1 vs. tempera- 
ture (measurements in a 20-kOe-field on polycrystalline 
samples) [70 D 11. 
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Fig. 133. NdZn,. Magnetic moment pm, vs. applied Fig. 134. EuZn,, DyZn,. Temperature variation of 
magnetic field H at 4.2 K for a powder sample frozen in oil the reciprocal magnetic molar susceptibility xil. The 
to prevent grain rotation. Arrows indicate magnetic field insets show the variation of xi’ close to the NCel 
drift [73 D 11. temperature [75 D 11. 
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Fig. 135. EuZnz, ErZn,. Magnetic moment pm, vs. 
magnetic field H at 4.2K for polycrystallinc samples 
[75 D 11. 
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Fig. 137. TbZn,. Temperature variation of the mag- 
netic intensities of the powder neutron diffraction reflec- 
tions (001) and (101) in the antifcrromagnctic (AF) phase 
(below 60K), and (OOO*), (lOl-) and (Oil+) in the 
modulated (AFM) phase (above 60 K), respectively 
[72 D 11. 
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Fig. 136. RZn,, R =Gd, Tb, Ho. Magnetic moment 
p,, and reciprocal magnetic molar susceptibility 1, ‘, vs. 
temperature (measurements in a 20 kOe magnetic field on 
polycrystalline samples) [70 D 11. 

Fig. 138. TbZn,. Magnetic unit cell for the low- 
temperature antiferromagnetic phase. Circles represent 
positions of the Tb atoms, arrows indicate magnetic 
moment directions [72 D 1-J. 
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Fig. 139. TbZn,, HoZn,. Magnetic moment pm vs. 
magnetic field H for polycrystalline samples. Tempera- 
tures are 4.2 K for HoZn, and 62.4 K for TbZn,, respec- 
tively [73 D 21. 
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Fig. 140. DyZn,, TmZn,. Magnetic moment pm vs. 
magnetic field H for polycrystalline samples. Tempera- 
tures are 4.2 K for DyZn, and 1.5 K for TmZn,, respec- 
tively [75 D 11. 
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Fig. 141. ErZn,, TmZn,. Temperature dependence of 
the reciprocal magnetic molar susceptibility xi’. The 
inset shows the variation near the NCel temperature of 
TmZn, [75 D 11. 
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Fig. 142. TmZn,. (a) 169Tm Mijssbauer spectrum 
below NCel point (T=i.7K). Due to the limited max- 
imum velocity of the Miissbauer drive only the inner 3 
lines of the complete six-line spectrum are shown. (b) and 
(cl: ‘69Tm Massbauer spectra of TmZn, at various 
temperatures above the Ntcl point [80 R I]. 

2.7.4 RX, compounds 

The magnetic pair interactions and the CEF have been thoroughly studied for light RMg, compounds in 
spite of the lack of single crystals. Magnetic structures are antiferromagnetic with rather low Ntel temperatures. 
CeMg, exhibits Kondo-like behaviour and PrMg, remains paramagnetic due to the nonmagnetic r, ground 
state. The fourth-order CEF parameter strongly decreases from CeMg, to NdMg,. The last two compounds 
stable within this cubic structure, GdMg, and TbMg, exhibit magnetic properties strongly dependent on the 
stoichiometry: they are ferromagnetic but an excess of Mg seems to stabilize antiferromagnetism again as in light 
RMg, [78 B 23. 

RZn, magnetic properties look like unstudied. Only paramagnetic data on Ce and Eu compounds with Cd 
and Hg have been obtained for this 1:3 stoichiometry in complement of crystallographic determinations. 
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2.7.4 RX, compounds 

The magnetic pair interactions and the CEF have been thoroughly studied for light RMg, compounds in 
spite of the lack of single crystals. Magnetic structures are antiferromagnetic with rather low Ntel temperatures. 
CeMg, exhibits Kondo-like behaviour and PrMg, remains paramagnetic due to the nonmagnetic r, ground 
state. The fourth-order CEF parameter strongly decreases from CeMg, to NdMg,. The last two compounds 
stable within this cubic structure, GdMg, and TbMg, exhibit magnetic properties strongly dependent on the 
stoichiometry: they are ferromagnetic but an excess of Mg seems to stabilize antiferromagnetism again as in light 
RMg, [78 B 23. 

RZn, magnetic properties look like unstudied. Only paramagnetic data on Ce and Eu compounds with Cd 
and Hg have been obtained for this 1:3 stoichiometry in complement of crystallographic determinations. 
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Table 15. RMg, compounds. Lea Leask and Wolf parameters K x, CEF parameters 
A,(r4), A,(r6) and room-temperature electrical resistivity e [Sl G 11. 

W 
K 

x A4(r4) 

K 

A,@) e (300 K) 
Gm 

LaMg, 0.48 
CeMg3 32.5 ‘) 1 ‘1 85.5 ‘) 0’) 0.47 
PrW3 - 3.71 0.64 52.1 - 17.4 0.39 
NdMg, 2.51 -0.25 35.9 -19.7 0.34 

‘) [Sl P23. 

Table 16. RCd,, RHg, compounds. Room-temperature lattice para- 
meters a, c, effective paramagnetic moment per rare earth ion, perr, and 
paramagnetic Curie temperature 0. 

a 

nm 

C Pelf 
PB 

0 Ref. 
K 

CeCd, 0.7228 ‘) 
GdCd, 0.6621 0.4933 
Ce% 0.6760 0.4941 
EuHg, 0.6794 0.5074 

2.44 -29 6301 
7.76 12 71 Bl 
2.93 -53 6301 
7.63 -69 6411 

‘) [73B2]. 
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Fig. 143. LaMg,, CeMg,. Molar heat capacity C, vs. 
temperature (logarithmic scales) measured on poly- 
crystalline samples for increasing temperature [82 G 23. 

0.E 
@m 

0.4 

I 

0.3 

CA0 
0.2 

0.1 

, 
I I 

0 50 100 150 200 250 K 300 

Fig. 144. LaMg,, NdMg,. Electrical resistivity e vs. 
temperature (polycrystalline samples) [Sl G 11. 
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Fig. 145. CeMg,, PrMg,. Electrical resistivity Q vs. 
temperature for polycrystalline compounds (two samples 
for CeMg,). The hatched lines correspond to the phonon 
contribution deduced from LaMg, (Fig. 144) [81 G I]. 
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Fig. 141. CeMg,. Temperature dependence of the 
linewidth, yqe, of the quasielastic contribution in inelastic 
neutron scattering spectra [82 G 21. 
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Fig. 146. CeMg,. Reciprocal magnetic molar suscepti- 
bility xi1 vs. temperature. The full line is calculated for a 
CEF splitting of 200 K (F, doublet as ground state). The 
inset shows the behaviour close to the NCel temperature 
[Sl P2]. 
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Fig. 148. CeMg,, NdMg,. Magnetic unit cell 
[82Gl]. 
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Fig. 149. PrMg3, NdMg,. Reciprocal magnetic molar 
susceptibility xi’ vs. temperature for polycrystallinc 
samples. Full lines arc calculated considering CEF and 
bilinear interactions [Sl G 11. 

Fig. 150. PrMg,, NdMg,. Inelastic neutron scatterin: 
spectra in the paramagnctic phase at temperatures in- 
dicated. The incident neutron energy is 50.4mcV. AE is 
the neutron energy transfer from the incident neutron 
energy. The full lines are calculated within a CEF model. 
The LaMg, spectrum is used as a nonmagnetic back- 
ground [81 G 11. 
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Fig. 151. NdMg,. Molar heat capacity cP vs. temper- Fig. 152. GdMg,, TbMg,. Reciprocal magnetic molar 
ature in logarithmic scales (measurements m increasing susceptibility xi1 vs. temperature for polycrystalline 
temperature) [82 G 21. samples (6 at% Mg excess) [78 B 21. 

2.7.5 X-rich compounds 

For crystallographic and metallurgical reasons discussed in the introduction, compounds of this part have 
motivated only few magnetic studies. The RZn,, and R,Zn,, series are antiferromagnetic with relatively low 
Neel temperatures. They exhibit clearly shortrange behaviours in the paramagnetic phase. Their antifer- 
romagnetic structures are complicated, often described by two different propagation vectors in the reciprocal 
space. 

Table 17. Mg-rich compounds. Room-temperature lattice parameters a, c, and magnetic characteristics 
(effective magnetic moment per rare earth ion, pen, p aramagnetic Curie temperature 0, magnetic ordering 
temperature, Tc or TN, and low-temperature spontaneous magnetic moment per rare earth ion, p,). 

a c Ref. Peff 0 T, TN Ps Ref. 
PB K PB 

nm K 

GWk,, 8.3 -119 79b 
TW%z-t 1.1283 60Kl 
DysMg,, 1.1246 60Kl 10.5 39 79b 
Ho&Q,, 1.1233 60Kl 
ErJb 1.1224 60Kl 10.02 11 13 7.1 79b 
Tm&k4 1.1208 60Kl 7.84 3 4 4.2 79b 
EuMg, 1.0498 1.0830 79Dl 8.23 4 7.8 79Dl 
Eu,Mg,, 1.002 1.0328 79Dl 8.66 - 20 7.9 79Dl 
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Fig. 151. NdMg,. Molar heat capacity cP vs. temper- Fig. 152. GdMg,, TbMg,. Reciprocal magnetic molar 
ature in logarithmic scales (measurements m increasing susceptibility xi1 vs. temperature for polycrystalline 
temperature) [82 G 21. samples (6 at% Mg excess) [78 B 21. 

2.7.5 X-rich compounds 

For crystallographic and metallurgical reasons discussed in the introduction, compounds of this part have 
motivated only few magnetic studies. The RZn,, and R,Zn,, series are antiferromagnetic with relatively low 
Neel temperatures. They exhibit clearly shortrange behaviours in the paramagnetic phase. Their antifer- 
romagnetic structures are complicated, often described by two different propagation vectors in the reciprocal 
space. 

Table 17. Mg-rich compounds. Room-temperature lattice parameters a, c, and magnetic characteristics 
(effective magnetic moment per rare earth ion, pen, p aramagnetic Curie temperature 0, magnetic ordering 
temperature, Tc or TN, and low-temperature spontaneous magnetic moment per rare earth ion, p,). 

a c Ref. Peff 0 T, TN Ps Ref. 
PB K PB 

nm K 

GWk,, 8.3 -119 79b 
TW%z-t 1.1283 60Kl 
DysMg,, 1.1246 60Kl 10.5 39 79b 
Ho&Q,, 1.1233 60Kl 
ErJb 1.1224 60Kl 10.02 11 13 7.1 79b 
Tm&k4 1.1208 60Kl 7.84 3 4 4.2 79b 
EuMg, 1.0498 1.0830 79Dl 8.23 4 7.8 79Dl 
Eu,Mg,, 1.002 1.0328 79Dl 8.66 - 20 7.9 79Dl 
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V- 

Fig. 153. EuZn,. “‘Eu Miissbauer spectrum at 4.2 K. 
The full line is calculated with only magnetic bilinear 
interactions. The decomposition of the spectrum is given 
at the top of the figure [75 B 23. 
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Fig. 154. EuZn,. Effective hypertinc field on the “‘Eu Fig. 155. R,Zn,,, R = Gd, Tb, Ho. Reciprocal magnet- 
nucleus, Hh,p vs. temperature. The lower curve represents ic molar susceptibility xi 1 vs. temperature measured for 
the temperature dependence of the Brillouin function polycrystalline samples. The broken lines are high- 
B7j2(T) for J=7/2, the upper one is calculated [75 B 23. temperature asymptotes [74 S 21. 
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Fig. 156. Gd,Zn,,. ls5Gd Miissbauer spectra at 4.2 
(lower part) and 15 K (upper part). The full line is 
calculated. The decomposition of the spectra is given at 
the top of each figure c82 D 23. 
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Fig. 157. R,Zn,,, R = Dy, Er, Tm. Reciprocal magnetic 
molar susceptibility xi r vs. temperature for polycrys- 
talline samples. Full lines are guides for the eye, broken 
ones high-temperature asymptotes [74 S 21. 
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Fig. 158. RZn,,, R = Sm, Gd, Tb. Electrical resistivity 
e vs. temperature in the low-temperature range. The 
broken lines are the high-temperature asymptotes (poly- 
crystalline samples) [74 S 23. 
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Fig. 159. GdZn,,, TbZn,,. Reciprocal magnetic Fig. 160. RZn, 2, R = Gd-Er. Magnetic moment pm vs. 
molar susceptibility xkl vs. temperature for polycrys- applied magnetic field H at 1.5 K for polycrystalline 
talline samples at low temperature [74 S 23. samples (no demagnetization correction) [78 D 21. 
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Fig. 161. GdZnIz. “‘Gd Mijssbauer spectra at 20K 
(upper part) and 4.2 K (lower part). The decomposition of 
the spectra is given at the top of the figures [82 D 21. 

TbZn12 

Fig. 162. RZn,,, R = Tb, Ho, Er. Magnetic structures 
with R atoms in [000] and [& 3, $1: (a) magnetic 
collinear structure of TbZn,, obtained on the basis of a 
single propagation vector; (b) magnetic noncollinear 
structure of TbZn,, obtained on the basis of two propa- 
gation vectors; (c) magnetic structure of ErZn,,; (d) 
magnetic structure of HoZn,, [78 D 21. 
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Fig: 163. ErZnL2. Reciprocal magnetic molar susccpt- 
ibihty ,Y; ’ vs. temperature for a polycrystalline sample. 
The dotted lint is the high-temperature asymptote, the full 
line a guide for the eye [73 S 2). 
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Fig. 164. ErZn,,. Molar heat capacity C, vs. tempera- 
turc for a polycrystalline sample at low temperature 
[73S2]. 

Gig. 165. ErZn,,. Electrical resistivity Q vs. tempera- 
ture for a polycrystalline sample. The inset gives the 
general feature up to 200K [73 S 11. 
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Y i 

0 2 4 6 8 kOe IO 
H- 

Fig. 166. ErZn,,. Magnetic moment P,,, vs. applied 
magnetic field H (without demagnetization correction) for 
the temperatures indicated (polycrystalline sample). Lines 
are guides for the eye [73 S 21. 
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Fig. 167. EuZn,,. Reduced hyperfine field 
Hhyp/Hhyp(O K) for l5 ‘Eu vs. reduced temperature T/T, 
with H,,,(OK)=283(2) kOe and T,=3.19(3) K. The 
drawn line represents the temperature dependence cal- 
culated with the Brillouin function &,a for J=7/2 
[75 B 21. 
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Fig. 168. EuCd,,. “‘Eu Mijssbauer spectra at 4.2 K 
(upper part) and 0.83 K (lower part). The decomposition 
of the 0.83 K-spectrum is given at its top [77 B 11. 
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2.7.6 RBe, 3 compounds 
The R-Be alloys reduce to only one full series, the RBe, 3 compounds. Its structure results from a CsCI-type 

arrangement of polyhedrons of 24 Be and 1 R at the centre (Fig. 169). As a consequence, mechanical properties 
are reminiscent of the Be ones. From a magnetic point of view, the fact that the rare earth is merged into a rather 
spherical surrounding may explain the relatively small CEF parameters (Table 21). One can note a change of sign 
for the fourth-order CEF parameter between light and heavy rare earth compounds. This reveals, here again, a 
significant electronic contribution to the CEF. 

The resulting overall splitting is of the same order of magnitude as the bilinear interactions. The 
antiferromagnetic ordering is of helicoidal type at least for the heavy compounds; in relation with the strength of 

Table 20. RBe,, compounds. Lattice parameters a at room temperature, magnetic characteristics (effective 
magnetic moment per rare earth ion, pen, paramagnetic Curie temperature 0, NCel temperature TN, spontaneous 
magnetic moment per rare earth ion, ps, magnetic molar susceptibility x,), room-temperature electrical resistivity 
Q, and low-temperature Debye temperature 0,. 

a Pcff 0 TN Spin Spin PS 
nm PB K K structure direction pB 

LaBe, 3 1.0451 
[75 B 31 

CeBe,, 1.0372 

PrBe,, 

NdBe,, 

SmBe,, 

EuBe,, 

GdBe,, 

TbBe,, 

W%, 

HoBe,, 

ErBe,, 

TmBe,, 

YbBe,, 

LuBe,, 

1.0369 

1.0348 

1.0304 

1.0286 

1.0273 

1.0247 

1.0233 

1.0219 

1.0203 
[75 B 31 
1.0189 

1.0180 
[75 B 33 
1.0170 

YBe,, 1.024 

2.65 

3.58 

3.57 

- 

- 

200 

8 

2.5 2.63 
[75 B 33 
8.8 

[75 B 33 

7.94 25 25.7 IH ml1 6.6 (3 K) 
[75 B 31 [82V l] 

9.71 14 15.3 CH: T<8.5K PfJll 8.8 (4.2K) 
[75 B 33 IH: T>8.5K [SOV 1) 

10.47 

10.57 

9.53 

7.55 

4.54 

13 [k3B CH cc@11 8.6 (4 K) 
33 [SSVl] 

6 5.45 IH: T>4.5K I911 8.4 (1.4K) 
[75 B 31 CH: T<4.5K [83 V I] 

[7:B3] 2.37 CH WI 6.0 (0.5 K) 
[83 V 1-J 

1 

1 1.28 
[79 H I] 
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the magnetocrystalline anisotropy in each compound, the helicoidal structure is either commensurate or not, 
either regular or not. In particular TbBe,, exhibits at low temperature a lock-in of the magnetic propagation 
vector on a l/3 commensurate value. 

The 0 values, deduced from the magnetic susceptibility data, as well as the J(q=O) exchange constant 
measured by EPR [76B 4, 77H2], are positive and very close to the TN values. J(q=O) was shown to vary 
significantly across the series. All these features are, again, in disagreement with a simple RKKY approach. 

A very large part of the literature on RBe,, is devoted to CeBe,,, which appears as an archetype of an 
intermediate valence compound. Ce dilution in a LaBe,, matrix leads to conclude a continuous evolution 
towards a near-integer, but yet unstable Ce3+ valence with a Kondo-like behaviour YbBe,, appears normal in 
spite of some unexplained features vanishing in presence of the magnetic ordering [83 V 21. As an exception 
among Eu compounds, EuBe,, is trivalent. 

Note that the absence of any single crystal unfortunately limits studies in this series. 

xm e (300 K) 00 (0 K) 
cm3 mol-’ clszm K 

Other properties Figures 

-25.10+(300K) 
[79 K I] 

1.78.10-3 (300K) 
[79 K l] 
2.05. 1O-3 (1.4K) 
[83 B 21 
0.047 (1 K) 
[75 B 31 
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[75 B 31 
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[75 B 31 
1.25.10-3 (300K) 
[75 B 31 
-125.1O-‘j (300K) 

0.17 865 
[80 K 21 [83 B 21 

0.72 895 
[80 K 21 [83 B 21 

0.23 770 
[82 B I] [SO K 21 

y=7.8mJK-2mol-1 
[83 B 21 
CI (300K)=10.3*10-6K-’ 
[Sl P 31 
y=58.6mJK-‘mol-’ 
[83 B 21 
CI (300K)=15.0.10-6K-’ 
[Sl P 31 
c( (300K)=7.32.W6K-’ 
[80K l] 

0.34 
[80 K 21 

trivalent; Van Vleck 
paramagnet (J = 0) 
magnetic propagation 
vector along [OOI] 
magnetic propagation 
vector along [OOl] 
magnetic propagation 
vector along [OOl] 
magnetic propagation 
vector along [OOl] 

930 
[75 B 33 

610 

trivalent 
[79 H I] 
y=8.4mJK-2mol-1 
[75 B 31 
a (300K)=8.W6K-’ 
[SO K l] 
a (300K)=8.10-6K-’ 
[SO K l] 
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Table 21. RBe,, compounds, Lea Leask and Wolf parameters w x, CEF parameters A,(r4), A,(r6) and 
overall CEF splitting deer. 

W 
K 

X A4(r4) 

K 

A&? A CEF 
K 

Ref. 

PrBe,, 2.1 -0.7 33 8.1 125 75B3 
NdBe, 3 -1.2 0.6 41 5.0 70 83Bl 
SmBe,, 5 1 33 - 30 83Bl 
TbBe,, 0.05 -0.8 - 5.4 -1.2 10 80Bl 
ErBe,, 0.094 -0.276 -10 2.4 38 8OV2 
TmBe,, -0.134 0.35 - 4.8 2.06 30 75B3 
YbBe,, 1.79 0.911 -15.4 0.96 51 85Wl 

Fig. 170. RBe,,. Energies of the two F,’ symmetry 
optical phonons, E, vs. lattice parameter a at 300 K. Note 

Fig. 169. RBe,,. The nearest-neighbour Be polyhed- the anomalous value for the Ce, -XLarBe13 mixed-valent 
ron: Be ions are located at the corners and the R ion at its system [85 B I]. 
centre [75 B 33. 
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Fig. 171. RBe,,. Room-temperature bulk modulus cs Fig. 172. LaBe,,. Debye temperature 0, vs. tempera- 
vs. the ratio Q/F between the valence Q and the unit cell ture from specific heat measurements on a polycrystalline 
volume K The hatched line is the extrapolation to the sample [75 B 33. 
actinide isomorphous compounds [85 M 11. 
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Fig. 173. RBe,,. Lattice parameter a vs. temperature 
[SO K 11. 
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Fig. 175. RBe,,, R = La, Lu, Y. Magnetic molar sus- 
ceptibility x,,, vs. temperature. The temperature variation 
for Be is also indicated in relation with impurity effects in 
the RBe,, polycrystalline samples [8OK I]. 
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Fig. 174. LaBe,,, CeBe,,. Relative change of length 
A.1/1 and linear thermal expansion coefficient x vs. temper- 
ature, measured on polycrystalline samples [Sl P 31. 
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Fig. 176. RBe,,, R = La, Ce, Cd. Electrical resistivity 
Q vs. temperature for polycrystalline samples [SO K 2-j. 
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Fig. 177. LuBe,,, CeBe,,. (a) Bulk modulus ca vs. 
temperature. (b) temperature variation of the difference 
between the thermal expansion coefficients in CeBe,, 
and LaBelI. %.c~r,,-~~u~elJ C84L 11. 
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Fig. 179. Ce,La,-,Be,,. Ratio of the heat capacity 
and the temperature, C,/1; vs. the square of the tempera- 
ture T’ for the Ce concentration indicated [83 B 23. 
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Fig. 178. CeBe,,. Ratio of the heat capacity and the 
temperature, C,,/T vs. the square of the temperature, TZ. 
The solid line IS a least-squares tit [83 B 23. 
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Fig. 180. Ce,La, -.Be,,. Reciprocal magnetic molar 
susceptibility xi1 vs. temperature for various Ce con- 
centrations [79 K 11. 
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Fig. 181. CexLal-xBelJ. Paramagnetic Curie temper- Fig. 182. PrBe,,. 
ature 0 vs. Ce concentration. The concentration range of 

Molar heat capacity C, vs. tempera- 
ture for a polycrystalline sample. The full line is calculated 

the various regimes (intermediate valence. trivalent state in a CEF model for the level scheme indicated [75 B 3-J. 
and Kondo behaviour) are also indicated [81 K I]. 
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Fig. 183. PrBe,,. (a) Magnetic moment pm vs. applied Fig. 184. PrBe,,. (a) Electrical resistivity Q vs. temper- 
magnetic field H at 1.4 K. (b) gives the low-temperature 
variation of the reciprocal magnetic molar susceptibility 

ature for a polycrystalline sample. In (b) Q,,, is the 

xi’ for a polycrystalline sample. The full lines are 
magnetic contribution to Q after subtraction of impurity 

calculated considering bilinear exchange and CEF inter- 
and phonon contributions deduced from LaBe,, study; 
Q, is normalized to its room-temperature value and 

actions [82 B I]. described in a CEF model using the same level scheme as 
in Fig. 183 [82 B 11. 
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Fig. 186. Gd,La,-,Be,,. Land& factor g vs. the re- 
ciprocal concentration, l/x measured by electron spin 
resonance. The horizontal dashed line indicates the 
unbottlenecked limit [77 H 21. 
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Fig. 185. GdBc,,. (a) Reciprocal magnetic molar sus- 
ceptibility xi1 vs. temperature for a polycrystallinc 
sample. The full line is a guide for the eye. (b) gives the 
temperature variation of the magnetic molar suscepti- 
bility measured in 1.3 Oe and normalized at the value at 
‘&=X.7 K. (c) gives the magnetization moment per Gd 
atom. pm vs. the applied magnetic field H in the antifer- 
romagnetic state at 1.4 K [75 B 33. 
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Fig. 187. GdBe,,. Powder neutron diffraction spec- 
trum at 3K for an incident neutron wavelength 
1=0.504 A. Bars indicate uncertainties, full lines corre- 
spond to the background and to the refinement for the 
magnetic structure, respectively [82V 11. 
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Fig. 188. GdBe,a. Antiferromagnetic moment per Gd 
site, pAF, vs. reduced temperature T/T,. The full curve is 
the Brillouin function B, for 5=7/2 [82 V I]. 
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Fig. 189. GdBe,,, TbBe,,. Propagation vector of the 
helicoidal structure, z = cc*, vs. reduced temperature 
T/T, [83 V l-j. 
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Fig. 190. TbBe,a. Magnetic moment pm vs. applied 
magnetic field H for a polycrystalline sample at various 
temperatures. Arrows indicate field drift, lines are guides 
for the eye [Sl C I]. 
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Fig. 191. TbBe,,. (a) Magnetic moment pm vs. ap- 
plied magnetic field H for a polycrystallinc sample at 1.37 
and 4.30 K. (b) shows the low-temperature bchaviour of 
the magnetic moment pm measured in a held of 4.95 kOe 
[7S B 3-J. 
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Fig. 194. Tb,La,-,Be,,. Net! temperature TN vs. Tb 
concentration x for polycrystalline samples. The full line is 
calculated in a CEF model assuming a bilinear exchange 
varying linearly with x; at low Tb concentration, the spin 
system is undercritical [SO C 11. 
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l=lt.2K 

Fig. 192. TbBe,,. Helicoidal magnetic structure at 
4.2 K, M, M, and M, are the magnetic moments for Tb 
sites in 3 successive (00 h) planes (cp = 86.5”) [80 V 11. 
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Fig. 193. TbBe,,. Angular dependence of intensity of 
the (0 0 l/3) magnetic reflection in powder neutron diffrac- 
tion spectra at various temperature as indicated [SOV 11. 
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Fig. 195. DyBe,,. (a) Magnetic moment P,,, vs. ap- Fig. 196. DyBe,,. Angular dependence of the intens- 
plied magnetic field H for a polycrystalline sample at 1.29 ity of the (00 l/3) magnetic reflection in powder neutron 
and 4.21 K. (b) gives the temperature variation of the diffraction spectra at various temperatures [SS V 11. 
magnetic moment P,,, in 2.45 kOe [75 B 31. 
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Fig. 197. DyBe,,. Commensurate helicoidal magnetic 
structure (rp = 79” at 4.2 K) [85 V I]. 
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Fig. 198. DyBc,,. t6’Dy Mossbaucr absorption spcc- 
tra at 8, 4 and 1SK. Full lines arc calculated in a 
relaxation model [SS V 11. 
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Fig. 200. HoBc,,. Angular dcpendcnce of the intcns- 
ity of the (00 l/3) magnctrc reflection in powder neutron 
diffraction spectra at temperatures indicated [83 V 11. 
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Fig. 199. HoBe,,, ErBe,,. (a) Magnetic moment p, 
vs. applied magnetic held H at 1.34 K for polycrystalline 
samples. (b) shows the tempcraturc dependence of the 
magnetic moment measured in 1.25 kOe [75 B 33. 
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Fig. 201. ErBe,,. Inelastic neutron scattering intens- 
ity vs. the energy transfer AE from the neutron incident 
energy of 50meV at 15 and 4.2 K. Bars indicate the 
intensity I and the *21/7 uncertainties [SO V 21. 
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2.1 

0.750" 0.875" 1.000" 1.125" 1.250" 1.375" 
O- 

Fig. 202. ErBe,,. Angular dependence of the intensity 
of the (001/3) magnetic reflection in powder neutron 
diffraction spectra at temperatures indicated [83 V 11. 
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Fig. 205. TmBe, 3. Molar heat capacity C, vs. temper- 
ature. The full line is calculated in a CEF model for the 
level spacing indicated [75 B 31. 

0.5 
J - 

molk 

OX 

I 

0.3 

rJ" 
0.2 

0.1 

0 2 6 8 10 K 12 

Fig. 203. Er,,,,La,.,, Be, 3. Temperature dependence 
of the molar heat capacity C, after subtraction of the 
lattice contribution deduced from the LaBe,, study for 
polycrystalline samples in zero magnetic field. The 
hatched line is calculatcc! in a CEF model [8OV3]. 
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Fig. 204. TmBe,,. (a) Magnetic moment p, vs. ap- 
plied magnetic field H at 1.49 and 4.30 K for a polycrys- 
tallinc sample. (b) shows the low temperature depen- 
dence of the magnetic molar susceptibility 1, measured 
in 1.3 Oe [75 B 31. 
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Fig. 206. TmBe,,. Magnetic moment pm vs. applied 
magnetic field Hat 4.2 K for a polycrystalline sample. The 
full line is calculated in a CEF model [81 C2]. 
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Fig. 207. YbBe,,. (a) Magnetic ‘moment pm vs. ap- 
plied magnetic field H at 1.55 and 4.2 K for a polycrys- 
talline sample. (b) gives the reciprocal magnetic molar 
susceptibility xi ‘. Full lines are calculated considering 
bilinear exchange and CEF interactions for the Yb level 
scheme indicated [79 H 11. 

4 
Fig. 208. YbBe,,. Intensity of the inelastic neutron 
scattering vs. the energy transfer BE from the incident 
neutron energy of 3.1 meV at 39 K (upper part) 135 K 
(middle part) and 300 K (lower part). Solid lines are fits 
based on a CEF model. Shaded areas indicate elastic 
incoherent nuclear scattering [85 W I]. 
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2.7.7 Ternary compounds 

Table 22. Si-based compounds. Structure type, space group, room-temperature lattice parameters a, c, 
room-temperature electrical resistivity Q and magnetic characteristics (paramagnetic Curie temperature 0 and 
effective magnetic moment per rare earth ion. pcrr). 

Structure Space a 
type group 

nm 

c Q (300K) 0 Pcff Figures Ref. 
PQm K ClB 

CeSiMg 
CeSi,Mgz 
CeZnSi 
NdZnSi 
SmZnSi 
GdZnSi 
TbZnSi 
HoZnSi 
YZnSi 

a-ThSi, 
BaAI, 
AIBz 
AIB, 
AIB2 
AIB, 
AIB, 
AIB, 
AIB, 

P4,/mmm 0.7589 1.374 
P4/mmm 0.4250 0.5165 
P6/mmm 0.4223 0.4238 2.84 12 2.5 
P6/mmm 0.4167 0.4174 3.07 30 3.6 
P6/mmm 0.4167 0.4095 3.58 
P6/mmm 0.4163 0.4000 2.29 61 7.5 
P6/mmm 0.4141 0.3962 4.96 38 9.3 
P6/mmm 0.4103 0.3941 5.28 50 10.2 
P6/mmm 0.4135 0.3968 

209 7421 
209 71 Zl 
210-213 83K2 
210-213 83K2 
210-213 83K2 
210.-217 83K2: 84K3 
210-213 83K2 
210-213 83 K 2 
211 83 K 2 

Table 23. RInZn, RTIZn, RInCd compounds. 
Room-temperature lattice parameters a, c of the 
Cain,-type hexagonal structure (P6Jmmc space 
groups). Set Figs. 218-220. 

a c Ref. 

nm 

LaInZn 
CeInZn 
PrInZn 
NdInZn 
SmInZn 
GdInZn 
DyInZn 
HoInZn 
ErInZn 
YbInZn 

LaTIZn 
CeTlZn 
NdTlZn 
SmTlZn 
GdTIZn 
DyTlZn 
ErTlZn 

LaInCd 
CeInCd 
PrInCd 
NdInCd 
SmInCd 
GdInCd 
DyInCd 
HoInCd 
ErInCd 
Y bInCd 

0.4796 0.7768 82Ml 
0.4787 0.7631 82Ml 
0.4786 0.7537 82Ml 
0.4719 0.753 1 82Ml 
0.4697 0.7414 82Ml 
0.4676 0.7335 82Ml 
0.4649 0.7239 82Ml 
0.4636 0.7214 82Ml 
0.4616 0.7184 82Ml 
0.4725 0.7382 82Ml 

0.4803 0.7796 83 M 1 
0.4783 0.7676 83Ml 
0.4715 0.7561 83Ml 
0.4680 0.7461 83Ml 
0.4645 0.7396 83Ml 
0.4611 0.7308 83M 1 
0.4582 0.7247 83Ml 

0.4936 0.7652 81 R2 
0.4943 0.7809 81 R2 
0.4907 0.7609 81 R2 
0.4889 0.7572 81 R2 
0.4866 0.7469 81 R2 
0.4845 0.7398 81 R2 
0.4819 0.7318 81 R2 
0.4805 0.7301 81 R2 
0.4796 0.7253 81 R2 
0.4948 0.7302 81 R2 
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Table 24. Miscellaneous ternary compounds. Structure type, space group and room-temperature lattice 
parameters a, c. 

Structure 
We 

Space 
group 

a 

nm 

c Fig. Ref. 

Y MgAl, 
Y2Mg3Zn3 
YMg12Zn 
YMgJn, 
Nd2MgJng 
WMgJn7 
Nd,MgZn, 

LaCo,,Zn 
LaCo,,Zn, 
LaCo,,Zn, 
LaCo,Zn, 

M@n2 
AlMnCu, 
unknown 
unknown 
unknown 
unknown 
unknown 

P6,/mmc 0.533 
Fm3m 0.6848 

NaZn,, 
NaZn,, 
NaZn,, 
NaZn,, 

Fm3c 
Fm3c 
Fm3c 
Fm3c 

1.1404 83Cl 
1.1467 83Cl 
1.1524 83Cl 
1.1650 83Cl 

Si 

‘de,Mg,, - 

Fig. 209. CeMgSi system. Isothermal section at 
400°C of the partial phase diagram (O-33 at% Ce). 
CeMg,Si,, CeMgSi, CeMg,Si are three ternary defined 
compounds [84 r]. 

0.857 221 
222 
222 

8OZl 
82Pl 
82Pl 
82Pl 
74D2 
74D2 
74D2 

0.450 
nm 

I 

0x25 

u 
d O.&O0 

RZnSi 

0.375 
1.0: 

I 1.00 

F 
u 0.95 

0.9c b, , , , , , , , , , , , , 
I Pr Pm Eu Tb Ho Tm 

Ce Nd Sm Gd Oy Er Yb 
Lc Lu 

Fig. 210. RZnSi. (a) Lattice parameters a, c vs. rare 
earth atom at room temperature. (b) gives the variation 
of the ratio c/a for the AlB, structure [83 K 21. 
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HoZnSi 0 

100 150 200 250 K 300 
I- 

Fig. 211. RZnSi. Specific magnetic susceptibility xr 
vs. temperature bctwccn lOOand 280 K for polycrystallinc 
samples [83 K 23. 

0 50 100 150 200 250 K 300 

Fig. 213. RZnSi. Electrical resistivity Q vs. tempcra- 
ture at high temperature for polycrystallinc samples 
[83 K 21. 

,v- 

K RZnSi . 
60 - 

50 - . 
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0 ’ ’ 1 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
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Ce Nd Sm Gd Oy Er Yb 

Lu 

Fig. 212. Paramagnetic Curie temperature 0 as a func- 
tion of the rare earth atom [83 K 2). 
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Fig. 214. GdCu, -,Zn,Si. Room-temperature lattice 
parameters a, c vs. Zn concentration [X4 K 33. 

Morin 



Ref. p. 931 2.7.7 Rare earth-group 2 elements: ternary compounds 91 

1.0 
0 50 100 150 200 250 K 300 

T- 

Fig. 215. GdCu, -,Zn,Si. Electrical resistivity Q vs. 
temperature for the Zn concentrations indicated. The 
anomaly indicates the ferromagnetic Curie temperature 
(polycrystalline samples) [84 K 31. 

250 / I 
K Gd Cul-,Zn,Si 

3 6 9 12 kOe 
H- 

1 I 
15 

Fig. 216. GdCu,-xZn,Si. Magnetic moment pm vs. Fig. 217. GdCu, -,Zn,Si. Paramagnetic Curie tem- 
applied magnetic field H for the Zn concentrations perature 0 and effective magnetic moment pen vs. Zn 
indicated at 77 K (polycrystalline samples) [84 K 31. concentration for polycrystalline samples [84 K 31. 
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Lo Pr Pm Eu lb Ho Tm Lu 
Ce Nd Sm Gd Oy Er Yb 

Fig. 218. RInZn. RZn?. Room-tempcraturc avcragc 
atomic volumes. P= l<,,,/6, vs. the rare earth atom. 
Solid circles: RlnZn Cain,-type: open circles: RZn,- 
CcCu~-typc [82 M 11. 

O.JZEi\ 

Lo Pr Pm Eu Tb Ho Tm LU 

Ce Nd Sm Gd Dy Er Yb 

Fig. 219. RZnTl. Room-temperature avcragc atomic 
volume. P= f&,16, vs. the rare earth atom [83 M 11. 

Mq 

Al at% 20 AI,Y AI,Y 

Y- 

Fig. 221. YMgAl system. 400°C isothermal section of 
the partial phase diagram. Symbols indicate the alloys 
prcparcd (open circles: two-phase, solid circles: thrcc- 
phase). The ternary compound A = YMgAI, has a hex- 
agonal MgZn,-type structure [80 Z 11. 

0.0221 I I , I I , I 1 I I I I I I 
Lo Pr Pm Eu Tb Ho Tm Lu 

Ce Nd Sm Gd Dy Er Yb 

Zn 

Fig. 220. RlnCd. Room-temperature avcragc atomic 
volume. ci= 11,,,,/6, vs. the rare earth atom fS1 R 21. 
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2.8 Compounds based on rare earth elements and B 
2.8.1 Binary rare earth horides 

The following types of binary rare earth borides have been reported [61 G 11: RB,, RIB,, RB,, RB,, and 
RB,,. 

2.8.1.1 RB, compounds 

The magnetic properties of the diboride compounds RB, were determined on polycrystalline material 
obtained by fusing stoichiometric proportions of the starting materials (rare earth elements 99.9% purity, B 
99.99% purity) in an arc furnace. X-ray diffraction showed that the samples were single-phase in the cases of 
R = Tb, Dy, Ho and Er. The X-ray diagrams were indexed on the basis of the hexagonal AlB,-type unit cell. The 
lattice constants are given in Table 1. They are in good agreement with data in literature. It proved impossible to 
prepare AIB,-type compounds with rare earth elements lighter than R = Tb. 

The magnetic properties of the diborides with R =Tb, Dy, Ho and Er are summarized in Table 1. Above the 
magnetic ordering temperature Tc the magnetic susceptibility displays Curie-Weiss behavior with effective 
magnetic moments pelf close to the corresponding value of gu,1/Jo. Except in the case of TbB, one observ- 
ers considerable differences between Tc and the paramagnetic Curie temperature 0 derived from extrapolations 
of the x-’ vs. T plots. This suggests that the magnetic ordering phenomena are more complicated than simple 
ferromagnetic ordering. This follows also from the shape of the magnetization vs. temperature curves of TbB, 
and DyB, (Fig. l), which seem to involve two steps. Studies of the magnetic field dependence ofthe magnetization 
at 4.2 K suggest that relatively strong magneto-crystalline anisotropies are involved. For all the compounds 
investigated saturation was still not reached at 18 kOe, the ultimate field strength applied. This anisotropy is very 
probably induced by crystal fields. The magnetic moments p, attained with 18 kOe are listed in Table 1; they fall 
appreciably below the corresponding values of gJpn [77 B 11. 

Table 1. RB2. Room-temperature lattice constants and magnetic data for polycrystalline rare earth diborides 
(AIBz(h)-type structure). 

R n c Tc 0 Pelf Pm ‘1 Ref. 

A K P1,lf.U. 

Tb 3.290 3.878 151 151 9.96 4.0 77Bl 
Dj 3.287 3.845 55 33 10.7 5.4 61G1,77Bl 
Ho 3.28 1 3.813 15 25 10.2 7.5 77Bl 
Er 3.271 3.782 16 9 9.47 5.1 77Bl 

‘) Measured at T=4.2 K and H = 18 kOe. 
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2.8.1.2 R,B, compounds 

Table 2. R,B,. Magnetic data 
[77 B 21. 

R 0 TN 

K 

Pr 14 15.1 
Nd 14 32.7 
Sm 23.5 
Gd 50 

2.8.1.3 RB, compounds 

There exists a wide discrepancy regarding the paramagnetic Curie temperatures reported in the various 
investigations which may be due to the large anisotropy in these compounds [81 G l] which gives rise to different 
values of the magnetic susceptibility when measured parallel or perpendicular to the tetragonal c direction. The 
various investigations may refer to measurements involving a prevalence of crystallographic directions. 

PrB, shows a ferromagnetic phase transition while for the other RB, compounds the transition is of the 
antiferromagnetic type. 

T= b.2K 
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Fig. 2. PrB,. Magnetization curves for polycrystalline Fig. 3. PrB,. Magnetization curves for the tetragonal 
sample [76 B I]. c direction of a single crystal [76 B 1, 79 E I]. 
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Fig. 4. PrB,. Magnetization (H= 10 kOe) and recip- 
rocal magnetic susceptibility as a function of temperature 
for polycrystalline sample [72 B 1, 77 B 11. 

Magnetic susceptibility measurcmcnts [Sl G I] carried out on single crystals of TbB, along and 
perpendicular to the tetragonal c axis indicate a strong anisotropy favouring the ah plane, the magnetic moments 
being perpendicular to the c axis (O,, = -48 K, 0, = - 18 K), Fig. 5. At 4.2 K the variation in the magnetization 
as a function of magnetic field applied perpendicular to the c axis and for various directions in the ah plane 
[81 G l] is explained by a spin-flipping effect and strongly suggests that the direction of antiferromagnetism is 
along the c1 or h axis, Fig. 6. Neutron diffraction experiments confirmed a colllinear antiferromagnetic 
arrangement of the moments along the o or the h axis. A magnetic moment pR = 7.7 pB/Tb at 4.2 K was calculated 
from the measured intensities [81 G 11, 

/ / 
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Fig. 5. TbB,. Variation in the reciprocal magnetic 
susccptihilitics. I,, - ’ and p; ‘,parallcl and pcrpcndicular to 
the tetragonal c axis of a single crystal as a function of 
tcmpcraturc (H=3 kOc) [81 G 11. 
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H- 

Fig. 6. TbB,. Variation in the magnetization as a 
function of magnetic field applied perpendicular to the 
tctragonal c axis at 4.2 K for a single crystal [81 G 1-j. 

As for ErB, and in contrast with those for TbB,, the magnetic susceptibility measurements [81 G l] 
performed on single crystals of HoB, indicate a strong anisotropy favouring the tetragonal c axis (O,, = -9.8 K 
and 0, = - 13.4 K), Fig. 7. TF: 2~ 6 K detcrmincd on HoB, single crystals [81 G 11 is lower than the value obtained 
from powder samples. 

The variation in the magnetization as a function of magnetic field applied along the c axis at 2.25 K [81 G l] 
shows that two metamagnetic transitions occur, Fig. 8. When the magnetic field is applied normal to the 
magnetic moments directed along the c axis [81 G 11, the variation in the magnetization as a function of magnetic 
field at low temperatures shows a transition between two antiferromagnetic phases, the high-field one having the 
higher magnetic susceptibility, Fig. 9. 
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Fig. 8. HoB,. Variation in the magnetization as a 

the tetragonal c axis of a single crystal as a function of 
function of magnetic field applied along the tetragonal c 

temperature (H= 3 kOe, 
axis at 2.25 K and at 4.2 K for a single crystal [81 G I]. 
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Fig. 9. HoB,. Variation in the magnetization as a 
function of magnetic field applied normal to the tetra- 
gonal c axis at different temperatures for a single crystal 
[Sl G I]. 
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Measurements performed on single crystals of ErB, [Sl G l] show strong anisotropy favouring the 
tetragonal c axis (O,, = 13 K, 0, = - 18 K). 
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Fig. 11. ErB,. Magnetization curves for the tetragonal 
c direction of a single crystal [76 B 11. 
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[79P 1, 81 G 11. 
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2.8.1.4 RB, compounds 

The absence of magnetic order and the peculiar temperature dependence of the magnetic susceptibility in 
SmB,. Fig. 13, as well as the temperature-induced change from semiconductor to metal in this compound, have 
been discussed by various authors in terms of the phenomenology of intervalence compounds [69 M 1,7OC 1, 
71 M 1-J 

4 

Fig. 13. SmB,. Reciprocal magnetic molar susccpti- 
bility as a function of tcmpcraturc for polycrystallinc 
sample [69 M 11. 

Deviant behaviour is shown by EuB, which commonly is found to be a ferromagnet whereas all the other 
magnetic RB, compounds are antiferromagnets. Explanations of the deviating ordering type have been made in 
terms of superexchange [68 G 11 and the Bloembergen-Rowland interaction [71 F 1,71 W 1,75 G 1-J. Measure- 
ments on a EuB, single crystal indicate, however, that EuB,, too, is antiferromagnetic [77 I 11. 

The introduction of Eu vacancies decreases the carrier concentration and makes EuB, ferromagnetic, A 
comparison of the magnetic properties of a polycrystalline sample containing Eu defects with those of the EuB, 
single crystal is shown in Fig. 14. 

2 6 8 kOe 10 

4 

Fig. 14. EuB,. Magnetization as a function of applied 
magnetic field. Circles: single crystal. Magnetic field is in 
the [lOO] direction. Dashed lines: polycrystal containing 
Eu defects [77 Ill. 
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2.8.1.5 RB,, compounds 

LuB,, is reported to become superconducting below 0.48 K [68 M I]. The compound YbB,, shows unusual 
electrical resistance behavior [69 F I]. 

Table 5. RB,,. Room-temperature lattice constants and magnetic data 
for RB,, compounds (UB,,(c)-type structure). 

R 
1 

Pelf 0 TN Ref. 
PB1f.U. K K 

DY 7.501 10.85 -23 61 Ll, 
79Bl 

Ho 7.492 6.5 61 Ll, 
68M 1 

Er 7.484 6.5 61 Ll, 
68M 1 

Tm 7.476 4.2 61 Ll, 
68M 1 

Lu 7.464 61 Ll 

2.8.2 Ternary compounds 

2.8.2.1 Compounds with RM,B, stoichiometry (M=Ru, Rh, OS, Ir) 

The degree of crystallographic order is an important parameter for the superconducting and magnetic 
interactions in CeCo,B,-type compounds. Experiments on pseudo-ternary rare earth compounds were used as a 
method for studying these interactions [79 K 2, 80 K I, 80 K 2, 80 K 3, 81 K 1-j. 

The CeCo,B,-type crystal structure of the RRh,B, compounds contains Rh,B, “clusters” consisting of 
interpenetrating Rh and B tetrahedra. The 4d electrons of Rh are relatively confined within the “clusters”, 
producing sharp structure in the conduction electron density of states near the Fermi level. This could account 
for superconductivity with high values of the superconducting transition temperature T, and the occurrence of 
itinerant electron ferromagnetism. Localization of the conduction electrons within the “clusters” isolates them 
from rare earth ions, leading to a decreased exchange interaction between the conduction-electron spins and the 
rare earth magnetic moments. This allows the compounds to retain their superconductivity and produces 
magnetic ordering at temperatures that are comparable to rq. The TV of several RRh,B, compounds have been 
found to be sensitive to u-particle damage [79 R 2, 80R 1, 81 D2], a feature common to superconducting 
transition-metal cluster compounds. The other important ingredient for magnetic superconductors is the 
ordered rare earth sublattice which insures long-range magnetic order. 
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Table 6. RM,B, (M = Ru, Rh, OS, Ir). Room-temperature lattice parameters and magnetic or superconduct- 
ing data. TDP: temperature-dependent paramagnetism. 

R a c Peff 0 T, TN T, Ref. 

w PB1fJ-l. K 

RRu,B, (LuRu,B,-type) 
SC 7.346 14.895 7.2 79K1,8OKl 
Y 7.454 14.994 1.4 77J1, 79Kl 
Ce 7.470 15.085 77Jl 
Pr 7.505 15.066 77Jl 
Nd 7.502 15.053 1.62 ‘) 77Jl 
Sm 7.482 15.049 77Jl 
Eu 7.477 15.035 7751 
Gd 7.470 15.009 4.55 ‘) 7751 
Tb 7.456 14.995 4.30 ‘) 7751 
DY 7.453 14.983 10.22 13.3 2.65 ‘) 77J1,83Hl 
Ho 7.442 14.975 2.58 ‘) 7751 
Er 7.438 14.972 2.16 ‘) 77Jl 
Tm 7.429 14.965 77Jl 
Yb 7.427 14.962 7751 
Lu 7.419 14.955 2.0 7751,79Kl 

RRh,B, (CeCo,B,-type) 82M2 
Y 5.308 7.403 11.3 77Ml,77Vl 

10.8 79Wl 
Nd 5.333 7.468 5.3 77M1,77Vl 

3.58(5) - 6.2(10) 0.89, 1.31 79Hl 
Sm 5.312 7.430 2.5 77M1, 77Vl 

0.632 - 1.93 0.87 2.7 79H2 
Gd 5.309 7.417 5.62 77M 1, 77Vl 

7.94 5.6 5.8 SOMl, 81Al 
Tb 5.303 7.404 7.08 77M1,77Vl 

7.4 80Ml 
DY 5.302 7.395 12.03 77M1,77Vl 

10.55 19.3 10.7 80Ml 
Ho 5.293 7.379 6.56 77M1,77Vl 

10.6 6.5 6.7 80M1, 8001 
Er 5.292 7.374 8.5 77M1,77Vl 

9.62(15) l(l) 0.93 8.7 77F1, 77M2, 
7801 

Tm 5.287 7.359 9.8 77M1,77Vl 
7.51(3) - 0.46(25) 0.4 81 Hl 

Lu 5.294 7.359 11.7 77M1,77Vl 
11.5 79Wl 

ROs,B, (NdCo,B,-type) 79R1,79R3 
La 7.611 3.998 weak TDP 
Ce 7.538 4.005 weak TDP 
Pr 7.567 4.002 3.76 -9 
Nd 7.552 4.003 3.88 -6 
Sm 7.526 4.009 1.65 ‘) 

(continued) 

‘) Given as unspecified magnetic phase transition temperature. 
‘) Room-temperature value. 
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Table 6 (continued). 

R n C Pcrr 0 Tc TN 17; Ref 

A p,,/f.u. K 

Y I.547 3.980 0 
La 7.612 3.914 weak TDP 
Ce 7.642 3.970 2.51 
Pr 7.629 3.974 3.70 
Nd 7.616 3.974 3.78 
Sm 7.590 3.976 1.75 2) 
Gd 7.571 3.979 8.07 
Tb 7.551 3.979 9.89 

Ho 
Er 5.40s 7.278 
Tm 5.404 7.281 

RIr,B, (NdCo,B,-type) 79R1, 79R3 

-16 
-18 

19 

35 
6 

RIr,B, (CeCo,B,-type) 79K 
2.0 
2.1 
1.6 

2 

*) Room-temperature value. 

The samples for NdRh,B, were prepared off stoichiometry from RRh,B, composition because the 
additional RhB stabilizes the NdRh,B,-phase. 

,s 

50 100 150 200 250 K 
I- H---w 

Fig. 15. NdRh,B,. Inwrsc magnctic molar susccpti- 
bility vs. tcmpcraturc. The solid lint represents a Curic- 
H'ciss law with p ,,,=3.58~lI,/Nd and O= -62(iO)K 
[79 H I]. 

0 

I 

2 4 6 
I 

8 kOe 10 

Fig. 16. NdRh,B,. Magnetization vs. applied mag- 
nctic ficld isotherms at various tcmpcratures between 
0.80 and 7.52 K [79 H 11. 
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7- 

jig. 17. SmRh,B,. Inverse magnetic molar suscepti- 
nlity vs. temperature. The arrow represents the phase 
ransition temperature defined by the I-type anomaly 
observed at 0.87 K in the heat capacity data. The curve 
,epresents the sum of a Curie-Weiss law with pen 
=0.632 p,/Sm and 0 = - 1.93 K and a temperature- 
ndependent Van Vleck term [79 H 21. 

1.0 

DE 

I 

‘i 
,- 
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H- 

Fig. 18. GdRh,B,, HoRh,B,. Low-field magnetiza- 
tion curves corrected for demagnetization of GdRh,B, 
(open circles) and HoRh,B, (solid circles) at various 
temperatures below Tc [Sl A 11. 

The deviation of the data for the magnetic susceptibility of DyRh,B, from Curie-Weiss behavior below 
v 50 K apparently results from crystalline electric field splitting of the Hund’s rule ground state of Dy3+. 

20 
mol - 
cm3 

16 

0 50 100 150 200 250 K 
T- 

Fig. 19. DyRh,B,. Inverse magnetic molar suscepti- 
bility xi’ vs. temperature. The solid line represents a 
Curie-Weiss fit to the high-temperature data with pert 
= 10.55 p,/Dy and 0 = 19.3 K [80 M I]. 
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Fig. 20. HoRh,B,. H/a, in various applied magnetic 
tields between 1.5 and 25 K. The solid line is a Curie-Weiss 
tit to the high-temperature data with pelf= 10.25 us/Ho 
and 0 = 6.5 K [80 0 11. 

20 
mol 
tii3 

1: 

I l[ 
';E 
H 

I. 

I 

Fig. 21. HoRh,B,. Temperature depcndcnce of the 
invcrsc low-held magnetic molar susceptibility xi’ be- 
twccn 1.5 and 250K. The applied magnetic field was 
0.5 kOe [800 1-J. 

Fig. 22. HoRh,B,. Magnetization curves of poly- 
crystalline sample above and below the Curie tem- 
pcrature [800 11. 
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Fig. 23. HoRh,B,. Magnetization curves corrected 
for demagnetization and temperature variation of the 
inverse magnetic susceptibility as measured with the 
applied magnetic field parallel and perpendicular to the 
cooling direction of the sample in the arc furnace. no., 
= 10.6 pa/Ho [Sl A I]. 

I I \ HoRhkBL 
\ H-c IO Oe I I 
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TM 

Fig. 24. HoRh,B,. Variation with temperature of the 
magnetization of a spherical sample in a small reverse field 
El < 10 Oe, after exposure to a magnetic field of 2.5 kOe at 
4.2 K. The dashed curves indicate regions where no data 
were taken, and the arrows show how T was cycled, 
starting at 5.55 K [Sl A 11. 
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The n direction spontaneous and saturation magnetic moments reported in [82 C I] for ErRh,B, are in 
excellent agreement with values measured by neutron scattering, 5.6 pn/Er [77 M 23, and Mbssbauer effect, 
8.3 p,r/Er [SOS 23. The spontaneous and saturation magnetic moments observed thus reconcile the basic 
discrepancy between magnetic moments deduced from neutron scattering and Mbssbauer effect, respectively, 
and suggest that a neutron measurement of the saturation magnetic moment would agree with the Miissbauer 
result. However, the neutron measurement shows that the magnetic moment in zero magnetic field is constant 
[77 M 21 at 5.6 uH/Er for T< 0.4 K, implying that the spontaneous magnetic moment never equals the saturation 
magnetic moment. even at T=O. The reason for this unusual behavior remains to be explained [82 C 1-J. 

As an example of counterplay of superconductivity and magnetism Fig. 27 is included. 

35 
J 

mol K 

3c 

25 
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. . . . .i .i 
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/ / \ \ \ 
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II 3 6 9 12 15 K 
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b H- 

Fig. 25. ErRh,B,. (a) lnvcrsc static low-field magnetic 
molar susceptibility x; ’ vs. tcmpcraturc. The solid line 
rcprcscnts a Curie-Weiss law with ~.~~=9.62(15)p,,IEr 
and O= l(1) K. (b) Magnetization vs. applied magnetic 
ticld isotherms at tcmpcraturcs bctwccn 0.69 and 8.96 K. 
Data wcrc obtnincd with increasing magnetic field 
[77 F 11. 

Fit. 27. ErRh,B,, LuRh,B,. Specific heat C vs. tem- 
peraturc. The inset shows a detailed plot of C vs. T for 
ErRh,B, in the vicinity of the rc-entrant phase transition 
tempcraturc T,=O.93 K. Superconducting phase tran- 
sition tempcraturcs arc 7;= 8.7 K for ErRh,B, and 11.5 K 
for LuRh,B, [82 M 23. 

4 

Fig. 26. ErRh,B,. Magnetization for the o and cdircc- 
tions of a single crystal at 0.41 and 0.43 K, respectively 
[82 C 1-J. 
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Fig. 28. ROs,B,, RIr,B,. Reciprocal magnetic sus- 
ceptibility vs. temperature [79 R 31. 

2.8.2.2 Compounds with RMB, stoichiometry (M = Ru, OS) 

LuRuB, is a cluster compound of a kind qualitatively different from the superconducting RM,B, 
compounds. In the latter materials, the transition-metal atoms M form clusters and the rare earth atoms R are 
isolated. In LuRuB, these roles of R and M atoms in the clustering behavior are reversed. The B, clusters are 
weakly bonded together to form chains in LuRuB,, whereas they are isolated from each other in the RM,B, 
compounds. The magnetic ordering temperatures T, in compounds with LuRuB,-type crystal structure are 
higher than values observed in the RRh,B, compounds. These enhanced T, values are probably due to shorter 
R-R interatomic distances and higher R concentration in RRuB, phases. 
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Fig. 28. ROs,B,, RIr,B,. Reciprocal magnetic sus- 
ceptibility vs. temperature [79 R 31. 

2.8.2.2 Compounds with RMB, stoichiometry (M = Ru, OS) 

LuRuB, is a cluster compound of a kind qualitatively different from the superconducting RM,B, 
compounds. In the latter materials, the transition-metal atoms M form clusters and the rare earth atoms R are 
isolated. In LuRuB, these roles of R and M atoms in the clustering behavior are reversed. The B, clusters are 
weakly bonded together to form chains in LuRuB,, whereas they are isolated from each other in the RM,B, 
compounds. The magnetic ordering temperatures T, in compounds with LuRuB,-type crystal structure are 
higher than values observed in the RRh,B, compounds. These enhanced T, values are probably due to shorter 
R-R interatomic distances and higher R concentration in RRuB, phases. 
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Table 7. RMB,, M = Ru, OS. Room-temperature lattice parameters and mag- 
netic or superconducting phase transition temperatures for ternary borides 
(LuRuB,-type structure) [SO K 5, 80 S 11. 

R a b c L T, 

A K 

Y 5.918(6) 
Tb 5.897(6) 
DY 5.886(6) 
Ho 5.875(6) 
Er 5.868(6) 
Tm 5.831(6) 
Lu 5.809(6) 

Y 5.905(6) 
Tb 5.885(6) 
DY 5.869(6) 
Ho 5.850(6) 
Er 5.834(6) 
Tm 5.817(6) 
Lu 5.809(6) 

RRuB, 
5.297(5) 6.377(7) 7.68...7.80 
5.31 l(5) 6.367(7) 45.6 
5.300(5) 6.352(7) 21.9 
5.287(5) 6.332(7) 15.5 
5.262(5) 6.323(7) 5.21 
5.254(5) 6.299(7) 4.07 
5.229(5) 6.284(7) 9.86...9.99 

ROsB, 
5.299(5) 6.391(7) 1.60...2.22 
5.309(5) 6.392(7) 39.2 
5.297(5) 6.369(7) 25.3 
5.286(5) 6.355(7) 14.2 
5.274(5) 6.341(7) 3.80 
5.258(5) 6.328(7) 2.26 
5.231(5) 6.318(7) 2.14...2.66 

2.8.2.3 Compounds with RM,B, stoichiometry (M = Co, Ru, Rh, Ir) 

In RM,B, the R and M atoms both respectively form clusters and these clusters interpenetrate, whereas the B 
atoms are isolated from each other. 

Table 8. RCo,B,. Room-temperature lattice parameters and magnetic data of ternary borides (CeCo,B,- 
type structure). p, refers to T=4.2K. 

R a C Pcff PS 0 Tc Ref. 

A kJ.u. K 

Y 5.033 3.038 69Kl 
5.020 3.027 73Nl 

Ce 5.057 3.036 69Kl 
5.058 3.040 73Nl 

Sm 5.101 2.991 0.12 40 7701 
5.079 3.031 69K1,73Nl 

Gd 5.059 3.019 7.7 6.9 75 58 7701 
5.066 3.022 69K1,73Nl 

Tb 5.048 3.005 69Kl 
5.050 3.009 73Nl 

DY 5.028 3.015 69Kl 
5.031 3.021 73Nl 

Ho 5.026 3.029 69Kl 
5.018 3.023 73Nl 

Er 5.003 3.024 10.2 4.8 10 20 7701 
5.006 3.024 69K 1, 73Nl 

Tm 4.99 1 3.019 69 K 1 
4.999 3.019 73Rl 

Yb 4.985 3.020 73Rl 
Lu 4.959 3.035 69Kl 
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Table 7. RMB,, M = Ru, OS. Room-temperature lattice parameters and mag- 
netic or superconducting phase transition temperatures for ternary borides 
(LuRuB,-type structure) [SO K 5, 80 S 11. 

R a b c L T, 

A K 

Y 5.918(6) 
Tb 5.897(6) 
DY 5.886(6) 
Ho 5.875(6) 
Er 5.868(6) 
Tm 5.831(6) 
Lu 5.809(6) 

Y 5.905(6) 
Tb 5.885(6) 
DY 5.869(6) 
Ho 5.850(6) 
Er 5.834(6) 
Tm 5.817(6) 
Lu 5.809(6) 

RRuB, 
5.297(5) 6.377(7) 7.68...7.80 
5.31 l(5) 6.367(7) 45.6 
5.300(5) 6.352(7) 21.9 
5.287(5) 6.332(7) 15.5 
5.262(5) 6.323(7) 5.21 
5.254(5) 6.299(7) 4.07 
5.229(5) 6.284(7) 9.86...9.99 

ROsB, 
5.299(5) 6.391(7) 1.60...2.22 
5.309(5) 6.392(7) 39.2 
5.297(5) 6.369(7) 25.3 
5.286(5) 6.355(7) 14.2 
5.274(5) 6.341(7) 3.80 
5.258(5) 6.328(7) 2.26 
5.231(5) 6.318(7) 2.14...2.66 

2.8.2.3 Compounds with RM,B, stoichiometry (M = Co, Ru, Rh, Ir) 

In RM,B, the R and M atoms both respectively form clusters and these clusters interpenetrate, whereas the B 
atoms are isolated from each other. 

Table 8. RCo,B,. Room-temperature lattice parameters and magnetic data of ternary borides (CeCo,B,- 
type structure). p, refers to T=4.2K. 

R a C Pcff PS 0 Tc Ref. 

A kJ.u. K 

Y 5.033 3.038 69Kl 
5.020 3.027 73Nl 

Ce 5.057 3.036 69Kl 
5.058 3.040 73Nl 

Sm 5.101 2.991 0.12 40 7701 
5.079 3.031 69K1,73Nl 

Gd 5.059 3.019 7.7 6.9 75 58 7701 
5.066 3.022 69K1,73Nl 

Tb 5.048 3.005 69Kl 
5.050 3.009 73Nl 

DY 5.028 3.015 69Kl 
5.031 3.021 73Nl 

Ho 5.026 3.029 69Kl 
5.018 3.023 73Nl 

Er 5.003 3.024 10.2 4.8 10 20 7701 
5.006 3.024 69K 1, 73Nl 

Tm 4.99 1 3.019 69 K 1 
4.999 3.019 73Rl 

Yb 4.985 3.020 73Rl 
Lu 4.959 3.035 69Kl 
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Fig. 29. RCo,B,, R = Sm, Gd, Er. Magnetization (ap- 
plied magnetic field 3 kOe) and ivnerse magnetic molar 
susceptibility (applied magnetic field 7.25 kOe) vs. tem- 
perature. SmCo,B, magnetic moments are multiplied by 
10. For GdCo,B, and ErCo,B,, the room-temperature 
impurity magnetizations were substrated from the 
measured values at all temperatures before calculating 
the inverse magnetic susceptibility. For GdCo,B,, the 
impurity contributed 14% and for ErCo,B,, 65% of the 
total magnetization at 295 K [77 0 I]. 
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Fig. 30. SmCo,B,. (a) Demagnetization curves at dif- 
ferent temperatures. Data were taken point-by-point, 
then smoothed. In each case, except for the 4.2 K datain 
the upper half, the sample was raised above the Curie 
temperature and cooled in a 50 kOe field in order to 
ensure saturation. (b) Inverse-temperature dependence of 
intrinsic coercive force [77 0 I]. 
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Table 9. RRu,B2. Room-temperature lattice parameters and magnetic or superconducting data of ternary 
borides (CeCo,B,-type structure). Asterisk: no phase transition observed above 1.2 K. 

R n C Pcff 0 T, T, Ref. 

A P,l/f.U. K 

Y 5.471 3.027 8OHl 
5.481 3.028 * * 8OK4 

Lao., 5.605 3.006 * * 8OK4 
Ce 5.523 2.991 1.242) 8OHl 

5.527 2.991 * * 8OK4 
Pr 5.532 3.015 3.70 51 5 8OHl 

5.554 3.006 6.85 * 8OK4 
Nd 5.538 3.010 3.63 61 39 8OHl 

5.554 3.010 33.2 * 8OK4 
Sm 5.514 3.010 1.702) 8OHl 

5.536 2.997 >45’) * 8OK4 
Gd 5.493...5.505 3.015...3.024 8.04 65 10 8OHl 

5.508 3.018 * 8OK4 
Tb 5.485 3.014 9.81 145 83 8OHl 

5.495 3.010 * 8OK4 
Q 5.474 3.016 10.78 105 50 8OHl 

5.485 3.011 40.1 * 8OK4 
Ho 5.466 3.017 10.47 50 25 8OHl 

5.474 3.017 16.1 * 8OK4 
Er 5.461 3.016 9.54 130 32 8OHl 

5.467 3.017 27.3 * 8OK4 
Tm 5.454 3.010 7.69 185 27 8OHl 

5.461 3.012 18.3 * 8OK4 
Yb 5.454 3.003 4.49 0 8OHl 

5.464 3.006 * * 8OK4 
LU 5.439 3.016 8OHl 

5.454 3.004 * * 8OK4 

‘) Given as unspecified transition temperature. 
2, At 293K. 
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Fig. 31. CeRu,B,. Reciprocal magnetic susceptibility 
vs. temperature anh calculated least-squares tit [80 H 11. 

Fig. 32. PrRu,B,, NdRu,B,. Reciprocal magnetic 
susceptibility vs. temperature and calculated least- 
squares lit [80 H 11. 
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Fig. 33. SmRu,B,. Reciprocal magnetic susceptibility 
vs. temperature. For comparison the values obtained by 
Lock for Sm metal, as well as the theoretical values by 
Van Vleck for free Sm3+ are shown [80 H I]. 

Fig. 35. RRu,B,, R=Tb, Dy, Er, Tm, Yb. Reciproc: 
magnetic susceptibility vs. temperature [8OH I]. 0 200 400 600 800 1000 K 1200 

T- 

Table IO. RRhsB,. Room-temperature lattice parameters and magnetic or superconducting data of ternary 
borides (CeCo,B,-type structure). Asterisk: no phase transition observed above 1.2 K. 

R a c Peff Pm’) @ G T, Ref. 

‘A PB1f.U. K 

La 5.480 3.137 2.82...2.60 80K4 
5.483 3.141 83Ml 

Ce 5.474 3.085 * 80K4 
5.477 3.091 3.0 “) 0.38 -3732) 115 8lD1, 83Ml 

1.013) 1193) 84Yl 
Pr 5.461 3.105 1.68 * 80K4 

5.461 3.108 3.74 2.1 83Ml 

‘) Measured at T= 4.2 K and H = 20 kOe. 
(continued) 

“) High-temperature data. 
3, Low-temperature data. 
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Table 10 (continued). 

R a C Pcff Pm’) @ T-l T, Ref. 

A Pl3lf.U. K 

Nd 

Sm 

Eu 

Gd 

5.466 3.109 13.5 * 80K4 
5.445 3.122 3.70 2.16 28.3 31 83Ml 

3.78 11 18.5 8301 
5.437 3.090 * 80K4 
5.433 3.109 0.046 89 83Ml 
5.601 2.906 41.7 * 80K4 
5.616 2.863 4.40 0.55 - 40.0 46 83Ml 

4.40 40 82Ml 
5.404 3.115 * 80K4 
5.403 3.113 8.17 6.87 88.5 105 83Ml 

‘) Measured at T =4.2 K and H = 20 kOe. 

Table 11. RM,B,, M = Rh, Ir. Room-tempera- 
ture lattice parameters and magnetic ordering tem- 
peratures of ternary borides (ErIr,B,-type structure) 
[Sl K2]. Asterisk: no phase transition observed 
above 1.2 K. 

R a b C Tll 

A K 

Y 
Tb 
DY 
Ho 
Er 
Tm 
Yb 
Lu 

Y 
Ce 
Nd 
Sm 
Gd 
Tb 
DY 
Ho 
Er 
Tm 
Yb 
Lu 

RRh,B, 
5.377(6) 9.325(9) 3.102(4) * 
5.390(6) 9.335(9) 3.100(4) 45 
5.379(6) 9.331(9) 3.093(4) 38.0 
5.366(6) 9.307(9) 3.100(4) 24.2 
5.362(6) 9.288(9) 3.099(4) 20.4 
5.357(6) 9.285(9) 3.091(4) 11.8 
5.355(6) 9.280(9) 3.090(4) * 
5.353(6) 9.276(9) 3.089(4) * 

RIr,B, 
5.428(6) 9.406(9) 3.107(4) * 
5.502(6) 9.526(9) 3.090(4) * 
5.513(6) 9.540(9) 3.084(4) 4.72 
5.492(6) 9.506(9) 3.076(4) 12.6 
5.466(6) 9.473(9) 3.092(4) 29.8 
5.459(6) 9.464(9) 3.084(4) 6.1 
5.347(6) 9.393(9) 3.106(4) 17.7 
5.420(6) 9.393(9) 3.107(4) 12.9 
5.409(6) 9.379(9) 3.101(4) 11.9 
5.404(6) 9.371(9) 3.097(4) 5.69 
5.401(6) 9.353(9) 3.099(4) * 
5.394(6) 9.354(9) 3.080(4) * 
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Fig. 36. CeRh,B,. (a) Temperature dependence of in- 
verse magnetic molar susceptibility. (b) Magnetization in 
an applied magnetic field of 8 kOe near Tc. (c) Magneti- 
zation vs. applied magnetic field at 77 and 300 K 
[81 D I]. 
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Fig. 37. PrRh,B,, NdRh,B,. (a) Inverse magnetic 
molar susceptibility vs. temperature. (b) Magnetization in 
20 kOe applied magnetic field vs. temperature for 
NdRh,B, near the Curie temperature [83 M I]. 
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Fig. 38. SmRh,Bz. (a) Magnetization in 20kOe ap- 
plied magnetic field and invcrsc magnetic molar susccpti- 
bility vs. tempcraturc. (b) Magnetic field dcpcndcnce of 
magnetization at 4.2 K [83 M 11. 
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Fig. 39. EuRh,B,. Magnetization in 20 kOe applied 
magnetic field and inverse magnetic molar susceptibility 
vs. tcmpcrature [82 M 11. 
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Fig. 40. EuRh,B,. Magnetization vs. applied mag- 
netic field at 4.2 K [82 M 11. 

4 

Fig. 41. GdRh,B,. Temperature dependence of mag- 
nctization in 20 kOe applied magnetic field and inverse 
magnetic molar susceptibility [83 M 11. 
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Fig. 42. CeIr,B,. Magnetic molar susceptibility x,,, 

1 

and its inverse, xi i, vs. temperature for 3 K $ Ts 300 K. 
Shown in the inset are the x,,, vs. T data for Ts30 K 0 
[84Y I]. 

T- 

2.8.2.4 Compounds with R0.5,Rh3.43B2 stoichiometry 

Table 12. R,,s7Rh,,,,B,. Room-temperature lattice parameters and magnetic data [83 0 11. 

R a c 0 T, Peff PIlll) 

w K k3ff.u. clBlf.U. 

Y 5.550 2.822 21 12...14 0.47 3.10-3 
La 5.621 2.844 20 12...14 0.21 5 10-3 
Nd 5.598 2.832 2 < 4.2 3.72 
Sm 5.582 2.832 13 1.60 3, 0.045 
Gd 5.579 2.828 18 12 8.14 6.54 
Tb 5.563 2.829 35 15 10.65 5.26 
DY 5.558 2.826 20 5 11.52 5.13 
Ho 5.552 2.825 8 5 11.73 5.56 
Er 5.542 2.822 13 7.5 10.13 4.88 

‘) Measured at T= 4.2 K and H = 20 kOe. 
“) Theoretical values. 
3, Values of 300K. 
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Fig. 44. Lae,,,Rh,.,,B,. Magnetization curves vs. 
magnetic field at 4.2 K [83 0 I]. 

0 0 
0 50 100 150 200 K 250 

TM 
dig. 43. R,,57Rh3,43BZ, R=Y, La. Magnetic molar 
susceptibility vs. temperature [83 0 11. 
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La 5.621 2.844 20 12...14 0.21 5 10-3 
Nd 5.598 2.832 2 < 4.2 3.72 
Sm 5.582 2.832 13 1.60 3, 0.045 
Gd 5.579 2.828 18 12 8.14 6.54 
Tb 5.563 2.829 35 15 10.65 5.26 
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Fig. 45. Ndc,s,Rh,,,,B,. Reciprocal magnetic molar 
susceptibility vs. temperature [83 0 I]. 
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Fig. 47. Rc,5,Rh,,,3B,, R =Gd, Ho. Reciprocal mag- 
netic molar susceptibility vs. temperature [83 0 11. 
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Fig. 46. Sm,,s,Rh,,,,B,. Reciprocal magnetic molar 
susceptibility vs. temperature. The theoretical values by 
Van Vleck for free Sm3+ are also included [83 0 11. 
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Fig. 48. R 0.57Rh3.43B2r R=Gd, Dy. Magnetization 
curves vs. magnetic tield at 4.2 K [83 0 11. 

lig. 49. Tb0,s,Rh3 43B Reciprocal magnetic molar 
susceptibility vs. tempe&re [83 0 11. 
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Fig. 50. R,,,,Rh 3,43B2, R=Dy, Er. Reciprocal mag- 
netic molar susceptibility vs. temperature [83 0 I]. 

2.8.2.5 Compounds with RRh,B, stoichiometry 

Table 13. RRh,B,. Room-temperature lattice parameters and magnetic data [SS P I]. T,: magnetic ordering 
temperature, Tmi,: lowest temperature reached in the experiment, V.V.: Van Vleck contribution to magnetic 
susceptibility is important. Samples were annealed, except for as-cast LaRh,B, and CeTh,B,. 

R a c T, Tnin Peff 0 x0 

A K PBPJ. K 10m3 cm3 mol-’ 

Y 5.587(4) 8.469(7) 0.05 
La 5.647(l) 8.557(l) 0.05 
Ce 5.619(3) 8.555(5) 0.05 0.80 - 3.7 0.94 
Pr 5.625(2) 8.528(5) 0.05 3.76 - 2.4 0.26 
Nd 5.621(2) 8.518(4) 1.68 0.08 3.68 2.7 0.47 
Sm 5.605(2) 8.507(5) 0.08 V.V. 
Eu 5.614(2) 8.505(S) 0.07 V.V. 
Gd 5.605(l) 8.510(3) 10.0 3 8.05 13.5 0.20 
Tb 5.584(4) 8.499(7) 3.9 2 10.50 9.8 0.48 
DY 5.588(2) 8.480(4) 5.1 0.07 10.69 3.6 0.76 
Ho 5.584(2) 8.496(3) 2.52 0.05 10.73 2.1 0.72 
Er 5.581(2) 8.488(3) 0.35 0.08 9.57 3.3 0.42 
Tm 5.562(2) 8.487(5) 0.61 0.05 8.00 - 1.3 0.30 
Yb 5.558(l) 8.450(3) 0.14 0.05 4.35 - 9.9 0.35 
Lu 5.540(2) 8.479(5) 0.05 

Land&Bt)mstein 
New Series IW19e2 H. Oesterreicher, K. Oesterreicher 
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Fig. 50. R,,,,Rh 3,43B2, R=Dy, Er. Reciprocal mag- 
netic molar susceptibility vs. temperature [83 0 I]. 

2.8.2.5 Compounds with RRh,B, stoichiometry 

Table 13. RRh,B,. Room-temperature lattice parameters and magnetic data [SS P I]. T,: magnetic ordering 
temperature, Tmi,: lowest temperature reached in the experiment, V.V.: Van Vleck contribution to magnetic 
susceptibility is important. Samples were annealed, except for as-cast LaRh,B, and CeTh,B,. 

R a c T, Tnin Peff 0 x0 

A K PBPJ. K 10m3 cm3 mol-’ 

Y 5.587(4) 8.469(7) 0.05 
La 5.647(l) 8.557(l) 0.05 
Ce 5.619(3) 8.555(5) 0.05 0.80 - 3.7 0.94 
Pr 5.625(2) 8.528(5) 0.05 3.76 - 2.4 0.26 
Nd 5.621(2) 8.518(4) 1.68 0.08 3.68 2.7 0.47 
Sm 5.605(2) 8.507(5) 0.08 V.V. 
Eu 5.614(2) 8.505(S) 0.07 V.V. 
Gd 5.605(l) 8.510(3) 10.0 3 8.05 13.5 0.20 
Tb 5.584(4) 8.499(7) 3.9 2 10.50 9.8 0.48 
DY 5.588(2) 8.480(4) 5.1 0.07 10.69 3.6 0.76 
Ho 5.584(2) 8.496(3) 2.52 0.05 10.73 2.1 0.72 
Er 5.581(2) 8.488(3) 0.35 0.08 9.57 3.3 0.42 
Tm 5.562(2) 8.487(5) 0.61 0.05 8.00 - 1.3 0.30 
Yb 5.558(l) 8.450(3) 0.14 0.05 4.35 - 9.9 0.35 
Lu 5.540(2) 8.479(5) 0.05 
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Fig. 51. LaRh,B,. CeRh,B,. Magnetic molar sus- 
ceptibility at 57 kOe vs. temperature. Two LaRh,B, 
samples wcrc studied [80 K 21. 
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Fig. 52. LaRh,B,, CeRh,B,. (a) Magnetization at 
3.0K vs. magnetic field. Two LaRh,B, samples were 
studied. (b) Arrott plot at 3.0 K for LaRh,B, [83 S 11. 

4 
Fig. 53. RRh,B,, R=Nd, Dy, Ho, Er, Tm. Low-tield 
ac magnetic susceptibility vs. temperature for RRh,B, 
with R=Er, Tm, Nd, Ho, and Dy, as indicated. Solid 
lines arc guides to eye [SSP I]. 
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Fig. 54. EuRh,B,. (a) Magnetic susceptibility at 
14.2kOe vs. temperature. Solid line is calculated 
Van Vleck susceptibility. (b) Magnetization at 3 and 
300 K vs. magnetic field [85 P I]. 
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Fig. 55. YbRh,B,. Inverse magnetic molar suscepti- 
bility at 10.7 kOe vs. temperature. Inset shows low-field 
ac susceptibility vs. temperature [85 P 11. 
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2.8.2.6 Compounds with RMB, stoichiometry (M = Cr, Mn, Fe, Co, Ru, OS) 

Table 15. R,MB,. Room-temperature lattice parameters and magnetic data of ternary borides (Y,RB,- 
type structure) [83 H 21. 

GdCrB, 
GdMnB, 
GdFeB, 
GdCoB, 
RRuB, 

ROsB, 

R 

Y 

Gd 
Tb 
DY 
Ho 
Er 
Tm 
Yb 
Y 

Gd 
Tb 
DY 
Ho 
Er 
Tm 
Yb 

a 

.A 

5.953(3) 
5.922(3) 
5.918(3) 
5.924(3) 
5.954(3) 

5.973(3) 
5.958(3) 
5.948(3) 
5.933(3) 
5.930(3) 
5.913(3) 
5.907(3) 
5.955(3) 

5.988(3) 
5.966(3) 
5.954(3) 
5.943(3) 
5.928(3) 
5.919(3) 
5.91 l(3) 

b 

11.527(6) 
11.466(6) 
11.456(6) 
11.472(6) 
11.524(6) 

11.568(6) 
11.532(6) 
11.513(6) 
11.480(6) 
11.481(6) 
11.440(6) 
11.429(6) 
11.527(6) 

11.587(6) 
11.553(6) 
11.527(6) 
11.495(6) 
11.482(6) 
11.461(6) 
11.449(6) 

c 

3.494(2) 
3.451(2) 
3.457(2) 
3.453(2) 
3.559(2) 

3.570(2) 
3.551(2) 
3.541(2) 
3.533(2) 
3.536(2) 
3.51 l(2) 
3.520(2) 
3.556(2) 

3.572(2) 
3.561(2) 
3.553(2) 
3.548(2) 
3.539(2) 
3.532(2) 
3.535(2) 

PCff 

PB/f.U. 

7.70 
7.5 

10.00 
8.06 

Pauli 
paramagnetism 

7.92 
9.45 

10.60 
10.60 
9.60 
7.92 

N 4.4 
Pauli 
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7.85 
9.95 

10.60 
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Fig. 56. GdMB,, M=Cr, Fe, Co. Reciprocal mag- 
netic susceptibility vs. temperature [78 S 11. 
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Fig. 57. RMB,, M=Ru, OS. (a) Reciprocal magnetic 
susceptibility vs. temperature for RRuB,. (b) Paramag- 
netic Curie temperature [78 S I]. 
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Fig. 58. ROsB,. Reciprocal magnetic susceptibility vs. 
temperature [78 S I]. 
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2.8.2.7 Compounds with R,MB, stoichiometry (M=Ru, OS) 

Table 15. R2MB,. Room-temperature lattice parameters and magnetic data of ternary borides (Y,RB,- 
type structure) [83 H 21. 

R 

Y 
Cd 
Tb 
Dl 
Ho 
Er 
Tm 
Yb 
Lll 

Y 
Gd 
Tb 
DJ 
Ho 
Er 
Tm 
Yb 
Lu 

0 

A 

9.1498(16) 
9.2384(30) 
9.1796(20) 
9.1433(23) 
9.1083(54) 
9.0822(31) 
9.0605(28) 
9.0371(67) 
9.0138(39) 

9.1592(10) 
9.2475(36) 
9.1889(19) 
9.1542(26) 
9.1229(15) 
9.0973(21) 
9.0677(29) 
9.0504(53) 
9.0331(35) 

b 

11.5139(32) 
11.5843(36) 
11.5407(19) 
11.5067(18) 
11.4666(51) 
11.4439(56) 
11.4203(31) 
11.4129(58) 
11.3880(17) 

11.5311(25) 
11.5912(41) 
11.5612(43) 
11.5211(51) 
11.4909(35) 
11.4644(21) 
11.4336(36) 
11.4224(48) 
11.4113(49) 

c 

R,RuB, 
3.6501(2) 
3.6902(3) 
3.6650(2) 
3.6489(2) 
3.6407(3) 
3.6266(4) 
3.6091(3) 
3.601 l(8) 
3.5826(8) 

R,OsB, 
3.6473(2) 
3.6814(3) 
3.6567(2) 
3.6435(2) 
3.6320(2) 
3.6169(3) 
3.6037(3) 
3.5939(6) 
3.5842(g) 

Pcff 0 Tc 

P”1f.U. K 

~,,,(300K)=7.1 ~10-4cm3moI-1 
8.0 55 46 
9.6 50 38 

10.5 28 29 
10.5 14 14 
9.5 22 7.5 
7.4 26 1 

~,,(300K)=3.6~10-5cm3mol-’ 

7.9 22 34 
9.7 36 27 

10.6 30 16 
10.6 12 13 
9.5 21 4.5 
7.5 29 2 

0 0 
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I- T- 

Fig. 59. R,RuB,. R=Gd, Tb, Dy. Reciprocal mag- Fig. 60. R,RuB,, R=Ho, Er, Tm. Reciprocal mag- 
netic susccptihility and calculated least-squares fit nctic susceptibility and calculated least-squares fit 
[83 H 21. [83H2]. 
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Fig. 61. R,RuB,, R=Gd, Tb, Dy, Ho, Er. Mag- 
netization vs. temperature in a magnetic field of 
H=11.3 kOe [83H2]. 
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Fig. 62. R,OsB,, R=Gd, Tb, Dy. Reciprocal mag- 
netic susceptibility and calculated least-squares fit 
[83 H 21. 
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Fig. 63. R,0sB6, R=Ho, Er, Tm. Reciprocal mag- 
netic susceptibility and calculated least-squares fit 
[83 H 21. 
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Fig. 64. R,OsB,, R=Gd, Tb, Dy, Ho, Er. Mag- 
netization vs. temperature in a magnetic field of 
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2.8.2.8 Compounds with RCo,B stoichiometry (R=Y, Pr, Sm, Gd) 

All RCo,B (R =Y, Pr, Sm, Gd) compounds are ferromagnetic at room temperature, in contrast to RCo,B, 
(R=Sm, Gd, Er) compounds which are ferromagnetic only below 60K. X-ray analysis of RCo,B powders 
aligned in a 10 kOe field at room temperature indicates that the easy axis ofmagnetization is the hexagonal c axis 
for YCo,B, SmCo,B, and GdCo,B. The h axis, parallel to the [210] direction, is the easy direction in PrCo,B. 

SmCo,B was the only RCo,B compound which exhibited significant coercivity at 4.2 K, but the M vs. H 
curve was quite asymmetric about the origin. A coercive field of 35 kOe was observed at 4.2 K after initial 
saturation at 85 kOe. Demagnetization following an 85 kOe reverse field yielded H,= 17 kOe. Subsequent 
reversals in field direction with fields lower than 85 kOe resulted in diminishing If, values. This behavior was 
observed in both aligned powder and bulk specimens of SmCo,B. 

YCo,B shows a complex temperature dependence of the magnetic moment. The c axis is the easy direction of 
magnetization only above TU 160 K. The M vs. Tcurve ofGdCo,B displayed the features ofa ferrimagnet with a 
compensation point at T=413 K and Curie point at T=517K. PrCo,B and SmCo,B exhibited M vs. T 
behavior typical of simple ferromagnets with no unusual features [84 0 11. 

Table 16. RCo,B, R=Y, Pr, Sm, Gd. Room-temperature lattice parameters and mag- 
netic data of ternary borides (CeCo,B-type structure). 

R a C Tc Pm ‘1 HA 2, Ref. 

A K kOe 

Y 5.021 6.895 383 5.8 20 8401 
Pr 5.112 6.875 459 6.8 8401 
Sm 5.08 1 6.861 510 3.8 906 8401 

498 83E2 
Gd 5.056 6.888 517 7.1 20 8401 

321 83E2 

‘) Observed magnetic moment for aligned powders in 85 kOe at 4.2 K 
2, Extrapolated for 4.2 K. 

2.8.2.9 Compounds of composition R,Co,B, and R,Co,,B, (R=Sm, Gd) 

Table 17. R,Co,B,, R,Co,,B,, R=Sm, Gd. 
Magnetic parameters. 

P, (77 K) 
PB1f.U. 

T, 
K 

Ref. 

Sm$o,B, 0.98 402 83E2 
SW& ,B4 1.69 448 83E2 

2.4 460 83Gl 
Gd,Co,B, 0.81 287 83E2 
Gd,Co, , B, 0.79 293 83E2 
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Fig. 66. Sm,Co,,B,. Magnetization vs. applied 
magnetic field at 295 and 77 K for oriented powders 
(< 37 urn). CT stands for magnetization with aligned axis 
parallel to the magnetic field [83 G 11. 
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Fig. 65. Sm,Co,,B,. Magnetization vs. applied mag- 
netic field at 295 and 77 K for bulk sample [83 G 11. 

2.8.2.10 Compounds with R,M,,B stoichiometry (M=Fe, Co) 

Compounds R,M,,B with the tetragonal Nd,Fe,,B-type structure [84 B I, 84 G I, 84H 1, 84 0 I, 84 S I, 
84821 can exhibit large magnetic flux and high or variable crystal field magnetic anisotropy (of interest for 
applications) [84 G 2,84 G 3,84 0 I,84 S 3,84 S 4,85 A I, 85 B 3,85 H I, 85 K I]. Representative data are shown 
in Tables 18-21 and Figs. 68-78. The structure contains slabs of Fe which are related to the o-phase (e.g. 
o-Fe,Cr) sandwiching a layer comprising Nd, Fe and B (q = sandwich layer or o, compounds). This sandwich 
feature makes us compounds anisotropy antitypes to SmCo, in the sense that rare earth representatives of 
positive second order Stevens factor S, (such as Sm) have nonaxial anisotropy due to the predominant 
interaction in the q-layer [84 0 I]. The transition metal substructure has nonaxial anisotropy for M = Co and 
axial anisotropy for M = Fe. 

Magnetization curves are shown in Figs. 69...72, while the temperature dependence of anisotropy field and 
anisotropy constants are depicted in Figs. 73, 74 and 70, 75, 76, respectively. The magnitude K of rare earth 
anisotropy contribution near 0 K roughly reflects the general formula K = S,J(J - l/2) (r’)n, Fig. 77, where n 
is a normalization factor [86A 21. 

An unusual spin reorientation involving partial canting of the total magnetic moment from the c axis [84 G 2, 
84 S 23 is observed for R = Nd and Ho (Figs. 71 and 75). This appears to have to do with competition of second- 
and fourth-order crystal field terms on R at lower temperatures [84 G 2, 84 G 3, 84 0 I, 84 S 3, 84 S 4, 85 K I]. 
The relative influence [86A2] of second- and fourth-order terms for rare earths in q-compounds is shown 
schematically in Fig. 78. One notices that Nd and Ho are most prone to this competition and were found to be 
the only candidates [86A2] to show this internally triggered spin reorientation (at T,,= 150 and 62K, 
respectively). More conventional spin reorientations are also observed [86 A 21 on account of the different 
temperature dependence of anisotropy of the rare earth and transition metal substructure. 

Mijssbauer spectroscopy was used to determine the hyperfine fields (strength of magnetic moment) for the 
various Fe sites (Table 22), see [86 B 33. The mid-plane sites of the o-layer (most removed from cr,) has the highest 
values. Larger atoms (e.g. Al) preferentially substitute for these sites [86A 21. 

Data [85 B 21 for the paramagnetic region are given in Fig. 67. For Y,Fe,,B, pen = 3.98 p,/Fe and 0 = 562 K 
[SS B 21. For the ordered region, Figs. 68,69 and 72 represent the temperature dependence of the saturation 
magnetization. 
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Fig. 65. Sm,Co,,B,. Magnetization vs. applied mag- 
netic field at 295 and 77 K for bulk sample [83 G 11. 
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Compounds R,M,,B with the tetragonal Nd,Fe,,B-type structure [84 B I, 84 G I, 84H 1, 84 0 I, 84 S I, 
84821 can exhibit large magnetic flux and high or variable crystal field magnetic anisotropy (of interest for 
applications) [84 G 2,84 G 3,84 0 I,84 S 3,84 S 4,85 A I, 85 B 3,85 H I, 85 K I]. Representative data are shown 
in Tables 18-21 and Figs. 68-78. The structure contains slabs of Fe which are related to the o-phase (e.g. 
o-Fe,Cr) sandwiching a layer comprising Nd, Fe and B (q = sandwich layer or o, compounds). This sandwich 
feature makes us compounds anisotropy antitypes to SmCo, in the sense that rare earth representatives of 
positive second order Stevens factor S, (such as Sm) have nonaxial anisotropy due to the predominant 
interaction in the q-layer [84 0 I]. The transition metal substructure has nonaxial anisotropy for M = Co and 
axial anisotropy for M = Fe. 

Magnetization curves are shown in Figs. 69...72, while the temperature dependence of anisotropy field and 
anisotropy constants are depicted in Figs. 73, 74 and 70, 75, 76, respectively. The magnitude K of rare earth 
anisotropy contribution near 0 K roughly reflects the general formula K = S,J(J - l/2) (r’)n, Fig. 77, where n 
is a normalization factor [86A 21. 

An unusual spin reorientation involving partial canting of the total magnetic moment from the c axis [84 G 2, 
84 S 23 is observed for R = Nd and Ho (Figs. 71 and 75). This appears to have to do with competition of second- 
and fourth-order crystal field terms on R at lower temperatures [84 G 2, 84 G 3, 84 0 I, 84 S 3, 84 S 4, 85 K I]. 
The relative influence [86A2] of second- and fourth-order terms for rare earths in q-compounds is shown 
schematically in Fig. 78. One notices that Nd and Ho are most prone to this competition and were found to be 
the only candidates [86A2] to show this internally triggered spin reorientation (at T,,= 150 and 62K, 
respectively). More conventional spin reorientations are also observed [86 A 21 on account of the different 
temperature dependence of anisotropy of the rare earth and transition metal substructure. 

Mijssbauer spectroscopy was used to determine the hyperfine fields (strength of magnetic moment) for the 
various Fe sites (Table 22), see [86 B 33. The mid-plane sites of the o-layer (most removed from cr,) has the highest 
values. Larger atoms (e.g. Al) preferentially substitute for these sites [86A 21. 

Data [85 B 21 for the paramagnetic region are given in Fig. 67. For Y,Fe,,B, pen = 3.98 p,/Fe and 0 = 562 K 
[SS B 21. For the ordered region, Figs. 68,69 and 72 represent the temperature dependence of the saturation 
magnetization. 
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Partial substitution on transition metal sites according to Nd,Fe,,-,M,B can increase (M=Co, Ni) or 
decrease (M = Cr, Mn, Al) Tc [86A 1, 86 Y 11, Fig. 86. 

The change of ‘I’& with partial rare earth substitution is shown in Fig. 98. For modifying the crystal field 
anisotropy in o,-compounds it is ofinterest to note that the more anisotropic R site (4g) is preferentially occupied 
by the larger atom (e.g. Nd over Dy) [86A 1, 86Y 11. Relatively stable magnetization with temperature near 
300 K can be obtained through rare earth sublatticc compensation [86A 2)], Fig. 99. 

Table 18. R,Fe,,B. Crystallographic and magnetic properties. a, c: room- 
temperature lattice constants, ex: X-ray density at room temperature, Tc: Curie 
temperature, 6: room-temperature magnetization measured at p,,H= 1.8T, poM: 
magnetic induction at room-temperature, calculated by using ~7 and px [84 S 33. 

R a c QX T, 0 POM 

A gcmm3 K Am’kg-’ T 

Y 8.757 12.026 6.98 558 145 1.271 
La 8.822 12.338 7.40 530 130 1.208 
Ce 8.726 12.057 1.76 425 105 1.023 
Pr 8.838 12.289 7.43 565 109 1.017 
Nd 8.792 12.177 7.62 580 120 1.148 
Sm 8.777 12.105 7.78 616 120 1.173 
Gd 8.780 12.075 7.90 650 77 0.764 
Tb 8.785 12.070 7.90 620 41 0.411 
DY 8.757 11.990 8.07 585 44 0.446 
Ho 8.753 11.988 8.12 565 40 0.408 
Er 8.734 11.942 8.21 550 96 0.997 
Tm 8.728 11.928 8.26 540 114 1.183 
Lu 8.712 11.883 8.41 535 95 1.004 

Table 19. R2Fe,,B. Saturation magnetization (T, obtained at 4.2 K from measurements of the magnetization 
of aligned powder samples in magnetic fields up to poH= 14T. The quantities p,, pre and pR represent the total 
saturation magnetic moment per formula unit, the Fe magnetic moment and the R magnetic moment, 
respectively. The nonzero values for pK are derived from p, by assuming prc = 2.2 pa. The positive (negative) sign 
of pR values indicates parallel (antiparallel) alignment of R and Fe magnetic moments. The values of poH, 
represent the field strengths where the curves CQ(H) and a,(H) for magnetic fields parallel and perpendicular to 
the alignment field, respectively, intersect at 4.2 K. S, is the second-order Stevens factor [84 S 31. 

R 0s PS PFc PR gJ POHA s2 
Am* kg-’ u,/f.u. PB PB T 

Y 117 30.7 2.20 0 0 3...4 0 
La 160 30.6 2.19 0 0 3...3 0 
Ce 157 30.2 2.14 0 0 5...6 0 
Pr 168 32.3 (2.2) + 0.8 3.2 29 - 
Nd 180 34.8 (2.2) + 2.0 3.3 32 - 
Sm 160 31.3 (2.2) + 0.3 0.7 40 
Gd 90 17.8 (2.2) - 6.4 7.0 4...5 0’ 
Tb 65 12.9 (2.2) - 8.9 9.0 - 
Dj 55 11.0 (2.2) - 9.9 10.0 20 - 
Ho 54 10.9 (2.2) -10.0 10.0 - 
Er 67 13.5 (2.2) - 8.7 9.0 26 + 
Tm 88 17.8 (2.2) - 6.5 7.0 17 
Lu 138 28.2 2.00 0 0 4...6 

H. Oesterreicher, K. Oesterreicher Landolt-Barnstein 
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Table 20. R,Co,,B. Curie temperature Tc obtained from dsc measurements and saturation magnetization 6, 
obtained at 4.2 K from measurements of the magnetization of aligned powder samples in magnetic fields up to 
pOH = 35 T. The quantities p, and pco represent the total saturation magnetic moment and the Co magnetic 
moment, respectively. The values of noHA represent the field strengths where the curves a,,(H) and o,(H) for 
magnetic fields parallel and perpendicular to the alignment field, respectively, intersect at 4.2K. The easy 
magnetization directions are given with respect to the tetragonal c axis; S, represents the second-order Stevens 
factor [85 B 31. 

R 

Y 
La 
Pr 
Nd 

Sm Gd 
Tb 

T, 
K 

1015 
955 
995 

1007 

1029 1050 
1035 

0s PS PC0 PLoH.4 Easy s2 
Am2kg-’ PB/fU. CLB T axis 

107 19.42 1.39 6...7 Ic 0 
102 20.35 1.45 6...7 IC 0 
124 24.82 75 IIC - 
126 25.37 30 IIC - 

(89) 18.10 IC (32) 6.90 IC 0’ 
IIC 

Table 21. R,Fe,,B. Anisotropy con- 
stant K, at 4.2 K and the second-order 
Stevens factor S, of the R3+ ions 
[85 H I]. 

R Kl s2 
IO6 Jmm3 10-3 

Y 0.77 0 
Ce 1.65 -57.14 
Pr 23.5 -21.01 
Nd -16 41.27 
Sm 26 41.27 
Gd 0.72 0 
Tb 8.2 - 10.10 
DY 3.8 - 6.349 
Ho - 2.222 

Table 22. Nd,Fe,,B, Dy,Fe,,B. Comparison of 57Fe hyperhne fields reported by various authors for the six 
Fe sites in Nd,Fe,,B and Dy,Fe,,B. The number of nearest-neighbour Fe atoms corresponding to these sites is 
indicated by nFe. Values of the Fe magnetic moments obtained from the averaged hyperfine fields given for 
Nd,Fe,,B are also listed [86B 11. 

25 
77 
80 

300 
300 
300 
300 

300 

8j2 16k, 16k, % 4e 4c 

nFe 12 10 9 9 9 8 

Nd,Fe,,B (Bhyp in T) 
40.0 35.7 33.7 32.5 32.7 31.1 
37.5 34.0 32.0 31.5 29.1 36.0 
34.7 34.7 32.5 30.0 36.5 38.0 
34.4 30.7 28.6 28.8 25.2 .26.5 
34.3 30.6 28.9 28.0 28.3 26.1 
34.3 (30.0) (29.1) 26.2 30.0 29.2 
34.6 30.7 28.7 26.4 26.3 31.2 

Nd2Fe14B @Fe in PB) 
2.32 2.06 1.95 1.85 1.8 1.9 

Dy2Fe14B (&p in V 
300 
300 
300 

Land&Bbmstein 
New Series IW19e2 

35.6 31.1 29.0 
35.3 30.8 29.3 
35.3 31.0 29.2 
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Fig. 67. R,Fe,,B, R=Pr, Nd, Er, Dy. Reciprocal 
mngnctic molar susccptibilitics vs. temperature. Curie- 
Weiss-type behavior is observed for R =Pr and Nd. 
NPcl-type behavior for R=Er and Dy [SS B2]. 
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Fig. 69. Y,Fe,,B. Magnetic held dependences of the 
magnetization at 3OOK and temperature dependence of 
the spontaneous magnetization [84 G 21. 

Fig. 68. R,Fe,,B. Temperature dependence of satu- 
ration magnetization measured on single crystals. 
(a) Light rare earth compounds and (b) heavy rare earth 
compounds [SS H 11. 
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Fig. 70. Y,Fe,,B. Magnetic field dependences of the 
magnetization at 4.2K and temperature dependence of 
the anisotropy constant K, [84 G 21. 
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Fig. 72. Nd,Fe,,B. Magnetic field dependences of the 
magnetization at 4.2K and temperature dependence of 
the spontaneous magnetization [84 G 21. 
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Fig. 71. Nd,Fe,,B. Magnetic field dependences of the 
magnetization at 300K and temperature dependence of 
the angle tI between the easy magnetization direction and 
the c axis [84 G 21. 
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Fig. 73. R,Fc,,B. Temperature dependence of ani- 
sotropy fields measured in an applied magnetic field of 
800 kA/m [SS H 11. 
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Fig. 74. R,Fc,,B. Tempcraturc dependence of the 
anisotropy lield determined by means of the singular 
point detection (SPD) tcchniquc [86G 11. 
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Fig. 75. R,Fe,,B. Temperature dependence of the 
anisotropy constant K, for (a) R = Y, Ce, Pr, Nd, Gd, Tb, 
Dy, Ho and (b) R =Y, Ce, Pr, Gd [SS H I]. 
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Fig. 76. Nd,Fe,,B. Temperature dependence of the 
first- and second-order anisotropy constants K, and K, 
for a composition close to Nd,Fe,,B [85 Y I]. 
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Fig. 77. R3’. Anisotropy S,J(J- l/2) (r2)n for R3+ 
ions relative to Nd3’. n is a normalization factor [86A 21. 
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Fig. 78. R,Fe,,B. Energies of crystal-field terms, 
E, = S,O;(J)G;, E, = S,Oi(J)Gi/3, and E, + E,/4. 
For both R=Nd and Ho. E, + E,/4 indicates 

, ,. 7, 

susceptibility to a spin reorientation at cryogenic temper- 
atures from axial to canted structure. Conversely, 
Er,Fe,,B should show a tendency from basal to canted 
[86A 21. 

H. Oesterreicher, K. Oesterreicher 



138 2.8.2 R,Fe,,BH, [Ref. p. 146 

2.8.2.11 Compounds with R,Fel,BH, stoichiometry 

Compounds R2Fe,,B were found to take up H around ambient condition according to R,Fe,,BH, [84L I, 
84 0 2, 85 A I, 85 D I, 85 L 1, 85 S I, 86 P 11, The mode of uptake is above critical leading to solid-solution 
behavior rather than to specific hydride phases [86 P 1 J. The general tendencies with increasing x are an increase 
in magnetic moment on Fe sites and an attendant increase in Tc At the same time, however, rare earth - 
transition metal exchange is diminished and as a result the rare earth anisotropy contribution is less effective at 
elevated temperatures. Tables 23 and 24 list magnetic parameters. Typical magnetization curves are shown in 
Figs. 79...82. 84, 85. The variation in TN with x is given in Fig. 83. 

Table 23. R,Fe,,BH,. Curie temperature Tc of 
some of the compounds. The relative increase of Tc in 
the hydride compared to the virgin compound is 
denoted ATc/Tc [SS L I]. 

R X T, AT/T, 
K % 

Y 0 590 
3.1 639 8.9 

Ce 0 435 
2.5 543 24.8 

Nd 0 589 
4.5 676 14.8 

DY 0 605 
3.5 650 7.4 

Er 0 560 
3.3 627 12 

Table 24. Nd2Fe14BHx. Room-temperature lattice constants and magnetic parameters 
for aligned powder samples [84 0 23. 

X a c cla Pm ‘) Tc HA 

A lb/f~U. K kOe 

0 8.792 1.2174 1.385 28.8 603 76 ‘) 
2.7 8.930 1.2360 1.384 31.8 3, 20 ‘) 

54 2, 

‘) T=300K. 
2, T=77K. 
3, Formula unit was taken to be Nd,Fe,,B. 
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5 
Fig.79. Y,Fe,,BH,. Magnetic field dependence of 

10 15 20 25 kOe 30 magnetization at 77 and 290 K [85 L 11. 
H- 
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Fig. 80. Y,Fe,,BH,. Magnetization vs. temperature 
in an applied field of 26.6 kOe [85 L 11. 
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Fig. 82. Dy,Fe,,BH,. Relative magnetization vs. ap- 
plied magnetic field up to 26.6 kOe at T= 290 K. The 
applied field is perpendicular to the samples (powders 
magnetically aligned, and fixed in epoxy resin) [85 L 11. 
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Fig. 81. Nd,Fe,,BH,,,. Magnetization vs. applied 
magnetic field at (a) 300 K and(b) 77 K for aligned powder 
sample oriented parallel and perpendicular to the field 
direction [84 0 21. 
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Fig. 83. Dy,Fe,,BH,. Variation of the Neel tempera- 
ture TN vs. hydrogen concentration [85 D I]. 
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Fig. 84. Lu2Fe,,BH,. Magnetization vs. applied mag- Fig. 85. Lu,Fe,,BH,. Magnetization vs. temperature 
nctic ticld at 77 K for fields up to 26.6 kOe [85 L 11. in an applied held of 26.6 kOe [85 L 11. 

2.8.2.12 Compounds with RCo,BH, stoichiometry 

Several compounds of the type RCo,B have been hydrided around ambient conditions forming several 
sucessive hydride phases RCo,BH, [SS S I]. The magnetic properties of the CL, S- and y-hydrides of SmCo,B and 
the u-hydride of PrCo,B are summarized in Table 25. It is evident that both Tc and the magnetic moment 
decrease as the hydrogen content increases. 

Table 25. RCo,BH,. Magnetic data [SS S I]. 

R X T, P,‘) 
K P”/f.U. 

La 2, 0 431 
Pr 0 459 4.37 

1.0 219 3.67 
Sm 0 510 3.34 

1.0 298 2.74 
2.5 181 1.98 
4.1 < 77 

‘) Magnetic moment determined at 77K in a 
IOkOe applied magnetic field for samples aligned 
along the easy direction. 

2, Multiphase material; p, not calculated. 
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Fig. 84. Lu2Fe,,BH,. Magnetization vs. applied mag- Fig. 85. Lu,Fe,,BH,. Magnetization vs. temperature 
nctic ticld at 77 K for fields up to 26.6 kOe [85 L 11. in an applied held of 26.6 kOe [85 L 11. 
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Several compounds of the type RCo,B have been hydrided around ambient conditions forming several 
sucessive hydride phases RCo,BH, [SS S I]. The magnetic properties of the CL, S- and y-hydrides of SmCo,B and 
the u-hydride of PrCo,B are summarized in Table 25. It is evident that both Tc and the magnetic moment 
decrease as the hydrogen content increases. 

Table 25. RCo,BH,. Magnetic data [SS S I]. 

R X T, P,‘) 
K P”/f.U. 

La 2, 0 431 
Pr 0 459 4.37 

1.0 219 3.67 
Sm 0 510 3.34 

1.0 298 2.74 
2.5 181 1.98 
4.1 < 77 

‘) Magnetic moment determined at 77K in a 
IOkOe applied magnetic field for samples aligned 
along the easy direction. 

2, Multiphase material; p, not calculated. 

H. Oesterreicher, K. Oesterreicher Landolt-BUmskin 
New Series IIVl9e2 



Ref. p. 1461 2.8.3 Pseudoternary rare earth borides 141 

2.8.3 Pseudoternary compounds 

2.8.3.1 Compounds with transition metal substitution 

Magnetic data on Nd,Fe,,-,Co,B are shown in Figs. 86...89. It was also indicated that the magnetic 
anisotropy in La,(Co,Fe, -&B changes from axial to nonaxial at x = 0.86 [SS B 41. 

Table 26. Nd,Fe,,CoB, Sm-M-B. Room-temperature lattice constants and magnetic parameters of 
pseudoternary borides with transition metal substitution. 

X Crystal a c T, P, ‘) HA’) Ref. 
structure 

A K IlBlf- kOe 

Nd,Fe,,CoB tetragonal 8.807 12.219 643 30 3) 49 “) 8401 
SmFe,Co, - .B 0.5 603 2.95 83El 

1 CeCo,B 5.118 6.860 721 4.5 439 8401 
679 2.35 83El 

1.5 718 3.20 83El 
2 CeCo,B 5.116 6.921 768 6.0 602 8401 
2.5 “) 603, 748, N 5 83El 

855 
SmFe,Ni,B CeCo,B 5.083 6.947 495 3.9 490 8401 
SmFeNi,B CeCo,B 5.066 6.953 404 2.0 628 8401 
SmCo,NiB CeCo,B 5.065 6.901 424 2.5 763 8401 
Sm,Fe,Co,, -,B, 1 523 2.04 83El 

2 545 2.26 83El 
3 593 1.86 83El 
4 635 2.55 83El 
5 726 2.73 83El 
b4) 726, 1016 = 4 83El 

Sm,Fe,Co, -,B, 1 519 1.27 83El 
2 589 1.15 83El 
34) 553, 707 = 3 83El 

‘) Observed magnetic moment per formula unit for aligned powders in 85 kOe at 4.2 K (10 kOe at 300 K for 
Nd,Fe,,CoB). 

‘) Extrapolated for 4.2 K unless stated otherwise. 
3, Extrapolated for 300 K. 
“) Multiphase material. 1000 

K 

900 

800 

I 700 

h” 

600 

b 

Fig. 86. Nd,Fe,,-,M,B, M=Cr, Mn, Co, Ni, 
Al. Variation of the Curie temperature Tc as a function 
of transition metal M concentration x [86A 1, 86Y 11. 

400 

300 
0 0.2 0.4 0.6 0.8 1.0 

Nd#,,B x- 

Landolt-Bbmstein 
New Series IIV19e2 H. Oesterreicher, K. Oesterreicher 



142 2.8.3 Pseudoternary rare earth borides [Ref. p. 146 

1.6 1.6 I 
T T _ Nd2(Fe,-,Co,),4B 1.5 1.5 

I I 1.1 1.1 

sr sr 
2 2 1.3 1.3 

1 

Nd,Fe,,B x- Nd,Co,,B 
0 

I 

Dy(Ru,Rh,-,),B, I I 

0.2 0.1 0.6 0.8 1.0 

Fig. 87. NdJFe, -$o,),~B. Dependence of the satu- WRhrh x- OY Ruth 
ration magnetization on the Co concentration [SS M 11. Fig. 90. Dy(Ru,Rh, -&Be Low-temperature phase 

diagram determined from ac magnetic susceptibility and 
heat capacity measurements. Open circles represent 
paramagnetic-to-superconducting state transition tem- 
peratures, while solid circles are magnetic transition 

1003 
temperatures. Vertical bars represent temperatures at 

K 
which superconducting transitions are 10% and 90% 
complete, and the dashed vertical bar for x=0.327 

900 indicates that the transition was less than 90% complete 

1 

[83 H 11. 

BOO 

c 
700 

20 
600 mol 

t-2 

501 15 
0 0.2 0.1 0.6 0.8 1.0 

Nd,Fe,,B x- Nd,Co,,B 
I 

Fig. 88. Nd,Fe, -,Co,),,B. Dependence of the Curie Tg lo 
temperature on the Co concentration [SS M 11. 

0 0 
T- 

Fig. 91. Dy(Ru,,,,,Rh,,305)4B,. Inverse magnetic mo- 
far susceptibility vs. temperature. The solid line re- 
presents a Curie-Weiss law with perr=11.5 u,/f.u. and 
0=-16.0K [83Hl]. 

0 
0 0.2 0.1 0.6 0.8 1.0 

Nd, Fe.,,B x- Nd,Co,,B 

Fig. 89. Nd2(Fc, -$o,),,B. Dependence of the lirst- 
order anisotropy constant on the Co concentration 
[SS M 11. 
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0 50 100 150 200 250 K 300 
T- 

Fig. 92. Dy(Ruo,,54Rh0,s46)4B4. Inverse magnetic mo- 
lar susceptibility vs. temperature. The solid line re- 
presents a Curie-Weiss law with pen= 11.8 ur,/f.u. and 
0=-4.5K C83Hl-j. 

0 50 100 150 200 250 K 300 
T- 

Fig. 93. Dy(Ru,,,,,Rh,.,,,),B,. Inverse magnetic mo- 
lar susceptibility vs. temperature. The solid line re- 
presents a Curie-Weiss law with perf=10.58 ug/f.u. and 
0 =4.3 K [83 H I-J. 

25 
mol 
cm3 

20 

1.5 I I 

K Ho(Rhl-xIrx)~B~ 

IL-r 1 1 poramagnetic I 

onfiferromagnetic and 
\ 1 superconducting 

0 I , I 
0 0.2 0.4 0.6 0.8 1.0 

HoRhJ& x- Holr, B4 

Fig. 94. Ho(Rh, -Jr&B,. Low-temperature phase 
diagram determined from ac and static magnetic suscepti- 
bility measurements on arc-melted samples [80 K 31. 

1.8 
mol 
cm3 
1.6 
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1.0 

7s 
0.8 

0.6 

Ok 
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0 

I I 

Ho(Rh0.3Ir0.7)4B4 
I I 

I I 
I ‘.J 

ItIt I I 

1 2 3 4 5 K 
T- 

Fig. 95. Ho(Rh,,,Ir,,,),B,. Inverse magnetic molar 
susceptibility vs. temperature, measured in a magnetic 
field of 400 Oe for two directions approximately parallel 
and perpendicular to the cooling axis of the specimen in 
the arc furnace, and with demagnetization correction. 
NCel temperature TN = 2.7 K and superconducting tran- 
sition temperature T,= 1.6 K. The inverse magnetic molar 
susceptibility of the Ho 3+ free ions is shown by the dashed 
line [80 K 31. 
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Table 27. ROs,-,Ir,B,. Room-temperature lattice constants and mag- 
netic parameters of pseudoternary borides with transition metal substi- 
tution [82 H 11. 

R X a c 0 PCff 

A K PB1f.U. 

Ce 2.48 
3 

Pr 2 
Sm 0 

1 
2 
3 
4 

Eu 0 
4 

7.6190(9) 
7.6304( 10) 
7.5991(12) 
7.526(3) 
7.5406(8) 
7.5538(6) 
7.5742(7) 
7.590(3) 
7.5262(9) 
7.6219(9) 

3.9786(4) 
3.9780(7) 
3.9835(5) 
4.009(2) 
3.9949(6) 
3.9860(4) 
3.9822(4) 
3.976(2) 
4.0159(6) 
3.9771(5) 

0 2.14 
4.5 2.22 

22 3.55 
1.69 ‘) 
1.87 ‘) 
1.71 1) 
1.62 ‘) 
1.55 ‘) 

0.0 7.20 
2.5 7.84 

‘) Values at 295 K. 

l? ._ I 

T SmOsL-,IrxBL ' I I i 
cm’ 

t 
I 

I 
I I 

I Lx=4 I I . 

125 125 
-10’ -10’ 

9 9 
cm? cm? 

75 75 

t 
t 50 50 

7s 7s 

25 25 

0 0 

0 0 

II 0 
0 0 150 150 300 300 L50 L50 600 600 750 K  900 750 K  900 

I- 

Fig. 96. CeOs,-,Ir,B,. Reciprocal magnetic susccpti- 
bility vs. tcmpcraturc for various compositions. Solid lines 
indicate least-squares tit [82 H 11. 

4 

2 
0 50 100 150 200 250 K  300 

T- 

Fig. 97. SmOs,-,Ir,B,. Reciprocal magnetic suscep- 
tibility vs. temperature for various compositions [82 H 11. 
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2.8.3.2 Compounds with rare earth metal substitution 

Magnetic data on q-compounds (RI-,R&Fe,,B are represented in Figs. 98 and 99, see also subsect. 

0 0.2 0.4 0.6 0.8 1.0 
Nd, Fe,,B x- RZ Fe14 B 

Fig. 98. (Nd, -xR&Fe,,B, R=Y, Ce, Gd, Tb, Ho, Er. 
Svin reorientation temverature T.. vs. R concentra- 
tion. The lines are guides to the eye’only [86A 21. 

10 I 
K Er,-,Ho,RhLBq 

I 6 

h 

4 

0 
0 0.2 0.4 0.6 0.8 

4.0 4.0 

3.5 3.5 

I I 

3.0 3.0 

3 2.5 3 2.5 ‘L= ‘L= 0 0 

s 2.0 s 2.0 

1.5 1.5 

1.0 1.0 

0.5 0.5 

0 0 
250 300 350 400 450 500 550 600 K 650 250 300 350 400 450 500 550 600 K 650 

T- 
Fig. 99. (Nd,,,Ho,,,),Fe14B. Magnetization M vs. 
temperature in a magnetic field of 3.0 kOe [86A 21. 

0 

p&ally ordered 1 

0 0.2 0.2 0.4 0.4 0.6 0.6 0.8 0.8 1.0 1.0 
ErRhLBL x- HoRh4B4 LuRh4B4 x- HoRh,B, 

Fig. 100. Er, -,Ho,Rh,B,. Low-temperature phase Fig. 101. Lu, -,Ho,Rh,B,. Low-temperature phase 
diagram determined from ac magnetic susceptibility diagram determined from ac magnetic susceptibility 
measurements. The vertical bars on data points indicate measurements on powdered samples [78 M I]. 
the observed temperature hysteresis [77 J 21. 
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2.9 Compounds of rare earth elements and Al, Ga, In or Tl 

2.9.1 Introduction 

The tables and figures presented in this section contain magnetic data on metallic or pseudometallic 
compounds of rare earth elements which contain besides the rare earth elements at least one group 3B element Al, 
Ga, In, Tl, excluding B. They may contain also as a third element another metallic element of the periodic system, 
excluding the group 1B elements Cu, Ag, Au, the group 2A elements Be, Mg, the group 2B elements Zn, Cd, Hg, 
and the group 3B element B. For rare earth compounds of the latter elements see the preceding sects. 2.6,2.7 and 
2.8. 

The survey of the compounds in subsect. 2.9.2 is divided into three tables. Binary and pseudobinary 
compounds of the rare earth elements and the group 3B elements mentioned above are listed in Table 1. Ternary 
compounds which contain at least one rare earth element, one group 3B element, and, as a third element, another 
metallic element of the periodic system (with the exception of those mentioned above) are listed in Table 2 for 
nonstoichiometric compounds and in Table 3 for stoichiometric compounds. 

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 as far as rare earth and group 3B elements are 
concerned. For the other elements the alphabetical order is adopted. Thus the rare earth elements are listed in 
the following order 

SC, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu 

and the group 3B elements in the order 

Al, Ga, In, Tl. 

Moreover, the compounds are listed in the tables according to the decreasing atomic ratio of the rare earth 
elements to the group 3B elements. Consequently, the rare-earth-rich compounds are given in the beginning of 
each table. The figures presented in subsect. 2.9.3 are arranged similarly. 

The tables provide information on paramagnetic Curie temperature 0, ferromagnetic Curie temperature T,, 
NCel temperature TN, magnetic susceptibility x, effective paramagnetic moment peff, saturation or spontaneous 
magnetic moment p,, remanent magnetic moment p,, and coercive field H,. 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 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 overall-splitting, CEF parameters B, (64 h l), 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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2.9.3 Figures 
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Fig. 3. SC, -,In,. Composition dependence of u at 
1.4 K and 1.4 kOe [61 M 11. 
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Fig.4. La,M,-,M:, M, M’=Al, In, Tl, Sn, 
Pb. Temperature dependence of lrn after subtraction of 
a C/(T--O) term (O= -7K) for impurities [78Dl]. 
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Fig. 5. La&, La,TI. Temperature dependence of I,,, 
after subtraction of a C,l(T--0) term (O= -7K) for 
impurities [78 D 11. 
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Fig. 6. (La, -,PrJ,Tl. Composition dependence of To Fig. 8. (La, -xPr,),Tl. Composition dependence of the 
Solid circles [72A 11, open circles [72 B 21. spontaneous magnetic moment per Pr atom, ps, at 1.1 K. 

Solid circles [72A 11, open circles [72 B 21. g,J = 3.2. 
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Fig. 7. (La, -,PrJ,Tl. Magnetic field dependence of 
the magnetic moment per Pr atom, pPr, at 1.1 K for x = 1 
and x=0.95 [72Al]. g,J=3.2. 

1.2 
Pe 

I 0.8 

2 0.6 
P 

20 40 60 80 kOe 100 
H- 

Fig. 9. Pr,In. Magnetic field dependence of the mag- 
netic moment per Pr atom, pPr, at 4.2 K [73 S I]. 
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Fig. 10. Pr,In. Temperature dependence of (T,,, ai 
1.23 kOe after zero field cooling (1) and after cooling in the 
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Fig. 11. Pr,In. Temperature dependence of urn and 
magnetic field dependence of the magnetic moment per Pr 
atom, ppr. at 4.2 K [74 S 1-J. 
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Fig. 13. Pr,In. Hysteresis loop at 4.2 K. Sample an- 
nealed for 14 days at lOOOK [8OP 11. 
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Fig. 12. R,In, R =Gd, Dy, Er. Magnetic field de- 
pendence of u, at 4.2 K [74 H 1). 
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and xi ’ at 1 kOe. (b) Magnetic field dependence of u at 
4.2K, curve (I) after cooling in zero field, and (2) after 
cooling in the lield [79 G 11. 
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Fig. 15. SmJn. (a) Temperature dependence of x,,, at 
1 kOe and (b) magnetic field dependence of (T at 4.2 and 
150K [79Gl]. 
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Fig. 16. Gd,AI. Magnetic field dependence of mag 
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Fig. 18. R,In, R=Gd, Tb, Dy. Magnetic field de- 
pendence of u at 4.2 K [79 G I]. 
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Fig. 17. R,In, R=Gd, Tb, Dy. Temperature depen- 
dence of x,,, and xi1 at 1 kOe [79 G 11. 
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Fig. 19. Gd21n. Temperature dependence of magnetic 
moment per Gd atom, I)~,,. in magnetic fields of 0.027,0.5 
and 20 kOc [84 M 11. 
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Fig. 23. R,In, R=Ho, Er. Tm. Magnetic licld dc- 
pendence of u at 4.2 K and 64 K (R = Ho) [79 G 11. 
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Fig. 20. Tb,AI. Temperature dependence of u and x; ’ 
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Fig. 22. R,In, R=Ho, Er, Tm. Temperature depen- 
dcncc of xrn and 1,’ [79 G 11. 
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For various compositions [Sl S I]. pendence of X,,, [81 S I]. 
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Fig. 27. (M, -xGd,),Al,, M = Y, Th. Composition de- 
pendence of 0 and the effective paramagnetic Curie 
temperature O/x [75 B 11. 
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Fig. 28. Gd,GaZ, GdG+. Temperature dcpcndcnce 
of x; ' [76 B 1-j. 
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b T- 

Fig. 29. Tb,Al?. (a) Magnetic moment per Tb atom, 
pTh, vs. ma_cnctic field at 4.2 K and 20 K and (b) tempcra- 
ture variation of magnetization at 24 kOc. From 10 K to 
the Curie point a fcrroma!nctic bchaviour is observed, 
below 10 K the magnctizatlon dccrcascs rapidly if mea- 
sured in liclds lower than 3OkOc. In higher fields the 
mngnctisation is practically the same as it is at 20K 
[68 B 21. 
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Fig. 30. Dy,AI,. (a) Magnetization g,,, uI and reciprocal 
magnetic susceptibility xi’, ,Y;’ vs. temperature for a 
magnetic field of 6 kOe applied parallel and pcrpcndicular 
to the c direction of pseudo single crystal. (b) Magnetic 
licld dcpcndcncc of D at 4.2 K [69 B I]. 
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Fig. 31. PrGa. (a) Magnetic field dependence of CT at 
4.2 K and (b) temperature dependence of c at 10 kOe and 
x; ’ along a, b, and c axes of a single crystal. Dashed lines 
are calculated including CEF Hamiltonian [77 S I]. 
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Fig. 32. RAl, R=Nd, Gd, Tb, Dy, Ho, Er, 
Tm. Magnetic field dependence of pR at 4.2 K [70 B 11. 
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Fig. 33. NdGa. (a) Magnetic field dependence of e at 
4.2 K and (b) temperature dependence of u and xi ’ along 
a, b, and c axes of a single crystal. Dashed lines are 
calculated including CEF Hamiltonian [77 S 11. 
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Fig. 34. SmGa. (a) Hysteresis loop of single crystal at 
4.2 K along easy direction of magnetization, b axis, and 
magnetization CT along the a and c axes. (b) Temperature 
dcpcndencc of cr and ,Y; ’ at 10 kOc [77 S 11. 
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Fig. 36. GdGa. Temperature depcndcnce of c and 
,y; I. The curve ~7 was rccordcd with a magnetic field of 
12kOe [76Bl]. 
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Fig. 35. GdAI, DyAI. (a) Temperature dcpcndence of 
xi’. (b) Magnetization behaviour of DyAl at 4.2 K 
[68 B 23. 
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Fig. 37. RIn, R=Gd, Tb, Dy, Ho. Temperature de- 
pendence of xi1 [76 L 2). 
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Fig. 38. RAl, R=Tb, Er, Tm. Temperature depen- 
dence of xi ’ [70 B I]. 
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Fig. 39. TbGa. (a) Magnetic field dependence of (r at 
4.2 K and (b) temperature dependence of D and xi1 at 
10 kOe along the a, b, and c axes of a single crystal. The 
dashed lines are calculated including CEF Hamiltonian 
[77SlJ 
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Fig. 40. TbGa. (a) Magnetic isotherms at 4.2 K and 
77K. (b) Shows the temperature dependence of the 
critical field Hcri, below which wall propagation is im- 
peded [71 B 11. 
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Fig. 41. DyGa. (a) Magnetic field dcpcndence of (r at 
4.2 K. (b) Temperature dependcncc of 0 at 10 kOc and 
x; ’ along the o, b, and c axes of a single crystal. The 
dashed lines are calculated including CEF Hamiltonian 
[77 s 11. 
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Fig. 42. HoGa. (a) Magnetic field dependence of (T at 
4.2 K. (b) Tempcraturc dcpcndcncc of (r at 1OkOe and 
xi’ along the a, b and c axes of a single crystal. The 
dashed lines are calculated including CEF Hamiltonian 
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Fig. 43. ErGa. (a) Magnetic field dcpcndence of 0 at 
4.2 K. (b) Tempcraturc dcpcndcncc of 0 at 10 kOc and 
x, ’ along the n, b, and c axes of a single crystal. The 
dashed lines arc calculated including CEF Hamiltonian 
[77 s 11. 
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Fig. 44. SC, -,R,Al,, R = Eu, Gd. Temperature depen- 
dence of the magnetic susceptibility for dilute Eu and Gd 
impurities in ScAl,. The data of the x =0.0068 Eu sample 
are corrected for the contribution of residual EuAl, 
detected in the Miissbauer spectra [SO F 11. 
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Fig. 45. SC, -,Yb,Al,. Temperature dependence of x,,, 
for various compositions corrected for the ScAl, contri- 
bution [85 I I]. 
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Fig. 46. Y i -,Ce,Al,. Temperature dependence of x,,, 
for various compositions corrected for the contribution of 
YAI, [85 I I]. 
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Fig. 48. Th, -,Gd,AI,, Y, -,Gd,AI,. Composition dc- 
pcndence of 0 and Tc [67 B 1). 
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Fig. 47. Y, -,Eu,AI,. Tempcraturc dcpcndence of xi i 
for various compositions. For clarity, the ordinates arc 
shifted, see Table 1 for 0 values [85’1 11. 
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Fig. 49. R, -xGd,AI,, R = Y, La, Lu. Composition de- 
pcndcncc of T, and 0. The values for T, were obtained 
from the cusps in the clcctrical resistivity curves [82 H 11, 
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Fig. 50. Y i -,R,AI,, R =Tb, Er. Composition dcpen- 
dence of T, and 0 [67 B 11. 
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Fig. 51. Y, -,Er,Al,. (a) Temperature dependence of 
the Er magnetic moment, pEr, obtained from neutron 
diffraction [72 W I]. (b) Magnetic phase diagram. Solid 
circles indicate the cusp temperature T,, open circles the 
Curie-Weiss temperature 0. Open triangles the magnetic 
ordering temperature Tc determined by neutron diffrac- 
tion [79 B 31. 
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Fig. 52. Y i - =Dy,Al,. Composition dependence of Tc 
[78 B 21. 
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Fig. 54. Y, -,Th,Al,. Composition dependence of x,,, 
at room temperature [70 V 11. 
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Fig. 53. Y,-,Yb,Al,. Temperature dependence of x,,, 
for different compositions [85 I I]. 
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Fig. 59. La, -,Yb,AI,. Temperature dcpcndencc of xrn 
for different compositions, corrected for the LaAI, contri- 
bution [85 111. 
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Fig. 56. La, -,Pr,AI,. Concentration dependence of 
T,. The lint indicates the calculated curve based on the 
combined effect of CEF and molecular held for CEF 
parameters x=0.81 and W=O.53 meV [79T 11 (circles); 
triangles after [69 M 11. 
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Fig. 57. La, -,Pr,AI,. Composition dependence of the 
normalized magnetic moment per Pr atom. ppr, at 4K. 
The solid lint indicates the calculated curve using the 
CEF parameters x=0.81 and W=0.53mcV [79T 11. 
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Fig. 58. M,-XGd,Al,, (a) M =La, Th, (b) M =U. 
Composition dependence of the magnetic transition tem- 
peratures. Triangles upward: Curie temperature Tc; 
triangles downward: quasi Curie temperature of alloys 
showing superparamagnetic (SP) behaviour, taken as 
temperatures where ]dc/dTI has a maximum value; open 
circles: paramagnetic Curie temperature 0; solid circles: 
spin glass (SG), cluster glass (CG), or re-entrant glass (R) 
freezing temperatures Tf [84 C 11. 
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Fig. 60. CeAl,. (a) Magnetic field dependence of the 
magnetic moment per Ce atom, pee, along the three 
principal directions at 1.7 K and (b) thermal variation of 
the initial magnetic susceptibility measured parallel to 
[Ill] [77Bl, 75B4]. 
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Fig. 61. Ce, -,Pr,AI,. Thermal variation of xs. The 
right-hand figures show the magnetic moment per for- 
mula unit, pm, as a function of the magnetic field 179 B 23. 

Chelkowski 



Ref. p. 2481 2.9.3 (Pseudo)binary R-group 3B compounds: figures 207 

I I 

Tn. Dr Al- 

1.25 

g 1.00 

1 
I , I I I I I 

0 5 10 15 20 25 30 K 
T- 

1 
35 

Fig. 62. Ce, -,Pr,Al,. Temperature dependence of the 
magnetic moment per formula unit, p,, at 19kOe for 
various compositions [68 S 11. 
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Fig. 64. Ce, -,Gd,Al,. Composition dependence of 0 
and Tc [8512]. 
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Fig. 63. Ce, -,Nd,Al,. Temperature dependence of 
the magnetic moment per formula unit, pm, at 19 kOe for 
various compositions [68 S I]. 
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Fig. 65. Ce, -,Gd,Al,. Magnetic field dependence of 
the magnetic moment per formula unit, P,,,, at 4.2 K for 
single crystals with x = 0.2,0.6 and 0.9 and polycrystalline 
samples with x=0.1, 0.3, 0.4 and 0.7 [8512]. 

4 
Fig. 66. Ce, -,Gd,Al,. Composition dependence of 
the spontaneous magnetic moment at 4.2 K. The broken 
line represents the magnetization provided the Ce atom 
carries no magnetic moment. The solid curve represents 
the calculated magnetization for CEF parameter B, 
=0.28 K [85 121. 
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Fig. 67. Ce , -,Lu,AI,. Temperature dependence of xrn 
for diffcrcnt compositions, corrcctcd for LuAI, contri- 
bution [SS I 11. 
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Fig. 68. Ce, -,Th,AI,. Concentration dependence of 
Th. [SOC 11. 
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Fig. 69. RGa2. Tcmpcraturc dcpcndcncc of xE for Fig. 70. RGa,, R=Ce, Pr, Tb, Ho. Magnetic field 
1.58kOc(R=Ce,Pr,Gd,Tb)and4.81kOe(R=Nd,Dy, dependence of the magnetic moment per R atom, pR, for 
Ho, Er) [7S T I]. polycrystallinc sample at 4.2 K [78 T 11. 
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Fig. 71. PrAl,. Temperature dependence of xrn and 
xi1 at 10 kOe [68 N 11. 
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Fig. 72. RAI,, R =La, Pr, Nd. Temperature depen- 
dence of the electrical resistivity. The residual resistivity 
has been subtracted from the measured values. The 
transition from the ferromagnetic to the paramagnetic 
region (T,) is accompanied by a change in the temperature 
dependence of Q [69 V I]. 
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Fig. 74. PrAl,. Magnetic field dependence ofp,,. Ma: 
netic field applied in the three main symmetry directions 
at 4.2~ pPrIi and pPrl are the components parallel and 
perpendicular to the applied field, respectively. The lines 
are the theoretical curves for CEF parameters B, 
= -44.10e4 meV, B,= -88.10-6meV and T,=33K 
[82 E I]. 
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Fig. 73. PrAl,. Experimental points and theoretical 
curves for the temperature dependence of the sponta- 
neous magnetic moment. The broken line is the Brillouin 
curve for J= 1, 7’,‘,=33 K and a zero-temperature mag- 
netic moment of 2.88 us. The full line is the theoretical 
curve using the CEF parameters B,= -44. 10e4meV, 
B,=-88.10-‘jmeVand T,=33K [74Pl]. 
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Fig. 75. Pr, -,Dy,AI,. Temperature dependence of p, 
at 19 kOe for difkrcnt compositions [68 S 11. 
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Fig. 76. NdAI,. Magnetic field dependence of pKd of 
single crystal for magnetic fields parallel to [lOfI] and near 
to [l lo] and [ll l] directions at 4.2 K. pNdI, and pNdl are 
the components parallel and perpendicular to the ap- 
plied field, respectively. The lines are the theoretical 
curves for CEF parameters B,= - 12. 10e4meV, B, 
=50.10m6 mcV, Te=65K [82El]. 
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Fig. 77. Nd , ..,Ho,A12. Tempcraturc dcpcndcncc of 
pm at 19 kOc for different compositions [68 S 11. 
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Fig. 78. SmAl,. Temperature dependence of (a) xp and 
(b) psm at 21 kOe. (c) Hysteresis loop at 2 K [73 D 11. 
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Fig. 79. EuAl,. Temperature dependence of xg Fig. 80. EuAl,. Magnetic field dependence of (r at 
[68 M 21. 4.2 K and at room temperature [68 M 21. 
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Fig. 81. GdA12. Tempcraturc dcpcndcncc of x; ’ 
[72 H 1-j. 
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Fi_e. 83. RAI,. R=Gd. Tb, Dy, Ho, Er, 
Y. Tempcraturc depcndcncc of the electrical rcsistivity. 
The residual resistivity has been subtracted from the 
mcasurcd values. The transition from the fcrromagnctic 
to the pnramngnctic region (T,) is accompanied by a 
chansc in the temperature dcpcndencc of Q [69 V 11. 
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Fig. 82. GdAI,. Temperature dependence of ~7 for 
various magnetic ticlds [72 H 11. 
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Fig. 84. GdAI,. Magnetic field dependence of pGd for 
the magnetic field along [llO] direction at various 
tcmpcraturcs [77 B 21. 
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Fig. 85. Gd, -,Tb,Al,. Composition dependence of 
0, Tc (from electrical resistivity measurements), and perr 
[82Cl]. 
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Fig. 86. Gd, -,Dy,AI,. Composition dependence of 
0, Tc (from electrical resistivity measurements), and pefr 
[82 C I]. 
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Fig. 87. Gd, -,Ho,Al,. Composition dependence of Fig. 88. Gd, -,Er,Al,. Composition dependence of 0, 
0, T, (from electrical resistivity measurements) [82 C I]. Tc (from electrical resistivity measurements), and perr 

[82 C 11. 
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Fig. 89. Gd, -,Lu,A12. Composition dependcncc of 
Perr W H 11. 
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Fig.92 Dy,-,R,A12, R=Tb, Ho, Er. Temperature 
dependence of pm [68 S 11. 
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Fig. 90. TbAI,. Magnetic field dependence of D and 
pTb for the field applied along the [ill], [l lo] and [lOO] 
directions at 4.2 K [74 B 11. 

Fig. 91. TbAI,. Tempcraturc dependence of the 
spontaneous magnetization 0,. The solid line represents 
the Brillouin law [74 B 11. 
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Fig. 93. TbGa,. Magnetic field dependence of pTb at 
4.2 K for fields applied parallel to the three main symme- 
try directions a, b and c [77A 11. 
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Fig. 94. DyAI,. Magnetic field dependence of pDy at Fig. 95. HoAl,. Magnetic field dependence of pHa at 
4.2K for the field applied parallel to the three main 4.2K parallel and perpendicular to the magnetic field 
symmetry directions [loo], [llO] and [I II], respectively. applied parallel to directions near [loo], [l IO] and [I 111, 
The lines represents theoretical calculations with CEF respectively. The lines represent theoretical calculations 
parameters B,= -0.50.10-4meV, B, = -0.51 with CEF parameters B, = -0.85 10e4 meV, B, 
.10m6meV and &=62K [82Kl]. =0.71. lo-‘jrneV and Tc=31.5K [83S2]. 
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Fig. 96. Curie-Weiss fit for polycrystalline HoGa,. Ax(T) 
=x(T)-x0. Curie constant C,=4.19.10-‘cm3K/g, 
pefr= 10.10 u,Jf.u., 0 = 13 K [78 T I]. 
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Fig. 97. HoGa,. Magnetic field dependence of pno 
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at 4.2 K [78 T I]. 
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Fig. 98. ErA12. Tempcraturc dcpcndcncc of lc and ,Y; ’ 
C6SNl-J. 
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Fig. 101. ErGaZ. Single crystal magnetization vs. ap- 
plied magnetic field along the c axis at 1.5, 5 and SK 
[82 D2]. 

Fig. 102. ErGa,. Single crystal magnetization vs. ap- 
plied magnetic field at 1.5 K along the a, hand c axes of the 
orthohcxagonal lattice. Dashed lmcs arc the cxpcrimcntal 
variations. full lines arc the calculated ones [82 D 21. 
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Fig. 99. ErAI,. Magnetic field dependence ofp,, in the 
main symmetry directions at 4.2 K. The thcorctical curves 
arc calculated using the total Hamiltonian including the 
CEF paramctcrs for B,=1.1.10-4mcV, B, 
=-1.35.10m6 mcV, Tc=14K [76Pl]. 
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Fig. 100. ErGa2. Single crystal reciprocal magnetic Fig. 100. ErGa2. Single crystal reciprocal magnetic 
susceptibility vs. tempcraturc for magnetic fields pcr- susceptibility vs. tempcraturc for magnetic fields pcr- 
pcndicular and parallel to the c axis, rcspcctively [82 D 23. pcndicular and parallel to the c axis, rcspcctively [82 D 23. 
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Fig. 103. YbAl,, YbIn,. Temperature dependence of 
xp after correction for Yb,O,. Different symbols for 
YbIn, indicate results of various authors [73 K 11. 
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Fig. 104. YbAl,, YbIn,. Magnetic field dependence of 
CT at 4.2K [73Kl]. 
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Fig. 105. Yb,-xLu,Al,. Temperature dependence of 
x,,, corrected for the LuAl, contribution [85 Ill. 
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Fig. 106. Yb,-,Ca,Al,. Temperature dependence of 
x,,, corrected for the CaAl, contribution [85 I I]. 
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Fig. 107. R, -,Ce,In,, R=Y, La [82 D 11. (a) 
Y, -,Ce,ln,. Magnetic field depcndcncc of u, at 4.2K, 
with corresponding Y, -,La,ln, matrix magnetization 
subtracted. (b) Y, -,Ce,In,. Tempcraturc dependence of 
I,, corrcctcd for low-temperature impurity contribution 
and the magnetic susceptibility of corresponding 
Y, -,La,In, matrix. (c) La, -,Ce,In,. Magnetic field dc- 
pcndcncc of urn at 4.2K, with corresponding Lain, 
magnetization subtracted. (In the insert Ce conccn- 
tration dcpcndcncc of TN I30 E 21.) (4 
La, -,Ce,In,. Tempcraturc dcpcndencc of xi’ with 
corresponding Lain, susceptibility subtracted. 
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Fig. 108. NdIn,, LaO,,sNdO,,,In,. Temperature de- 
pendence of ~;l. The lines represents theoretical calcu- 
lations with CEF parameters W=O.91 K and x=0.3 
[76Ll]. 
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Fig. 109. SmAl,, CeAl,. Temperature dependence of 
,y,’ [66Bl]. 
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Fig. 110. CeAI,. (a) Magnetic field dependence of the 
dc magnetization at 1.4K and 4.2K. (b) Shows low- 
temperature ac magnetic susceptibility data [85 D 11. 
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Fig. 111. Cc, -,Gd,AI,. Temperature dcpcndcncc of 
zg C84 E 11. 
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Fig. 113. Rln,, R =Ce, Gd, Er. (a) Temperature de- 
pcndcncc ofI,’ (insert: magnetization curve for Gdln, at 
4.2 K) [69 B 23. (b) Tempcraturc depcndcnce of xrn for a 
sin& crystal of Gdln, at 20 kOe [79 S I]. 
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Fig. 114. CeIn,Sn, --X. Magnetic susceptibility x,, vs. 
temperature (a-c) and composition dependence of the 
position of the susceptibility maximum and the corrected 
low-temperature susceptibility (d). Full symbols refer to 
as-measured data, open symbols to data corrected for the 
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contribution of paramagnetic “Ce3+ impurities”. The 
open triangles (d) give data corrected also for a matrix 
contribution amounting to x (LaIn,Sn, -,); the error bars 
!I!&; the uncertainity. of the T,,, determination 

For Fig. 115, see next page. 
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Fig. 116. CeTl,. Temperature dependence of xi ‘. The 
data are corrected for a conduction electron contribution 
taken equal to x (LaTl,), and Van Vleck susceptibility due 
to the higher J = 7/2 multiplet, adding up to x0,, = 0.13 
.10-3cm3/mol Ce [8OEl]. 
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Fig. 117. CeTl,. Magnetic field dependence of pee at 
1.3 K and 4.2 K. The solid and dashed lines are calculated 
with a CEF splitting of 60 and IlOK, respectively, 
averaged over the three principal axes [SO E I]. 
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Fig. 115. CcIn,Sn, --ll. (arc) High-ficld magnetization 
below 4.2 K vs. magnetic field for various compositions. 
(d) Composition dependence of the magnetic susccpti- 
bility in high fields jl,,H> 10T. Where no temperature is 
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perature for I@> 10T [SODl]. 

Fig. 118. PrAI,. NdAI,. Temperature dependence 07 
x; ’ [66 B 1-J. 

35 
403 
9 - 
cm3 

25 

20 

15 I 
-g 

10 

5 

50 100 150 200 250 K 300 
l- 

Chelkowski Landolt-Bbmstein 
New Series 111119e2 



Ref. p. 2481 2.9.3 (Pseudo)binary R-group 3B compounds: figures 223 

32.5 
II IO 20 30 40 50 K 60 

T- 

Fig. 119. PrIn,. Temperature dependence of xi ‘. The 
line represents theoretical calculations with CEF 
parameters IV= 2.36 K and x = -0.6 [76 L I]. 
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Fig. 121. NdIn,. Phase diagram for magnetic field in 
the [OOI] direction. The solid curves denote the second- 
order phase transition and the dashed curves the first- 
order phase transition; I: intermediate phase and T: triple 
point [SS C I]. 
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Fig. 120. RIn,, R=Nd, Tb, Dy, Ho. Temperature 
dependence of xi ’ [69 B 23, and of xrn for single crystal of 
DyIn, at 20 kOe [79 S I]. 

zig. 122. NdIn,. Magnetic field dependence of pNd 
along principal crystallographic axes at 1.45 K [85 C I]. 
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Fig. 123. SmAI,. Tempcraturc dcpcndcncc of xrn 
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Fig. 126. Eufn,. Tempcraturc depcndcncc of g,,, and 
phase diagram [74 S 11. 

Fig. 125. RIn,. RTI,, R=Eu, Gd. Magnetic licld d: 
pcndencc of (a) CT,,, at 4.2 K [74S l] and (b) pc;<, for a 
single crystal of Gdln, at 4.2 K [79 S 11. 
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Fig. 127. GdAl,, TmAl,. Temperature dependence of 
x, l [66 B I]. 
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Fig. 129. RA13, R=Tb, Dy, Ho. Temperature depen- 
dence of xi 1 [66 B 11. 
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Fig. 128. Gd(In,Sn, -&. Concentration dependence 
of TN [84A I]. 
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Fig. 130. RIn,, R=Tb, Dy, Ho, Er. Magnetic field 
dependence of (a) pR at 4.2 K [73 L I] and (b) for a single 
crystal of DyIn, at 4.2 K [79 S I]. 
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Fig. 131. Tb(In,Sn, -J,. Concentration dcpcndcncc 
of r, and 0 [73 L 11. 

Fig. 132. HoIn,. Tempcraturc dcpcndencc of heat 
capacity C, in the vicinity of TN [86C 11. 
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Fig. 133. ErAI,. Temperature dependence of 1; r for 
a-ErAI, and B-ErAI, [68 B 11. 

Fig. 135. Erln,. Temperature dependence of the heat 
5 6 K 7 capacity C, in the vicinity of TN [86C 11. 
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Fig. 137. TmGa,. Magnetic field dependence of pTm 
for the magnetic field in the [OOl] direction at several 
temperatures. The insert shows the magnetic phase dia- 
gram in this direction [SS C 21. 
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Fig. 136. TmAl,. Temperature dependence of xi’. Fig. 138. TmGa,. Influence of the magnetic field ap- 
The line represents the theoretical value for an overall plied parallel to the [OOl] direction on the magnetic (TN) 
CEF splitting of 350cm-’ [68 B I]. and structural (Tc) phase transitions. C: molar heat 

capacity [85C2]. 1 Rc8.314Jmol-‘K-l. 
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Fig. 139. YbAI,. Temperature dcpcndcncc of xi’. Yb 
is in a miscd-valcncc state. The data have been corrcctcd 
for Yb,O, magneticcontaminant. Solid line shown is the 
best fit obtained with the equations 

and 
r-‘(T)=1 +esp[-E,,lk,,(T-T,,)]/8 

for T,,=160(10)K and E,,lk,,= -560(25)K. t:(T) is the 
fractional occupation of the state corresponding to Yb3+ 
with pcrr=4.54p,, [75S 11. 
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Fig. 141. Ybln,. YbTI,. Magnetic field depcndcncc of 
o,, at 4.2 K [74 S 11. 
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Fig. 140. YbIn,. Temperature depcndcnce of I,‘, l,,, 
corrcctcd for the diamagnetism of ionic cores [74 S 21. 
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Fig. 142. Ce,AI, ,. Magnetization ~7 in 1 kOe at differ- 
ent prcssurcs vs. tempcraturc. Two ordering temperatures 
TI = 3.2 K and T2 =6.2 K arc indicated by vertical lines. 
The insert shows the thermal variation of the phase 
transition magnetic tield for p = 0 kbar. I, II and P indicate 
the ordered phases I and II and the paramagnetic phase, 
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Fig. 143. EuAl,. Temperature dependence of xi’ and 
the magnetization D at 14.24 kOe [67 W  I]. 
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Fig. 146. Y(Al,Co, -J2. Composition dependence of 
(a) Tc and 0, and of(b) the effective paramagnetic moment 
pen and of the spontaneous magnetic moment pS at OK 
[SSY I]. 
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Fig. 144. EuAl,. Magnetic field dependence of pEu at 
4.2 K [67 W  I]. 
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Fig. 145. EuAl,. Temperature dependence of xp, and 
TN vs. magnetic field (insert) [68 M 21. 
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Fig. 147. Y(Al,Co, -&. Magnetic field dependence of 
(r at 4.2K for 05x50.19 [SSY I]. 
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Fig. 148. Sc(Al,Fe, -& Composition dcpcndcncc of 
the crystal structure (Cl4, Cl5), T,, and r~ at 4.2 K and 
20kOc [76Sl]. 
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Fig. 149. Y(AI,Fc, -Jz. Composition dcpendencc of 
the magnetic high-field susceptibility at 4.2K for Cl5 
(open circles) and Cl4 (solid circlcs)crystal structures. The 
thcorctical curve is calculated for a local environment 
model in which the Fe atoms carry a magnetic moment if 
surrounded by n 2 11~ = 15 Fe ncighbours [78 B 11. 
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Fig. 151. Y(AI,Fc, -X)2. Composition dependence of 
the mean effective Fe magnetic moment, pcrr, and of the 
tempcraturc-indcpcndcnt contribution x0 to the magnetic 
susceptibility [84 R 11. 
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Fig. 150. Y(AI,Fe, -J2. (a) Composition dependence 
of T,, freezing temperature TM and temperature TA for 
vanishing magnetic hyperfine splitting (from Miissbauer 
expcrimcnt on “Fe). (b) Composition dcpendencc of the 
paramagnctic Curie temperature 0 [84 R 11. 
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Fig. 152. Gd(Al,Co, -&. Composition dependence of 
pen and Tc [79 K I]. 
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Fig. 153. Gd(Al,Co, -J2. Composition dependence of 
the saturation magnetic moment ps and the Co magnetic 
moment pco at 4.2K [Sl B 11. In deriving pco a Gd 
magnetic moment of 7 pLB was assumed. 

200, I I 

800 ,i I I I 
K 

0 
0 0.2 0.4 0.6 0.8 1.0 

GdFe, X- GdA12 

Fig. 154. Gd(Al,Fe, -&. Composition dependence of 
Tc and of the saturation magnetic moment p, at 4.2K. 
Open and full symbols are for Cl5 and Cl4 structure type, 
respectively [79 B 41. 
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Fig. 156. Gd(Al,Fe, -J2. Concentration dependence 
of the mean Fe magnetic moment, pFe, at 4.2 K [79 B 41. 
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Fig. 155. Gd(Al,Fe,-3,. Magnetic field dependence 
of c at 4.2 K [79 B 41. 
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Fig. 157. Tb(Al,Fe, -J2. Composition dependence of 
T,, the saturation magnetic moment ps at 4.2 K, and the 
remanent magnetic moment pr at 1.6K. Cl5 and Cl4 
indicate the crystal structure [76 0 I]. 
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Fig. 158. Ho(Al,Fc, -& Magnetic licld dcpcndcncc 
of pm at 4.2 K [85 S 21. 
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Fig. 159. Gd(Al,Co, -J3. Composition dependence of 
the Curie temperature Tc, the saturation magnetization p, 
and the mean Co magnetic moment prO at 4.2 K, and the 
Co cffcctivc magnetic moment ~,rr,~~ [82 B 31. In deriving 
p,-0 a Cd magnctic moment of 7 us was assumed. 
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Fig. 160. Gd(Al,Fe, -r)3. Composition dcpcndcncc of 
the Curie temperature T,, the saturation magnctic mo- 
ment p, and the mean Fe magnetic moment p,+ at 4.2 K, 
and the effect& Fc magnetic moment perr,Fe [8?. B 23. In 
deriving pv, a Gd magnetic moment of 7 pi, was assumed. 
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Fig. 161. Gd(AI,Fe, -J3. Magnetic lield dependence 
of p, at 4.2 K [82 B 21. 
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Fig. 162. Y,Al,Ni,, -X. Temperature dependence of 
xi’ for different compositions. The arrows indicate the 
NCel temperatures [83 C I]. 
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Fig. 164. Gd,Al,Ni,,-, Composition dependence of 
the effective magnetic moment per formula unit, pen. Solid 
circles: experimental values, open circles: values cal- 
culated for pen, cd = 7.94 uB and peff,Ni = 1.64 pLB [79 P I]. 
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Fig. 165. Gd,Al,Ni,,-, Composition dependence of 
T, [82P I]. 
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Fig. 166. Gd2Al,Ni,,_, Temperature dcpcndcncc of Fig. 167. GdzAI,Ni,,-, Temperature dependence of 
urn at 9.5 kOc for difTcrcnt compositions [82P 11. CT~ at 9.5 kOe for diffcrcnt compositions [82P 11. 
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Fig. 168. Dy,Al,Fc,,-,. Composition dcpcndcncc of 
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Fig. 169. Dy,Al,Fc,, -I. Tempcraturc depcndcncc of 
u at 10 kOe for diffcrcnt compositions [84P 21. 
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Fig. 170. Dy,Al,Fe, 7 e-X. Magnetic field dependence 
of (r at 4.2 K for different compositions [84P 21. 
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Fig. 172. Dy,Al,Ni,,-,. Temperature dependence of 
o,,, for different compositions [83 C 11. 
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Fig. 171. Dy,Al,Ni,,-,. Temperature dependence of 
XL’ for different compositions. The arrows indicate the 
Ntel temperatures [83 C 11. 

Land&-BOrnstein 
New Series 111/19eZ Chelkowski 



236 2.9.3 (Non)stoichiomctric R-group 3B-X compounds: figures [Ref. p. 248 

150 
K  I 

Y,.,Gd,lnPd ! ! 

YInPd x- GdlnPd 

Fig. 173. M,-, Gd,lnPd. M  =Y, Th. Composition dc- 
pcndcncc of 0,/r; [75 B 21. 
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Fig. 175. TmGa,Ni, TmGa,Ni. Temperature dcpcn- 
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Fig. 174. Y,-,Th,InPd. Composition dependence of 
xr at room temperature 175 B 23. 
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Fig. 176. RAI,Fc,, R=Er, Tm, Y. Temperature de- 
pcndcncc of hypcrlinc fields Hhyp for “Fc on S(f) and 8(i) 
sites (cf. Fig. 179) [Sl F2]. See Fig. 182 for R=Gd, Tb 
and Ho. 
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Fig. 177. RAl,Fe,, R=Yb, Y, Gd, Tb. Temperature 
dependence of pm at 15 kOe [Sl F 21. 
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Fig. 178. RAl,Fe,, R=Dy, Er, Y. Magnetic field de- 
pendence of p, [Sl F 21. 

Fig. 179. ThMn,,-type structure of 14/mmm space 
group. Th atoms on the 2(a) sites and Mn atoms on the 
sites S(j) and 8(i) lie in the planes z = 0 (full lines) or z = l/2 
(dashed lines). Mn atoms on the site 8(f) lie in z = l/4 and 
z=3/4 [77D I]. In the case of RAl,T,,-, compounds 
where R is a rare earth and T is a transition metal atom the 
unit cell contains two formula units. The R ions occupy 
the 2(a) sites, the 8(f) and 8(i) sites are the majority T and 
Al sites, respectively. The Fe atom on the 8(i) site is 
nonmagnetic. The Fe atom on the 8(f) site shows an 
antiferromagnetic intrasublattice exchange with the fer- 
romagnetic component, while the Fe atom on the 8(j) site 
shows a ferromagnetic intrasublattice exchange [78 B 3, 
78 F I,79 F I,81 F2,83 F I]. In the case of RAlsFe,, the 
Fe ions occupy in majority the 8(f) site, but about 20% of 
the Fe ions occupy the S(j) and 8(i) sites. In the case of 
RAl,Fe,, the Fe ions occupy the 8(f), S(j) and 8(i) sites in 
about 58, 36 and 6%, respectively. The situation in the 
RAl,Fe, compounds is very similar [83 F I]. The R-R 
exchange was suggested to be ferromagnetic [78B3, 
81 F 2,83 F I]. But no indication of R sublattice ordering 
was observed from neutron diffraction for ErAlsFe, and 
DyAlsFe, at 4.2 K [83 S 31. The Curie temperature was 
taken from the x-‘(T) data in the manner indicated in 
Fig. 185. 
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Fig. 180. RAI,Cr,. R=Gd. Dy, Er. Tcmpcraturc dc- 
pcndencc of a,, at 10 kOc for R=Gd and Dy. Inset: 
magnetic field depcndencc of pm at 4.1 K [81 F 11. 
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Fig. 182. RAI,Fc,. R =Gd. Tb, Ho. Temperature de- 
pcndcncc of hypcrtinc ticlds Hhyp for “Fc on the 8(f) and 
S(j) sites (XC Fig. 179) [81 F 21. For R = Er, Tm and Y, see 
Fig. 176. 
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Fig. 181. RAI,Fe,, R =Gd, Ho, Er. Theoretical mag- 
netization pm curves calculated from the molecular field 
model by the approximate formula 

whcrc ~7~ and or, arc normalized sublatticc magneti- 
zations. The experimental points were obtained from the 
experimental curves at high magnetic frelds. The points at 
high temperatures (T>O.gT,) were taken from low-held 
mcasuremcnts (H-+0). The theoretical curves (solid 
curves) were renormalized by a factor RN<1 which 
rcprcscnts the degree of saturation. RN=0.9, 0.85 and 
0.55 for R = Er, Ho and Gd, respectively [81 F 21. 
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Fig. 183. RAI,Mn,, R=Gd, Dy. Temperature depen- 
dence of (T,,, at 5 kOe (Gd) and 10 kOe (Dy) [Sl F 11. 
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Fig. 184. TbAl,Fe,. Hysteresis curve at 122 K Fig. 185. DyAl,Fe,. Temperature dependence of xi’. 
[81 F 21. The Curie constant C is taken from the XL’ slope in range 

I and the paramagnetic Curie temperature 0 is the inter- 
cept of x; i extrapolation and temperature axis in range 
II [Sl F2]. 
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Fig. 186. RAl,Fe,, R = Dy, Ho, Er, Tm. Temperature 
dependence of p, for 15 kOe (Er) and 17.5 kOe (Dy, Ho, 
Tm) [81 F23. 
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Fig. 187. Sm.AI,Fc,. Tcmpcraturc dcpcndcncc of pm 
at various speeds of the cooling process; slow cooling (I) 
and fast cooling (2) [83 F I], 
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Fig. 189. GdAI:Fc,. (a) Temperature dcpcndcncc of 
pn, for 30 Oc. 1 kOc and 17.5 kOc. (b) Magnetic field 
dcpcndcnce of pm for 4.1, 118 and 181 K [83 F I]. 

Fig. 188. SmAl,Fc,. (a) Hystcrcsis curves. The 
dashed lint in the 4.1 K curve rcfcrs to mcasurcmcnts in 
which the magnetic field was changed rapidly. The solid 
circle shows the initial condition for the time-dependent 
phcnomcnon depicted in (b). (b) Time dcpcndcnce of the 
magnetic moment after switching on the magnetic field 
from 0 to 1OkOc at the bottom point of the hysteresis 
curve. (c) Tcmpcraturc dcpcndcncc of the coercive field 
[83Fl]. 
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Fig. 190. TbAl,Fe,. Temperature dependence of the 
magnetization in IOOOe for sample cooled to 4.1 K in 
zero magnetic field (I) and 100 Oe for increasing (2) and 
decreasing (3) temperature [83 F I]. 
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Fig. 192. DyAl,Fe,. (a) Temperature dependence of Fig. 191. TbAl,Fe,. (a) Hysteresis curve at 180 K. (b) 
pm. Sample cooled to 4.1 K in E 1 Oe (I), 300e (2), and Hysteresis curves at 4.1 K for sample cooled to 4.1 K in 
5 kOe (3). Time dependence of pm at 33 K (solid circle of zero magnetic field (I) and in 100 Oe (2), respectively. (c) 
curve 2) is shown in (b) [83 F I]. Linear magnetization pm at 4.1 K up to 300 kOe [83 F I]. 
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Fig. 193. DyAl:Fe,. Hystcrcsis curves at diffcrcnt Fig. 194. HoAl,Fc,. Temperature depcndcncc of pm. 
tempcraturcs [83 F 11. Sample cooled to4.1 K in 300~ (I) and 5 kOe (2) [83 F 11. 
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Fig. 196. ErAI,Fe,. Temperature dependence of p,. 
The curves wcrc obtained when sample was cooled to 
4.1 K in zero magnetic field (I) and in 5 kOe (2), respec- 
tivcly [83 F 11. 
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Fig. 195. HoAI,Fc,. (a) Hystcrcsis curves at 4.1 K 
and 64K. (b) Temperature dcpcndcncc of the cocrcivc 
field H, [S3 F 11. 
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Fig. 197. ErAl,Fe,. Hysteresis curves at 4.1 K and 
170K C83Fl-j. 
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Fig. 199. LuAl,Fe,. Hysteresis curves. Almost iden- Fig. 200. RAlsFe,, R=La, Ce, Eu, Y. Temperature 
tical curves were obtained for YAl,Fe, and YbAl,Fe, dependence of (r at 2 kOe (Eu), 5 kOe (Y), 8 kOe (Ce) and 
[83 F I]. 10 kOe (La) [78 F I]. 
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Fig. 198. RAl,Fe,, R=Yb, Lu. Temperature depen- 
dence of p, for 30 Oe (Yb, Lu), 15 kOe (Yb) and 18 kOe 
(Lu) [83 F I]. 
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Fig. 201. RAI,Mn,. R=Gd, Y. Tcmpcraturc dcpcn- 
dence of zp (Y) and x; ’ (Gd) [78 B 33. 
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Fig. 202. RAI,Fe,, R =Ce, Lu. Tempcraturc dcpcn- 
dcncc of xr [78 B 31. 
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Fig. 204. RAI,Mn,, R = Pr, Sm, Eu, Lu. (a) Tempera- 
ture dependence of c for 2 kOe (Eu), 5 kOe (Pr) and 
10 kOe (Sm, Lu), and (b) magnetic field dependence of pm 
for 4.1 K (Pr, Eu) and 13 K (Pr) [79 F 11. 

4 
Fig. 203. RAI,Fe,, R = Pr, Nd, Tb, Dy. Temperature 
depcndcncc of 0 for 40 Oc (Tb), 5 kOe (Nd, Dy) and 
10 kOe (Pr, Tb) [78 F 11. 
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Fig. 205. NdAlsFe,. Temperature dependence of cr for Fig. 206. RAlsCr,, R= Sm, Lu. Temperature depen- 
3, 9 and 18 kOe, and xi1 [78 B 31. See also Fig. 203. dence of cr at 5 kOe [79 F I]. 
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Fig. 207. RAlaFe,, R = Sm, Er, Yb. Temperature de- 
pendence of (r for 2.5 kOe (Er, Yb) and 5 kOe (Sm) 
[78 F 11. 
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Fig. 208. EuAlaMn,. Magnetic molar susceptibility 
x,, and theoretical Eu3+AlsMn4 and Eu2+AlsMn4 
curves. For calculation of the Mn contribution to the 
susceptibility a value of pefr = 1.5 u,/Mn and 0 = 6 K was 
assumed [79 F I]. 
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Fig. 210. GdAl,Fc,. Tempcraturc dcpcndencc of (T at 
3, 9 and 18 kOc, and xi ’ [78 B 31. 
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Fig. 209. RAI,Cr,, R=Gd, Tb, Dy. (a) Tcmpcrature 
dcpcndence of (r for 5 kOc (Cd. Dy) and 10 kOc (Tb), and 
(b) mqnetic field depcndencc of pm for 4.1 K and 13K 
(Tb) [79 F 1-J. 
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Fig. 211. RAI,Mn,, R=Gd, Dy. (a) Temperature 
dcpendcncc of r~ at 5 kOe (Dy) and 10 kOe (Gd), and 
(b) magnetic field dependence of pm at 20K and 4.1 K 
PY) I79 F 11. 
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Fig. 212. DyAlsFe,. Temperature dependence of e in 
magnetic fields of 3, 9 and 18 kOe, and temperature 
dependence of xi1 [78 B 31. 
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Fig. 214. La(Al,Fe, Jr3. Magnetic phase diagram. 
Three magnetic regions are indicated: (i) The mictomaa- \, 
netic regime (MM). In this regime the magnetic suscep;- 
bility has a distinct mictomagnetic cusp at about SOK 
and large positive 0. (ii) The soft ferromagnetic (F) 
regime. In this regime the saturation magnetic moment 
increases linearly with x, in the range 0.14$x SO.16 
hysteresis is observed. (iii) The antiferromagnetic (AF) 
regime. Above TN hysteresis has been observed in the 
region 0.08~~~0.1 [84Pl]. 

200 / 
ErAl,Fe, 

0 30 60 90 120 150 K 180 
T- 

Fig. 213. ErAlsFe,. Neutron diffraction intensity I of 
the (110) reflection vs. temperature. Ordering of the Fe 
magnetic moments at 165K and the Er magnetic mo- 
ments at 30K suggested [77 B 31, but see also [83 S 31. 
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Fig. 215. La(Alo,123Fe,,,,,),,. Magnetization curve 
at 4.2 K [84P 31. 
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2.10 Compounds of rare earth elements and C, Si, Ge, Sn or Pb 

2.10.1 Introduction 

The tables and figures presented in this section contain data on the magnetic properties of metallic or pseudo- 
metallic compounds of rare earth elements which contain besides the rare earth element at least one group 4B 
element C, Si, Ge, Sn, Pb. They may contain also as a third element another element of the periodic system, 
excluding the group 1 B elements Cu, Ag. Au, the group 2 elements Be, Mg, Zn, Cd, Hg, and the group 3B elements 
B. Al. Ga. In, T1, whose rare earth compounds are dealt with in the preceding sections. 

The survey of the compounds in subsect. 2.10.2 is divided into two tables. Table 1 is devoted to binary and 
pscudobinary compounds of ram earth and group 4B elements while Table 2 is devoted to ternary compounds 
which contain besides the rare earth element at least one group 4B element and as a third element another 
metallic element of the periodic system (with the exception of those elements mentioned above). 

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 as far as rare earth and group 4B elements are 
concerned. For the other elements the alphabetical order is adopted. 

Thus the rare earth elements are listed in the following order 

SC, Y, La. Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu 

and the group 4B elements in the order 

C, Si, Ge, Sn, Pb. 

The compounds arc listed in the tables according to the decreasing atomic ratio of the rare earth elements to 
the group 4B elements. Consequently, the rare-earth-rich compounds are given in the beginning of each table, 
The figures prcsentcd in subsect. 2.10.3 arc arranged similarly. 

The tables provide information on paramagnetic Curie temperature 0, ferromagnetic Curie temperature Tc, 
Neel temperature TN, magnetic susceptibility x, etfcctive paramagnetic moment pcrr, and saturation or 
spontaneous magnetic moment p,. Further data are given in the column “Remarks”. 

The observed effective paramagnetic moments as well as the saturation moments depend on the crystal 
electric field (CEF) splitting. which depends on the electron contiguration and on the symmetry of the particular 
components. This splitting is characterized by the CEF Hamiltonian which can be expressed in different ways, in 
terms of the CEF parameters B,, [64 h 11, the CEF overall-splitting or in the case of cubic symmetry by the so- 
called Lea Leask and Wolf parameters W and x [62 I 11. All this parameters are used in this compilation. 
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2.10.3 Figures 
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Fig. 1. R,Gc,. R=Ce, Pr, Gd, Tb, Dy, Ho. Tem- Fig. 1. R,Gc,. R=Ce, Pr, Gd, Tb, Dy, Ho. Tem- 
peraturc dependence of u at 9 kOc for R = Ce and Ho peraturc dependence of u at 9 kOc for R = Ce and Ho 
compounds and at 18 kOc for the rest [67 B 11. compounds and at 18 kOc for the rest [67 B 11. 
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Fig. 2. Nd,M,, (a) M=Si, Ge, @I M 
=Si,.,Ge,,s. Temperaturedependenceofx;’ [69N 11. 
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Fig. 4. Nd, -xDy,Si,. Composition dependence of 0 Fig. 5. Nd, -xDy,Si,. Temperature dependence of 0 
and peff [76 G I]. for various compositions [76 G 11. 
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Fig. 6. Nd,Ge,, Dy,Ge,. Temperature dependence of Fig. 7. Nd,Ge,. Temperature dependence of (r at 3 
x,’ [67B I]. and 15 kOe [67 B 11. 
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Fig. 8. Gd,Si,. Temperature dcpendcncc of xi ‘. 
Open circles: vibrating-sample magnctomctcr, solid cir- 
clcs: Faraday balance [76 G 11. 
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Fig. 10. Gd,Si,. Magnetic lield dependence of ~7 at 
different tcmpcraturcs [76G 11. 

Fig. 9. Gd,Si,. Tempcraturc dcpcndencc of u at 14.8 
and 77 kOc [76 G 11. 
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Fig. 11. Gd,Si,. Magnetic field dependence of pm at 
4.2 K. Open and solid circles denote data obtained with 
increasing and decreasing tield, respectively [76 G 1). 
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Fig. 12. Gd,Si,-xGe,. Temperature dependence of xi ’ [69 N 11. 
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Fig. 13. Gd,Ge,, Tb,Ge,. Temperature dependence 
of c at 18kOe [sOBI]. 
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Fig. 14. R5Ge3, R= Gd, Tb, Dy, Ho, Er. Temperature. 
dependence of the electrical resistivity Q-Q,,. The phase 
transition temperatures are accompanied by a cusp in the 
temperature dependence of Q [SOB I]. 
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Tb,Ge, 
7 = l.2 K 

b 

Fig. 15. Tb,Ge,. Magnetic spiral structure at 4.2K 
showing two crystallographic unit cells. Solid and 
open circles with arrows correspond to Tb at 6(g) and 4(d) 
positions. respectively. The open circles (without arrows) 
correspond to the Gc 6(g) position. The spiral angle of 
166.14’ is between the magnetic moments of second 
nearest Tb ncighbours [SZ S 11. 
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Fig. 17. Er,Gc,. Temperature dependence of D at 9 
and 30 kOe [67 B 11. 
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Fig. 16. Dy,Si,, DysGe,. Temperature dependence of 
&-’ [69Nl]. 
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Fig. 18. ErsGe,. Magnetic field dependence of (I at 
4.2 K [67 B 11. 
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Fig. 19. Nd,Ge,. Magnetic field dependence of the 
magnetic moment per Nd atom at 4.2 K. A field of 95 kOe 
had been applied on cooling the powder sample through 
the Curie point down to 4K [Sl S 31. 
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Fig. 21. Gd,Si,. Temperature dependence of B at 
15kOe [SOS3]. 
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Fig. 20. Gd,Si,. Temperature dependence of xi’ 
[SOS 31. 
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Fig. 22. Gd,Si,. Temperature dependence of the heat 
capacity C, [85 S 31. 
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Fig. 23. Gd,Si,-,Ge,. Composition dependence of 0, 
Tc, and NCel temperatures TN and TA [67 H I]. 
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Fig. 24. Gd,Si+,Ge,. Composition dcpcndcncc of D 
at 4.2 K and 25 kOc. The solid lint is thcorctical [67 H 11. 
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Fig. 25. Gd,Si,-,Gc,. Tempcraturc dcpcndence of CT 
for (a) x = 1 and x=2 at 10 kOc. Dashed curves arc 
Brillouin functions for J= 7/2. (b) x = 3 at 20 kOc, x = 3.75 
at 1OkOe and x = 3.875 at 4 kOe [67 H 11. 
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Fig. 26. Gd,Si,,,,,Ge,,,,,. Temperature dependence 
of c at 10 and 20 kOe in the temperature range where a 
small peak at Y&i is observed [67 H 11. 

7.5 
-103 

9 
I 33 

-5$ 
2.5 

0 50 100 150 200 250 K 300 
a T- 

30 30 
Gcm3 Gcm3 
9 9 

I 20 I 20 

b b 
10 10 

b 
0 0 10 10 20 20 30 30 40 40 50 50 kOe kOe I I 

b H- 

Fig. 27. Gd,Ge,. (a) Temperature dependence of x; ‘. 
0 =94 K. (b) Magnetic field dependence of fl at 4.2 and 
286 K [67 H 1). 
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Fig. 28. GdSGe,. Temperature dependence of u. Two 
NCel temperatures TN and Ti are observed [67 H 11. 
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Fig. 29. Tb,Si,. (a) Temperature dependence of Q at 
2 kOe and xi ‘. The dashed line represents the extrapo- 
lation of the a(T) data used in a uz vs. H/a plot to derive 
T,. (b) Magnetic field dependence of B at 1.35 and 
4.2K [67Hl]. 
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Fig. 30. Tb,Si,. (a) Temperature dependence of the 
electrical resistivity Q. (b) The magnetic ordering tempera- 
ture is given by the cusp in the magnetic contribution to 
the electrical resistivity curve, Q, [SS S 31. 

Landolt-Biirnstein 
New Series 111/19e2 Chelkowski 



328 2.10.3 (Pseudo)binary R-group 4B compounds: figures [Ref. p. 436 

0 20 40 60 80 K 100 
a 

60 
Gcm3 

9 

40 

0 10 20 30 40 kOe 50 
b H- 

Fig. 31. Dy,Ge,. Tempcraturc dcpendcncc of u at 10 
and 20 kOe. and magnetic field depcndcncc of 0 at 4.2 and 
90.5 K [67 H 11. 
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Fig. 33. La,.,,Pr,.,,Ge, PrSio.,oGe,.,o, PrSio.05Gc,.,5. 
Temperature dcpcndcnce of u at 240 kA/m [85 S 21. 
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Fig. 32. Ho, ,Si ,,25Ge,.,,. Temperature dependence 
of 1, ’ [80 S 21. 
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Fig. 34. RGe, R =Ce, Ho, Er. (a) Temperature de- 
pendencc of xi ‘. (b) Low-temperature part for CeGe and 
ErGe [66 B 11. 
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Fig. 34. RGe, R =Ce, Ho, Er. (a) Temperature de- 
pendencc of xi ‘. (b) Low-temperature part for CeGe and 
ErGe [66 B 11. 
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Fig. 35. PrGe, NdGe. Temperature dependence of g 
at 6 kOe [66 B I]. 
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Fig. 36. RGe, R = Sm, Gd, Tb, Dy. Temperature de- 
pendence of xi ’ [66 B I]. 
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Fig. 37. GdSi. Temperature dependence of xi’. Cir- 
cles: vibrating-sample magnetometer, triangles: Faraday 
balance [76 G I]. 
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Fig. 38. GdSi. (a) Temperature dependence of 0 at 
15.9 kOe. (b) Magnetic field dependence of (r at various 
temperatures [76 G 11. 
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Fig. 39. TbSi. Temperature depcndcnce of 1,’ 
[70N 1-J 
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Fig. 40. RSi, R = Ho, Er, Tm; Tb,Si,,,Ge,,,. Magnetic 
field dependence of the magnetic moment per rare earth 
atom at 4.2 K [71 N 11. 

” TbSi0.8Geo.z I I 
15 

I 10 
7 

5 

I I I I I i I II 
0 10 20 30 40 50 K 60 

l- 
Fig. 41. TbSi,,,Ge,,,. Temperature dcpendcncc of the 
magnetic amplitude A of the sinusoidal modulation of the 
Tb magnetic moments in the ordered state. Modulation 
wavevcctors k are indicated. Dashed line rcprcsents the 
Brillouin law [84 N 11. 

Chelkowski 



Ref. p. 436 2.10.3 (Pseudo)binary R-group 4B compounds: figures 331 

70 
Gem: 

9 
60 

50 

I 
40 

b 

30 

15 30 45 60 75 K 90 0 20 LO 60 kOe 80 
T- H- 

Fig. 42. HoGe. Temperature dependence of u at vari- 
ous magnetic fields [66 B I]. 
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Fig. 44. ErSi. Temperature dependence of the magne- 
tic amplitude A of the sinusoidal modulation of the Er 
magnetic moments in the ordered state. Modulation 
wavevectors k are indicated. Dashed line represents the 
Brillouin law [84 N 11. 
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Fig. 43. HoGe. Magnetic field dependence of CT at 
4.2 K. H,, and H,, are two magnetic critical fields, above 
H,, the ordering is ferromagnetic [66 B I]. 
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Fig. 45. ErGe. (a) Temperature dependence of xi ‘. (b) 
Shows the low temperature behaviour using enlarged 
scales [85 S I]. 
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ErGe 
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Fig. 46. ErGe. Magnetic structure at 4.2K. The 
wavevector k, =0.466.2n,/c corresponds to a phase 
difference of 167.76” from unit ccl1 to unit cell along the c 
axis [SS S 1-J. 
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Fig. 48. Er,Si,, Tm,Si,. Temperature depcndencc of 
the magnetic ac susceptibility. Magnetic ordering tempcr- 
atures are indicated by arrows [83 W 11. 
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Fig. 47. DyGe, -r. 
x;’ [66Sl]. 
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Fig. 49. Era%,. Temperature dependence of low-tem- 
pcraturc resistance (a) and temperature derivate of the 
resistance(b). The transition temperature is accompanied 
by a cusp in the temperature dependence of R [83 W I]. 
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Fig. 50. Tm,Si,. Temperature dependence of Iow-tem- 
perature resistance (a) and temperature derivative of the 
resistance (b). The transition temperature is accompanied 
by a cusp in the temperature dependence of R [83 W 11. 
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Fig. 51. YbsSi,, YbSi,,,. (a) Temperature dependence of x,,, and (b) percentages of trivalent Yb atoms [79 I I]. 
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Fig. 52. Y,Dy, -xC,. (a) Temperature dependence of 
xa at 7.3 kOe for x =0.13 and 0.20. (b) shows the data for 
x=0.13 near the N&cl point. Low-temperature minimum 
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Fig. 53. Y,Dy, -,C,. Temperature dependence of 
xi’ at 7.3 kOe for (a) x =0.56 and (b) x =0.83 [79 S 23. 

of the magetic susceptibility at TF [?9 S 21. 
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Fig. 54. La,Ce, -$i,. Tempcraturc depcndencc of 
1,’ for various compositions [83 Y 21. 
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Fig. 55. La,Ce, -XGe,. Temperature dependence of 
Xm -I after LaGe, matrix correction. The ordinate is 
successively shifted [85 M 21. 
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Fig. 56. La,Ce, -XGe,. Composition dependence of 0 
and pen Solid circles: after LaGe, matrix correction, open 
circles: without matrix correction. The dashed line repre- 
sents perf= 2.54 pLB for free Ce3 + ions [85 M 21. 
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Fig. 57. La,Ce, -xGe2. Composition dependence of Tc 
and the Kondo temperature Z’x [85 M 21. 
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Fig. 58. La,Ce, -xGe,. Temperature dependcncc of 
specific heat for different compositions [85 M 2). 
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Fig. 59. CeC,. Temperature dcpcndence of )I~ and xi ’ 
at 3.67 kOe. Low-tempcraturc minimum of the magnetic 
susceptibility at T,; [8OS 11. 
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Fig. 60. CeC,. (a) Temperature dependence of the 
electrical resistivity. (b) Resistivity near TW Dashed line is 
theoretical [Sl S I]. 

Fig. 62. CeGe,, CeSi,-,. Magnetic field dependence 
of the magnetic moment per Ce atom at 4.2K for 
magnetic fields up to (a) 11 kOe and (b) 80 kOe (CeGe,) 
[82Y2]. 
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Fig. 61. Ce,Dy, -$,. Temperature dependence of xp 
at 3.67 kOe. For DyC, right-hand scale, left-hand scale for 
the rest. Low-temperature minimum of the magnetic 
susceptibility at TF [SOS I]. 
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Fig. 63. CeSiz -,Ge,. Tempcraturc dependcncc of xi1 
for various compositions [86 L 1-J. 
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Fig. 64. CeSi, -xGa,. Temperature dependence of 1, ’ 
for different compositions. For x ~0.2 no magnetic order- 
ing is observed, for 0.25x SO.5 one observes isostructural 
two-phase region (ad), and for 0.5 <x < 1.3 ferromagne- 
tic ordering around 10 K is observed [84 M 43. 
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Fig. 65. CeGe,. (a) Magnetic held dependence of the 
magnetic moment per Ce atom and (b) hysteresis loop at 
4.2 K [85 M 2-j. 
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Fig. 66. PrC,. (a) Temperature dependence of xi r and 
CT at 6.85 kOe. (b) Magnetic field dependence of cr for 
different temperatures [Sl S 11. 
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Fig. 67. RC,, R =Pr, Nd, Sm. (a) Temperature de- 
pendence of the electrical resistivity. (b) Low-temperature 
electrical resistivity of PrC, [Sl S 11. 
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Fig. 68. NdC,. Temperature dependence of xg and 
xi r. Low-temperature minimum of the magnetic suscep- 
tibility at Tr [81 S I]. 
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Fig. 69. SmC,. Tempcraturc depcndcncc of xs and 
xi ’ at 6.85 kOe. Van Vlcck theoretical values for Sm3+ 
and Sm+’ arc shown by dashed lines [St S 11. 
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Fig. 70. EuSi,. Temperature dependence of xi’ at 
2.5 kOc for increasing (solid circles) and dccrcasing (open 
circles) temperature [83 E 11. 
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Fig. 71. GdC,. (a) Temperature dependence of xg at 
7.3 kOc and (b) magnetic field dependence of D at 
different temperatures. Another magnetic phase tran- 
sition is observed at Tr [79 S 11. 
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Fig. 72. RC,, R = Y, Gd, Tb, Dy, Ho, Er. Temperature 
dependence of electrical resistivity. The magnetic phase 
transition is accompanied by a cusp in temperature 
dependence of Q [81 S 21. 
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Fig. 74. RSi,, R=Gd, Tb, Dy. Temperature depen- 
dence of xp and 2, ’ [66 S 21. 
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Fig. 73. Gd,Dy, -,C,. Temperature dependence of xs 
TN1 and TNz are two antiferromagnetic phase transition 
temperatures. The magnetic phase transition observed at 
TF occurs at nearly the same temperature as that of GdC, 
(19 K), cf. Fig. 71 [79 S I]. 
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Fig. 75. GdSi,. Temperature dependence of xi’ at 
5 kOe [66 Y 11. 
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Fig. 76. RSiZ, R = Gd. Tb, Dy, Ho, Er. N&cl tempcra- 
turc TX. paramagnctic Curie tcmpcraturc 0, and effective 
paramagnctic moment pEIr. Dashed lines arc theoretical 
[66 s 2). 
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Fig. 77. RGe,, R =Gd, Tb, Dy, Ho. Temperature de- 
pcndcncc of xg [66 S 11. 
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Fig. 78. RC,, R=Tb, Ho, Er. Tempcraturc depcn- 
dcnce of xi1 at 6.8 kOe. Low-temperature minimum of 
the magnetic susceptibility at TF [81 S2]. 

Chelkowski Landoh-Bbmstein 
New Seriec 111/19c? 



Ref. p. 436 2.10.3 (Pseudo)binary R-group 4B compounds: figures 343 
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Fig. 79. TbC,, HOC,. Schematic representation of the 
nigher temperature antiferromagnetic structure. The 
small circles represent the C, molecules and the magnetic 
moment vectors are placed at the metal-atom positions 
[67A 11. 
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Fig. 81. LaSn,. Temperature dependence of xil. 
Dashed line: corrected only for the diamagnetic core 
contribution. Solid line corrected for paramagnetic im- 
purity contributions as well [71 WI]. 
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Fig. 80. DyC2. Temperature dependence of x; ’ and xg 
at 7.3 kOe. Another magnetic phase transition is observed 
at TF [79 S 11. 
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Fig. 82. LaSn,, CeSn,. Temperature dependence of 
x,,, and x, r. Open circles: as measured, solid circles: im- 
purity-corrected [80 D 11. 
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Fig. 83. LaSn,. Temperature dependence of xrn 
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Fig. 85. La,Ce, -,Sn,. Tempcraturc depcndcncc of X,,, 
corrected for low-temperature impurity contribution 
[SOD 11. 
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Fig. 84. LaSn,, CeSn,. Temperature dependence of 
x,,,. Curve I polycrystalline CeSn,, thirty pieces (open 
circles); curve 2 single-crystalline (solid circles) and poly- 
crystalline CeSn,, tive pieces (triangles), thirty pieces 
(squares). Dashed line for LaSn, has impurity Curie tail 
subtracted [83 S 31. 
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Fig. 86. La,Ce, -$n,. Temperature dependence of 
x,,,-x~~~~~. The magnetic susceptibility curves have been 
corrected for a low-temperature impurity contribution, 
and the temperature-dependent magnetic susceptibility of 
LaSn, has been subtracted [SOD 11. 
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Fig. 87. La,Ce, -$n,. Composition dependence of 
the magnetic susceptibility at 0 K. Solid circles: impurity 
corrected, open circles: impurity corrected and LaSn,- 
matrix subtracted [SOD I]. 
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Fig. 89. La,Ce, -$n,. Magnetic field dependence of u 
at 4.2K. For x=0.1 the temperature is 1.4K [SOD 11. 
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Fig. 88. La,Ce, +Sn,. Composition dependence of 
perf deduced from the impurity-corrected magnetic sus- 
ceptibility after subtraction of the LaSn, magnetic sus- 
ceptibility [SOD 11. 
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Fig. 90. La,Pr, -.$n,. Composition dependence of 
the magnetic susceptibility at 0 K [75 M I]. 
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Fig. 91. La,Pr, -.$n,. Temperature dependence of X,,, 
and xi’ for x=0.965 and 0.95. The solid curves are 
derived from the Pr3+ energy level scheme (insert) 
[75 M 11. 
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Fig. 92. La,Pr, -$.n,. Temperature dependence of 
xi ’ for various compositions [76 L 23. 
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Fig. 93. La,Pr, -.$n,. Temperature dependence of (a) 
x,,, and (b) xi ’ [75 M 11. The full lines refer to the CEF 
energy level scheme of Pr3+ as is depicted and In(Er)Fl 
=0.095, O= -2.4K and D=250K. The dashed line 
shows the contribution of only CEF, i.e. for h@&Y = 0. 
h@r)Fl is the s-f exchange parameter, D is the bandwidth 
[77 B 21. 
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Fig. 94. La(Sn, -,Pb,),. Composition dependence of 
xg C70H Il. 
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Fig. 95. LaPb,. Temperature dependence of xrn 
[83Cl]. 
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Fig. 96. LaPb,. Temperature dependence of x,,, cor- 
rected for a temperature-independent ferromagnetic im- 
purity magnetization. Dashed line: theoretical dia- 
magnetic core contribution [86 D 11. 
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Fig. 97. CeSn,. CePb,. Tempcraturc dcpcndcncc of Fig. 98. CeSn,. Temperature dependence of I,, at 
x, I [65 T 11. 7 kbar and 30 kOc [77 B 11. 
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Fig. 99. CeSn,. Temperature depcndcncc of 21; ’ (solid 
circles). The open circles arc obtained after correction for 
the Pauli paramagnctic contribution detcrmincd on 
La%, [79 B I]. 
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Fig. 100. CeSn,. Temperature dependence of 1, 
mcasurcd by various authors. The local magnetic suscep- 
tibility obtained in neutron scattering measurements is 
depicted by triangles and open circles for the 4mm and 
2 mm thick crystals, respectively [79 S 51. 

Fig. 101. CeSn,. Temperature dependence of z, 
~~~~~~~~~~~~~~~~~~~~ )- ‘. The magnetic susceptibility is 
impurity-corrected and the temperature-dependent mag- 
netic susceptibility of LaSn, is subtracted [80D 11. 
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Gg. 102. CeSn,. Temperature dependence of x,,, and 

heoretical tit (full curve) x,,,(T)= & + XceV) + x0. 

7:=0.018Kcm3mol-’ and 0 = - 3.3 K due to magnetic 
mpurities. The temperature-independent contribution is 

~o=0.5~10~3cm3mo11.;(,~(T)=C,~ 

where S=l-sn and the Curie constant C, 
~,k?&Jv+ 1) = 

3kn 
= 0.805 cm3 K mol- ’ for g = 6/7 and 

l= S/2. n and E denote occupation number and (norma- 
ized) energy of the f-level, respectively. The dashed line 
eepresents xc,(T) at ambient pressure [SOS 41. 
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Fig. 103. CeSn,. Single and polycrystal. Temperature 
dependence of xrn at 56 kOe after subtraction of a Curie- 
Weiss magnetic impurity susceptibility x+ Solid circles: 

0.0026 cm3K 
single crystal, xi= ~ -; 

T+3.2K mol 
open circles: poly- 

0.0079 cm3 K c83 s 3,, 
crystal, xi= ~ - 

T+3.2K mol 
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Fig. 104. CeSn,. Temperature dependence of x,,, al 
56 kOe for (a) a single crystal and (b) a polycrystal al 
different pressures. Pressures given are at room tempera- 
ture; approximately 2.5 kbar is lost upon cooling. Dashed 
lines: after subtraction of a pressure-independent Curie, 
Weiss term xi (see caption to Fig. 103) from the measurec 
data [83 S 33. 
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Fig. 106. C&n, +x. Temperature depcndcncc of xrn for 
different samples [85 G 3, 85 G 21. 
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Fig. 105. CeSn,. Temperature dependence of ,Y,, for a 
single crystal after correction for the contribution due to 
the magnetic impurities [84T 11. 
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Fig. 107. CeSn,. Temperature dependence of l,,,. The 
solid symbols correspond to the intrinsic susceptibility 
values derived from high-field magnetization measure- 
ments [86 V 11. 
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Fig. 108. CeSn,. Magnetic field dependence of the 
magnetic moment per unit mass and per Ce atom at 4.2 K 
[80 D I]. 

Fig. 110. CeSn,. Magnetic field dependence of the 
magnetic moment per Ce atom at 4.2, 20 and 78K 
[86 v I]. 
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Fig. 111. RPb,. Paramagnetic Curie temperature and 
NCel temperature. The solid line is theoretical [73 L2]. 
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Fig. 109. CeSn,. Magnetic field dependence of cm at 
1.5 K (solid circles) and 4.2 K (triangles). The open circles 
denote the CeSn, low-temperature magnetization after 
subtraction of the contribution due to magnetic impu- 
rities [80 S 41. 
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Fig. 112. CePb,. Temperature dependence of xi’. 
The solid curve represents theoretical calculations with 
CEF parameters W= 11 K and x= 1.0 [76 L I]. 
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Fig. 113. CePb,. Temperature dcpcndence of xi r 
[83C 11. 
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Fig. 114. CePb,. (a) Low-tempcraturc dcpcndcncc of 
xrn at 2.6kOc. (b) Tcmpcraturc dcpcndcncc of xrn below 
40 K for two samples. (c) Tempcraturc dependence of >r,’ 
below 40 K. The dashed lines rcprescnt two Curie-Weiss 
slopes: curve I: CEF calculation with F, ground state, F, 
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Fig. 115. CePb,. Magnetic held dependence of orn at 
1.6, 4.2 and 25K. The superconducting magnetization 
(H< 1 kOc) shown for 4.2 K is due to free-Pb contami- 
nation of the sample [86 D 11. 
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excited state, AE = 70 K; curve 2: CEF calculation with F, 
ground state, F, excited state, AE= 60 K. (d) Temperature 
depcndcncc of xi ’ as measured (dots) and with LaPb, 
background correction (solid line) [86 D 11. 

Chelkowski Land&BOrnstein 
New Series 111/19e2 



Ref. p. 436 2.10.3 (Pseudo)binary R-group 4B compounds: figures 353 

200 
kOe 

160 

I 
120 

a 
80 

0.3 0.3 0.6 0.6 0.9 0.9 1.2 K 1.2 K 
T- 

6 

e 
4 

01 
0 

CePb, 
0.2 0.4 0.6 0.8 1.0 

x- CeIna 

Fig. 116. CePb,. Phase diagram. AF: antiferromagne- Fig. 117. Ce(Pb,-Jn,),. Composition dependence of 
tic, S: superconducting, KL: Kondo lattice [86 L2]. TN [86L2]. 
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Fig. 118. PrSn,. Temperature dependence of xrn and 
x,‘at 6SkOe [7OCl]. 

Fig. 119. PrSn,, NdSn,. Temperature dependence of 
xg C79D 11. 
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Fig. 121. P&n, (a), NdSn, (b). Tempcraturc dcpcn- 
dcnce of D (arbitrary units) at difkrcnt pressures. The 
measuring field H = 100 Oe [79 D 11. 
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Fig. 122. PrSn,. Magnetic field dependence of the 
magnetic moment per Pr atom at 4.2 K [73 L 11. 

200 
mol - 
cm3 

150 

I 100 
2 

0. a 
1000 
mol 
cm3 
800 

I 600 

7s 

400 

0 b 
~0 50 100 150 200 K 250 

T- 

Fig. 123. RPb,, (a) R =Pr, Nd, (b) R= Sm. 
Temperature dependence of xi ’ [73 L 23. 
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Fig. 125. PrPb,. TemperLturedependence ofX;l. The 
full line is calculated with CEF parameters W= -0.65 K 
and x=0.6 and O= -9K [82M I]. 
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Fig. 124. PrPb,. (a) Temperature dependence of xi ‘. 
The solid curve represents theoretical calculations with 
CEF parameters W= -0.65 and x=0.6. (b) is an ex- 
panded scale of the low-temperature data with solid curve 
for CEF parameters W= - 1 K and x= -0.635 [76L I]. 
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Fig. 126. NdPb,, NdSn,. Temperature dependence of 
-’ at 7 kOe. Continuous curves are calculated for, 

%pectively, W=l.26; x=0.13 and W=l.43; x=0.24 
[75 L I]. 
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Fig. 127. NdSn3, NdPb,. Magnetic field dependence 
of the magnetic moment per Nd atom at 1.35 K [75 L I]. 
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?g. 128. NdSnz,,s, NdSnz,,,. Temperature depcn- 
ience of c (arbitrary units) at 0.5 Oe (earth’s field). The 
arrow marks ‘Fh for NdSn, [79 D 11. 
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Fig. 130. RSn,, R=La, Sm, ELI, Gd. Temperature 
dcpcndence of electrical resistivity g along the [lOO] axis 
3f single crystals. The phase transition temperature is 

Fig. 130. RSn,, R=La, Sm, ELI, Gd. Temperature 
dcpcndence of electrical resistivity g along the [lOO] axis 
3f single crystals. The phase transition temperature is 
accompanied by a cusp-in the Q vs. T plot [75 S 23. 
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Fig. 131. RPb,. R =Tb, Dy, Ho. Tempcraturc de 
pendence of ,Y; r [73 L 21. 
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Fig. 129. SmSn,, GdSn,. Temperature dependence of 
x;’ for (a) two samples of GdSn, and (b) SmSn, 
[65 T 11. 
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Fig. 132. RPb,, R=Tb, Dy, Ho. Magnetic field de- 
pcndcncc of the magnetic moment per rare earth atom at 
1.7 K [73 L 23. 
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Fig. 133. HoPb,, ErPb,. Temperature dependence of 
the amplitude A of the sinusoidally modulated rare earth 
magnetic moments. The dashed lines give the Brillouin 
type magnetization for the free-ion case. The solid lines 
are the result of a mean-field calculation based on CEF 
schemes with parameters W= -0.32K, x=0.33 and 
W=O.l3K, x=0.079 [80Gl] for ErPb, and HoPb,, 
respectively [81 K I]. 
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Fig. 134. YbSn,. Temperature dependence of x,,, and 
xi’, corrected for diamagnetism of ionic cores (equal to 
-96.10m6cm3 mol-‘) [74Sl]. 

Fig. 135. YbSn,. Magnetic field dependence of em at 
4.2K [74Sl]. 
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Fig. 136. YbPb,. Temperature dependence of x,,,, cor- 
rected for diamagnetism of ionic cores (equal to -125 
. 10v6 cm3 mol-‘) [74 S I]. 
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Fig. 137. EuC,. (a) Temperature dependence of 1;’ 
(in cgs-units) at 1OkOc and of M at different magnetic 
tields perpendicular to the c axis. (b) Temperature de- 
pendence of x; ’ at 10 kOc parallel and perpendicular to 
the c axis, The arrows indicate the magnetic transition 
tempcraturcs [Sl S 63. 
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Fig. 138. EuC,. Magnetic field dcpcndence of the 
magnetization and the magnetic moment per Eu atom 
pcrpcndicular (a) and parallel (b) to the c axis at different 
tempcraturcs. The data arc obtained for increasing and 
decreasing magnetic fields [81 S 61. 
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Fig. 140. EuPd,Si,. Temperature dependence of x,,, 
[83 D I]. 
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Fig. 139. CePd,Si,. Temperature dependence of (a) x,,, 
and (b) xi1 for various compositions [84 M I]. 
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Fig. 141. Dy,Ni,Sn, Tm,Ni,Sn. Temperature depen- 
dence of x; ’ [84 S I]. 
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Fig. 142. YRh,Si. Magnetic field dependence of (a) pm 
at 1.5 K and temperature dependence of (b) pm at 8 kOe 
[SSPl]. 
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Fig. 144. CePd,Si. Magnetic Iield dependence of pm 
and temocraturc deocndcncc of o at 330 Oe (in the insert) 
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Fig. 143. RCoSn, R =Y, Tb, Dy, Ho, Er, Tm, Lu. Fig. 145. CePd,Si. Temperature dependence of the 
Tempcraturc dcpcndcncc of z;’ or xB [SS S 23. electrical resistivity p. LaPd,Si for comparison [86 B 23. 
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Fig. 146. RNiSn, R= Ce, Sm, Tm, Yb, Lu. 
Temperature dependence of 2,’ or xp [84 S 11. 8 
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Fig. 147. GdCoSi, GdMnSi. Temperature depen- 
dence of o [82 K 11. 
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Fig. 148. RPd,Si, R=Gd, Tb, Dy, Ho, Er. 
Temperature dependence of xs [84 G 11. 

10 20 30 40 50 60 70 kOe 
H- 

ioo b1 I 

I 

l *. *. GdMnSi 
75 . . . 

b . 
50 

. 

25 I . 
. 

GdCoSi ooo~oooo~oooo50000 
0 oonnu 50 100 150 200 250 300-K 3 

I- 

Fig. 149. GdPd,Si, TbPd,Si. Magnetic field depen- 
dence of pm at 1.5 and 14K [84 G 11. 
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‘ig. 150. GdRhSi. Magnetic ticld dcpcndencc of pm at 
iiffercnt temperatures [82 C 1). 
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Fig. 151. GdRhSi. Temperature dependence of 1;’ at 
6.5 kOc and spontaneous magnetization ps [83 C 3-J. 

50 100 150 200 250 K 300 
T- 

Fig. 152. GdTiSi. Temperature dependcncc of 1,’ 
[84 K 1-J. 
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Fig. 153. TbRhSi. Temperature depcndencc of 1;’ at 
6.5 kOc [SZ C 11. 

Fig. 154. TbRhSi. Magnetic ticld dependence of p, at 
different temperatures [82 C 11. 
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Fig. 155. TbRhSi. Hysteresis loop at 4.2 K [82 C 11. 
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Fig. 157. RPd$i, R=Dy, Ho, Er. Magnetic field de- 
pendence of pm at 1.5 K [84 G 11. 
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Fig. 158. DyRhSi. Temperature dependence of xi ’ at 
6.5 kOe [82 C 11. 
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Fig. 156. TbRhSi. Magnetic structure at 4.2 K. The Tb 
magnetic moments p1 and p4 located at positions (I) x, $, z 
and (4) 5 + x, f i--z, respectively, form the first spiral, and 
pz and p3 located at positions (2) 2, 2, Z and (3) f-x, 2, 
f + z, respectively, form the second one [85 B I]. 
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Fig. 159. DyRhSi. Magnetic field dependence of pm al 
different temperatures [82 C I]. 
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Fig. 160. DyZnSi. Tcmpcrature depcndcncc of X8 and Fig. 161. HoRhSi. Temperature dependence of xi’ at 
z;’ [85K 11. 6.5 kOe [82C 11. 
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Fig. 162. HoRhSi, ErRhSi. Magnetic licld dcpcndencc 
of pm at 4.2 K [82 C 11. 
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Fig. 163. HoRhSi. Magnetic structure at 4.2 K. Crys- 
tallographic (c) and magnetic (m) unit cells are depicted 
[85 B l-j. 

Chelkowski 



Ref. p. 4361 2.10.3 Ternary R-group 4B-X compounds: figures 365 

30 
mol 
CT 

25 

I 20 

Kg 15 

10 

5 

0 50 100 150 200 250 300 K 350 
T- 

Fig. 164. ErRhSi. Temperature dependence of xi ’ at 
6.5 kOe [82 C 11. 

-0 50 100 150 200 250 K 300 
T- 

Fig. 166. LuNi,Sn, YbNi,Sn, LuNi,Sn. Temperature 
dependence of xp or xi’ [83 S 51. 
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Fig. 165. ErRhSi. Magnetic structure at 4.2 K. The Er 
magnetic moments pr and pz constitute the first spiral, 
while p3 and p4 form the second one. The modulation 
vector k is along the b axis. For location of rare earth 
positions (1...4), see caption to Fig. 156 [85 B 11. 
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Fig. 167. YbPd,Sn. Temperature dependence of (a) 
xi r and (b) per? The solid line includes CEF splitting and 
exchange effects in the mean-field approximation for CEF 
parameters W=-12K, x=-O.65 and T,=O.36, 
1= -0.3307mol cmm3 , where I is the exchange coupling 
parameter and T, is the magnetic ordering temperature 
[85 K2]. 
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Fig. 168. RFe,,,Ge,.,,, R = La, Nd. Temperature 
jcpcndcncc of (a) x;’ and (b) D at 5 kOc [73 F 11. 
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Fig. 170. RzRhSi,. R=Ce, Nd, Ho, Er. Temperature 
dependence of >r; ’ [84 C 11. 
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Fig. 169. SmFe,,,,Ge,,,,. Temperature dependence 
of,y;’ and u at 15.3kOe [72Fl]. 
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Fig. 171. Nd,RhSi,. Magnetic field dependence of pm 
at different temperatures [84C 11. 
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Fig. 172. R,RhSi,, R=Gd, Tb, Dy. Temperature de- 
pendence of xi 1 [83 C I]. 
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Fig. 174. NdNi,,,Si,,,. Temperature dependence of 
xgl and cr at 10 and 15 kOe [73 F I]. 
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Fig. 173. R,RhSi,, R=Gd, Tb, Dy, Ho, Er. Magnetic 
field dependence of pm at 4.2 K [84 C I]. 
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Fig. 175. YCoSi,, CeCoSi,. Temperature dependence 
of xrn, corrected for ferromagnetic impurities (dashed line) 
[82P 11. 
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OR 0M.X 
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Fig. 176. RM,X,, R = rare earth, M = transition metal, 
X =Si, Gc, Sn. Crystal structure. The compounds crys- 
tallize in majority in the ThCr$i, structure type with 
14,‘mmm space group (a). The R atoms form a square 
network with the R-R separation ~481. The M atoms 
form also a square network with M--M separation 
~2.8 A. The X atoms form a tetrahedron around M 
atoms. The unit cell contains two formula units. The 
atomis positions arc the following: R in 2a sites [O, O,O], 
[&i]: M in 4d sites [O, {,!I, [i,O, d], CO,{, $1, [$. O,:]; X 
in 4e sites [O.O,z], [O,O,g, [&$f+z], [{,&f-z], where 
zz i=O 375. Some of thcsc compounds arc suggcstcd to ._ 
crystallix in the CaBc,Gcz structure type with the 
P4,!nmm space group (b) (YIr,Si,) [SS H 11, TbIr,Si, 
[84 H 21 at high tcmpcraturcs; CcPt,Siz, CcPt,Gc, 
[SS D l] and HoPt,Si2 [84 L43 arc suggcstcd to crystal- 
lize only in this structure). Above 500 K, CePt,Si, struc- 
ture type with P4,lmm space group was suggcstcd for 
RPtzSiz compounds [SS H 21 (but see also remark above 
[84 L 41). A mixing between M and X atoms in the 4d and 
4~ sites was suggested in RRu2Si2 [85 C 11. CcNi,Sn, was 
found to be monoclinic at 873 K [81 S 51. 
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Fig. 177. RM,Si,, R=Y, Dy,Ho,Y,,,,Ho,,,,, M=Fc, 
Co, Fe,.,Co,,,. Temperature dependence of ,Y~ or xi’ 
[80 S 51. 
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Fig. 178. YFc,Si,. Temperature dependence of (r at 
5 kOe [76 S 11. 
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Fig. 179. RM,X,, M=Mn, Fe, Co, Cu, X=Si, 
Ge. NCel or Curie temperatures vs. M-M interlayer 
distances. Light rare earths from La to Sm in RMn,Ge, 
and LaMn,Si, are ferromagnets, remaining compounds 
are antiferromagnets. (a, b) [Sl S 71, (c) [Sl S 41. 

8C 

Fig. 180. Y,La, -,Mn,Si,. Temperature 
dependence of xac (in arbitrary units) for 0 
various compositions [83 C 21. I 

Fig. 181. Y,La, -,Mn,Si,. Temperature 
dependence of x,,, at 8 kOe for various 
compositions [83 S 11. 
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?g. 182. Y,La, -,Mn,Si,. Tempcraturc dcpcndencc 
)f xi1 for various compositions [83 S 11. 
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Fig. 184. Y,La, -,Mn,Siz. Temperature depcndcncc 
of nrn at 8 kOe for various compositions [83 S 11. 
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Fig. 183. Y,La, -,Mn,Si,. Hysteresis loops at differ- 
ent temperatures for x=0.1 and 0.2. H,,,=3 kOe. The 
relative scale for B is the same for all temperatures 
[83C2]. 
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Fig. 186. RRh,Si,, R = Y, La, Lu; LaPd,Si,. (a) Tem- 
perature dependence of x,,, at 2.5 and 10 kOe. (b) Magne- 
tization of LaRh,Si, at 4.1 K as a function of the orien- 
tation rp of the sample relative to an applied magnetic field 
of 10 kOe [83 F 1, 84 F 11. 

Fig. 185. Y,La, -,Mn,Si,. Magnetic field dependence 
of (T, at 77 and 300 K for various compositions [83 S I]. 
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Fig. 187. R, -,Ce,Ru,Siz, R=Y, La. Temperature de- 
pendence of x, ’ [SS B 21. 
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Fig. 188. R,-,Ce,Ru,Si,, R=Y, La. Magnetic field 
depcndcnce of the magnetic moment per Ce atom at 1.3 
and 4.2 K [85 B 2). 

cm3 - 
mol I\ ( RCo,Ge, 
0.15 - ’ 

- - 
H=6 kOe 

R=Pr 

0.05 
Ce ,Lo 

0 / 

0 50 100 150 200 K 250 

/ 
Y,La,-,Mn2Ge2 I I I 

0 10 20 30 40 50 kOe I 
H- 

Fig. 189. RCo,Ge,, R =Y, La, Ce, Pr, Nd, Sm. 
Temperature depcndencc of I,,, at 6 kOe [73 M 11. 

I Fig. 190. Y,La, -,Mn2Ge,. Magnetic tield depen- 
dencc of (r at 4.2 K [86 F 11. 
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Fig. 192. RMn,Ge,, Y,La, -,Mn,Ge,. Magnetic 
phase diagram as a function of the intralayer (R”) and 
interlayer (IV) Mn-Mn distances. Solid symbols: TN and 
F=AF transition temperature, open symbols: Tc. 
Squares are for pseudoternaries- Y,La, -xMn,Gei 
[85 F4]. 

Fig. 191. Y,La,-,Mn,Ge,, RMn,Ge,. (a) Tempera- 
ture dependence of 0 at 1 kOe. At ‘I; the lattice parameter 
a changes rapidly (b) Magnetic phase diagram as a 
function of composition and/or intralayer distances 
Kin-in. Squares are the data for RMn,Ge, [86 F 11. 
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Fig. 193. RF@,, R=La, Pr, Sm, Dy. Temperature 
dcpcndencc of (I at 7.4, 12.4 and 15.3 kOc [75 F 11. 
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Fig. 194. RFc,Siz, R = La, Pr, Nd, Sm. Tempcraturc dcpcndcncc of the spontaneous magnetic moment [75F l]. 
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Fig. 195. La,Ce, -,Mn,Si,. Temperature dependence 
of 2,’ and xp [82S4]. 
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Fig. 196. La,Ce,-,Mn,Si,. Temperature dependence 
of xi 1 and u [82 S 41. 
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Fig. 197. LaRu,Si,, LaPd,Siz. (a) Temperature de- 
pendence of (T, at 10 kOe. (b) Magnetic field dependence 
of (T,,, at 4.1 K for LaRu$i, [84 F 11. 
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Fig. 198. LaRh,Si,. (a) Hystcresiscurve at 1.57 K. The 
dashed lint is for a samnle cooled in a maenetic field of 
300~. Jumps between ‘branches due to iield reversal 
within several Oe are indicated by arrows. (b) Tempera- 
turc depcndencc of urn at 300e. (c) Magnetic field 
depcndencc of u, at 1.57 and 4.1 K. (d) Magnetic field 
depcndcncc of u, at 2.0 K for LaRh,,,,Fe,,,,Sr, [83 F 11. 
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Fig. 199. LaRu,Si,, CeRu,Si,. (a) Temperature de- 
pendence of x,,, and reciprocal magnetic molar suscepti- 
bility x,:~ for CeRu,Si, after correcting for impurity 
contribution and subtracting the magnetic susceptibility 
of LaRu,Si,. Dashed line is the Curie-Weiss tit to the 
corrected high-temperature data. (b) Temperature de- 
pendence of xcorr for CeRu,Si, [83 G 21. 
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Fig. 201. RMn,Ge,, R = La, Ce, Pr, Nd. Temperature 
dependence of D at 6 kOe [75 N I]. 
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Fig. 200. LaMn,Ge,. Temperature dependence of 
x,' [SS S4]. 
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Fig. 202. RMn,Ge,, R= La, Ce, Pr, Nd, Gd, Er. 
Temperature dependence of (T at 20 kOe [75 N I]. 
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Fig. 203. LaMn2Ge,. Temperature dependence of pm 
along the [OOl] axis at 7 kOe. Broken fine represents the 
experimental values and solid line obeys the T3j2 law: 
a,(T)=p,(OK) (1-O.22(T/Tc)3’2) [85S4]. 
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Fig. 205. LaMn,Ge,. Magnetic field dependence of 
D, for a single crystal at 4.2K along [OOl], [loo] and 
[110] axes [85S4]. 
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Fig. 206. CeFeMnSi:. Magnetic field depcndencc of u 
at 4.2 K [79 S 41. 
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Fig. 204. RMn,Ge,, R=La, Nd, Gd. Magnetic field 
dependence of pm at 4.2 K [75 N 11. 
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Fig. 207. CeIr,Si,. Temperature dependence of & ’ 
for the two modifications melted (open circles) and 
annealed (solid circles) at 4 kOe; solid line is the theoret- 
ical fit taking into account the fractional valence of Ce 
according to [75 S 11. For explanation, see caption to 
Fig. 214 [86 B 31. 
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Fig. 208. CeMn,Si,. Temperature dependence of xp 
and xi1 [78 S 11. 
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Fig. 209. CeMn,Si,, ErMn,Si,, ErMn,Ge,. Mag- 
netic structure: R = Ce [78 S 11, R = Er [84 L 41. 

For Fig. 210, see next page. 
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Fig. 211. CeMn,(Si,Ge, -J2. Magnetic phase dia- 
gram. The samples undergo a transition from the antifer- 
romagnetic (AF) to ferromagnetic state (F) through a 100 

transitional state as the temperature rises. The transition 
temperatures T,, T, and Tc correspond to the transition 
from AF to the transitional state, from the transitional 0 
state to F, and from F to the paramagnetic state, 0 0.2 0.4 0.6 0.8 1.0 
respectively [79 S 41. CeMn,Ge, x- CeMn$I, 
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Fig. 210. CeMn,(Si,Ge, -J2. (a) Temperature depen- 
dcncc of ,Y~ and 1; ’ for x = 1 and 0.85, and temperature 
dependence of u and 1,’ for (b) x=0.5 and 0.6, and (c) 
x=0.45 and 0.2 [79S4]. 

--f--i-I 40’ 
9 ---T 

Old JO 
0 200 400 600 800 1000 K 1200 

I- 

Fig. 212. CeOs2Si,, SmOs,Si,. Tempcraturc dcpcn- 
dence of x; ‘, calculated least-squares fits (solid lines) and 
theoretical (Van Vlcck) curve for Sm3+ (dashed line). The 
broken lint is the low-tcmpcraturecxtrapolation ofa fit to 
the high-tempcraturc data of CeOs,Si, [83 H 21. 
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Fig. 213. CeOs,Ru, -$i,. Temperature dependence 
of x, l and calculated least-squares tits (solid lines) for 
various compositions [84 H 21. 
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Fig. 214. CeOs,Ru, -,Si,. Temperature dependence 
of the fractional valence of Ce obtained by equation x,,, 
=NA(PnZ-1V(T)+PnZCl--v(T)1)/3kB(T--Ts,)+nC~~+Xo, 
where u(T) = (2J, _ 1 + 1)/[(2J, - 1 + 1) + (2J, + 1) exp 
[ - E,J$(T- T,,)]) according to [75 S 11. pn and 2J, + 1 
denote, respectively, the effective magnetic moment and 
degeneracy of the state containing n 4f electrons. E,, 
=E(Ce3+)-E(Ce4+) is the energy gap between the Ce3+ 
and Ce4+ states, u(T) is the probability of occupation of 
the J, - r = O(Ce4+) state, T,, is the spin-fluctuation tem- 
perature, C,=O.807 cm3 K mol-’ is the molar Curie 
constant for free (J = 5/2) Ce3 + ions (perf = 2.54 u&e, n is 
the fraction of stable Ce3+ ions and x0 is the temperature- 
independent magnetic susceptibility) [84 H 11. 
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Fig. 215. RM,X,, M = transition metal, X= Si, Gc. 
Commensurate magnetic structure of the R sublatticc 
for compounds wrth M and X nonmagnetic. The 
following types of magnetic structure were observed: (a) 
and (c): collinear antifcrromagnctic structure. The struc- 
ture consists of a stacking of ferromagnetic (001) planes 
with + - + - sequcncc along the c axis. The R magnetic 
moments arc parallel (a) or perpendicular (c) to the c axis, 
The wavcvector k = (O,O, 1). This type of magnetic ordcr- 
ingwas found in (a) PrCo$i, [83 L 11, NdCo,Si, [83 L4, 
83 L 11, NdRh,Siz [84 Q 1, 85 C 11, NdCo,Gc, [83 L4, 
83Ll], TbCozSi2 [83Ll, 85P2, 86P2], Tblr,Si, 
[83S6, 84H2], TbRh$, [83S6, 84Q1, SSCl], 
DyCozSiz [83 L 33, DyRh,Si? [84 M 23, DyCo,Gc, 
[SS P 2,86 P 21, HoCo,Si, [83 L 1,83 S 2,83 N 1,85 P 21, 
HoCozGe, [8OS 63, and (c) ErCo,Si2 [83 L 1, 85 P 21, 
ErRh,Siz [85 L 11, ErCo,Ge, [83 L4], TmCo,Si, 
[83 L 33. (b) and (d): (M = Fe) collinear antiferromagnetic 

structure. The structure consists of a stacking of fer- 
romagnetic (001) planes with + - - + sequence along 
the c axis. The R magnetic moments arc parallel (b) or 
pcrpcndicular (d) to the c axis. R produces a hypertine 
magnetic field at the Fe(I) sites and no field at the Fe(H) 
sites. The magnetic unit cell consists of the chemical one 
doubled along c axis. The wavevector k = (0, 0, f) [83 U 11. 
This type of magnetic ordering was found in (b) PrFe,Ge, 
[83 S 73, NdFe,Si, [83 U 11, NdFe,Ge, [83 L43, and (d) 
GdFe,Si, [83 U 11, ErFe,Si, [83 U 1,83 L23. (e) and (f): 
(X = Si) simple antiferromagnetic ordering within (001) 
planes with a + - + - stacking sequence along a [llOJ 
direction. The R magnetic moments are parallel (e) or 
perpendicular (f) to the c axis. The wavevector k =(& +, 0) 
[83 N 1, 84Q 11. This type of magnetic ordering was 
found in(e) CeRh,Si, [84 Q 1,85 C 11, TbNi,Si, [83 N 11; 
and (f) CePd,Si, [84 G 21. 
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Fig. 217. CePt,Si,, SmPt,Si,. Temperature depen- 
dence of xi ’ and calculated least-squares fit (solid line). 
Dashed line is theoretical for free Sm3+ ion model (Van 

Fig. 217. CePt,Si,, SmPt,Si,. Temperature depen- 
dence of xi ’ and calculated least-squares fit (solid line). 
Dashed line is theoretical for free Sm3+ ion model (Van 
Vleck) [85 H 21, 
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Fig. 216. CePd,Si,, CeRh,Si,. Pressure dependence 
of TN normalized to its value at p=O, obtained from 
electrical resistance measurements under hydrostatic pres- 
sure. In this series T,(p = 0) = 10 and 32 K for Pd and Rh 
compounds, respectively. An electrical resistance signal 
for TN was not detected in Rh compound above 7 kbar 
[86T I]. 
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Fig. 218. CeRh,Si,, NdRh,Si,. Temperature depen- 
dence of xi’ [83 C 33. 

I 

Land&-BOrnstein 
New Series 111/19e2 Chelkowski 



384 2.10.3 Ternary R-group 4B-X compounds: figures [Ref. p. 436 

12.5 
.lOP 
cm3 - 
mol 

2.5 

I- 
Fig. 219. CeRh$,. Temperature depcndcnce of xrn 
and 1; ’ [83 G 11. Very similar curves wcrc obtained by 
[84 Q 1, 86 S 31. 

Fig. 220. CeRh,Si,. Neutron diffraction study. (a) 
Temperature dcpcndcncc of two Cc magnetic moments 
determincdfrom thepcak intensitiesofthc(l/2,1/2,0)and 
(l/2, l/2, l/2) neutron diffraction peaks assuming the 
possible modulated structure at 10K shown in (b). The 
large arrows reprcscnt magnetic moments of 2.39 pa and 
the smaller ones of 0.16 pa. Set also Fig. 21% [84 G 21. 
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Fig. 221. CeRu,Si,, SmRu,Si,. Tcmpcrature depcn- 
dcncc of x; ’ and calculated least-squares fit (solid line). 
Dashed lint is thcorctical for fret Sm3+ (Van Vleck) 
[83 H 11. 
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Fig. 222. CeRu,Si,. Temperature dependence of xrn 
and xi’ [85K3]. 
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Fig. 223. CeRu,Si,. Temperature dependence of xi 1 
at 5kOe [8STl]. 
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Fig. 224. CeRu,Si,. Temperature dependence of x,T 
[85T 11. 
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Fig. 225. CeRu,Si,. Low-temperature dependence of 
x,,,T at IOOOe [85Tl]. 
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Fig. 226. CeRu,Si,. Temperature dependence of (a) Fig. 227. CeFe,Ge,, NdFe,Ge,. Temperature depen- 
x,,, and (b) x,T [84 R 11. dence of u at 12.5 and 15 kOe [75 F 11. 
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Fig. 228. RMn2Ge,, R =Ce, Pr, Tb, Dy, Ho, Er. Fig. 229. CePt,Ge,. Temperature dependence of xi 1 
Magnetic field dependence of pm at 4.2 K [75 N 11. at 4 and 10.7 kOe [85 D 11. 
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;ig. 231. RRu,Ge,, R=Ce, Pr, Sm. (a) Temperature 
ienendence of (r, and (b) magnetic field dependence of pm 
Itb.lK [85F3j: - 
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Fig. 230. RRh,Ge, R=Ce, Pr, Nd. (a) Temperature 
dependence of cm and (b) magnetic field dependence of CT, 
at 4.1 K [85 F 31. 

Fig. 232. RNi,Snz, R=Ce, Nd, Pr. Temperature de- 
pendence of xi1 for (a) R = Pr, Nd and (b) R = Ce [Sl S 51. 
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Fig. 233. PrCozSiz. Temperature dcpcndcncc of u at 
20,40 and 50 kOc [82 K 21. 
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Fig. 234. PrCo,Si,. Magnetic field dependence of (T 
and pm at 4.2 K [82 K 23. 
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Fig. 235. PrMn,Si?, NdMnzSiz. (a) Temperature dependence of xp and xi’, and (c) magnetic field dependence of 
pm. (b) shows temperature depcndcncc of B for R =Nd [81 S43. 
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Fig. 236. PrNi,Si,. Temperature dependence of xi1 0 
for a polycrystalline sample, and along the a and c axes of a 
a single crystal [86 B 11. 0.12 
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Fig. 238. PrNi,Si,. Temperature dependence of the pendence of x,,, along the a and c axes of a single crystal 
electrical resistivity Q [86 B 11. [86 B I]. 
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Fig. 239. PrOs,Si,, NdOs,Si,. Temperature dependence of xi ’ and 
calculated least-squares fit (solid line) [83 H 21. 
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Fig. 240. PrPt,Siz, NdPt,Si2. Tempcraturc depcn- 
dencc of ,Y; ’ and calculated least-squares fit (solid line) 
[SS H 21. 
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Fig. 241. PrRu2Si2, NdRu,Si,. Tempcraturc dcpcn- 
dence of 1;’ and calculated least-squares fit [83 H 11. 

Fig. 242. PrCozGez, HoCo,Ge,. Temperature de- 
pendence of lrn and 1; ’ [SO S 63. 
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Fig. 243. PrCo,Ge,. Temperature dependence of cr at 
various magnetic fields [82 K 21. 
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Fig. 244. PrCo,Ge,, TbCo,Ge,. Magnetic field de- 
pendence of D and pm at 4.2 K [82 K 21. 
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Fig. 245. PrCo,Ge,. Magnetic structure. Two cry. 
stallographic unit cells and the modulation period 1 o 
the Pr magnetic moments are shown [79 P 11. 
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Fig. 246. PrFc,Ge,. (a) Temperature depcndcncc of e 
at different magnetic fields and (b) magnetic field de- 
pcndence of u and pm at different temperatures [83 L 43. 
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For Fig. 247, see next page. 

Fig. 248. PrMn,Ge,. Temperature dependence of 
spontaneous magnetization p, along the easy axis [OOl] 
and magnetization pm at 9.3 kOe along the hard [lo01 
axis. The broken line calculated with CEF parameters 
By = -0.7 K, Bz = -0.02 K and exchange parameters Jp’ 
= C.Jr=33.6K, JPrMn= 1 JrLM"= -74,OK and J"" 

= i JFrMn= 480K [8611]. i 
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Fig. 241. PrMn,Ge,. Magnetic field dependence of pm 
at 4.2K along different crystal axes of a single crystal 
[8611]. 
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Fig. 249. RCoSi,. Temperature dependence of xi 1 at 
1 kOe (as measured) [82P I]. 
1 

Fig. 250. RCoSi,. Temperature dependence of xi’ 
corrected for the magnetic field dependence of the mag- 
netic susceptibility and for the small temperature- 
independent contribution of the Co-Si framework 
[82P 11. 
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Fig. 251. Nd(Cr,Mn, -J2Si2. Temperature depen- 
dence of c in low applied magnetic fields for diffcrcnt 
compositions [79 0 11. 
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Fig. 252. Nd(Cr,Mn, -x)2Si2. Temperature depen- Fig. 254. NdFe,Si,, GdFe,Si,. Temperature depen- 
dence of CT at 21 kOe for different compositions [79 0 11. dence of u at 12 kOe (Nd) and 12.4 kOe (Gd) [74B 11. 

Fig. 253. Nd(Cr,Mn, -J2Si2. Magnetic field depen- 
dence of g at 4.2 K for different compositions [79 0 11. 
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Fig. 255. NdFe,Si,, GdFe,Si,. Temperature depen- 
dence of (r at different magnetic fields [75 F I]. 
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Fig. 256. RFe,Si,, R=Nd, Gd, Dy. Magnetic field 
dependence of e at 4.2 K [75 F I]. 

Fig. 258. RRh,Si,, R=Nd, Ho, Er. Magnetic field 
dependence of pm at 4.2 K [83 C 31. 
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Fig. 257. RFe,Si,. Magnetic transition temperatures 
T, measured by ac susceptibility. Solid line is the Gennes 
rule trend [83 N 31. 
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Fig. 259. NdRhSi,. (a) Temperature depcndencc of 

-’ and o at 10 kOe and (b) magnetic field dependence of 
?at 4.2K [84S6]. 
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Fig. 262. NdRu,Si,. Temperature depcndcncc of pm 
at 4 kOe [85 C 11. 
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Fig. 260. NdRh,Si,. Temperature dependence of xi’ 
[81Cl]. 
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Fig. 261. NdRu,Si,. (a) Temperature dependence of 
pm at 100 Oe. (b) Magnetic field dependence of pm at 4.1 K 
and time dependence ofp, in -30 Oe at 4.1 K (solid circle 
in the magnetization curve) [84 F 11. 
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Fig. 263. NdRu,Si,. Schematic representation of the 
Nd magnetic moment alignement for sinusoidally modu- 
lated and square-modulated phases [SS C I]. 
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Fig. 264. NdCo,Ge,. Temperature dependence of (r at Fig. 265. NdCo,Ge,. Magnetic field dependence of g 
various magnetic fields [82 K 2, 83 L 41. and pm at 4.2K [82K2, 83L4]. 
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Fig. 266. NdRu,Ge,. (a) Temperature dependence of 
pm at 1 kOe. (b) Magnetic field dependence of pm at 4.1 K 
and time dependence of magnetization at 4.1 K (cf. 
Fig. 261) [SS F 3-J. 
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Fig. 268. SmRh,Si,. Temperature dependence of 1, ‘. 
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Fig. 267. RMn,M,, R=Sm, Tm, Yb, M=Si, Ge. 
Temperature dependence of xi I [81 S 73. 

CheIkowski 



Ref. p. 4361 2.10.3 Ternary R-group 4B-X compounds: figures 399 

0.15 
!!L T=4.2 K =S---y- 
f.u. 

// 
r 

I /- 
25 

0.10 

SmRh,Si, I 0.05 

9’ o 

-0.05 

-0.10 
i 

- 
-0.15 

-21 -14 -7 0 7 14 kOe 21 
H- 

Fig. 269. SmRh,Si,. Hysteresis loops at different tem- 
peratures [Sl C 1, 83 C 31. 
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Fig. 270. SmMn,Ge,. Temperature dependence of 
the spontaneous magnetization of a single crystal. Y&, TI;, 
and & are the P+F, F+AF and AF%RF (re-entrant 
ferromagnetic) phase transition temperatures, respec- 
tively [85 F4]. 

Fig. 271. SmMn,Ge,. Magnetic field dependence of 
pm along the principal axes of the tetragonal lattice at 
various temperatures [85 F 41. 
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Fig. 272. SmMn,Ge,. Magnetic phase diagram. The 
critical magnetic tields along the [l lo] and [OOl], direc- 
tions are indicated by open and solid circles, respectively. 
The easy magnetization directions in the ferromagnetic 
phases are shown as well [SS F43. 
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Fig. 273. SmMn2Ge,. Magnetic structure deduced 
from the magnetization measurements on single crystal 
(see Fig. 270 for transition temperatures 7;) [SS F4]. 
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Fig. 274. EuCozSiGe. Tempcraturc dependence of u Fig. 275. EuPd,Si,. Temperature dependence of x,,, at 
at 10 and 15 kOe. respectively [78 F 11. different pressures [84 S 51. 
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Fig. 216. EuPd,Si,. Temperature dependence of x,,, 
[85N I]. 
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Fig. 278. EuRh,Si,. (a) Temperature dependence of 
pm at 1 kOe and (b) magnetic field dependence of pm at 
various temperatures [84 F I]. 

Fig. 279. EuRu,Si,. (a) Temperature dependence of 
pm at 0.5 kOe and (b) magnetic field dependence of pm at 
various temperatures [84 F 11. 
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Fig. 277. EuPd, -,Rh,Si,. Temperature dependence 
of x,,, for different compositions [SS F 2, 85 F 11. 
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?g. 280. EuCo,Ge-,, EuNi,Ge,. Temperature depcn- 
lence of 0 at 10 kOe [78 F 1-J. 
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Fig. 282. EuRh,Ge,. (a) Temperature dependcncc of 
p, at 1 and 10 kOe and(b) magnetic field dcpendcncc ofp, 
at 4.1 K [SS F 31. 

Fig. 283. EuRuzGe2. (a) Temperature dependence of 
pm at 10 kOe and (b) magnetic field dcpendcncc of pm at 
4.1 K [SS F 31. 
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Fig. 281. EuMn,Gc,. (a) Temperature dependence of 
u at 5 kOe and (b) magnetic licld dcpcndence of u at 4.2 
and 12K [78Fl]. 
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Fig. 284. RCo,Si,, R=Gd, Dy, Er. (a) Temperature 
dependence of x,,, at 1 kOe and (b) magnetic field de- 
pendence of (r at 4.2 K for ErCo,Si, [80 Y 21. 
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Fig. 285. GdCo& Temperature dependence of xg Fig. 287. GdNi,Si,, DyNi,Si,. Temperature depen- 
and xi ’ at 20 kOe [82 K 21. dence of (a) xi1 and (b) x,, at 1 kOe [SOY 11. 
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Fig. 286. GdCo,Si,. Magnetic field dependence of 0 
at 4.2 K [82 K 21. 
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Fig. 288. GdOs$i,, TmOs,Siz. (a) Tempcraturc dc- 
pendence of x; ’ and calculated least-squares tit (solid 
line). (b) Temperature dependence of x,,, at 10.5 and 
11.8 kOe showing antifcrromagnctic ordering for 
GdOszSi, [83 H 23. 
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Fig. 289. RPd,Si,, R =Gd, Tb, Dy, Ho, Er. 
Temperature dependence of 1, ’ [82 Y 23. 

Fig. 290. RPd,Si,, R =Gd, Tb, Ho. Temperature de- 
pendence of xrn. R=Gd, Ho: initial magnetic suscepti- 
bility, R =Tb: xrn at 0.6 and 5 kOe [82Y 11. 
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Fig. 291. RPd,Si,, R = Gd, Tb, Dy, Ho, Er. Magnetic 
field dependence of CT at 4.2 K [82 Y 21. 
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Fig. 293. RRh,Si,, R = Gd, Tb, Dy, Ho. Temperature 
dependence of x,,, [84F I]. 
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Fig. 292. GdPt,Si,, TmPt,Si,. (a) Temperature de- 
pendence of xi r and calculated least-square fit (solid line). 
(b) Temperature dependence of xrn at 8.8 and 11.3 kOe 
showing antiferromagnetic ordering of GdPt,Si, 
[85 H 2-J. 
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Fig. 294. GdRh,Si,, TbRh,Si,. (a) Temperature dc- 
pcndencc of magnetic ac susccptit: bilitv at diffcrcnt orcs- 
surcs and (b) prcssurc depcndcncc of*& [86S2]. * 
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Fig. 295. RRh,Si,. Tcmpcraturc depcndcncc of ,yr Fig. 296. GdRh,Si,, TbRh,Si,. Temperature depen- 
and x; ’ [86 S 21. dencc of xi’ [81 Cl, 83C3]. 
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Fig. 298. GdRu,Si,, DyRu,Si,. (a) Temperature de- 
pendence of pm at 5 kOe and (b) magnetic field dependence 
of pm at 4.1 K [84Fl]. 

Fig. 297. GdRu,Si,, TbRu,Si,. (a) Temperature de- 
pendence of xi ’ and calculated least-squares fit. Temper- 
ature dependence of x,,, at 10.5 and 11.8 kOe showing 
antiferromagnetic ordering for (b) GdRu,Si, and (c) 
TbRu,Si, [83 H 11. 

Fig. 299. GdRu,Si,. Temperature dependence of 1; ’ 
and u at 10 and 20 kOe [84 S 41. 
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Fig. 303. GdMn,Ge,. Temperature dependence of 1, 
at 6 and 20.4 kOe [75 N 11. 
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Fig. 304. RMn,Ge,, R=Gd, Tb, Dy, Ho, 
Er. Temperature dependence of u at 6 kOe [75 N 11. 
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Fig. 308. GdMn,Ge,. Temperature dependence of 
electrical resistivity. The magnetic phase transition is 
accompanied by a change in the temperature dependence 
of e [75Nl]. 
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Fig. 305. GdMn,Ge,. Temperature dependence of u 
(in arbitrary units) at 5.8kOe [75 N I]. 
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Fig. 306. GdMn,Ge,. Temperature dependence of (r 
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Fig. 307. GdMn,Ge,. Magnetic field dependence of 
p, at 4.2K along the principal axes [OOl], [loo] and 
[llO] of a single crystal [83 S4]. 
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Fig. 309. GdMn,Ge2. Temperature depcndcncc of 
the electrical rcsistivity. The magnetic phase transition 

20 40 60 K / 
r- - 

temperatures T, and ‘& are accompanied by a change in Fig. 310. GdNi,Ge,. Temperature dependence of g at 
the temperature depcndencc of e (see Fig. 308) [83 S4]. 15kOe [78Fl]. 
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Fig. 311. RRh,Gc,, R =Gd, Tb, Dy. (a) Temperature 
dcpcndencc of o,, at diffcrcnt magnetic fields and (b) 
magnetic field dcpcndencc of cm at 4.1 K [85 F 33. 
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Fig. 312. RRu,Ge,, R = Gd, Tb, Dy. (a) Temperature 
dependence of o,,, at different magnetic fields and (b) 
magnetic field dependence of pm at 4.1 K [85 F 31. 
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Fig. 313. TbCo&, HoCo,Si,. Temperature depen- 
dence of (a) xi1 at 1 kOe and (b) xrn [8OY 21. 

10, I I ,40 
9 

G3 
32 

8 

ov,'- 

Cl 50 100 150 200 250 K 3000 
T- 

Fig. 315. TbCo,Si,, TbNi,Si,, HoCo& Temperature 
dependence of xi 1 [83 N I]. 

For Fig. 314, see next page. 

Land&Bbmstein 
New Series IW19e2 Chdkowski 



412 2.10.3 Ternary R-group 4B-X compounds: figures [Ref. p. 436 

450 
40-6 
cm3 

I 

-iT- 

g350 

25[ 

a 
25 50 15 100 125 K 150 

T- 

60 
mol - 

I 

cm3 
40 

76 
20 

0 100 200 300 400 500 K 600 
b T- 

0 10 20 30 40 50 kOe 60 
c H- 

Fig. 314. TbCo,Siz. Temperature depcndcncc of (a) 
,yp, (b) ,Y, ‘(0 = - 73 K),(c) magnetic field dependence of u 
at 4.2 K [82 K 21. 
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Fig. 316. TbFe,Si,. Temperature dependence of ,ym at 
5 and 20 kOe and for free Tb’+ ions [76 S 11. 
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Fig. 317. TbFe,Si,. Magnetic field dependence of p, 
at 4.2 K [76 S 11. 
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Fig. 318. TbFe,Si,. Temperature dependence of u at 
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Fig. 319. TbFe,Si,. Low-temperature dependence of 
u at 5kOe [76Sl]. 

Fig. 321. TbIr,Si, (high-temperature modification) 
Tb,Ir,Si,. Temperature dependence of x;’ for 
Tb,Ir,Si, and the high-temperature modification of 
TbIr,Si, obtained by quenching after melting [84 H 21. 
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Fig. 320. TbIr,Si,, (low-temperature modification). 
Temperature dependence of xi’. Sample annealed for 
8 days at 1173K [84H2]. 
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Fig. 322. RMn,Si,, R =Tb, Dy, Er. Temperature de- 
pendence of 2;’ and u [Sl S 7-J. 
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Fig. 323. TbMn?Si,. Temperature dependence of pm 
at 9.3 kOe along the easy axis of magnetization, [OOl J of a 
sir& crystal; at TN = 550 K a cusp is obscrvcd [86 S 11. 
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Fig. 324. RMn,Si,, R=Tb, Dy, Er. Magnetic field 
dcpcndencc of 0 at 4.2 K [81 S 73. 

Fig. 325. TbMn,Si,. Magnetic field dependence of pm 
at 4.2K in [OOl], [lOO] and [ilO] directions of a single 
crystal [86 S 11. 
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Fig. 326. TbMn,Si,. Magnetic structure at different 
ranges of temperature (see Fig. 323) [86 S 11. 
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Fig. 327. R,Mo,Si,, R=Tb, Dy, Ho, Er, Tm 
Temperature dependence of xi’ [84 B 11. 
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Fig. 328. TbNi,Si,. (a) Temperature dependence of X,, 
and (b) magnetic field dependence of (r at 4.2 K [SOY I]. 
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Fig. 329. TbOs,Si,, DyOs,Si,. (a) Temperature de- 
pendence of xi’ and calculated least-squares tit (solid 
line). Temperature dependence of xrn at various magnetic 
fields showing antiferromagnetic ordering for(b) TbOsSi, 
and (c) DyOs,Si, [83 H 21. 
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Fig. 330. ROs$i,, R=Tb, Ho, Er. Tempcraturc dc- 
pendence of ,y; ’ and cr [85 K 43. 

TbOs,Si, , HoOs,Si, ErOs,SI, 

h&&f- -+ 
I---- 3.330 ---J L3.330 4 

Fig. 332. ROs,Si,, R =Tb, Ho, Er. Magnetic structure Fig. 333. TbPd,Si,. Magnetic field dependence of d at 
[85 K4]. difiercnt temperatures [82 Y 11. 
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Fig. 331. ROs,Si,, R=Tb, Ho, Er. Magnetic field de- 
pendcncc of D at 4.2 K [85 K 41. 
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Fig. 334. TbPd,Si,, HoFe,Si,. Magnetic structure; 
(a) [86 S 31, (b) [85 L 31. 
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Fig. 335. TbPt,Si,, DyPt,Si,. (a) Temperature depen- 
dence of xi 1 and calculated least-squares fit (solid line). (b) 
Temperature dependence of x,,, at 8.8 and 11.3 kOe and 
antiferromagnetic ordering of TbPt,Si, [85 H 21. 
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Fig. 336. TbRh,Si,. Temperature dependence of (a) 
xi’ and (b) x,,, near TN [84 Q 11. 
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Fig. 337. TbRh,Si,. Single crystal. Temperature de- Fig. 338. TbRh,Si,. Temperature dependence of the 
pendence of x,1; and x;j for directions parallel and diffcrcntial magnetic susceptibility ~,,,,,~-- x,,,,~ vs. temper- 
perpendicular to the c axis, respcctivcly [8.5 C 23. aturc [SS C 23. 
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Fig. 339. TbRh,Siz. Temperature dependence of u at 
18 kOc pcrpcndicular and parallel to the c axis [84 Q 11. 
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Fig. 340. TbRu,Si,. Temperature dependence of &’ ’ 
and cat 1OkOe [84S4]. 
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Fig. 341. TbRu,Si,. Schematic representation of mag- 
netic moment alignment for the square-modulated phase 
of TbRu,Si, [85 C I]. For TbRu,Ge,, see [86 Y 11. 
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Fig. 343. TbCo,Ge,. Temperature dependence of (r at 
various magnetic fields [82 K 23. 
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Fig. 342. RRu,Si,, R = Tb, Dy, Ho. Magnetic struc- 
ture at 4.2 K [84 S 41. 
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Fig. 344. RMn,Ge,, R=Tb, Dy, Ho. Temperature 
dependence of e at 20 kOe [75 N I]. 
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Fig. 346. TbMn,Ge,. Magnetic structure: tetragonal 
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monoclinic unit cell (n,, b,, c,) with Tb sublatticcs at 
4.2 K [84 L 33. 
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Fig. 347. DyCo,Si,. Temperature dependence of e at Fig. 348. DyCo,Si,, HoCo,Si,. Magnetic field depen- 
various magnetic fields [82 K 23. dence of u and pm at 4 K [82 K 23. 
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Fig. 349. DyPd,Si,, ErPd,Si,. Temperature 
dence of x,,, [82Y I]. 
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Fig. 351. DyRu,Si,, HoRu,Si,. (a) Temperature de- 
pendence of xi r and calculated least-squares fit. (b) 
Temperature dependence of x,,, at various magnetic fields 
showing antiferromagnetic ordering of DyRu,Si, 
[83 H 11. 
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Fig. 350. DyRh,Si,, HoRh,Si,. Temperature depen- 
dence of xi’ [81 C I]. 
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Fig. 352. DyRu,Si,. Temperature dependence of xi ’ 
and Q at 10kOe [84S4]. 
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Fig. 353. DyMnzGc2. Magnetic lield dcpcndencc of Fig. 354. HoCo,Si,. Temperature dependence of c at 
D, at 293K [Sl S7]. various magnetic tields [82 K 23. 
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Fig. 355. HoFe,Siz, ErFe,Si,. Low-temperature de- Fig. 356. HoFe,Si,. High-temperature dependence of 
pendence of 0 at 20kOe [76S 11. o at 5 kOe [76 S l]. 
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Fig. 359. HoPd,Si,. Magnetic structure at 4.2K 
[SS L2]. 

30 30 60 60 
,104 ,104 
9 9 

I 20 10 I 20 10 3 40 3 40 

7, 7, 
x x 

0 0 30 30 I I 
'irn 'irn x x 

30 30 20 20 

20 20 IO IO 

IO IO 0 0 

0 0 
0 0 200 200 400 400 600 600 800 800 1000 1000 K K 1200 1200 

T- T- 
Fig. 358. ROs,Si,, R=Ho, Er, Yb. Temperature de- Fig. 358. ROs,Si,, R=Ho, Er, Yb. Temperature de- 
pendence of xi’ pendence of xi’ and calculated least-squares fit (solid and calculated least-squares fit (solid 
line) [83 H 21. line) [83 H 21. 
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Fig. 360. HoPt,Si,. (a) Temperature dependence of 
xi’ at 10 kOe and (b) magnetic field dependence of D and 
pm at 4.2K [84L4]. 
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Fig. 361. HoPt,Si?, ErPt,Si,. Temperature depcn- 
dcnce of >rF ’ and calculated least-squares fit (solid lint) 
[85 H 21. 
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Fig. 362. HoRu,Si,. Schematic representation of the 
magnetic spin alignment at 4.2 K [83 S 63. 

Fig. 363. HoRuzSiz, Tempcraturc depcndcncc of (a) d Fig. 364. HoCo,Ge,. Magnetic field dependence of 6, 
at 2.59 and 1OkOc and (b) xi’ at 1OkOe [84S4]. at 4.2 K [73 M 11. 
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Fig. 365. HoCo,Ge,. (a) Magnetic field dependence of 
u at 4.2 K and (b) temperature dependence of x,,, and xi 1 
[82K2]. 
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Fig. 366. ErFe,Si,. High-temperature dependence of 
u at 5 kOe [76 S 11. 
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Fig. 367. ErNi,Si,. Temperature dependence of xi’ 
at 1 kOe [SOY 11. 
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Fig. 368. ErRh,Si,. (a) Temperature dependence of 
xi ’ and D at 10 and 20 kOe. (b) Magnetic field dependence 
of (T at 4.2 K [84 S 61. 
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Fig. 369. ErRh,Si,. Temperature dependcncc of xi’ Fig. 370. RRu,Si,, R=Er, Tm, Yb. Temperature dc- 
[81C 11. pcndence of x; I and calculated least-squares lit [83 H 11. 
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Fig. 373. YbNi,Ge,. Temperature dependence of x,,, 
at 8 kOe and calculated least-squares fit with Yb’+ 
ground state (J = 0) and Yb3 + first excited state (J = 7/2). 
For details, see caption to Fig. 214 [77 0 11. 
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Fig. 375. Nd,Rh3Si,. Temperature dependence of 
x, 1 [82 C 21. 
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Fig. 374. R,Co,Si,, R=Y, Gd, Tb, Dy, Ho, Er, Tm, 
Lu. Temperature dependence of xB and xi ’ [85 G 11. 

Fig. 376. R,Fe,Si,, R=Sm, Gd, Tb, Dy, Ho, Er, Tm, 
Yb. Magnetic phase transition temperature T,. The 
solid line indicates ordering temperatures expected if the 
effective magnetic moment on R varies as S and the 
dashed line indicates the ordering temperatures if the 
effective magnetic moment varies as J [83 V I]. Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
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Fig. 377. Sm2Rh,Si,. Temperature dependcncc of 
r;’ experimental and for fret Sm3+ ion (Van Vleck) 
[SZC2]. 
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Fig. 379. R,Fe,Si,, R=Gd, Er, Dy, Ho, Tb. 
Temperature dependence of x; ’ measured with the field 
parallel to the sample growth direction [Sl B 11. 
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Fig. 378. R,Fe,Si,, R=Gd, Tb, Dy, Ho, Er. Ntel 
temperatures and the de Gennes curve scaled to Gd 
[81 B 11. 
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Fig. 380. Tb,Fc,Si,. Temperature dependence of 1,’ 
for powder sample and parallcl and perpendicular to the 
tetragonal [OOl] axis for a polycrystalline sample which 
showed directed [OOl] crystalline growth nucleating at 
the surface in contact with the Cu electrode of the arc 
furnace [81 B 11. 
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Fig. 381. Gd,Fe&. Temperature dependence of x;’ Fig. 382. Gd,Rh,Si,. Temperature dependence of 
For powdered sample [83 N 21. 2,’ [82C2]. 
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Fig. 383. Tb,Fe,Si,, Er,Fe,Si,. Low-temperature de- 
pendence of xi ’ for polycrystalline samples (see caption 
to Fig. 380) [81 B 11. 

2c 
mol 
$ 

IE 

I 
li 

‘g 

E 

I I I I I I I 
50 100 150 200 250 300 K 350 

T- 

12.5 
mol 
ii7 

10.0 

I 
7.5 

‘-g 

5.0 

2.! 

I 50 100 150 200 250 300 K 350 
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Fig. 385. Dy,Rh,Si,. Temperature depcndencc ofx, ’ 
p2c2-J. 
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Fig. 385. Dy,Rh,Si,. Temperature depcndencc ofx, ’ 
p2c2-J. 
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Fig. 387. TmzFe,Si,. (a) Neutron diffraction study. 
Temperature dependence of the Tm magnetic moment 
calculated from the rclativc intensity of the (100) neutron 
diffraction peak. The Tm magnetic moment was normal- 
ized to the value of 6.5 kin found at 0.35 K. (b) Tempcra- 
ture dependence of xnc [85 M 1). 
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Fig. 386. Ho,Rh,Si,, Er,Rh,Si,. Temperature de- 
pendence of xi ’ [82 C 23. 
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Fig. 388. Tm,Fe,Si,. Low-temperature dependence 
of xBc at different pressures. The superconducting tran- 
sition of a superconducting (Sn) manometer is indicated at 
22 kbar [85 V 11. 

Fig. 389. Tm,Fe&. Low-temperature phase dia- 
gram. Phase transition temperatures are T,,: normal 
paramagnetic (NP)=superconducting paramagnetic 
(SP), T,,: SP+normal antiferromagnetic (NAF), 
and TN: NP+NAF. A and B are multicritical points. 
Between C and D thermal hysteresis of about 50mK is 
observed [SS V 11. 
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Fig. 390. RFcSi,, R=Y, Gd, Tb, Dy, Ho, Er, Tm, 
Lu. Temperature dependence of x; ’ [78 G 11. 
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Fig. 391. CeMSi,, M=Co, Ir, OS, Rh, Ru. 
Temperature depcndencc of xi’ at 6.5 kOe [SS H I]. 

Fig. 392. CeMSi,, M=Co, Ir, Rh. Low-temperature 
dependence of xac. CeCoSi, shows superconductivity at 
1.4K [85H 1-J. 
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Fig. 396. Er,.,,Rh,Sn,,,,,. Single crystal. Low tem- 
perature dependence of xac for a single crystal [84 M 31. 
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Fig. 395. ErRhI.,&,.,. Magnetic field dependence of 
cat 4.2K [86Rl]. 
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Fig. 397. GdRh,.,,Sn,.,,. Single crystal. Tempera- 
ture dependence of xp and XL’ at 10 kOe [86 R2]. 
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Fig. 395. GdRh,,,,Sn,,,,. Magnetic field dcpendcncc Fig. 399. RFe,Si,, R=Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, 
of (r at 4.2 K for a single crystal [86 R 21. Lu. Temperature depcndcncc of xi’ [78 G 11. 
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Fig. 403. LaFe,,,zSi,,s. Temperature dependence of 
the zero-field magnetic susceptibility xp [83 P I]. 

Fig. 402. La(Fe,Si, -Jr a. Composition dependence of 
Pc and saturation magnetic moments ps and u, [83 P 11. 
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Fig. 404. LaFe,,,,Si,,s. Zero-field magnetic suscepti- 
bility [m3 kg-‘] vs. (T- Tc)/T, on a logarithmic scale. 
The slope of the straight line corresponds to y=1.38 
(~cc(T- TJY) for the isotropic Heisenberg model 
[83Pl]. 
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Fig. 405. La(Fe,Si, -&a. Temperature dependence oi 
u at 3 kOe for x=0.885 and 0.807 [83 PI]. 
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