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PREFACE

Karl A. GSCHNEIDNER, Jr., and LeRoy EYRING

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

Sir William Crookes (February 16, 1887)

This volume of the Handbook is the last volume to be published with a 19xx
imprint and contains three chapters which deal with rare earth alloys and intermetallic
compounds.

Chapter 173 is by PS. Salamakha, O.L. Sologub and O.I. Bodak and deals with
ternary rare-earth—germanium alloys — their phase diagrams and the crystal structures
of the intermediate phases. The largest number of intermetallic phases are found in the
Group-VIII metals, i.e. iron, cobalt and nickel and their congeners ruthenium, rhodium
and palladium. Although there is a paucity of data for the congeners in the third row
of transition metals, the little information available indicates that osmium, iridium and
platinum will also form as many intermetallic compounds. Of the group-VIII metals the
first member of each row (iron, ruthenium and osmium) forms only about half (10) the
number of compounds as the other two members, cobalt and nickel and their congeners.

Another interesting observation is that the ternary alloy systems of the rare earths and
germanium with the s and p elements have hardly been investigated. And of those that
have been studied, only a few intermediate phases have been observed in the ternary
systems. The chapter ends with a discussion of the general trends and unusual features
observed in the various sets of ternary phase diagrams.

In a companion chapter (174) P.S. Salamakha describes in detail the various
structure types that have been adopted by the rare-earth—germanium ternary intermetallic
compounds. The correlations, crystal chemistry and interrelationships of the 135 structure
types are discussed. Two distinct behaviors are found depending on the nature of the outer
bonding electrons: the p elements behave differently from the s and d elements, which
behave similarly. When the third component is a p element the compounds maintain the
same R to Ge ratio as found in the binary R.Ge, phases, e.g. RGe, and R3Ges, where R is
a rare earth metal. As one might expect many of the compounds have variable composition
at a constant R content. For the s and d metals the compounds tend to fall on lines
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connecting the three elements with binary phases of simple compositions, such as the
R-MGe, M~RGe;, Ge—RM lines, where M is an element other than R or Ge. The line
connecting the RM,-RGe, binary phases also has several phases lying on it, including
RMGe. The equiatomic composition RMGe has 20 known structure types.

Quaternary compounds and superstructures are also reviewed by Salamakha.

The last chapter (175) deals with scandium alloys and intermetallic compounds —
binary, ternary and higher order systems. In their review B.Ya. Kotur and E. Gratz
summarize the various phase diagrams of scandium systems and present the crystal
structure properties of the various intermediate phases. The general trends observed
in the phase relationships and crystal chemistry of these materials are discussed, and
may be useful in finding new scandium phases. In the last section of their chapter
Kotur and Gratz present physical property data on scandium intermetallic phases. The
results are divided into three groups — compounds which have (1) a magnetic ground
state, (2) a superconducting ground state and (3) those with neither a magnetic or a
superconducting ground state.
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Chapter 173
TERNARY RARE-EARTH-GERMANIUM SYSTEMS

PS. SALAMAKHA!, O.L. SOLOGUB' AND O.I. BODAK?
2 Department of Inorganic Chemistry, Lviv State University,
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Symbols and abbreviations

a, b, ¢ Unit cell dimensions (in nm) Xx Electronegativity of the R component
at.% Composition in atomic percent a, B, v unit cell angles (in degrees)
h Hours ~ Precedes the composition formula of a
M s-, p-, d-, f-element compound to indicate that the composition
(6] Orthorhombic structure is given approximately
R, R Rare-earth metal, Y, Sc, and the lanthanides
R Atomic radius of the R component
Tetragonal structure
x indicates variable component contents,

when it is used as index in compound
compositional formula. The expression
N —x (where N is a number) means

N minus x, with the x value given in the
text

1. Introduction

The aim of this chapter is to systematize the current knowledge concerning phase

diagrams and crystal structures of ternary metal germanides with the R elements (R = Sc,

Y, and the lanthanides). The isothermal sections for the ternary R—s,p,d,f element—Ge

systems have been extensively studied in recent years by the researchers at the Inorganic

Chemistry Department at L'viv University. The crystal structure of ternary compounds

has been investigated by various groups of authors. The present status of information on

phase diagrams and formation of rare-earth metal germanides is summarized in tables

1, 2 and 3.

This review consists of six sections. Sections 2—5 review the literature published
on the systems, i.e., isothermal sections and crystallographic characteristics of ternary
compounds, and outline the experimental methods that have been utilized. All lattice
parameter values in this chapter are reported in nm units. The literature was searched
back to the year 1966.

The phase diagrams of R—-M-Ge systems presented in the following sections are listed
in the order of Mendeleyevs Table, and divided into four major groups:

(a) R—s element-Ge systems. In this group, lithium-containing ternary systems are the
most studied (see table 1).

(b) R—p clement-Ge systems. As one can see from table 1, information on these systems
is still scarce. Phase diagrams have been investigated for only a few ternary R-M-Ge
combinations.

(¢) R—d element-Ge systems. Phase diagrams have been established for a large number
of possible combinations, and crystal structures have been determined for a majority
of compounds observed (table 2).
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Table 3

Formation of ternary compounds and phase equilibria within ternary R—R’~Ge systems®
Sc
Y K] |
La |2
Ce |4 |2B |OM
Pr {2
Nd j3m
Sm |3
Eu |1
Gd |0 0 om
b |0
Dy |3m I
Ho 1 1
Er 1
Tm 1 1
Yb
Lu 2 3

Sc |Y la {Ce |Pr |[Nd |Sm |Eu |Gd |[Tb {Dy |Ho |Er {Tm |Yb |Lu

® The number in a table cell corresponds to the number of ternary germanide compounds observed; a solid
square indicates that a complete isothermal section has been established.

(d) R-f element—Ge systems. Isothermal sections were constructed for a small number
of ternary R—R’-Ge systems (table 3).
The general features and tendencies in the R—s, p, d, f element—Ge systems are discussed
in sect. 6.
A detailed description of the structure types and crystal chemistry of ternary
germanides will found in the next chapter (174) of this volume; the physical properties
of ternary germanides are not included in the present review.

2. Rare-earth—s element-germanium systems
2.1. R-Li—Ge systems

2.1.1. Sc—-Li-Ge

The only piece of information available on the interaction of components in the Sc-Li-Ge
system is due to the work of Grund (1985) who identified and characterized by X-ray
powder diffraction the compound ScLiGe (MgAgAs type, a=0.6407). Sample was
obtained by heating the mixture of elements in the ratio 1:2:1 in a Ta crucible which
was placed into an argon filled quartz ampoule. The heating schedule was 2 to 4h at
770K followed by 9 to 12h at 1070 K. The resulting alloy was not single phase ScLiGe,
the other phases were not identified.
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2.1.2. Y-Li-Ge

No ternary phase diagram exists for the Y-Li—Ge system; however the formation of three
ternary compounds has been reported by Czybulka et al. (1979), Pavlyuk et al. (1990)
and Pavlyuk (1993).

YLiGe was found to adopt a ZrNiAl type with lattice parameters a=0.7065, c=0.4233
(Czybulka et al. 1979). The measured and X-ray-derived densities were 4.56 gcm >
and 4.58 gcm™3, respectively. The alloy was prepared by heating the elements in the
stoichiometric ratio 1:2:1 in a Ta crucible under dry Ar to a temperature above 1000 K.
The sample was annealed under unspecified conditions until only YLiGe and excess Li
were detected by X-ray analysis. The stoichiometry was confirmed by chemical analysis
(33.3at.% Y, 32.0at.% Li and 34.7 at.% Ge). The purity of the starting components is
unstated.

Y,;LiGeys was found to adopt the TmyLiGeq type (a=0.7144, b=1.4799, ¢=0.7757,
X-ray powder diffraction) by Pavlyuk et al. (1990). Samples were arc melted from the
elements (Y 99.90 at.%, Li 98.2 at.%, Ge 99.999 at.%) under purified Ar at a pressure of
1.01x10° Pa and annealed at 470K for 240h in a Ta container which was placed in a
vacuum sealed quartz ampoule. Finally the alloy was quenched in ice-cold water.

Y;Li,Ges crystallizes with Hf3Ni, Sis-type structure, a=0.4102, 5=1.0690, c=1.4212
(Pavlyuk 1993; X-ray powder diffraction). The sample preparation procedure was the
same as for Y4LiGe,.

2.1.3. La-Li-Ge

No phase diagram exists at present for the ternary La—Li—Ge system; however a series
of ternary compounds have been prepared and characterized by Pavlyuk et al. (1986,
1989a).

LaliGe, was found to crystallize with a CaLiSi, type, a=0.7922, b=0.4032, c¢=
1.0946 (Pavlyuk et al. 1986; X-ray powder diffraction). Samples were arc melted from
the elements (La 99.96 at.%, Li 98.2 at.%, Ge 99.999 at.%) under purified Ar at a pressure
of 1.01x10° Pa and annealed at 470K for 240h in Ta containers.

Pavlyuk et al. (1989a) investigated the crystal structure for La,Li,Ge; (La;LiyGes type,
a=0.4487, b=1.8936, ¢=0.7036; X-ray powder diffraction) and for LaLi,Ge (AICr,C
type, a=0.4556, ¢=0.7759; X-ray powder diffraction) compounds. The alloys were
prepared in the same manner as LaLiGe;.

2.1.4. Ce-Li-Ge

An isothermal section of the Ce-Li-Ge system at 470 K was reported by Pavlyuk et
al. (1989a) from an X-ray powder analysis of 154 alloys (fig. 1). The samples were
obtained by arc melting the elements in purified argon under a pressure of 1.01x10° Pa
and annealing at 470K for 500 h in a Ta container. Finally the alloys were water quenched.
Purity of the starting components was Ce 99.56%, Li 98.2% and Ge 99.999%. Six ternary
compounds were found to exist. The immiscibility gap which exists in the Ce~Li binary
system, extends in the ternary system to 17 at.% Ge.
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Fig. 1. Ce-Li—Ge, isothermal section at 470 K. The dashed line indicates the liquid immiscibility gap region.

Information on the ternary phases in the Ce-Li—Ge system is due to the work of two
independent groups of authors.

Schuster and Czybulka (1974) investigated the crystal structure of the CeLi,Ge (1)!
compound by means of X-ray powder and single-crystal analyses from samples which
were obtained by melting of elements at 1270K followed by long-term annealing
at 1070K and rapid quenching. The results of chemical analysis were Ce 24.6 at.%,
Li 47.6 at.%, and Ge 27.8 at.%. This phase was found to adopt an orthorhombic structure
with lattice parameters a=1.8738, »=0.6926, ¢=0.4519. The measured density was
5.143, in agreement with the X-ray density. At variance with these data, Pavlyuk et al.
(1989a) announced the AlCr,C type for the CeLi,Ge alloy which was arc melted and
annealed at 470K (a=0.4537, ¢=0.7569; X-ray powder diffraction).

Czybulka and Schuster (1979) prepared the compound CesLizGes by melting compo-
nents, of unspecified purity, in the atomic ratio 1:2:1 and subsequently annealing for 24 h
at 1150K. The product contained the ternary compound together with a small amount
of Liz»Ges and some unreacted Li. The excess of Li was extracted chemically. Chemical
analysis gave Ce 42.7 at.%, Li 25.5at.%, and Ge 31.8 at.%. The lattice parameters were
a=0.4476, b=1.8846, ¢ =0.6947 with a measured density of 5.582 gcm * and an X-ray
density (based on space group Cm2m) of 5.734 gcm™. Pavlyuk et al. (1988b) observed
a ternary phase with almost identical lattice parameters (@ =0.44795, b=1.8846, c=
0.69570) and with the composition Ce;Li;Ges (5) (X-ray single-crystal diffraction).

The remaining four ternary compounds were prepared in the same manner as described
by Pavlyuk et al. (1989a): Ce,LiGeg (2), Pr;LiGeg type, a=0.4140, b=2.1054, ¢ =0.4363
(Pavlyuk et al. 1988b); CeLiGe, (3), CaLiSi, type, a=0.7185, 6=0.3965, ¢=1.0748

! Numbers in parentheses refer to corresponding locations in figures and tables.
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(Pavlyuk et al. 1986); Ce,LiGes (4), Ce;MnGes type, a=0.4360, b=0.4197, ¢=2.0711
(Pavlyuk et al. 1989a); CeysLlisGeany, (6) x=0.37, own structure type, a=1.5402, c=
1.0900 (Pavlyuk et al. 1987b).

2.1.5. Pr-Li-Ge

The isothermal section for the Pr-Li-Ge system at 470K was established by Pavlyuk
(1993) and Bodak et al. (1995) (fig. 2). For sample preparation, see Ce-Li—-Ge. One
ternary compound, PrLiGe, was confirmed, and five ternary phases were observed for
the first time. No homogeneous ranges were encountered for the ternary compounds. The
liquid immiscibility region, existing in the Pr-Li binary system, extends to 17 at.% Ge in
the ternary system.

Grund et al. (1986) reported the crystal structure of the PrLiGe (6) compound:
ZrNiAl type, a=0.7048, ¢=4242. The sample was prepared by heating the elements
(99.99 mass% Pr, 99.7 mass% Li, 99.999 mass% Ge) in the ratio 1:2:1 in a Ta crucible
which was placed in an Ar-filled quartz ampoule. The heating schedule was 5-12h at
850K followed by 12—15h at 1170 K. Excess Li was extracted from the product chemi-
cally. Chemical analysis confirmed the stoichiometry to be 33.2 at.% Pr, 34.5at.% Li, and
32.3at.% Ge.

Five other ternary compounds were observed and characterized by the Ukrainian group
at L'viv University: Pr,LiGeg (1) belongs to a new structure type, ¢ =0.41268, b=2.10520,
¢=0.43455 (Pavlyuk et al. 1988a); PrLi;Ge (2) adopts AICr,C with ¢=0.4499, c=
0.7543 (Pavlyuk et al. 1989a); PrLiGe; (3) is of the CaLiSi; type, a=0.7813, »=0.3948,
¢=1.0695 (Pavlyuk et al. 1986); Pr;LiGes (4) crystallizes with the Ce;MnGes type,
a=0.4299, b=0.4157, ¢=2.0597 (Pavlyuk et al. 1989a); Pr,Li,Ge; (5) belongs to the

Ge

Fig. 2. Pr-Li-Ge, isothermal section at 470 K. The dashed line indicates the liquid immiscibility gap region.
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Ce,Li,Ges type, a=0.4422, b=1.8653, ¢=0.6908 (Pavlyuk et al. 1989a). The alloys for
investigations were prepared in the same manner as used for the investigation of the Pr—
Li—Ge isothermal section.

2.1.6. Nd-Li-Ge

Pavlyuk and Bodak (1992a) were the first to investigate the phase equilibria within
the Nd-Li-Ge system at 470K over the whole concentration region by X-ray powder
diffraction from the samples which were prepared in the manner indicated in the present
review in the Ce-Li-Ge section. Phase relations are characterized by the existence of
five ternary compounds (fig. 3). The liquid immiscibility field, originating from the Nd-
Li binary system, extends to 17 at.% Ge at higher temperatures in the ternary system.

NdLiGe (5) was found to crystallize with the ZrNiAl type with lattice parameters as
a=0.7267, ¢=0.4351 by Czybulka et al. (1990) (X-ray diffraction). Results of chemical
analysis confirmed the stoichiometry (33.3 at.% Nd, 34.1 at.% Li and 32.6 at.% Ge). The
alloy was obtained by heating the elements in the ratio 1:2.5:1 in a Ta crucible under dry
Ar for 12h at 770K followed by slow heating to 1100 K and holding at 1100 for 48 h.

The crystal structure of the NdLiGe, (2) compound was investigated by Pavlyuk et
al. (1986). It was found to adopt the CaLiSi, type with lattice parameters as a=0.7728,
b=0.3915, ¢=1.0564. For experimental details, see Nd-Li—Ge.

Pavlyuk et al. (1989a) prepared and characterized the compounds NdLi,Ge (1), AlCr,C
type, a=0.4445, b=0.7455; Nd,LiGes (3), Ce;MnGes type, a=0.4297, b=0.4152, c=
2.0378; Nd,Li,Ges (4), Ce,Li,Ges type, a=0.4414, b=1.8621, ¢=0.6892. For sample
preparation, see Nd-Li—Ge.

Fig. 3. Nde-Li-Ge, isothermal section at 470 K. The dashed line indicates the liquid immiscibility gap region.
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2.1.7. Sm—-Li-Ge

The phase-field distribution in the ternary Sm-Li—Ge system at 470K is characterized
by existence of four ternary compounds (fig. 4) (Pavlyuk 1993, Bodak et al. 1995). No
homogeneous ranges were encountered for the ternary compounds. The immiscibility gap
which exists in the Sm-Li binary system, extends in the ternary system to 17 at.% Ge. The
alloys were synthesized by arc melting in a purified Ar atmosphere under a pressure of
1.01x10° Pa using 99.89 mass% Sm, 98.2 mass% Li and 99.999 mass% Ge. The resulting
buttons were annealed at 470K for 500h in a Ta container. Finally the alloys were water
quenched.

Fig. 4. Sm—Li—Ge, isothermal section at 470 K. The dashed line indicates the liquid immiscibility gap region.

SmLiGe (4) was found to crystallize with the ZrNiAl type with a lattice parameters
a=0.7192, ¢=0.4308 by Czybulka et al. (1990) (X-ray diffraction). Chemical analysis
gave 33.5 at.% Sm, 32.3 at.% Li and 34.2 at.% Ge, confirming the stoichiometry. The alloy
was obtained by heating the elements in the ratio 1:2.5:1 in a Ta crucible under dry Ar
for 12h at 770K followed by slow heating to 1100K and holding at 1100K for 48 h.
Pavlyuk (1989) confirmed the crystal structure and determined the lattice parameters as
a=0.7193, c=0.4316.

SmLiGe; (1) was observed to adopt the CalLiSi, type, a=0.7741, b=0.3973, c=1.0488
(Pavlyuk et al. 1986; X-ray diffraction). For experimental details, see Sm-Li—Ge.

Pavlyuk et al. (1989a) prepared and characterized the following compounds: Sm,LiGes
(2), CexMnGes type, a=0.4238, b=0.4123, c=2.0287; SmyLi,Ge; (3), CerLiGe; type,
a=0.4394, b=1.8537, ¢c=0.6860. For sample preparation, see Sm—Li-Ge.
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2.1.8. Fu-Li-Ge

The only information available on the interaction of the components in the Eu-Li—Ge
system is the formation of the EuLiGe, compound which was observed by Pavlyuk et
al. (1986). It was reported to adopt the CaLiSi, type, a=0.8174, 5=0.3977, ¢=1.0988
from X-ray powder diffraction analysis. For sample preparation, see Ce-Li—Ge.

2.19. Gd-Li-Ge

Figure 5 represents the isothermal section of the Gd-Li—Ge system at 470 K after Pavlyuk
(1989). For sample preparation, see Ce—Li—Ge. Phase relations are characterized by the
existence of three ternary compounds. The liquid immiscibility gap which exists in the
Gd-Li system, extends to 22 at.% Ge in the ternary system.

Czybulka et al. (1979) reported the crystallographic characteristics for the GdLiGe
compound (ZrNiAl type, a=0.7135, ¢=0.4285). The measured and X-ray densities were
6.17 gem™ and 6.23 gem >, respectively. The alloy was prepared by heating the elements
in the stoichiometric ratio 1:2:1 in a Ta crucible under dry Ar to a temperature above
1000K. The sample was annealed under unspecified conditions until only GdLiGe and
excess Li were detected by X-ray analysis. The stoichiometry was confirmed by chemical
analysis (34.0at.% Gd, 33.2at.% Li and 32.8 at.% Ge).

GdLiGe, and Gd4LiGes were found to adopt the CaLiSi, type (a=0.7784, =0.3867,
¢=1.0416; X-ray powder diffraction) by Pavlyuk (1989) and the TmyLiGes type (a=
0.7159, b=1.4749, ¢=0.7713; X-ray powder diffraction) by Pavlyuk et al. (1990),
respectively. For sample preparation, see Gd-Li—Ge.

Fig. 5. Gd-Li~Ge, isothermal section at 470 K. The dashed line indicates the liquid immiscibility gap region.
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2.1.10. Th-Li—-Ge
Information on the interaction of terbium with lithium and germanium is due to the work
of two groups of authors: Grund et al. (1986) and Pavlyuk (1993).

Grund et al. (1986) investigated the crystal structure of TbLiGe. The structure type
was established as ZrNiAl with lattice parameters a=0.7083, ¢=0.4257 from X-ray
powder diffraction analysis. The measured density was 6.44gcm> and the X-ray
density 6.42 gecm™. The sample was prepared by heating the elements (99.99 mass% Tb,
99.7 mass% Li, 99.999 mass% Ge) in the ratio 1:2:1 in a Ta crucible which was placed
in an Ar-filled quartz ampoule. The heating schedule was 5-12h at 850K followed
by 12-15h at 1170 K. Excess Li was extracted from the product chemically. Chemical
analysis confirmed the stoichiometry to be 32.5at.% Tb, 34.1 at.% Li and 33.4 at.% Ge.

Two more compounds were observed and characterized by Pavlyuk (1993): TbsLiGey
with the TmyLiGe, type, a=0.7079, b=1.4682, ¢=0.7699 (X-ray powder diffraction)
and Tb;Li, Ges; with the Hf3Ni, Si; type, a=0.4107, b=1.0740, ¢ =1.4198 (X-ray powder
diffraction). For experimental details, see Ce—Li—Ge.

2.1.11. Dy-Li-Ge
Little information exists on the Dy—Li—Ge system, however three ternary compounds were
found and characterized.

Grund et al. (1986) reported the crystal structure of the DyLiGe compound: ZrNiAl
type, a=0.7048, ¢=0.4242. The measured density was 6.46 gcm™ and the X-ray density
6.61 gcm™. Results of chemical analysis confirmed the stoichiometry to be 33.2 at.% Dy,
34.5at.% Li and 32.3 at.% Ge. For sample preparation, see Tb-Li—Ge.

Two more compounds were observed and characterized by Pavlyuk (1993): Dy,LiGey
with the TmyLiGe, type, a=0.7064, 6=1.4654, ¢=0.7681 (X-ray powder diffraction)
and Dy;Li,Ges with the Hf;Ni,Si3 type, ¢=0.4097, b=1.0602, c=1.4121 (X-ray powder
diffraction). For experimental details, see Ce—Li—Ge.

2.1.12. Ho-Li—Ge

Phase relations have been established for the ternary Ho-Li-Ge system at 470K by
Pavlyuk (1993) (fig. 6); seven ternary compounds have been observed and characterized.
The immiscibility gap which exists in the Ho—Li binary system, extends in the ternary
system to 17 at.% Ge. For experimental details, sce Ce-Li—Ge.

From the preliminary investigation of the interaction of holmium with lithium and
germanium, HoLiGe was found to crystallize with ZrNiAl type with lattice parameters
a=0.7036, ¢c=0.4241 by Czybulka et al. (1990) (X-ray diffraction). Chemical analysis
gave 33.4 at.% Ho, 34.2 at.% Li and 32.4 at.% Ge. The alloy was obtained by heating the
elements in the ratio 1:2.5:1 in a Ta crucible under dry Ar for 12h at 770K followed by
slow heating to 1100 K and holding at 1100K for 48 h.

Investigating the phase equilibria in the ternary Ho-Li—Ge system, Pavlyuk (1993)
observed and characterized three ternary compounds: HosLiGey was found to adopt a
TmyLiGey type, a=0.7039, b=1.4649, ¢=0.7674 (X-ray powder diffraction); HosLi,Ges
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Fig. 6. Ho-Li—Ge, isothermal section at 470 K. The dashed line indicates the liquid immiscibility gap region.

was reported to crystallize with the Hf;NipSis type, a=0.4003, b=1.0509, c¢=1.4097
(X-ray powder diffraction); TmLi; _,Ge; type was announced for the HoLi; _,Ge, com-
pound, ¢=0.4017, »=0.8126, ¢=0.3881, y=104.24°. Three more ternary compounds
with an unknown structure were observed by Pavlyuk (1993), HoLisGes, HoLisGes and
Ho,LisGes. For experimental details, see Ce-Li—Ge.

2.1.13. Er-Li-Ge

A partial isothermal section for the Er—Li-Ge system was constructed by Pavlyuk (1993);
four ternary compounds were found to exist (fig. 7). For sample preparation, see Ce-Li—
Ge.

ErLiGe (2) was found to crystallize with a ZrNiAl type with lattice parameters a=
0.7005, ¢=0.4214 (Pavlyuk 1989; Pavlyuk et al. 1991a) from X-ray powder diffraction of
arc melted in a purified Ar atmosphere under a pressure of 1.01x10° Pa samples which
were annealed in Ta containers at 470K for 240h. Purity of the starting components
was 99.82mass% Er, 98.2mass% Li and 99.999 mass% Ge. Czybulka et al. (1990)
confirmed the crystal structure for the compound of equiatomic composition, ZrNiAl type,
a=0.6985, ¢=0.4219 (X-ray single-crystal data). Chemical analysis gave 33.6at.% Er,
32.4at.% Li and 34.0at.% Ge. For sample preparation, see Ho-Li—Ge.

Pavlyuk et al. (1990) reported on the crystal structure investigation for the EryLiGey (4)
compound, TmyLiGe,4 type, 2=0.7031, b=1.4555, ¢=0.7664 (X-ray powder diffraction).
For sample preparation, see Er-Li—Ge system after Pavlyuk (1989) and Pavlyuk et al.
(1991a).

Two more ternary compounds were observed and characterized by Pavlyuk (1993):
Er;Li;Ges (3) was reported to crystallize with the Hf;Ni,Sis type, a=0.4001, b=
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Fig. 7. Er-Li-Ge, partial isothermal
Li Er  section at 470K (30-70at.% Ge).

1.0498, ¢=1.4091 (X-ray powder diffraction); TmLi; ,Ge, type was announced for
the ErLi; ,Ge; (1) compound, a=0.4007, »=0.8101, ¢=0.3876, y=104.24°. For
experimental details, see Er-Li—Ge after Pavlyuk (1989) and Pavlyuk et al. (1991a).

2.1.14. Tm—Li-Ge
The phase diagram for the Tm-Li—Ge system was constructed by Pavlyuk (1989)
(fig. 8). Phase relations are characterized by existence of four ternary compounds. No

Ge

Fig. 8. Tm-Li-Ge, isothermal section at 470 K. The dashed line indicates the liquid immiscibility gap region.
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homogeneity regions were observed for the ternary phases. The liquid immiscibility gap
which originates from the Tm-Li binary system, stretches to 23 at.% Ge in the ternary
system. For sample preparation, see Ce-Li~Ge system.

The crystal structure for four ternary compounds was established by the Ukrainian
group at U'viv University: TmLi; _,Ge, (1) crystallizes with its own structure type, a=
0.4008, 6=0.8123, ¢=0.3875, y=104.24° (Pavlyuk et al. 1991b; X-ray single-crystal
data); TmLiGe (2) belongs to the ZrNiAl type, a=0.6917, ¢=0.4813 (Pavlyuk et al.
1991a; X-ray powder diffraction); Tms;Li,Ges (3) adopts the Hf3Ni;Sis type, a=0.3990,
b=1.0506, ¢ =1.4090 (Pavlyuk and Bodak 1992b); TmyLiGe, (4) represents a new type
of structure, a=0.7013, b=1.4429, ¢=0.7524 (Pavlyuk et al. 1990; X-ray single-crystal
diffraction data). For experimental details, see Ce-Li-Ge.

2.1.15. Yb-Li-Ge
The phase-field distribution in the ternary Yb-Li—~Ge system at 470K is characterized by
existence of four ternary compounds (fig. 9) (Pavlyuk 1993 and Bodak et al. 1995). No
homogeneous ranges were encountered for the ternary compounds. The immiscibility gap
which exists in the Yb-Li binary system, extends in the ternary system to 17 at.% Ge.
The alloys were synthesized by arc melting in a purified Ar atmosphere under a pressure
of 1.01x 10° Pa. The resulting buttons were annealed at 470K for 500h in a Ta container
which were placed in the evacuated vacuum sealed quartz tube. Finally the alloys were
quenched in ice cold water. The purity of the starting materials was Yb 99.82 mass%,
Li 98.2 mass% and Ge 99.999 mass%.

Grund et al. (1986) reported the crystal structure of the YbLiGe (1) compound:
Z1NiAl type, a=0.6939, c=4183. The measured density was 7.18 gcm™ and the X-ray
density 7.21 gem™. Results of chemical analysis confirmed the stoichiometry and gave

Ge

Fig. 9. Yb-Li-Ge, partial isothermal
Li Yb section at 470K (30-70at.% Ge).
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33.6at.% Yb, 33.2 at.% Li and 33.2 at.% Ge. For sample preparation, see Tb-Li—Ge. The
crystal structure was confirmed by Pavlyuk (1993) and Bodak et al. (1995): a=0.6944,
¢=0.4190.

The results of X-ray single-crystal investigation for three other compounds are the
following: YbgLiGe;s (2) belongs to a new structure type, a=1.1317, b=1.5577, c=
1.0817, y=106.24° (Pavlyuk et al. 1987a); YbsLisGe4 (3) crystallizes with the NbsCuySis
type, a=1.1210, ¢=0.43698 (Pavlyuk et al. 1989b); YbsLiGe4 (4) adopts the TmyLiGe,
type, a=0.701, b=1.441, ¢=0.753 (Pavlyuk et al. 1990). The samples were prepared in
the same manner as the alloys for the investigations of the Yb-Li—Ge phase diagram.

2.1.16. Lu—Li-Ge

The phase diagram for the Lu-Li-Ge system was constructed by Pavlyuk (1993) (fig.
10). The phase relations are characterized by existence of four ternary compounds. No
homogeneity regions were observed for the ternary phases. The liquid immiscibility gap
which originates from the Lu-Li binary system, stretches to 23 at.% Ge in the ternary
system. For sample preparation, see Ce-Li-Ge.

The crystal structure for four ternary compounds was established by the Ukrainian
group at Lviv University: LuLi; _,Ge, (1) crystallizes with the TmLi;_,Ge, structure
type, a=0.3988, b=0.8019, ¢=0.3867, vy=104.2° (Pavlyuk et al. 1991b; X-ray powder
diffraction); LuLiGe (2) belongs to the ZrNiAl type, a=0.6933, ¢=0.4200 (Pavlyuk et al.
1991a; X-ray powder diffraction); LusLi,Ges (3) adopts the Hf3Ni, Si3 type, a=0.3959,
bh=1.0475, ¢=1.4051 (Pavlyuk and Bodak 1992b); Lu4LiGe; (4) has the TmyLiGe4
type of structure, a=0.7000, 5=1.4322, ¢=0.7524 (Pavlyuk et al. 1990; X-ray powder
diffraction data). For experimental details, see Ce-Li—Ge.

Fig. 10. Lu—Li-Ge, isothermal section at 470 K. The dashed line indicates the liquid immiscibility gap region.
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2.2. R—Mg—Ge systems

2.2.1. Eu-Mg—Ge
The information on the interaction of the components in the Eu—Mg—Ge system is due
to Zmii et al. (1973) and Merlo et al. (1993).

Zmii et al. (1973) investigated the crystal structures of EuMg;Ges compound (own
structure type, a=0.4485, b=3.060, c=0.4485; X-ray single-crystal diffraction).

Merlo et al. (1993) synthesized EuMgGe compound and established its crystal structure
as the TiNiSi type, a=0.7756, b=0.4580, ¢=0.8444 from X-ray powder diffraction. The
alloy was obtained from metals with a purity of 99% for europium, and 99.999% for
magnesium and germanium. The proper amounts of constituent elements were placed in
sealed tantalum crucibles, which were arc welded under argon, melted in an induction
furnace and annealed for 1 month at 870 K.

222, Yb-Mg—Ge

Merlo et al. (1993) investigated the crystal structure of YbMgGe compound by the X-ray
single-crystal method. It was found to adopt the TiNiSi type, a=0.7474, h=0.4436, c=
0.8343. The sample was synthesized in the same manner as EuMgGe.

3. Rare-earth—p element—germanium systems
3.1. R—B—Ge systems

3.1.1. Y-B-Ge
The isothermal section of the Y-B—Ge system at 1070K (fig. 11) was investigated by
Marko et al. (1978) using X-ray powder analysis of samples prepared by arc melting
solid pieces of yttrium and germanium with compacted powder of boron. The melted
buttons were then annealed in evacuated quartz tubes at 1070 K. No ternary compounds
were observed.

3.1.2. La-B-Ge

An early investigation of the La~B—Ge system reported on the existence of solid solution
of boron in the binary LasGe; compound which was observed by X-ray methods (Mayer
and Felner 1974). Samples were obtained by heating of mixture of starting components
up to 1870K in the He atmosphere in tantalum crucibles. The phase relations in the
complete isothermal section at 970K have been determined by Marko et al. (1978). For
sample preparation, see Y-B-Ge. Phase relations are characterized by the absence of
ternary compounds (fig. 12). No solubility of boron in the LasGe; compound has been
observed.
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Y YsGe3 Yy Geyg¥pGe3YGep YGeg s Ge Fig. 11. Y-B-Ge, isothermal section at
YsGey YGe YGep g 1070K.

Y a— — - — S A3

L.
4 LagGe LasGe3 LasGey LaGe, Fig. 12. La-B—Ge, isothermal section at
La4Ge3 LaGe 970K

3.1.3. Ce-B-Ge

Phase relations in the isothermal section at 870K have been determined by Marko and
Kuz’'ma (1979) from X-ray powder diffraction analysis (fig. 13). For sample preparation,
see Y-B—Ge. No ternary compounds have been found. Mutual solid solubilities of the
binary compounds were found to be negligible.
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1
Gi
© B-CeGey CeleCeqGey Ce3Ge Ce Fig. 13. Ce-B—Ge, isothermal section at
Ce5Gey Ce5Gey 870K,

3.1.4. Nd-B-Ge

No phase diagram exists for the Nd-B—-Ge system, however the solubility of boron
in the NdsGe; compound has been studied by means of X-ray diffraction (Mayer and
Felner 1974). The limits of solid solution have not been reported. Samples were obtained
by heating of mixture of starting components up to 1870K in the He atmosphere in
Ta crucibles.

3.1.5. Gd-B-Ge

The only information on the Gd-B-Ge system is due to Mayer and Felner (1974)
who investigated the solubility of boron in the GdsGes; compound by means of X-ray
diffraction. The limits of solid solution have not been indicated. For sample preparation,
see La—B—Ge.

3.1.6. Th—-B-Ge

No ternary phase diagram exists for the Tb—B—-Ge system; however the formation of a
solid solution originating at the binary TbsGe; compound has been observed (Mayer and
Felner 1974). The maximum concentration of boron in TbsGes has not been shown. For
experimental details, see La—B—Ge.

3.1.7. Dy-B-Ge
Solubility of boron in the DysGes compound has been studied by X-ray methods (Mayer
and Felner 1974). For experimental details, see La—B—Ge.
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3.2. R—Al-Ge systems

32.1. Sc-Al-Ge
No phase diagram exists for the Sc-Al-Ge system, however the formation of Sci;Al,Geg
compound has been reported by Zhao et al. (1991). It was found to crystallize with a new
ordered variant of the Hoy;Geyg type with Al atoms substituting for Ge atoms on one
crystallographic site. The lattice parameters are a=1.0419, ¢=1.4974. A single crystal
was isolated from a sample which was arc melted in an argon atmosphere. Purity of
starting components was 99.99 mass% for Sc, Al and Ge.

The same group of authors observed and characterized the ScAlGe compound,
YAIGe type, a=0.3934, »=0.9928, ¢=0.5519 (Zhao and Parthé 1990; X-ray powder
diffraction).

3.2.2. Y-AI-Ge

Figure 14 represents the partial isothermal section of the Y-Al-Ge system at 770K after
Muravyeva et al. (1971). Three ternary compounds were found to exist from X-ray phase
analysis of alloys prepared by arc melting the proper amounts of pure components in an
argon atmosphere. The resulting buttons were annealed for two weeks at 770K and finally
quenched in ice-cold water. Purity of starting components was greater than 99.9 mass%.

Muravyeva et al. (1971) reported on the crystal structure investigation for the
YA11'7_2'2G62A3_118 (1) (CaAIZSiztype, a=04196—04196, b:06702—06775, X—ray pow-
der diffraction).

The YAlgo-13Ge; 107 compound (3) was claimed by Yanson (1975) to adopt the
DyAlGe type (Cmc2; space group) at the equiatomic composition with lattice parameters
a=0.4200, »=1.062, ¢=0.5908 (X-ray powder diffraction data). At variance with
these data, Zhao and Parthé (1990) announced the YAIGe type with Cmcm space

Fig. 14. Y-Al-Ge, partial isothermal

Ge YGe Y
3 YGey Y,Geg section at 770K (0-33 at.% Y).
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group and lattice parameters a=0.40504, b=1.04440, c=0.57646 (X-ray single-crystal
diffraction).

Y;AlGes (2) has a hexagonal lattice with unknown unit cell dimensions (Yanson
1975).

3.2.3. La-Al-Ge

Phase equilibria in the partial isothermal section (0-33 at.% La) at 770K have been
derived by Muravyeva and Zarechnyuk (1970) by means of X-ray powder diffraction of
alloys, as shown in fig. 15. For sample preparation, see Y—Al-Ge. Five ternary compounds
were found to exist. LaGe, dissolves 13 at.% Al

The formation of two ternary compounds was reported in the early investigations
performed by Raman and Steinfink (1967): LaAl; s.13Geos—o2 (5) with AlB, type, a=
0.435-0.440, ¢=0.442-0.440 and LaAlGe (4), a-ThSi, type, a=0.4307, ¢=1.472. The
structure of the latter phase has been confirmed by Zhao and Parthé (1990), a=0.4341,
¢=1.4784 (X-ray powder diffraction). The alloy was prepared by arc melting under an
argon atmosphere followed by annealing at 873K for 100 h.

Muravyeva et al. (1971) observed the CaAl,Si, type for the LaAl,Ge, compound (2)
(a=0.428, ¢=0.700; X-ray powder diffraction).

Two more ternary compounds which had been indicated as ~LaAlGes (1) and
~LaAlg g-1Gez - (3) by Muravyeva and Zarechnyuk (1970) in the course of investigation
of the isothermal section, have been characterized by the researchers from Geneva
University. La; Al Geg-, (x=0.60) is a new structure type which is a vacancy variant
of the orthorhombic SmNiGe; structure, a=0.8373, »=0.8833, ¢=1.0887, f=101.34°
(Zhao and Parthé 1991a; X-ray single-crystal diffraction data). L.a,Al;Ges was announced
to crystallize with the Ba,Cd;Bi4 type, a=0.6146, b=1.5194, ¢=0.8037 (X-ray single-

Al

Fig. 15. La—Al-Ge, partial isothermal
section at 770K (0-33 at.% La).
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crystal diffraction, Zhao and Parthé 1991b). Single crystals were isolated from samples
obtained by arc melting the proper amounts of pure components in an argon atmosphere
(La, Al and Ge: 99.99 mass%). The weight losses were 0.4% and 0.5% for La, Al Ges— x
(x=0.60) and Lay Al;Gey, respectively. The alloys were annealed at 770 K for two months
in an Ar-filled silica tube.

3.2.4. Ce-Al-Ge

The isothermal section of the Ce—Al-Ge system at 770K (0-33 at.% Ce) was reported by
Muravyeva and Zarechnyuk (1970) from an X-ray powder analysis of alloys prepared by
arc melting the elements in purified argon and annealing at 770 K for two weeks. Finally
the alloys were quenched in water. The purity of the starting components was greater
than 99.9 mass%. Five ternary compounds were found to exist (fig. 16). For all of them
except CeAl,Ge;,, the formation of homogeneity regions was observed.

Information on the ternary phases in the Ce—Al-Ge system is due to the work of three
independent groups of authors.

The formation of one ternary compound was reported in an early investigation
performed by Raman and Steinfink (1967): CeAlgs-gGegs—4 (5) with the AlB, type,
a=0.433-0.436, ¢c=0.432-0.429.

Muravyeva and Zarechnyuk (1970) observed the CaAl,Si; type for the CeAl,Ge,
compound (2) (@=0.427, ¢=0.695; X-ray powder diffraction). For sample preparation,
see above.

Three more ternary compounds which had earlier been indicated as ~CeAlj 5_g sGes 5-32
(1), ~CeAlgg_1Gerz» (3) and CeAly7-12Ge 305 (4) by Muravyeva and Zarechnyuk
(1970) during the investigation of the isothermal section, have been characterized by the
group of authors from Geneva University. Ce; Al Geg—, (1) was found to adopt the

770K // \
/J C63A111

Fig. 16. Ce-Al-Ge, partial isothermal

Ce  section at 770K (0-33 at.% Ce).
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LayAly,Ges_x-type structure, a=0.8292, »=0.8691, ¢=1.0739, $=101.15° (Zhao and
Parthé 1991a; X-ray powder diffraction data). Ce; Al;Gey (3) was announced to crystallize
with the Ba,Cd;Bi4 type, a=0.60935, b=1.5061, ¢ =0.7974 (X-ray powder diffraction;
Zhao and Parthé 1991b). a-ThSip-type structure was observed for the CeAlGe (4)
compound, a=0.42889, ¢c=1.4721 (X-ray powder diffraction, Zhao and Parthé 1990).
Samples were obtained by arc melting the proper amounts of pure components in an
argon atmosphere (Ce, Al and Ge: 99.99 mass%). The alloys were annealed at 770K for
two months in an Ar-filled silica tube.

3.2.5. Pr-Al-Ge

No phase diagram is available for the ternary Pr—-Al-Ge system, however information
on the formation and crystal structure of four compounds exists due to the work of the
Ukrainian scientific group from LCviv University as well as of the group of authors from
Geneva University.

PrAlGe belongs to the a-ThSi, type, a=0.4273, ¢=1.463 (Ryabokon’ 1974; X-ray
powder diffraction). Zhao and Parthé (1990) confirmed the structure for the equiatomic
compound, a=0.42642, b =1.4685 (X-ray powder diffraction). Samples were obtained by
arc melting the proper amounts of pure components in an argon atmosphere (Pr, Al and
Ge: 99.99 mass%). The alloy was annealed at 870K for 100 h in a silica tube.

Zarechnyuk et al. (1970) observed the CaAl,Si, type for the PrAl,Ge, compound (a=
0.4264, ¢=0.6896; X-ray powder diffraction). The alloy was prepared by arc melting the
elements in purified argon and annealing at 770K for two weeks. Finally the sample was
quenched in water. The purity of the starting components was greater than 99.9 mass%.

Two more ternary compounds have been observed and characterized by Zhao and
Parthé (1991a,b). PryAl;.,Geg—_, was found to adopt the LayAl;,,Geg_, type structure,
a=0.8244, h=0.8630, c=1.0711, $=101.09° (Zhao and Parthé 1991a; X-ray powder
diffraction data). PryAl;Gey (3) was announced to crystallize with the Ba,Cd;Biy type,
a=0.6056, b=1.5000, ¢=0.7920 (X-ray powder diffraction, Zhao and Parthé 1991D). In
both cases samples were obtained by arc melting the proper amounts of pure components
in an argon atmosphere (Pr, Al and Ge: 99.99 mass%). The alloys were annealed at 770 K
for two months in an Ar-filled silica tubes.

3.2.6. Nd-Al-Ge
No phase diagram is available yet for the ternary Nd—-Al-Ge system, however information
on the existence and crystal structure of five compounds exists due to the work of different
scientific groups.

The formation of the NdAl; ¢-125Gei 9075 compounds was reported in an early
investigation performed by Raman and Steinfink (1967): AlB, type, a=0.4298-0.4308,
¢=0.4210-0.4204.

NdAIGe belongs to the a-ThSi; type, a=0.4272, ¢=1.466 (Ryabokon’ 1974; X-ray
powder diffraction). Zhao and Parthé (1990) confirmed the structure for the equiatomic
compound, a=0.4233, b=1.4638 (X-ray powder diffraction). Samples were obtained by
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arc melting the proper amounts of pure components in an argon atmosphere (Nd, Al and
Ge: 99.99 mass%). The alloy was annealed at 870 K for 100h in a silica tube.

Zarechnyuk et al. (1970) observed the CaAl,Si, type for the NdAl,Ge; compound (a=
0.4265, ¢=0.6827, X-ray powder diffraction). The alloy was prepared by arc melting the
elements in purified argon and annealing at 770 K for two weeks. Finally the sample was
quenched in water. The purity of the starting components was greater than 99.9 mass%.

Nd;Aly,,Geg_, was found to adopt the LayAly,,Geg _x-type structure, a =0.8220, b=
0.8623, c=1.0671, 5=101.05° (Zhao and Parthé 1991a; X-ray powder diffraction data).
Samples were obtained by arc melting the proper amounts of pure components in an argon
atmosphere (Nd, Al and Ge: 99.99 mass%). The alloys were annealed at 770K for two
months in an Ar-filled silica tube.

Nd;Al;Ge, was announced to crystallize with the Ba,Cds;Biy type, @=0.6042, b=
1.4965, ¢ 0.7897 (X-ray powder diffraction, Zhao and Parthé 1991b). The sample was
obtained in the same manner as indicated for the NdyAly.,Geg_, compound.

3.2.7. Sm—Al-Ge

No phase diagram has been derived yet for the ternary Sm—Al-Ge system, however
information on the formation and crystal structure of four compounds exists due to the
work of scientific groups from Lviv University and Geneva University.

SmAIGe belongs to the a-ThSi, type, a=0.4188, ¢=1.452 (Ryabokon’ 1974; X-ray
powder diffraction). Zhao and Parthé (1990) confirmed the structure for the equiatomic
compound, a =0.41957, b=1.4588 (X-ray powder diffraction). Samples were obtained by
arc melting the proper amounts of pure components in an argon atmosphere (Sm, Al and
Ge: 99.99 mass%). The alloy was annealed at 870K for 100h in a silica tube.

Zarechnyuk et al. (1970) observed the CaAl,Si; type for the PrAl,Ge, compound (a=
0.4233, ¢=0.6805; X-ray powder diffraction). The alloy was prepared by arc melting the
elements in purified argon and annealing at 770 K for two weeks. Finally the sample was
quenched in water. The purity of the starting components was greater than 99.9 mass%.

Two more ternary compounds have been observed and investigated by the group of
authors from Geneva University. SmyAl;,, Geg_, was found to adopt the LayAl;,,Geg_ .-
type structure, a=0.8105, »=0.8458, ¢=1.0613, £=101.00° (Zhao and Parthé 1991a;
X-ray powder diffraction data). SmyAl;Ges was announced to crystallize with the
Ba,Cd;Biy type, a=0.6007, b=1.4921, ¢=0.7820 (X-ray powder diffraction, Zhao and
Parth¢ 1991b). Samples were obtained by arc melting the proper amounts of pure
components in an argon atmosphere (Sm, Al and Ge: 99.99 mass%). The alloys were
annealed at 770K for two months in an Ar-filled silica tube.

3.2.8. Eu-Al-Ge
Little information exists on the interaction of components in the ternary Eu—Al—
Ge system. Two ternary compounds were observed and characterized.

Zarechnyuk et al. (1970) observed the CaAl,Si; type for the EuAl,Ge; compound (a =
0.422, ¢=0.731; X-ray powder diffraction). The alloy was prepared by arc melting the
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elements in purified argon and annealing at 770K for two weeks. Finally the sample was
quenched in water. The purity of the starting components was greater than 99.9 mass%.

The 0-ThSi, type was indicated for the EuAlGe compound, a=0.42000, ¢=1.4604
(X-ray powder diffraction, Zhao and Parthé 1990). Samples were obtained by arc melting
the proper amounts of pure components in an argon atmosphere (Eu, Al and Ge:
99.99 mass%). The alloy was annealed at 870K for two months in a silica tube.

3.2.9. Gd-Al-Ge

Figure 17 represents the partial isothermal section of the Gd—Al-Ge system at 770K after
Zarechnyuk et al. (1981) from X-ray powder phase analysis of samples which were arc
melted and annealed in evacuated quartz tubes for two weeks. Three ternary compounds
were found to exist.

Zarechnyuk et al. (1970) observed the CaAl;Si, type for the GdAl,Ge; (1) compound
(a=0.4248, c=0.6714; X-ray powder diffraction). The alloy was prepared by arc melting
the elements in purified argon and annealing at 770K for two weeks. Finally the
sample was quenched in water. The purity of the starting components was greater than
99.9 mass%.

GdAlGe (3) was found to crystallize with the a-ThSi; type, a=0.4152, ¢=1.4421
(Ryabokon’ 1974; X-ray powder diffraction). The sample was arc melted and annealed at
770 K. Contrary to these data, Zhao and Parthé (1990) found two types of structure for
the equiatomic composition: a compound with the a-ThSi; type was found to exist above
1300K (@=0.41521, c=1.4415; X-ray powder diffraction), and YAlGe-type was realized
below 1300K (a=0.4063, b=1.0513, ¢=0.5801). The phase transition temperature was
determined from thermal differential analysis. Samples were obtained by arc melting

Al

Fig. 17. Gd-Al-Ge, partial isothermal
section at 770K (0-33 at.% Gd).
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the proper amounts of pure components in an argon atmosphere (Gd, Al and Ge:
99.99 mass%).

At variance with the phase diagram proposed by Zarechnyuk et al. (1981), two more
compounds have been characterized by the scientific group from Geneva University.
GdyAly,,Geg_, was found to adopt the LayAly,,Geg_,-type structure, a=0.8041, b=
0.8351, ¢=1.0546, 3=100.81° (Zhao and Parthé 1991a; X-ray powder diffraction data).
Gd; Al;Ge, was announced to crystallize with the Ba,Cd3Bi4 type, a=0.5948, h=1.4875,
¢=0.7762 (X-ray powder diffraction, Zhao and Parthé 1991b). Samples were obtained by
arc melting the proper amounts of pure components in an argon atmosphere (Gd, Al and
Ge: 99.99 mass%). The alloys were annealed at 770 K for two months in an Ar-filled silica
tube. These two phases are not shown in the 770K isothermal section, fig. 17.

3.2.10. TH6-Al-Ge

No phase diagram has been derived yet for the ternary Tb-Al-Ge system, however
information on the investigation of the crystal structure of three compounds exists due
to the work of different scientific groups.

The TbAlGe compound was claimed by Yanson (1975) to adopt the DyAlGe type
(Cmc2; space group) with lattice parameters as a=0.4121, $=1.052, ¢=0.5831 from
X-ray powder diffraction of alloy which was obtained by arc melting and homogenized
at 770K. At variance with these data, Zhao and Parthé (1990) announced that this
phase had the YAIGe type structure with Cmcm space group and lattice parameters a=
0.4044, b=1.0434, ¢=0.5767 (X-ray powder diffraction). The sample was obtained by
arc melting the proper amounts of pure components in an argon atmosphere (Tb, Al and
Ge: 99.99 mass%). The alloy was annealed at 870K for 100 h in a silica tube.

Zarechnyuk et al. (1970) observed the CaAl,Si; type for the TbAl,Ge, compound (a=
0.424, ¢=0.663; X-ray powder diffraction). The alloy was prepared by arc melting the
elements in purified argon and annealing at 770 K for two weeks. Finally the sample was
quenched in water. The purity of the starting components was greater than 99.9 mass%.

Tb,Al;Ge, was announced to crystallize with the Ba,Cd;Biy type, a=0.5914, b=
1.4834, ¢ 0.7720 (X-ray powder diffraction, Zhao and Parthé 1991b). The sample was
obtained by arc melting the proper amounts of pure components in an argon atmosphere
(Ce, Al and Ge: 99.99 mass%). The resulting alloy was annealed at 770 K for two months
in an Ar-filled silica tube.

32.11. Dy-Al-Ge
Formation and crystal structure of three compounds have been reported in the Dy—Al—
Ge system.

DyAlGe was claimed by Yanson (1975) to crystallize with a new structure type (Cmc2;
space group) with lattice parameters a=0.4091, 5=1.046, ¢=0.5903 (X-ray powder
diffraction data) from the alloy which was synthesized by arc melting and annealed at
770 K. At variance with these data, Zhao and Parthé (1990) announced the YAlGe type for
DyAlGe with Cmem space group and lattice parameters a=0.4035, b=1.0396, c=0.5752
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(X-ray powder diffraction). Samples were obtained by arc melting the proper amounts of
pure components in an argon atmosphere (Dy, Al and Ge: 99.99 mass%). The alloy was
annealed at 870K for 100h in a silica tube.

Zarechnyuk et al. (1970) observed the CaAl,Si, type for the DyAl,Ge, compound (2=
0.421, ¢=0.667; X-ray powder diffraction). The alloy was prepared by arc melting the
elements in purified argon and annealing at 770K for two weeks. Finally the sample was
quenched in water. The purity of the starting components was greater than 99.9 mass%.

Dy, Al;Ge4 was reported to crystallize with the Ba,CdsBiy type, a=0.5881, b=1.4800,
¢=0.7690 (X-ray powder diffraction, Zhao and Parthé 1991b). Samples were obtained by
arc melting the proper amounts of pure components in an argon atmosphere (Dy, Al and
Ge: 99.99 mass%). The resulting alloy was annealed at 770K for two months in an Ar-
filled silica tube.

3.2.12. Ho-Al-Ge

No phase diagram has been constructed for the ternary Ho—Al-Ge system, however data
on the formation and crystal structure of three compounds exist due to the independent
investigations of research groups from Lviv University and Geneva University.

The HoAlGe compound was claimed by Yanson (1975) to adopt a DyAlGe type
(Cmc2; space group) with lattice parameters a=0.4123, b=1.040, ¢=0.5827 (X-ray
powder diffraction data). For sample preparation, see Dy—Al-Ge. At variance with
these data, Zhao and Parthé (1990) found the YAIGe type structure with Cmcm space
group and lattice parameters a=0.4031, »=1.0357, ¢=0.5729 for this alloy (X-ray
powder diffraction). Samples were obtained by arc melting the proper amounts of pure
components in an argon atmosphere (Ho, Al and Ge: 99.99 mass%). The alloy was
annealed at 870K for 100h in a silica tube.

Zarechnyuk et al. (1970) observed the CaAl,Si, type for the HoAl,Ge, compound (a=
0.4196, ¢ =0.6668; X-ray powder diffraction). The alloy was prepared by arc melting the
elements in purified argon and annealing at 770K for two weeks. Finally the sample was
quenched in water. The purity of the starting components was greater than 99.9 mass%.

Ho,Al;Ges was announced to crystallize with the Ba,Cd;Biy type, a=0.5865, b=
1.4765, ¢ 0.7657 (X-ray powder diffraction; Zhao and Parthé 1991b). The sample was
obtained by arc melting the proper amounts of pure components in an argon atmosphere
(Ho, Al and Ge: 99.99 mass%). The resulting alloy was annealed at 770 K for two months
in an Ar-filled silica tube.

3.2.13. Er-Al-Ge
Formation and crystal structure of three compounds have been reported in the Er—Al-
Ge system.

The ErAlGe compound was claimed by Yanson (1975) to adopt a DyAlGe type (Cmc24
space group) with lattice parameters a=0.4101, b=1.034, ¢=0.5840 (X-ray powder
diffraction data). The alloy was synthesized in the same manner as DyAlGe. At variance
with these data, Zhao and Parthé (1990) found that this phase had the YAlGe type
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structure with Cmem space group and lattice parameters a=0.4010, 5=1.0314, ¢ =0.5704
(X-ray powder diffraction). Samples were obtained by arc melting the proper amounts of
the pure components in an argon atmosphere (Er, Al and Ge: 99.99 mass%). The alloy
was annealed at 870 K for 100 h in a silica tube.

Zarechnyuk et al. (1970) observed the CaAl,Si, type for the ErAl,Ge, compound (a=
0.4184, c=0.6662; X-ray powder diffraction). The alloy was prepared by arc melting the
elements in purified argon and annealing at 770 K for two weeks. Finally the sample was
quenched in water. The purity of the starting components was greater than 99.9 mass%.

Er, Al;Ge4 was announced to crystallize with a Ba;Cd;Big type, a=0.5838, h=1.4747,
¢=0.7637 (X-ray powder diffraction; Zhao and Parthé 1991b). Samples were obtained by
arc melting the appropriate amounts of the pure components in an argon atmosphere (Er,
Al and Ge: 99.99 mass%). The resulting alloy was annealed at 770K for two months in
an Ar-filled silica tube.

3.2.14. Tm—-Al-Ge
Little information exists on the ternary Tm—Al-Ge system; however two ternary
compounds were observed and characterized.

Contrary to the data presented by Yanson (1975) for the TmAlGe compound (DyAlGe
type, a=0.402, b=1.033, ¢=0.5865; X-ray powder diffraction), Zhao and Parthé (1990)
indicated the YAIGe type for the compound of equiatomic composition (Cmem space
group, a=0.4010, »=1.0314, ¢=0.5704; X-ray powder diffraction). Samples were
obtained by arc melting the proper amounts of the pure components in an argon
atmosphere (Tm, Al and Ge: 99.99 mass%). The alloy was annealed at 870 K for 100h
in a silica tube.

Zarechnyuk et al. (1970) observed the CaAl,Si, type for the TmAl,Ge; compound (a=
0.4184, ¢=0.6662; X-ray powder diffraction). The alloy was prepared by arc melting the
elements in purified argon and annealing at 770K for two weeks, and finally quenched
in water. The purity of the starting components was greater than 99.9 mass%.

3.2.15. Yb-Al-Ge

Formation and crystal structure of three compounds have been reported in the Yb-Al-
Ge system.

The YbAIGe compound was claimed by Yanson (1975) to adopt a DyAlGe type (Cmc2,
space group) with lattice parameters ¢ =0.4307, 5=1.057, ¢=0.5935. For experimental
details, see Dy—Al-Ge.

Zarechnyuk et al. (1970) observed the CaAl,Si, type for the YbAl,Ge, compound (a=
0.4118, ¢=0.705; X-ray powder diffraction). The alloy was prepared by arc melting the
elements in purified argon and annealing at 770 K for two wecks. Finally the sample was
quenched in water. The purity of the starting components was greater than 99.9 mass%.

Yb7AlsGeg was reported by Zhao and Parthé (1991c) to crystallize with a new structure
type, a=1.5958, b=0.42871, c=1.2611, f=95.78° (X-ray single-crystal data). A single
crystal was obtained from the as-cast sample which was prepared by reaction of the pure
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metals in a high-frequency furnace under an argon atmosphere (Yb 99.9, Al 99.99 and
Ge 99.99 mass%). The reaction was observed at a temperature of about 773 K and the
sample was left in the furnace at 1000 K for half an hour.

3.2.16. Lu-Al-Ge
Little information exists on the ternary Lu-Al-Ge system; however two ternary
compounds were observed and characterized.

Zhao and Parthé (1990) indicated the YAIGe type structure for the LuAlGe compound
(Cmem space group, a=0.3999, b=1.0227, ¢=0.5659; X-ray powder diffraction).
Samples were obtained by arc melting the proper amounts of the pure components in
an argon atmosphere (Lu, Al and Ge: 99.99 mass%). The alloy was annealed at 870K for
100 h in a silica tube.

Zarechnyuk et al. (1970) observed the CaAl,Si, type for the LuAl,Ge; compound (a=
0.417, ¢=0.663; X-ray powder diffraction). The alloy was prepared by arc melting the
elements in purified argon and annealing at 770K for two weeks. Finally the sample was
quenched in water. The purity of the starting components was greater than 99.9 mass%.

3.3. R—Ga—Ge systems

3.3.1. Y-Ga-Ge

Investigations in the ternary system Y—Ga—Ge are due to Belyavina et al. (1996).
Five ternary compounds were found to exist from X-ray powder phase analysis:
Y1.13Gags-1.0Gess7-287 (SmNiGes-type structure, a=0.3984, $=2.0703, ¢=0.4120);
Y2Ga2.70_3,60Ge4,30_3,40 (LazAlG66 type, a=0.7969, b= 1.0550, C=2.0763, Y= 100.970);
Y2_25Gao_67G66.08 (PrzLiGeﬁ type, a=0.3956, b=20763, C=0.4100); Y3Ga1,4;3_0Ge3_6;2_0
(a-GdSi, type); Y3Gas 4Ge; ¢ (0-ThSi; type). Samples were prepared by arc melting high
purity components and annealed at 670 K.

3.3.2. Ce-Ga—Ge

While no phase diagram is available for the Ce—Ga—Ge system, X-ray phase analysis
of 180 ternary alloys indicated the formation of four ternary compounds in the Ce—Ga-—
Ge system (Gryniv et al. 1989). Alloys were synthesized by arc melting metal ingots in
an argon atmosphere followed by annealing at 870 K.

Ce,Ga; 6Ges s was observed to crystallize with a new structure type, a=0.8664, b=
0.8307, ¢=2.1550 (Gryniv et al. 1989). CesGasGe; belongs to the LasGasGe; type
with lattice parameters a=0.8414, 5=0.8620, ¢ 3.109 (Gryniv et al. 1989). CeGaGe is
reported to form the a-ThSi, type, a=0.4292, c=1.4518. CesGa,Ge was found to adopt
the CrsB; structure type, a=0.8019, ¢ =1.3850 (Gryniv et al. 1989).

3.3.3. Nd-Ga—Ge

Five ternary compounds were observed and characterized for the Nd—Ga-Ge system
from X-ray powder diffraction of alloys which were arc melted and annealed at 870K
(Opainych et al. 1992). Crystallographic data for these compounds are as follows:
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Ndy(Ga,Ge| )7, Cey(Ga,Ge); type, a=0.8511-0.8552, h=0.8151-0.863, ¢=2.1210-
2.1379; Ndu(Ga,Ge;_,)11, x=0.33-0.43, Lay(Ga,Ge)|, type, a=0.8213-0.8314, b=
0.8311-0.8463, ¢=0.3591-0.3600; NdGa;.,Ge, «, x=0-0.2, 0-ThSi, type, a=0.4240-
0.4238, ¢=1.4511-1.4510; Nd(Ga,Ge; —,)2, x = 0.75-0.85, AlB, type, a=0.4247-0.4231,
c= O4245~O4229, Nd5(Gao‘53 Ge0_47)3, CI‘5B3 type, a= 07939, ¢=1.3908.

3.3.4. Gd-Ga-Ge

Golovata et al. (1996) reported results of the X-ray powder phase analysis of alloys
of Gd—-Ga—Ge system at 1070K and 670K. Six ternary compounds were found to
exist. They are GdGag 3p-0.55Ge3.00-2.77, Gd2Gay 343 58Ge4 66-3.42, GdGas 09-3.00Geo.50-0.41,
GdGayg 29-0.36Ge1.93-1.86, GdGay.21-1.36Geo.82-0.67, and GdGag.g3-¢.13Ge.g3-0.78- The crystal
structure and lattice parameters were determined for two compounds by X-ray powder
diffraction: GdGag3;_g55Ges.00-2.77 (SmNiGes type, a=0.4005, b=2.0826, c=0.4161 for
GdGay 32Ges 0) and GdrGay 343 58Gesg6-3.42 (LayAlGeg type, a=0.8182, h=1.0812, c=
08420, Y= 100.85° for GdGa3_15G63.g5).

3.3.5. Tm—Ga—Ge

The formation of eight ternary compounds is reported for the Tm—Ga-Ge system
(Gryniv and Myakush 1989) from arc-melted samples annealed at 870 K. They are:
TmyGagsGess (new structure type, a=0.3915, »=0.4048, ¢=1.8209; X-ray pow-
der diffraction), TmGa;04Gegos (AlB, type, a=0.4171, ¢=0.3995; X-ray powder
diffraction), Tm3(Gag sGeos)s (new structure type, a=0.7748, ¢=1.0836; X-ray single-
crystal method), Tm;oGagGey (unknown structure type), Tmy; Ga;Gey; (unknown type),
Tm;Gaz 3 4Gegg-12 (unknown type), TmsGasGe, (unknown type), TmyGa;Gey (un-
known type).

3.4. R—In—-Ge systems

No phase diagrams exist for the R—In—Ge system, however a series of ternary compounds,
LayInGe,, have been observed and characterized by Zaremba et al. (1997) (see table 4).

Table 4
Lattice parameters for the R,InGe, compounds, Mo, FeB,-type*®
Compound Lattice parameters (nm) Compound Lattice parameters (nm)
a c a c

Y,InGe, 0.7339 0.4242 Gd, InGe, 0.7378 0.4248
La,InGe, 0.7664 0.4450 Tb,InGe, 0.7337 04215
Ce,InGe, 0.7577 0.4391 Dy,InGe, 0.7322 04187
Pr,InGe, 0.7546 04374 Ho,InGe, 0.7303 0.4167
Nd,InGe, 0.7496 0.4342 Yb,InGe, 0.7205 0.4294
Sm,InGe, 0.7445 0.4289

* Source: Zaremba et al. (1997).
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Alloys were synthesized by arc melting pure metals (99.9 mass% R; 99.99 mass% In and
Ge) followed by annealing for 700 h at 870 K in evacuated quartz tubes. Crystal structure
was investigated by the single-crystal method for the La;InGe, compound, for other
phases the X-ray powder method was employed.

3.5. R—C-Ge systems

The only information on the interaction of the components in the ternary R—-C—Ge systems
is due to Mayer and Shidlowsky (1969), who investigated the crystal structure of RsCGe;
compounds. They were found to form a partly filled MnsSis type. Crystallographic
characteristics of the isotypic RsCGe; series are listed in table 5. The samples were
synthesized by melting of the pure components in an induction furnace at 1773—-1873 K.

Table 5
Lattice parameters for the R;CGe, compounds, Mn,Si;-type?®

Compound Lattice parameters (nm) Compound Lattice parameters (nm)

a ¢ a ¢
YCGe, 0.845 0.645 Tb;CGe, 0.849 0.641
Ce;CGe, 0.884 0.672 DyCGe, 0.845 0.642
Pr;CGe, 0.879 0.671 Ho,CGe, 0.837 0.638
Nd;CGe, 0.874 0.668 Er;CGe, 0.834 0.637
Sm;CGe; 0.864 0.659 Tm;CGe;, 0.830 0.632
Gd;CGe, 0.857 0.652 Lu;CGe, 0.823 0.626

2 Source: Mayer and Shidlowsky (1969).

3.6. R—Si—Ge systems

3.6.1. Y-Si-Ge

The isothermal section of the Y-Si-Ge phase diagram at 870K was constructed by
Muratova (1976) using X-ray powder diffraction data of arc-melted alloys anncaled
for 400h. The purity of the starting components was greater than 99.90 mass%. The
phase relations are characterized by the existence of two ternary compounds and by the
formation of three continuous solid solutions between isostructural binary compounds:
Y5(S1,Ge)s, Y(Si,Ge) and Y»(Si,Ge); (fig. 18). Three extended ranges of solid solutions
were found to exist within the Y-Si—Ge system at 870 K, originating at YsGes, Y1:Gerg
and YGe,, which dissolve 20, 15 and 37 at.% Si, respectively.

YSij4Gegg (1) was reported to crystallize with the a-GdSi; type, a=0.4044, b=
0.3988, c=1.348 (Muratova 1976; X-ray powder diffraction). For the experimental
procedure, see above.

YSiy3Gegs (2) belongs to the a-ThSi, type, a=0.4002, ¢=1.336 (Muratova 1976;
X-ray powder diffraction). The samples were synthesized in the same manner as that
applied for the investigation of the Y—Si—Ge isothermal section.
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Si

YGepYpGez YGe YsGes Fig. 18. Y-Si-Ge, isothermal section
Y11Ge10YsGey at 870K.

3.6.2. La—Si—Ge

The phase equilibria in the La-Si—Ge system at 870K (fig. 19) were investigated by
Muratova et al. (1974) and Bodak and Muratova (1981) by means of X-ray phase
analysis of alloys which were arc melted and subsequently annealed in evacuated silica
tubes for 400h and finally quenched in water. Starting materials were La 99.79 mass%,

Si

Ge LaGey y LaGeLagGe3 LazGe Fig. 19. La-Si-Ge, isothermal sec-
LasGey LasGey tion at 870K.
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Si 99.9 mass% and Ge 99.99 mass%. Phase relations are characterized by the formation
of continuous solid solution originating at the isotypic binary compounds LaSi and
LaGe. A complete solid solution with successive changing of the tetragonal a-ThSi, (T)
and orthorhombic a-GdSi; (O) structure types was also observed between LaSi;_,
and LaGe;.,. No ternary compounds were found. La;Ge and LasGeq dissolve 15 and
10at.% Si. Solubilities of Ge in LasSi; and LasSiq were reported to be approximately
27.5 and 29.5 at.%, respectively.

3.6.3. Ce-Si-Ge

Investigations in the ternary system Ce—Si—-Ge were performed by two different research
groups, i.e. Haschke et al. (1966) and Bodak and Muratova (1979).

Phase relations in an isothermal section at 1070 K were determined by Haschke et al.
(1966) by means of X-ray powder diffraction methods (fig. 20). Samples were synthesized
by heating compacted mixtures of 99.9 mass% purity for a few minutes in an induction
furnace slightly above the melting point. The formation of two complete solid solutions
was reported: Ce(Si,Ge) and Ce(S1,Ge); - . No ternary compounds were observed.

A partial isothermal section at 870 K within 050 at.% Ce is presented in fig. 21 from
X-ray powder analysis of 92 alloys which were arc melted from ingots of pure metals and
annealed in evacuated quartz tubes for 400h (Bodak and Muratova 1979). The purity of
the metals was greater than 99.9 mass%. A continuous solid solution with successive
changing of the a-ThSiy (T) and a-GdSi, (O) structure types was observed between
CeSip _, and CeGe, . No ternary compounds were found.

Ge CeGep  CeGe CesGes Fig. 20. Ce-Si-Ge, isothermal section at

CeGep 1170K.
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Si

Fig. 21. Ce-Si-Ge, partial isothermal
section at 870K (0-40at.% Ce).

3.6.4. Pr-Si-Ge

The phase relations in the Pr-Si—Ge ternary system at 873K were investigated by
Muratova and Bodak (1974) using X-ray powder analysis (fig. 22). Samples were obtained
by arc melting, and homogenized at 873 K for 500 h. No ternary compounds were found,
but a continuous solid solution Pr(Si,Ge), _, was observed. The solubilities of germanium

Si

PrGez_x PrGe GPr5Ge3 Pr3Ge
PrsGey at 870K,

Fig. 22. Pr—Si-Ge, isothermal section
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in Prs8is, PrsSis and PrSi were determined as 12.5, 7 and 40 at.%, respectively, whereas
Pr;Ge and PrsGes dissolve 18 and 20at.% Si, respectively.

Muratova (1974) reported on the X-ray powder investigation of the crystal structure of
alloys within the homogeneity field Pr(Si,Ge); _,. The Ge-rich region of solid solution was
found to crystallize with a tetragonal o-ThSi; type (T). With increasing Ge/Si exchange,
a continuous transition into the orthorhombic a-GdSi, (O) was observed; no two-~phase
field was established.

3.6.5. Gd-Si-Ge

The phase equilibria in the Gd—Si—Ge system at 870K (fig. 23) were investigated by
Muratova et al. (1975) by means of X-ray phase analysis of alloys which were arc melted
and subsequently annealed in evacuated silica tubes for 400 h and finally quenched in
water. The purity of the starting materials was greater than 99.9 mass%. No ternary
compounds were observed. Phase relations are characterized by the existence of three
continuous solid solutions: Gd(Si,Ge)z_,, Gds(Si,Ge); and Gd,(Si,Ge)s;. The crystal
structure of Gd(Si,Ge),_, solid solution was said to change with increasing Si content
from 0-GdSi (O) type through a-ThSi, type (T) to o-GdSi; (O) type (Muratova
1974; X-ray powder diffraction). Binary compounds GdGe, GdSi and Gd;Ge, dissolve
33, 10 and 8 at.% of third component respectively (Muratova et al. 1975).

During a study of the magnetic properties of alloys heat treated at 1870K for 5 hours
in the pseudobinary system Gds(Si.Gej_,)s, Holtzberg et al. (1967) report extended
solubility of Si in GdsGe4 (0.0 <x <0.3) and Ge in GdsSiy (0.5 <x <1.0). They also

Si

GdGepy y  GdGe GdsGeg

Fig. 23. Gd-Si—Ge, isothermal section at 870K.
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acknowledge the existence of the ternary intermediate phase with unidentified crystal
structure extending between 0.3 <x <0.5. These seemingly contradicting experimental
results regarding the phase relations in the GdsGes—GdsSis pseudobinary system suggest
that the GdsSis-based solid solution and the ternary phase are probably high-temperature
phases, which decompose during the heat treatment between 870K and 1870 K, and that
the solid solubility of Si in GdsGe, is strongly temperature dependent.

Pecharsky and Gschneidner (1997) investigated 12 as-cast alloys from the pseudobinary
system Gds;(Si,Ge; _»)4 by X-ray single-crystal and powder diffraction. The GdsSis-
based solid solution where Ge statistically substitutes for Si maintains the SmsGey-
type orthorhombic crystal structure of the binary GdsSis compound and extends from
0.5 <x < 1. The GdsGes-based solid solution where Si statistically substitutes for Ge
also maintains the SmsGey-type orthorhombic crystal structure of the binary GdsSig
compound and extends from 0 <x < 0.2. The crystal structure of the ternary phase, which
exists for 0.24 <x < 0.5, has been determined for the first time, and it was shown to be a
monoclinically distorted derivative of orthorhombic SmsGe4-type (P112,/a space group,
a=0.75808, 5=1.4802, ¢=0.77799, y=93.190) for GdsSi,Ge,.

4. R—d element-germanium systems
4.1. Sc—d element—Ge systems

4.1.1. Sc-V-Ge

The phase equilibria in the Sc—V-Ge system were investigated by Kotur (1987) by means
of X-ray analysis of alloys which were arc melted and subsequently annealed in evacuated
silica tubes for 350-650h at 1070K and finally quenched in water (fig. 24). Starting

Ge

Fig. 24. Sc—V-Ge, isothermal section at
v Sc 870K.
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materials were Sc 99.92 mass%, V 99.9 mass% and Ge 99.99 mass%.

Two ternary compounds were observed at 1070K: Sci1gVs 4,Ges (1) with the
VeSis-type structure (a=0.7872-0.7850, ¢ =0.5091-0.5157) and Sc,;V3Gey (2) with the
Ce;Sc;Sis-type structure (a=0.6614, b=1.2774, ¢=0.6776) (Kotur et al. 1986).

Kotur et al. (1983) reported on the preliminary X-ray single-crystal investigation of
a Sc,Vs_,Ge; sample which was isotypic to ScsGes (a=0.743, ¢=0.502). The single
crystal was obtained from a cast alloy. This phase is not shown in the 870 K isothermal
section, fig. 24.

4.1.2. Sc-Cr—Ge

The isothermal section of the Sc—Cr—Ge phase diagram at 1070 K was constructed by
Kotur et al. (1988b). The phase relations are characterized by the formation of four ternary
compounds and by the existence of a solid solution range of Cr in ScsGes (7.5 at.%)
(fig. 25). For details of sample preparation, see Sc—V—-Ge.

Venturini et al. (1985a) investigated the crystal structure of the ScCrGe; (3) compound
(TiMnSi,-type structure: a=0.937, b=1.009, ¢=0.813). The sample was arc melted and
annealed at 1073 K in an evacuated quartz capsule. The purity of the starting materials
was 99.9 mass%.

Kotur et al. (1988a) confirmed the existence of this compound with similar lattice
parameters (a@=0.9355, b=1.0148, ¢=0.8141) and investigated the crystal structure
of the other three compounds: ScCr¢Ges (1) with the HfFesGeg-type (¢=0.5102, c=
0.8229), Sc,CryGes (2) with the Nb,CrySis-type (¢=0.7821, b=1.6662, ¢=0.5146) and
SciCrawGero—x (x=1.3) (4) with the Sc;Crsy,Sitg_x type (a=1.0150, c=1.4352).

Ge

1070 K

Cry1Gepg

Fig. 25. Sc—Cr—Ge, isothermal section at
Cr Sc 1070K.
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Ge

Mn ScMn, Sc
Fig. 26. Sc—Mn-Ge, isothermal section at 870K.

4.1.3. Sc-Mn—Ge
The ternary phase diagram of the Sc—Mn—Ge system at 870K was studied by means
of X-ray powder diffraction by Andrusyak and Kotur (1991) (fig. 26). For sample
preparation, see Sc—-V—Ge. Six ternary manganese germanides of scandium were found
and investigated (Andrusyak 1988).
Crystallographic data for the ternary compounds which were observed in the course of
phase-equilibrium studies in the Sc—-Mn—Ge system at 870K are listed in table 6.
Venturini et al. (1992) investigated the crystal structure for the ScMngGeg compound at
1073 K and confirmed the same structure type with similar lattice parameters. The alloy
was synthesized by a powder metallurgical reaction in an evacuated silica tube at 1073 K
for 14 days.

Table 6
Crystallographic data for the ternary Sc-Mn—Ge compounds at 870K
No. Compound Structure Lattice parameters (nm) Reference
a b c

1 ScMnyGeg HfFe,Ge, 0.5176 0.8099 Andrusyak (1986)

0.5177 0.8084 Venturini et al. (1992)
2 ScMngGe, ZrFe Ge, 0.5066 2.0013 Kotur {1995)
3 Sc;Mn,;Geg unknown Andrusyak and Kotur (1991)
4 ScMnGe, Z1CrSi, 1.0191 0.9342 0.8083 Andrusyak and Kotur (1991)
5 ScMnGe ZiNiAl 0.6677 0.3946 Kotur and Andrusyak (1984a)
6  Sc;Mny,,Gey_, (x=1.3) Sc,Cr,,,Sijg_y 0.9995 1.4168 Kotur et al. (1988a)
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4 Fig. 27. Sc-Fe~Ge, isothermal section
Fe SCFCZ SCz9Fe6 Sc at 870 K.

4.1.4. Sc—Fe—Ge

The phase-field distribution in the Sc-Fe—Ge system at 870K is characterized by the
formation of eight ternary compounds and by the existence of substitutional exchange
of Ge/Fe in the solid solutions Scs(Fe,Ge;_,); for 0 <x <0.15 and Sc(Fe,Ge;_,), for
0 <x <0.1 after Andrusyak and Kotur (1991) (fig. 27). For details of sample preparation,
see Sc—V-Ge. The starting materials were Sc 99.92 mass%, Fe 99.95 mass%, and Ge
99.99 mass%.

Table 7
Crystallographic data for the ternary Sc—Fe—Ge compounds
No. Compound Structure Lattice parameters (nm) Reference
a b c
1 ScFesGeg HiFe,Geg 0.5069 0.8077 Olenych et al. (1981)
0.5062 0.8056 Andrusyak (1986)
0.5087 0.8079 Venturini et al. (1992)
2 ScFesGes own 0.5063 0.4411 Kotur (1995)
3 ScFe,Ge, ZrFe,Ge, 0.5066 2.0013  Kotur (1995)
4 ScFeGe, TiMnSi, 0922 1.009 0.800  Venturini et al. (1985a)
0.9227 1.0098 0.8263 Andrusyak and Kotur (1991)
5 Sc,Fe,Gegg Zr,Co,Ge, 1.3296 0.5235 Andrusyak and Kotur (1989)
6 Sci1nFeies70G0s030 MgCu, 0.7060° Kotur (1995)
7 Sc,Fe;Ge MgZn, 0.5006 0.8147 Andrusyak and Kotur (1991)
8  ScFeGe ZINiAl 0.6547 0.3895 Kotur and Andrusyak (1984a)

* For ScFe, ,4Geg ;-
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The ScFesGeg compound with the HfFesGes-type was observed by Olenych et al.
(1981). Samples were obtained by arc melting and annealing for 300h at 1070K.
Andrusyak (1986) and Venturini et al. (1992) confirmed the formation and crystal
structure of this compound at 870K and 1173 K respectively.

The existence and structural characteristics of the ScFeGe, compound at 1073 K was
reported by Venturini et al. (1985a) (X-ray powder diffraction method) and was confirmed
by Andrusyak and Kotur (1991) at 870K.

The formation and crystal structure of six other ternary compounds were reported by
Kotur and Andrusyak (1984a), Andrusyak and Kotur (1989, 1991).

Crystallographic data on the ternary Sc—-Fe—Ge compounds are listed in table 7.

4.1.5. Sc—Co—Ge
A systematic study of the Sc—Co—Ge system at 870K was performed by Kotur and
Andrusyak (1991). For sample preparation, see Sc—V-Ge. The starting materials were
Sc 99.92 mass%, Co 99.92 mass% and Ge 99.99 mass%. Seven ternary compounds were
found to exist (see fig. 28). The limits of solid solutions origining at ScCo,, ScGe,,
Sc11Geqg, ScsGey and Sc;Ge; were established as 11.5 at.% Ge and 6 at.%, 4 at.%, 4 at.%,
3 at.% Co, respectively, by means of X-ray powder diffraction. The lattice parameter of
ScCo;y.1.65Ge0¢ 35 varies linearly within ¢ =0.6902—-0.6984. Simarily for ScGe, the solid-
solution range of Co is given by ScCog_g15Ge; 152 (Kotur 1995).

The crystallographic characteristics for the ternary Sc—Co—Ge compounds are presented
in table §.

A single crystal of the Sc;Co,Ges compound, which is not shown in fig. 28, was
obtained from an arc-melted and slowly cooled sample: Hf5Ni,Si; type, a=0.4078, b=
0.9930, ¢=1.3243 (Kotur and Andrusyak 1991).

870K

Fig. 28. Sc—Co—Ge, isothermal section at

Co ScCoy ScCo ScyCo SezCo Sc 870K,
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Table 8
Crystallographic data for the ternary Sc—~Co—Ge compounds
No. Compound Structure Lattice parameters (nm) Reference
a b c
1 ScCo4zGeg HfFe,Ge, 0.5056 0.7799 Buchholz and Schuster (1981)
0.5064 0.7778 Kotur and Andrusyak (1991)

2 Sc,Coy;Ges unknown Kotur and Andrusyak (1991)

3 Sc,Co,Geg U,Re,Sig 0.7850 Kotur and Andrusyak (1991)
ScCoGe, TiMnSi, 0919 1.009 0796 Venturini et al. (1985a)

0.9186 1.0102 0.7958 Kotur (1995)

5 Sc,Co,Ge, Z1,Co,Ge, 1.3215 0.5229 Andrusyak and Kotur (1989)
ScCoGe TiNiSi 0.6495 0.4000 0.7072 Kotur and Andrusyak (1984a)
Sc,CoGe, Sc,CoSi, 0.9595 0.9828 0.3914 Kotur and Andrusyak (1991)

y=123.2°

4.1.6. Sc-Ni-Ge

In the course of phase-equilibrium studies in the Sc—Ni—-Ge system at 870 K, Kotur and
Andrusyak (1991) observed eight ternary nickel germanides of scandium (see fig. 29).
For details of sample preparation, see Sc—V-Ge. The binary germanides of scandium
dissolve 2—8 at.% Ni; the solubility of Ge in ScNi; is 3.5 at.% (Kotur 1995).
Crystallographic data for the ternary Sc—Ni—Ge compounds observed at 870K are listed

in table 9.

Andrusyak (1988) studied the crystal structure of the ScoNisGeg compound by the

Ge

ScNigSeyNiyScNiy  ScNi

SeoNi

Sc

Fig. 29. Sc-Ni-Ge, isothermal section at 870K.
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Table 9
Crystallographic data for the ternary Sc-Ni—Ge compounds
No. Compound Structure Lattice parameters (nm) Reference
a b c
1 ScNigGes ScNi;Geg 1.0152 0.7813 Buchholz and Schuster (1981)
1.0158 0.7816 Andrusyak (1986)
2 Sc;NiGe, Sc;Niy, Siy 0.8130 0.8505 Kotur and Andrusyak (1991)
3 Scyp3Nigy,Ges, own 1.7865 0.8220 Bodak et al. (1990)
4 ScgNigGey, SceNi 581y, 1.8322 1.2461 0.8191 Andrusyak and Kotur (1987)
5 ScgNiGe, Mg Cu,4Si, 1.1654 Gladyshevsky et al. (1962)
6  Sc;Ni,Ge, GdyCugGeg 1.2910 0.6598 0.3908 Kotur and Sikirica (1982)
7 ScNiGe TiNiSi 0.6454 04071 0.7068 Kotur and Andrusyak (1984a)
8  Scy;NigGeys unknown Kotur (1995)

X-ray single-crystal method {own type of structure, a=2.0426, =0.9129, ¢=0.39822).
The single crystal was obtained from an as-cast sample.

Andrusyak and Kotur (1989) reported on X-ray single-crystal investigation of the
ScyNigGe; _, (x=0.8) compound which existed in arc melted alloys and decomposed
at 870K (ZrsCo4Ge; type, a=1.3276, ¢=0.5225.

Neither of these two phases are shown in the 870 K isothermal section, fig. 29.

4.1.7. Sc—Cu-Ge
Kotur and Andrusyak (1984b) studied phase equilibria in the Sc—Cu—-Ge system (fig. 30)

Ge

Cu ScCuy  ScCuy ScCu Sc

Fig. 30. Sc—Cu—Ge, isothermal section at 870 K.
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and reported the existence of two compounds at 870 K. For sample preparation, see Sc—
V-Ge.

The crystal structure for the Sc;CusGe, compound (1) was studied by Thirion et al.
(1983) (GdgCusgGeg type, a=1.330, b=0.6516, ¢c=0.3996) and was confirmed by Kotur
and Andrusyak (1984b) (a=1.332, =0.6523, ¢ =0.4004).

The crystallographic characteristics for the ScCuGe compound (2) (ZrNiAl type, a=
0.6515, ¢=0.3972) reported by Kotur and Andrusyak (1984b) are in good agreement with
those announced earlier by Dwight et al. (1973).

4.1.8. Sc—Nb—Ge
The isothermal section of the Sc-Nb-Ge phase diagram at 1070 K was investigated by
Kotur (1986) (fig. 31). The phase relations are characterized by the formation of one

Ge

870K

W
Nb

ternary ScyNbsGeys compound and by the existence of a rather extended substitutional
exchange of S¢/Nb in the (Scy -, Nb,)sGes solid solution for 0 <x < 0.8 with the following
unit cell dimensions for the Nb-rich end boundary sample: a=0.7752, ¢=0.5362. For
sample preparation, see Sc~V-Ge. The starting components were Sc 99.92 mass%, Nb
99.9 mass%, Ge 99.99 mass%.

Sc,NbiGey belongs to the CeySc3Gey-type with lattice parameters a=0.6860, b=
1.339, ¢=0.7160 (Kotur 1986, X-ray powder diffraction).

Fig. 31. Sc-Nb-Ge, isothermal section at
Sc 870K.

4.1.9. Sc-Mo—-Ge
The phase diagram for Sc-Mo—Ge was reported by Kotur and Bodak (1988) (fig. 32).
For the details of synthesis, see Sc—V—-Ge.
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Ge

Fig. 32. Sc-Mo—Ge, isothermal section
Sc at 1070 K.

Only one ternary compound was found to exist at 1070 K, Sc,.4Mos_1 Gey with SmsGey
structure type, a=0.6691-0.6813, b=1.2872-1.3285, ¢=0.6905-0.7027 (X-ray powder
diffraction method).

4.1.10. Sc-Ru—Ge

No ternary phase diagram has been established for the Sc—Ru—Ge system, but three
ternary compounds have been characterized by various authors.

ScRuGe crystallizes with the ZrNiAl-type of structure, a=0.6962, ¢=0.3468 (Hov-
estreydt et al. 1982; X-ray powder diffraction). The sample was arc melted under an
argon atmosphere and annealed at 1270 K for 1-2 weeks in an evacuated silica tube.

According to X-ray powder diffraction data reported by Venturini et al. (1985a), the
compound ScRuGe; is isostructural with TiMnSi, (a=0.928, b=1.032, ¢=0.812). For
sample preparation, see Sc—Cr—Ge.

Engel et al. (1984) reported the crystal structure of the ScyRu;Geg compound
crystallizing with the UjsRe;Sig-type of structure (a=0.8129, X-ray powder diffraction
data). The sample was prepared by arc melting a cold-pressed mixture of proper
amounts of binary ScGe, alloy and ruthenium. The ternary alloy was finally annealed
at 1270K for 5 weeks. The starting materials were Sc 99.95 mass%, Ge 99.999 mass%,
Ru 99.9 mass%.

4.1.11. Sc—-Rh-Ge

No ternary phase diagram is available for the Sc-Rh-~Ge system. However, four ternary
phases have been identified.
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Hovestreydt et al. (1982) reported two types of structures for the ScRhGe compound:
TiNiSi type, a=0.6497, 5=0.4112, ¢=0.7385 and ZrNiAl type, a=0.6672, c=0.3794.
For sample preparation, see Sc—-Ru—Ge.

Sc4Rh;Geg was found to be isostructural with the UsResSig-type (@=0.81255) by
Engel et al. (1984). The crystal structure was determined on a single crystal and was
refined to an R value of 0.056 for 99 independent reflections. For details concerning the
sample preparation, see Sc—Ru—Ge.

ScRhGe, was observed to adopt the TiMnSi,-type structure (a=0.9302, b=1.0359,
¢=0.8146) by Parthé and Chabot (1984).

Venturini et al. (1986a) investigated the crystal structure of the Sc4RhsGe9 compound.
It was found to crystallize with its own structure type, a=1.2605. Samples were obtained
by heating a mixture of starting components (Sc, Rh, Ge: 99.999 mass%) in an evacuated
quartz tube at 1173 K.

4.1.12. Sc—Pd-Ge

Only one compound was reported for the Sc—Pd-Ge system: ScPdGe, ZrNiAl-type of
structure, a=0.6715, ¢=0.3925 (Hovestreydt et al. 1982, X-ray powder diffraction). For
sample preparation, see Sc—Ru—Ge.

4.1.13. Sc-Ag-Ge
The isothermal section at 870 K was constructed by Kotur and Boichuk (1988) (fig. 33).
For experimental details, see Sc~V—Ge. The starting materials were Sc 99.92 mass%, Ag
99.99 mass%, Ge 99.999 mass%.

Only one compound was found for the Sc—Ag—Ge combination by Kotur and Boichuk
(1988): ScAgGe with the ZrNiAl type, a=0.6882, ¢=0.4026.

Ge

& Fig. 33. Sc—Ag—Ge, isothermal section
Ag ScAgy ScAg, ScAg Sc at ST0K.
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Ge
1070 K
HfG62 SCG62
ScGe
Scq1Ge
Hf5G64 SCSGC411 10
ScsGeg

Fig. 34. Sc—-Hf-Ge, isothermal section
Sc at 1070K.

4.1.14. Sc-Hf-Ge

The isothermal section of the Sc—Hf-Ge phase diagram at 1070 K was reported by
Kotur (1991) (fig. 34). No ternary compounds were observed. Continuous solid solutions
between isotypic pairs of binary germanides ScGe,-HfGe,, Sc;Ges—Hf5Gey and ScsGes—
Hf;Ges were observed. Also ~25 at.% Sc substitutes for Hf in Hf3Ge.

4.1.15. Sc-Ta-Ge
The phase-field distribution in the Sc—Ta—Ge system at 1070 K (fig. 35) is characterized

Ge

Fig. 35. Sc-Ta-Ge, isothermal section at
Ta Sc 1070 K.
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by the formation of a ternary Sc; 3Ta;_»Ges compound with a large homogeneity region
and by the existence of the Scs_325Tag 175Ges solid solution originating at ScsGes, after
Kotur and Bodak (1990). For sample preparation, see Sc—V—Ge. Starting materials were
Sc 99.92 mass%, Ta 99.99 mass%, Ge 99.99 mass%o.

Sc,_3Tas,Geq was found to crystallize with a SmsGey type, a=0.6823-0.6855, b=
1.3177-1.3230, ¢=0.6977-0.6993, from X-ray powder diffraction of an arc melted alloy
annealed at 1070 K (Kotur and Bodak 1990).

4.1.16. Sc-W-Ge

No ternary compounds were observed by Kotur et al. (1989) in the ternary Sc—W-Ge
system at 1070 K (fig. 36). The binary ScsGes compound dissolves 3 at.% W. For sample
preparation, see Sc—V-Ge.

Ge

z h Fig. 36. Sc-W-Ge, isothermal section at
w Sc 1070 K.

4.1.17. Sc~Re-Ge

Figure 37 represents the isothermal section of the Sc—Re-Ge system at 1070K after
Kotur (1995). For sample preparation, see Sc—V—Ge. The mutual solid solutibility of
components in binary compounds is negligible.

In the course of phase studying the equilibria in the Sc—Re-Ge system at 1070 K, the
formation of the ScReGe, compound (1) with TiMnSi,-type structure has been confirmed
and the existence of two compounds [Sc;Re,Ge; (2) and ScoRe;Geg (3)] with unknown
structures has been observed by Kotur 1995.

The lattice parameters for ScReGe; are as follows a=0.939, b=1.017, c=0.832 after
Venturini et al. (1985a) (powder diffraction data; for sample preparation, see Sc~Cr-Ge)
and ¢=0.9385, 5=1.0173, ¢=0.8323 after Kotur (1995).
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Fig. 37. Sc—Re—Ge, isothermal section at
Re ScsReqy ScRep Sc 1070 K.

4.1.18. Sc-Os—Ge
No phase diagram is established for the Sc—Os—Ge system.

ScOsGe was observed to adopt the ZrNiAl-type structure with lattice parameters a=
0.6928, ¢=0.3407 (Hovestreydt et al. 1982; X-ray powder diffraction analysis). For
sample preparation, see Sc-Ru—Ge.

ScOsGe, crystallizes with the TiMnSi,-type structure, a=0.929, b=1.033, ¢=0.817
(Venturini et al. 1985a; powder X-ray diffraction data). For the experimental details, see
Sc—Cr—Ge.

Engel et al. (1984), from X-ray powder diffraction data, characterized the compound
Sc40s7Ges to be isostructural with UsRe;Sig, a=0.8146. The sample was synthesized in
the same manner as Sc4Ru;Ges.

4.1.19. Sc-Ir-Ge
No ternary phase diagram is available for the Sc—Ir-Ge system; however, the formation
of two ternary scandium iridium germanides has been reported so far.

From X-ray powder analysis Hovestreydt et al. (1982) reported SclrGe to crystallize
with the TiNiSi-type structure. The crystallographic data were: a=0.6446, »=0.4107,
¢=0.7482. For sample preparation, see Sc—Ru-Ge.

Sc4Ir;Geg is isotypic with the crystal structure of UsRe;Sig, a=0.8146 (Engel et al.
1984; X-ray powder diffraction). The details of sample preparation are the same as for
Sc4Ru;Geg. ‘

4.1.20. Sc-Pt-Ge
No phase diagram has been established for the Sc—Pt-Ge system. Only one study on
the interaction of scandium with platinum and germanium has been reported. According
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to Hovestreydt et al. (1982), ScPtGe was found to be isostructural with the TiNiSi-
type structure, a=0.6585, b=0.4215, ¢=0.7141 (X-ray powder diffraction). For sample
preparation, see Sc—Ru~Ge.

4.1.21. Sc-Au-Ge

Little information exists on the Sc—Au—Ge system; only one ternary germanide has been
characterized.

The crystal structure of the ScAuGe compound has been investigated by Péttgen et al.
(1996a) by the X-ray single-crystal method. It was found to crystallize with a LiGaGe
type, a=0.43082, ¢=0.68458. The alloy has been prepared by melting a mixture of the
elements in an arc furnace and subsequently annealing at 1070 K.

4.2. Y—d element—Ge systems

42.1. Y-Cr-Ge
The phase equilibria in the Y-Cr—Ge system were investigated by Bodak and Glady-
shevsky (1985) by means of X-ray analysis of alloys which were arc melted and
subsequently annealed in evacuated silica tubes at 870 K and finally quenched in water.
The isothermal section of the Y-Cr—Ge system at 870K is presented in fig. 38.
Brabers et al. (1994) reported the existence of a compound YCrsGeg with the HfFegGeg
type (a=0.5167, ¢=0.8273; X-ray powder diffraction). The sample was prepared by arc
melting and subsequent annealing at 1073 K for three weeks in a sealed tube. This phase
is not shown in the 870K isothermal section of the Y-Cr—Ge system (fig. 38).

Ge

Fig. 38. Y-Cr~Ge, isothermal section at
Cr Y 870K.
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4.22. Y-Mn—Ge
No ternary phase diagram is available for the Y-Mn-Ge system. Two ternary compounds
have been reported for yttrium-manganese—~germanium combinations.

YMngGeg was found to crystallize in the HfFegGeg-type structure by Venturini et al.
(1992), a=0.5233, c=0.8153 (X-ray powder diffraction data). The alloy was synthesized
by powder metallurgical reaction in evacuated silica tube at 1073 K for 14 days.

Rossi et al. (1978b) reported on investigation of the crystal structure of the YMn,Ge;
compound (CeGayAl, type, a=0.3995, ¢ =1.0886; X-ray powder method). The alloy was
obtained by melting under argon in an induction furnace and was annealed at 770K for
one week. The metals used were of purity greater than 99.9 mass% for Y, and greater
than 99.99 mass% for Mn and Ge.

4.23. Y-Fe-Ge
No phase diagram has been constructed for the Y-Fe—Ge system,; five ternary compounds
have been found and characterized by various authors.

YFesGes was reported to be isotypic with the crystal structure of YCogGegwith lattice
parameters a=0.5110, ¢=0.4049 (Mruz et al. 1984). The sample was prepared by arc
melting proper amounts of starting components followed by annealing at 870K for two
weeks. At variance with the data of Mruz et al. (1984), YFe¢Geg was found to crystallize
with the TbFesSng type, a=0.8116, b=1.7672, ¢=0.5120, by Venturini et al. (1992) from
X-ray powder diffraction data. The alloy was obtained by powder metallurgical reaction
in an evacuated silica tube at 1173 K for two weeks.

Pecharsky et al. (1989) reported YFe33Ge; to crystallize with the CeNiSip-type (a=
0.4118, 5=1.5903, ¢=0.4002; X-ray powder analysis). The alloy was arc melted and
annealed at 870 K. The purity of the starting materials was greater than 99.9 mass%.

YFe,Ge, is isotypic with the crystal structure of ZrFe4Si, with lattice parameters a =
0.7314, ¢=0.3864, after Fedyna (1988). The alloy was prepared by arc melting the proper
amounts of starting components followed by annealing at 870 K for 400 hours.

Oleksyn (1990) investigated the crystal structure of the Y;;17Fes;Gejyz compound by
the X-ray powder method (Tb;7Fes,Gej1a type, a=2.8409). The alloy was synthesized
by arc melting followed by annealing at 1070K for 350 h. The starting materials were
Y 99.83 mass%, Fe 99.9 mass%, Ge 99.99 mass%.

According to X-ray single-crystal data, YFe;Ge, was found to be isostructural with
the CeGay Al, type, with lattice parameters a=0.3961, ¢ =1.0421 (Venturini and Malaman
1996). Samples were prepared from stoichiometric amounts of pure elements. After a first
reaction in a silica tube under argon, the mixture was melted in an induction furnace.

42.4. Y-Co—Ge

The phase diagram of the Y-Co—Ge system has not been established; eight ternary

compounds have been identified for yttrium—cobalt—germanium combinations.
Méot-Meyer et al. (1985a) reported the crystal structure of the YCo;_,Ge;, x=0.55

(CeNiSi, type, a=0.4106, b=1.612, ¢=0.4026). Samples were prepared by powder
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metallurgical reaction and annealed in evacuated silica tube at 1173 K. Pecharsky et al.
(1989) investigated the formation and crystal structure of the YCo; _,Ge, compound by
X-ray powder analysis of arc melted alloys annealed at 870 K. The CeNiSi,-type structure
was confirmed and in addition, the existence of an extended homogeneity region was
observed: 0.2 <x <0.9, a=0.4067-0.4115, b=1.5840-1.6080, c=0.3946-0.4019.

The crystal structure of Y3;Co4Gej; (YbsRhySnys type, a=0.8757; X-ray powder
diffraction) was investigated by Venturini et al. (1985b) from a sample which was prepared
by heating a compacted mixture of starting materials (Y in pieces, 99.9 mass%; Co and
powder Ge, 99.99 mass%) in an evacuated quartz tube at 1073 K.

Bruskov et al. (1986) reported on the single-crystal investigation of Y3Co04Ge;; (own
structure type, a=0.8769). The single crystal was obtained from arc melted and annealed
at 870K alloy.

McCall et al. (1973a) mentioned the existence of the YCo,Ge; compound with the
CeGapAly-type. Venturini and Malaman (1996) confirmed the crystal structure for the
YCo,Ge, compound and established the lattice parameters (¢ =0.39698, ¢ =1.0025; X-ray
single-crystal data). The sample was prepared in the same manner as YFe,Ge;.

From an X-ray powder analysis of alloy annealed at 1173 K, Y,Co3;Ges was reported to
adopt the Lu,CosSis type structure, a=0.9642, b=1.180, ¢=0.5707, f=91.9° (Venturini
et al. 1986b).

The crystal structure of the YCogGes compound was reported by Buchholz and
Schuster (1981) (own structure type, a =0.5074, ¢=0.39908). Samples were melted under
an argon atmosphere in a corundum crucible at 1073-1273 K.

Gorelenko et al. (1984) reported the crystal structure of YCoGe (TiNiSi type, a=
0.6880, h=0.4212, ¢=0.7258; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870K for 350 hours.

Y3Co,Gey crystallizes with the Tb;Co,Gey type structure, a=1.0608, »=0.8050,
c=0.4181, y=107.80°. Samples were prepared by arc melting and annealing at
873K for 1450h. The starting materials were: Y (>99.9 mass%), Co (99.99 mass%),
Ge (99.999 mass%) (Mruz et al. 1989).

Y,CoGes is isotypic with Ce;CuGes, a=0.3940, b=0.3993, ¢=2.1426 (Olcksyn et
al. 1991; X-ray powder diffraction data). The sample was melted in an arc furnace and
annealed at 1070K in an evacuated quartz capsule for 400h. The purity of the starting
materials was greater than 99.9 mass%.

4.2.5. Y-Ni-Ge
Figure 39 represents the isothermal sections of Y-Ni-~Ge phase diagram at 1070K (0—
33 at.% Y) and at 670K (33-100 at.% Y) which were studied by Koterlyn et al. (1988).
The isothermal sections were constructed by means of X-ray powder analysis of alloys,
which were arc melted and subsequently annealed in evacuated silica tubes for 400h and
finally quenched in water. Starting materials were Y 99.99 mass%, Ni 99.98 mass% and
Ge 99.99 mass%.

The ternary phase diagram is characterized by the existence of ten ternary compounds
and by the formation of a substitutional exchange of Ge/Ni in the solid solutions
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Fig. 39. Y-Ni—Ge, isothermal section at
1070K (0-33at.% Y) and at 670K (33—
100 2t.% Y).

Y,(Nij_,Ge,)7 and Y(Ni; _,Ge,)s for 0 <x <0.12. This behavior corresponds to the
solid solution range of Ge in nickel. Nonstoichiometry and a homogeneity range were
observed for YNij_,Ge; (0.4 <x <0.7) (8). The binary compound Y,Ge; dissolves
20 at.% Ni.

YNisGe; (1) was reported to crystallize with an YNi;Siztype, a=1.9108, 5=0.3864,
¢=0.6773 by Fedyna (1988). The alloy, arc melted and annealed at 870K, was
investigated by X-ray powder diffraction analysis. Starting materials were Y 99.83 mass%,
Ni 99.99 mass%, Ge 99.99 mass%.

Y;Ni; Ges (2) belongs to the ScsNiySiy type, a=0.8319, ¢=0.8821 after Fedyna
(1988). For sample preparation, see the previous paragraph.

The YNi;Ge, (3) compound was found fo adopt the CeGa,Aly-type structure, a=
0.4043, ¢=0.9763 (Rieger and Parthé 1969b). Venturini and Malaman (1996) confirmed
the crystal structure for the YNi,Ge, compound and established the lattice parameters
a=0.39698, ¢=1.0025 from X-ray single crystal diffraction. The sample was prepared
in the same manner as YFe,Ge,, see Y-Fe—Ge.

YNiGes; (4) with the ScNiSiz-type of structure (¢=2.1657, b=0.4102, ¢=0.4092,
X-ray powder diffraction analysis) was reported by Bodak et al. (1985). For the details
of sample preparation and purity of starting materials, see YNisGes.

Y;NiGes (6) has been found by Oleksyn (1990) from X-ray powder diffraction to
be isostructural with Ce;CuGeg-type structure (a=0.3956, b=2.1265, ¢=0.4007). The
sample was prepared by arc melting ingots of the constituting elements and annealing at
1070K for 700 h. For the purity of starting materials, see YNisGes, above.

Pecharsky et al. (1989) investigated the formation and crystal structure of the
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YNi;_,Ge, (8) compound by X-ray powder analysis of arc melted alloys annealed at
870K (CeNiSi; type, a=0.4090-0.4101, =1.607-1.629, ¢ =0.3969-0.4012). For sample
preparation, see YFe;_,Ge; under Y-Fe—Ge.

Gorelenko et al. (1984) reported the crystal structure of YNiGe (8) (TiNiSi type, a=
0.6970, b=0.4212, ¢=0.7258; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870 K for 350 hours.

Bodak et al. (1982) reported on the crystal structure of Y;NiGe, (10) from X-ray
powder diffraction (LazNiGe, type, a=1.1304, h=0.4215, ¢=1.1299). The proper
amounts of starting components were arc melted and annealed at 870K.

The crystal structure of two ternary compounds YNiGe; (5) and Y4.75NiGeq 25 (9) has
not been determined (Koterlyn et al. 1988).

42.6. Y-Cu-Ge
No isothermal section is available for the Y—Cu—Ge system; four ternary compounds have
been found and analyzed by different groups of authors.

Rieger and Parthé (1969a) investigated the occurrence of the AlB,-type structure
by means of X-ray powder diffraction of arc melted alloys. The data presented were
YCuy_g67Gei_133 with a=0.404-0.4217, ¢=0.405-0.3696. In variance with the data
by Rieger and Parthé (1969a), landelli (1993) observed YCuGe with the Calny-type
(a=0.4228, ¢=0.7325, X-ray powder analysis). The alloy was prepared from filings or
powders of metals (yttrium 99.7 mass%, copper and germanium 99.99 mass%), which
were mixed and sealed in tantalum crucible under argon, melted by induction heating
and annealed for 10 days at 1023 K.

YCugGeg crystallizes with the GdgCugGeg-type structure and the lattice parameters
are a=1.392, b=0.665, ¢=0.419 (Hanel and Nowotny 1970).

Konyk et al. (1988) investigated the crystal structure of Y,CuGeg alloy prepared by
arc melting under argon and annealed at 870K in evacuated quartz tube for 720 h. From
X-ray powder analysis a Ce; CuGes-type was claimed, a=0.3993, 5=0.4108, ¢ =2.0930.

Rieger and Parthé (1969b) prepared YCu,Ge, with a CeGayAly-type of structure, a=
0.4035, ¢=1.0303.

42.7. Y-Nb-Ge

The phase diagram of the Y-Nb—Ge system has not been established. The existence of
a compound Y,Nb3Gey with the Ce;ScsSig-type (¢=0.6964, b=1.3572, c=0.7182) was
reported by Le Bihan et al. (1996a) from X-ray powder diffraction data of arc melted
alloy. The starting materials were: Y and Nb 99.99 mass%, Ge 99.999 mass%.

4.2.8. Y-Mo-Ge
No ternary compounds or solid solutions were found in the Y-Mo—Ge system at 870 K
by Bodak and Gladyshevsky (1985) from X-ray powder diffraction of arc melted samples
which were annealed at 870K for three weeks (see fig. 40).

The existence of a compound Y,MozGes with the CezSc3Siy type (a=0.6912, b=
1.3134, ¢=0.7067) was reported by Le Bihan et al. (1996b) from X-ray powder diffraction
of arc melted alloy. For the purity of the starting materials, see Y-Nb—Ge.
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Fig. 40. Y-Mo—Ge, isothermal section at
Mo Y 870K.

4.2.9. Y-Ru(Rh, Pd)-Ge

The ternary Y-Ru(Rh,Pd)-Ge systems have been studied only with respect to the
formation of compounds with specific composition and structure. Their crystallographic
characteristics are listed in table 10.

Table 10

Crystallographic data for the ternary Y—Ru(Rh, Pd)-Ge compounds

Compound Structure Lattice parameters (nm) Reference
a b c
YRu,Ge, CeGa,Al, 0.4225 0.9837 Francois et al. (1985)
Y,Ru;Ges U,Co,Sig 0.9808 1.243  0.5735 Venturini et al. (1986b)
Y,Ru,Ge,3 Yb;Rh,Sny; 0.8962 Segre et al. (1981a)
YRh,Ge, CeGa,Al, 0.4103 1.0207 Francois et al. (1985)
Y,Rh;Ges Lu,Co;, Sis 0.9963 1.2045 0.5820 Venturini et al. (1986b)
B=919°

YRh,Gey, ScsCo,Si; 1.2944 0.4270 Venturini et al. (1984)
Y,Rh;Ge own 0.5552 1.182  Cenzual et al. (1987)
Y;Rh,Ge, La,;Ni, Ga, 0.5563 0.7814 1.182  Gladyshevsky et al. (1991a)
Y,;Rh,Ge,; Yb;Rh,Sn, 0.8923 Venturini et al. (1985b)
Y Rh,;Ge, Ho,Ir,;Ge, Vemiere et al. (1995)
YRhGe TiNiSi 0.6899 0.4276 0.7550 Hovestreydt et al. (1982)
YPd,Ge YPd,Si 0.7352  0.7036 0.5562 Jorda et al. (1983)
Y,PdGe; Ce,CuGe, 0.4079 0.4016 2.1525 Sologub et al. (1995a)

YPdGe KHg, 0.4365 0.6952 0.7549 Hovestreydt et al. (1982)
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4.2.10. Y-Ag—Ge

No phase diagram is available for the Y-Ag—Ge system. Protsyk (1994) reported the

existence of the YAgg33Ge;¢7 compound with a-ThSi; type (a 0.4070, c=1.3710; X-ray

powder diffraction data). Samples were arc melted and annealed at 870 K for 400 hours.
Gibson et al. (1996) investigated the crystal structure of the YAgGe compound (ZrNiAl

type, a=0.71180, ¢=0.41968). The sample was prepared from the elements by arc

melting and annealing at 970K for ten days.

42.11. Y-Os(Ir, Pt)-Ge

The ternary Y—Os(Ir, Pt)}-Ge systems have been studied only with respect to the formation
of compounds with specific composition and structure. Their crystallographic data are
presented in table 11.

Table 11
Crystallographic data for the ternary Y—Os(Ir, Pt)}-Ge compounds
Compound Structure Lattice parameters (nm) Reference
a b c
Y;0s,Ge SesCo,Siy, 1.3006 04229 Braun et al. (1980)
Y,0s,Ge;s Yb,Rh,Sn;, 0.8985 Segre et al. (1981a)
YrGe, own 0.4264 1.5976 0.8813 Francois et al. (1987)
Y, I, Ges U,Co, Sis 1.0133 1.172  0.5955 Venturini et al. (1986b)
Y, Ir, Geg U,Re,Si4 0.8324 Francois et al. (1985)
Y;lr, Geyg ScsCo,Si;, 1.2927 0.4308 Braun et al. (1980)
Y;Ir,Geys Yb,Rh,Sn,, 0.8948 Venturini et al. (1985a)
Y ,Ir5Gey Ho,Ir,;Ge, Verniere et al. (1995)
YIrGe TiNiSi 0.6843 0.4265 0.7619 Hovestreydt et al. (1982)
YPiGe, YTrGe, 0.4307 1.5976 0.8813 Francois et al. (1987)
Y, Pt Geg own 0.8692 04306 1.3161 Venturini and Malaman (1990)
B=99.45°
YPt,Ge, LaPt,Ge, 04314 0.4358 0.9659 Venturini et al. (1989a)
$=91.08°
YPiGe TiNiSi 0.6986 0.4338 0.7557 Hovestreydt et al. (1982)
Y,PtGeg Ce,CuGe, 0.4057 0.4012 2.1677 Sologub et al. (1995a)

4.2.12. Y-Au-Ge

No ternary phase diagram is available for the Y-Au-Ge system, however, a ternary
compound of yttrium with gold and germanium with the 1:1:1 stoichiometric ratio has
been identified and studied by means of X-ray and metallographic analyses by Rossi et
al. (1992). It was found to adopt the LiGaGe type with lattice parameters a=0.4408, c=
0.7307. The sample was prepared by melting the metals (purity around 99.9 mass% for
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yttrium and 99.99 mass% for gold and germanium) in an induction furnace and annealing
at 1070K for one week.

4.3. La—d element—Ge systems

43.1. La-Mn—Ge
No phase diagram is available for the system La-Mn-Ge, however, two ternary
compounds have been observed and characterized.

The LaMn,Ge, compound has been prepared and studied by Rossi et al. (1978b). It was
found to be of CeGa,Al, type with lattice parameters a=0.4108, ¢=1.0685. The alloy
was obtain by melting under argon atmosphere in an induction furnace. The sample was
then annealed at 500°C for one week. The lanthanum used was of a purity greater than
99.9 mass%, for manganese and germanium the purity was greater than 99.99 mass%.

The LaMnGe compound with PbFCl-type was observed by Welter et al. (1995);
a=0.4254, ¢=0.7425. The compound was prepared from commercially available high
purity elements. Compacted pellet of stoichiometric mixture was sealed under argon
(100 mmHg) in silica tube which was heated at 1273 K as a preliminary homogenization
treatment and then melted in an induction furnace. The resulting ingot was annealed for
2 weeks at 1173 K.

43.2. La-Fe-Ge
No phase diagram is available at present for the La—Fe—Ge system; the formation of three
ternary germanides has been reported by various authors.

The LaFe¢;Ge;ss compound was found to adopt the AlIB;-type structure (a=
0.4223, ¢=0.4316; X-ray powder diffraction) (Felner and Schieber 1973). The sample
was prepared by melting elements together (lanthanum 99.9 mass%, Ge 99.99 mass%,
Fe 99.95mass%). The metals were mixed and heated in an alumina crucible in an
induction furnace under the protective atmosphere of argon. The sample was homogenized
by annealing at 1870K for about 30 min.

The LaFe,Ge, compound was initially investigated by Rossi et al. (1978a) (CeGa,Al,
type, a=0.4110, ¢=1.0581) by means of X-ray diffraction. Bara et al. (1990) confirmed
the crystal structure of the LaFe,Ge; compound (a=0.4128, ¢=1.0602; X-ray powder
diffraction) from an arc melted sample, annealed for 1 week at 1073 K. The purity of the
starting elements was La, 4N; Fe, 3N; Ge, 5N.

Francois et al. (1990) investigated the occurrence of the CeNiSi, type for lanthanum-—
iron—germanium combinations from the alloys annealed at 1173 K (LaFeq so_¢0Ges; a=
0.4347-0.4359, b=1.683-1.679, ¢ =0.4210-0.4225).

4.3.3. La—Co-Ge

The equilibrium phase diagram for the La—Co—Ge system has not been reported.
Lanthanum—cobalt-germanium combinations have been investigated only with respect to
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the formation and crystal structure of compounds with various stoichiometries. To date
five compounds have been identified.

Méot-Meyer et al. (1985a) reported the crystal structure of LaCog g6Ge, (CeNiSi, type,
a=0.4309, b=1.688, ¢=0.4238). The sample was prepared by powder metallurgical
reaction and annealed in evacuated silica tube at 1173 K. Pecharsky et al. (1989)
investigated the formation and crystal structure of the LaCo; _,Ge, compound by X-ray
powder analysis of arc melted alloy annealed at 870K. The CeNiSi,-type structure
was confirmed for the sample of stoichiometric composition (a=0.4335, b=1.6945, c=
0.4279).

McCall et al. (1973b) investigated the crystal structure of the LaCo,Ge, compound
(BaAly type, a=0.4123, ¢=1.0277; X-ray powder diffraction). The sample was melted
in an induction furnace. Starting components were Co, Ge (5N) and La (3N).

The crystal structure of LaCoGes (BaNiSn; type, a=0.4350, ¢ =0.9865; X-ray powder
diffraction) was investigated by Venturini et al. (1985b) from a sample which was prepared
by heating a compacted mixture of starting materials (La in pieces, 99.9 mass%; Co
and powder Ge, 99.99 mass%) in an evacuated quartz tube at 1073 K. Later the crystal
structure of LaCoGe; compound was confirmed by Pecharsky et al. (1993) by means of
metallography and room-temperature X-ray powder diffractometry. The crystal structure
has been established and lattice parameters have been measured (BaNiSn; type, a=
0.43497, ¢=0.98679). The alloy was prepared by arc melting pieces of the metals under
an argon atmosphere and then heat treating it at 1173 K for 7 days in a helium-filled
quartz tube. The starting metals were La 99.79 mass%, Co and Ge >99.999 mass%.

The LaCoGe compound with PbFCl-type structure was observed by Welter et al.
(1993a); a=0.4194, ¢=0.7028. The compound was prepared from commercially available
high-purity elements. A compacted pellet of stoichiometric mixture was sealed under
argon (100mmHg) in a silica tube which was heated at 1173K as a preliminary
homogenization treatment and then melted in an induction furnace. The resulting ingot
was annealed for 2 weeks at 1173 K.

The crystal structure of the LagCoy3Ge compound was reported by Weitzer et al. (1990)
(NdgFe3Si type, a=0.80620, ¢=2.29224). The sample was melted under argon and
annealed at 1073 K for 5 days. Starting materials were commercially available high-purity
elements.

43.4. La-Ni—Ge

No phase diagram is available for the La—Ni—Ge system, but nine ternary phases have
been identified.

Bodak et al. (1982) investigated the crystal structure of the LazNiGe, compound (own
structure type, a=1.2041, b=0.4358, ¢=1.1871) by the single-crystal diffraction method.
For sample preparation and purity of starting elements, see Y—Ni—Ge.

The LaNi,Ge, compound was found to adopt the CeGa; Al -type structure, a=0.4187,
c=0.9918 (Rieger and Parthé 1969b).
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Pecharsky et al. (1989) reported the crystal structure of the LaNiGe, (CeNiSi, type, a=
0.4314, b=1.688, ¢=0.4235) from X-ray powder analysis of arc melted alloy annealed
at 870 K. The stoichiometric composition and crystal structure type were confirmed by
Francois et al. (1990). For sample preparation, see La—Fe—Ge.

Gladyshevsky and Bodak (1965) determined the AlB,-type structure for the compound
LaNig ¢7-0.5Ge1.33-1.5, a=0.4202-0.4193, ¢ =0.4306-0.4336 (X-ray powder diffraction).

Bruskov (1984) investigated the crystal structure for the compounds LaszNigGey
(U3NigSig-type structure, a=0.4223, b=0.4230, ¢ =2.4156; X-ray single-crystal method);
La;NiyGeg (own structure type, a=1.8637, 6=0.4384, ¢=1.4191, =106,13° X-ray
single-crystal method); LagNiGes (own structure type, a=1.5586, b=1.8384, c=1.1351;
X-ray single-crystal method); La(Nig g2Geg 13)13 (NaZny; type, a=1.1371); and La,NiGe
(own structure type, a=0.7947, ¢=1.4262; X-ray single-crystal method). For sample
preparation, see Y-Ni—Ge.

4.3.5. La—Cu-Ge

No phase diagram is available for the system La—Cu-Ge, however the crystallographic
characteristics for a series of ternary compounds are presented in the literature.

Rieger and Parthé (1969a) investigated the occurrence of the AlB,-type structure
by means of X-ray powder diffraction of arc melted alloys. The data presented were
LaCuy_g67Ge;_1.33 with a=0.4323-0.4223, ¢=0.4050-0.4322. Tandelli (1993) confirmed
AlB;-type (@=0.4335, ¢ =0.4040, X-ray powder analysis) from the LaCuGe alloy which
was prepared from filings or powders of the metals (La 99.7mass%, Co and Ge
99.99 mass%), sealed in a tantalum crucible under argon followed by melting in an
induction furnace; afterwards the sample was annealed for 10 days at 1023 K.

Konyk et al. (1988) reported on the crystal structure of La, CuGeg alloy prepared by arc
melting under argon and annealed at 870K in an evacuated quartz tube for 720 h. From
X-ray powder analysis a Ce,CuGeg-type was claimed, a=0.4100, =0.4258, ¢ =2.1838.

Rieger and Parthé (1969b) prepared LaCu,Ge, with the CeGa,Al,-type of structure,
a=0.4265, ¢=1.0170.

Francois et al. (1990) reported the crystal structure of the LaCug gy 9.97Ge; (CeNiSi,
type, a=0.4335-4333, 5=1.740-1740, c=0.4175-0.4193). For sample preparation, see
La-Fe—Ge.

4.3.6. La—Zn-Ge

No isothermal section is available for the ternary La—Zn—Ge system, however one ternary
compound was observed and characterized by Rossi and Ferro (1996). LaZn;sGegs
was found to crystallize with an AlB, type, a=0.4471, ¢=0.4032 from X-ray powder
diffraction of melted in an induction furnace alloy which was afterwards annealed at
1070K for one week. An electronic micrographic examination as well as microprobe
analysis were catried out. The metals employed in the synthesis of sample had a nominal
purity of 99.9 mass% for La, and 99.999 mass% for other metals.
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43.7. La—Ru—Ge

The phase diagram for the La—Ru—Ge system is not yet available, however several groups
of authors investigated lanthanum-ruthenium-germanium combinations with respect to
the formation and crystal structure of compounds.

Venturini et al. (1985b) reported on the X-ray powder diffraction study of the LaRuGe;
compound from the sample which was prepared by heating a mixture of the starting
components (La 3N, Ru 4N, Ge 4N) in evacuated quartz tube at 1073 K. The crystal
structure was found to adopt the BaNiSn; type, a=0.4414, ¢=1.0123.

Venturini and Malaman (1996) reported on the single crystal refinement of the
CeGay Al -type structure of the LaRu, Ge, composition, a=0.42866, ¢c=1.0121. Samples
were prepared from stoichiometric amounts of pure elements. After a first reaction in a
silica tube under argon, the mixture was melted in an induction furnace.

LayRu3Ges was found to crystallize with U,Co;Sis-type (¢=1.00108, b=1.2496, c=
0.59256, X-ray single-crystal diffraction method) by Venturini et al. (1989D).

The crystal structure of the LaRuGe compound was investigated by Welter et al.
(1993b). It was found to adopt the PbFCl-type structure, a=0.4294, ¢=0.7019 (X-ray
powder diffraction). The compound was prepared from commercially available high purity
elements. A compact of a stoichiometric mixture was heated in sealed under argon silica
tube at 1173 K for preliminary homogenization and then melted in an induction furnace.

LazRu;Ge, compound was found to crystallize with La;NiyGay-type (¢=0.5787, b=
0.7946, ¢ =1.3729, X-ray powder diffraction) from the arc melted and annealed at 870K
sample (Bodak et al. 1989a).

43.8. La—Rh—Ge

Venturini et al. (1985b) reported on the X-ray powder diffraction study of the LaRhGe;
compound from the sample which was prepared by heating the mixture of starting
components (La 3N, Rh 4N, Ge 4N) in evacuated quartz tube at 1073 K. The crystal
structure was found to adopt the BaNiSn3 type, a=0.4419, ¢ =1.0046.

Venturini and Malaman (1996) reported on the single crystal refinement of the
CeGayAl,-type structure germanide of the LaRh, Ge, composition, a=0.4174, c=1.0519.
Samples were prepared from stoichiometric amounts of pure elements. After a first
reaction in a silica tube under argon, the mixture was melted in an induction furnace.

LasRh3;Ge; was found to crystallize with U,Co3Sis-type structure (a=1.0135, b=
1.2177, ¢=0.60410, X-ray single-crystal diffraction method) by Venturini et al. (1989a).

Gladyshevsky et al. (1991a) reported on the crystal structure for the LaiRh,Ge;
compound (La;Ni,Ge, type, a=0.5766, b=0.8195, ¢ =1.3609; X-ray powder diffraction).
The alloy was prepared by arc melting and annealing at 1070 K.

Francois et al. (1990) reported the crystal structure of LaRhGe, (CeNiSi, type, a=
04375, b=1.715, ¢=0.4367). For sample preparation, see LaFeGe, under La—-Fe—Ge.

La;RhyGey crystallizes with UsNigSis type, a=0.4174, b=0.4241, ¢=2.5234 (Parthé
and Chabot 1984).
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43.9. La-Pd-Ge

Phase relations have not been established for the La—Pd—Ge system; formation and crystal
structure for five ternary compounds have been reported so far.

Venturini and Malaman (1996) reported on the single crystal refinement of the
CeGayAly-type structure germanide of the LaPd,Ge, composition, a=0.43669, c=
1.0027. For the details of synthesis, see LaRu;Ge, under La—Ru—Ge.

Francois et al. (1990) reported the crystal structure of the LaPdGe, (CeNiSi, type, a=
0.4379, b=1.737, ¢c=0.4382). For sample preparation, see LaFeGe, under La—~Ru-Ge.

According to an X-ray powder diffraction analysis Hovestreydt et al. (1982) reported
the compound LaPdGe adopted the KHg,-type structure, a=0.4518, $=0.7409, c=
0.7740. An alloy was arc melted under argon and annealed at 1270K for 1-2 weeks.
Starting materials were La (3N), Pd (4N) and Ge (5N).

The crystal structure of the compound LaPd,Ge was found to be of the YPd,Si type
(a=0.7711, b=0.6972, ¢ =0.5828; X-ray powder diffraction) by Jorda et al. (1983). The
sample was obtained by induction heating of pressed powder compacts in a levitation coil
under an argon atmosphere pressure of 4 atm. After the rapid reaction in the liquid state
the molten sample was dropped into a boron nitride crucible. Then alloy was annealed
in evacuated quartz tube for 10 days at 1173 K. Starting materials were Pd 99.99 mass%o,
Ge, specpure quality, La 99.9 mass%.

Sologub et al. (1995a) reported on the X-ray powder analysis of the La;PdGes
compound which was found to crystallize with the Ce,CuGes type structure, a=0.4211,
b=0.4110, ¢=2.2265. The sample was synthesized by argon arc melting followed by
a heat treatment at 870K for 150 hours. Starting materials used were obtained from
Johnson & Matthey, UK (99.9 mass%).

4.3.10. La—Ag—Ge

A systematic study of the La~Ag—Ge system at 770 K was performed by Protsyk (1994).
The samples were prepared by arc melting under argon and annealed in evacuated quartz
ampoules at 770 K for 500 hours. Starting materials were La 99.98 mass%, Ag 99.9 mass%
and Ge 99.99 mass%. Phase relations are characterized by the formation of four ternary
compounds (see fig. 41).

Sologub et al. (1995a) reported on the X-ray powder analysis of the La,AgGeg (2)
compound which was found to crystallize with the Ce,CuGeg-type structure, a =0.43409,
b=0.41598, ¢=2.1901. For the experimental details, see LayPdGeg under La—Pd-Ge.

LaAgGe (3) with the LiGaGe-type of structure (a=0.45587, ¢ =0.78969; X-ray powder
diffraction data) was observed by Pecharsky et al. (1991) from arc melted alloy heat-
treated at 1023 K in a helium-filled sealed quartz tube for one week. The lanthanum
was 99.79mass% pure; the silver was 99.99mass% pure and the germanium was
99.999 mass% pure.

The existence of LaAg;Ge, (1) (CeGayAl;-type structure, a=0.4358, ¢=1.0982) and
LaAgsGei2 (4) (AlB; type, a=0.4366, ¢ =0.4280) was reported by Protsyk (1994) from
X-ray powder diffraction of alloy annealed at 773 K.
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A
& LaAgs LaAgy LaAg Fig. 41. La-Ag-Ge, isothermal section at
Lajyhesy T70K.

4.3.11. La—0Os—Ge

Little information exists on the interaction of lanthanum and osmium with germanium.
One ternary compound was observed and characterized within the La—Os—Ge system. The
crystal structure of the LaOsGe; compound (BaNiSn; type, a=0.4441, ¢=1.0124; X-ray
powder diffraction) was investigated by Venturini et al. (1985b) from the sample which
was prepared by heating a compacted mixture of the starting materials (La in pieces,
99.9 mass%; Os and powder Ge, 99.99 mass%) in an evacuated quartz tube at 1073 K.

4.3.12. La-Ir-Ge
No ternary phase diagram has been established for the La—Ir—Ge system, however five
ternary compounds have been characterized.

Venturini et al. (1985b) reported on the X-ray powder diffraction study of the LalrGes
compound from a sample prepared by heating a mixture of starting components (La 3N,
Ir 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal structure was found to
be BaNiSn; type, a=0.4428, ¢c=1.0042.

LayIr;Ges was found to crystallize with U,CosSis-type structure (¢=1.0218, b=
1.2028, ¢=0.6091, X-ray single-crystal diffraction method) by Venturini et al. (1989b).

Francois et al. (1990) reported the crystal structure of LalrGe, (CeNiSi, type, a=
0.4389, b=1.716, ¢=0.4389). For sample preparation, see LaFeGe, under La-Fe—Ge.

According to X-ray powder diffraction analysis reported by Hovestreydt et al. (1982)
the compound LalrGe adopted the LaPtSi-type structure, a=0.43166, ¢=1.4430. The
alloy was arc melted under argon and annealed at 1270 K for 1-2 weeks. Starting materials
were La (3N), Ir (4N) and Ge (5N).
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Lalr,Ge, is isotypic with the crystal structure of CaBe,Ge, with lattice parameters
a=0.4273, ¢=1.0134 (Francois et al. 1985).

Verniere et al. (1995) observed the existence of the Laslr;3Gey compound with
Hog4lr 3 Ges-type structure from an arc melted sample annealed at 1170K for 8 days.
No lattice parameters were given. The purity of the starting elements was 3N for the
lanthanum, 4N for the iridium and 6N for the germanium.

4.3.13. La—Pt-Ge
Francois et al. (1990) reported the crystal structure of LaPtGe, (CeNiSi, type, a =0.4404,
b=1.720, ¢=0.4404). For sample preparation, see La—Fe—Ge.

According to X-ray powder diffraction analysis reported by Hovestreydt et al. (1982)
the compound LaPtGe adopted the LaPtSi-type structure, a=0.4266, ¢ =0.14970. The
alloy was arc melted under argon and annealed at 1270 K for 1-2 weeks. Starting materials
were La (3N), Pt (4N) and Ge (5N).

The existence of the LaPt,Ge, compound (CeGayAl; type, a=0.4412, ¢=0.9923) was
reported by Rossi et al. (1979) from X-ray powder diffraction of the induction melted
sample which was annealed at 773K for 1 week. Starting components were La (3N),
Pt (4N) and Ge (4N). Venturini et al. (1989a) investigated the crystal structure of LaPt,Ge;
from an arc melted sample annealed at 1273 K for 5 days. The crystal structure was found
to belong to a new structure type, a=0.4301, b=0.4346, ¢=0.9682, 3=91.26°. Starting
materials were La (3N), Pt (4N) and Ge (4N).

43.14. La—Au—-Ge

No ternary phase diagram exists for the La~Au—Ge system, however, a ternary compound
of lanthanum with gold and germanium of the 1:1:1 stoichiometric ratio has been
identified and studied by means of X-ray and metallographic analyses by Rossi et al.
(1992). The LaAuGe compound was found to adopt the LiGaGe-type structure with lattice
parameters a =0.4463, c=0.8169. The sample was prepared by melting the metals (around
99.9 mass% for lanthanum and 99.99 mass% for gold and germanium) in an induction
furnace and annealing at 1070 K for one week.

4.4. Ce~d element—Ge systems

44.1. Ce-Mn-Ge

The phase equilibria in the Ce—-Mn—Ge system (fig. 42) have been investigated by Konyk
(1989) by means of X-ray analysis of 104 alloys which were arc melted and subsequently
annealed in evacuated silica tubes for 400-720h at 670K and finally quenched in water.
Starting materials were Ce 99.85 mass%, Mn 99.91 mass% and Ge 99.99 mass%. The
existence of one ternary compound was confirmed [CeMn,Ge; (1)] and the formation
of three new ternary cerium manganese germanides was observed [Ce;MnGeg (2),
Ce;MnGes (3) and CeMnGe (4)].
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Ge

Fig. 42. Ce-Mn—Ge, isothermal section at 670 K.

The formation of the CeMn,Ge, compound (CeGa,Al, type, a=0.4144, ¢=1.0970;
for sample preparation, see LaMn,Ge;) was reported in an early investigation of the
ternary rare-earth germanides with the stoichiometric ratio 1:2:2 by Rossi et al. (1978b).
Crystallographic characteristics after Konyk (1989) are as follows: CeGa,Al, type, a=
0.4135, ¢=1.0928.

The Ce;MnGeg compound crystallizes with the Ce;CuGeg-type of structure with lattice
parameters a =0.4103, 5=0.4342, ¢=2.188 (Konyk 1989).

Ce,MnGes was reported by Konyk (1989) to crystallize with a new structure type,
a=0.4308, »=0.4170, c=2.1134 (X-ray powder diffraction data).

CeMnGe was found to be isostructural with the PbFCI type, a=0.4235, ¢=0.7393
(Konyk 1989). The crystal structure of CeMnGe was recently confirmed by Welter et al.
(1995) (PbFCI type, a=0.4235, ¢=0.7386; powder X-ray diffraction). For details of the
experimental procedure, see LaMnGe.

4.42. Ce—Fe-Ge

The isothermal sections for the Ce—Fe—Ge phase diagram at 870K were reported by
Salamakha et al. (1996a) from a combined X-ray and micrography examination of
139 alloys. For details of sample preparation, see Ce-Mn—Ge. The microstructure of the
alloys was revealed by etching in dilute solutions of HCI and HF. Starting materials were
Ce 99.85 mass%, Fe 99.90 mass%, Ge 99.99 mass%.

The phase relations are characterized by the formation of seven ternary compounds (fig.
43); the crystal structure has been determined for three of these. Mutual solid solubilities
of the binary compounds have been found to be insignificantly small. Crystallographic
characteristics for these ternary compounds are summarized in table 12.
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Fig. 43. Ce-Fe-Ge, isothermal sections
at 870K (0-50at.% Ce) and at 670 (50—

Fe CepFejyy  CeFey G 100at% Co).

Table 12

Crystallographic data for the ternary Ce-Fe—Ge compounds at 870K
No. Compound Structure Lattice parameters (nm) Reference
a b c

1 ~CeFe,,Ge, unknown Salamakha et al. (1996b)
2 CecFe,Ge, CeGa,Al, 0.4070 1.0483 Rossi et al. (1978a)

0.4069 1.04495 Bara et al. (1990)
3 CeFeGe; BaNiSn, 0.4339 0.9974 Salamakha et al. (1996b)
4 ~Ce,Fe,Ge, unknown Salamakha et al. (1996b)
5 CeFeyq,Ge, CeNiSi, 0.4278 1.6608 0.4150 Pecharsky et al. (1989)
6 ~Ce,FeGe, unknown Salamakha et al. (1996b)
7  ~CesFeGey; unknown Salamakha et al. (1996b)

4.43. Ce—Co-Ge

Phase equilibria in the Ce—Co—Ge system have been determined by Konyk (1989) by
means of powder X-ray and micrographic analyses of 160 ternary alloys at 870 K (0-
50 at.% Ce) and at 670K (50-100 at.% Ce) (fig. 44). The phase relations are characterized
by the formation of eleven ternary compounds and by the existence of two substitutional
solid solution ranges: Ge in CeCos (12 at.%) and Ge in Ce;Coy7 (10at.%). For sample
preparation, see Ce-Mn—Ge. The purity of the starting materials was Ce 99.85 mass%,
Co 99.90 mass%, Ge 99.99 mass%.

Crystallographic data for the ternary compounds are summarized in table 13.
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Fig. 44. Ce—Co—Ge, isothermal sec-
tions at 870K (0-50at.% Ce) and at
670 (50100 at.% Ce).

Co Ce2C017 C62C07 CECOZ Ce24C011 Ce
CBCOS CeC03

Table 13
Crystallographic data for the ternary Ce—Co-Ge compounds

No. Compound Structure Lattice parameters (nm) Reference
a b c
1 CeCo,Ge, CeGa,Al, 0.4071 1.0170 McCall et al. (1973b)
2 Ce,Co;Ge; Lu,Co;Sis 1.1376  0.5847 1.1796 Konyk (1989)
y=120.77°
U,Co;Sis 09814 1.184  0.5862 Venturini et al. (1986b)
3 CeCoGe, BaNiSn, 0.4329 0.9850 Konyk (1989)
04319 0.98298 Pecharsky et al. (1993)
04317 0.9833  Venturini et al. (1985b)
4 CeCoGe, CeNiSi, 04253 1.6773 0.4213 Pecharsky et al. (1989)
0.4245 1.674  0.4197 Meéot-Meyer et al. (1985a)
5  ~Ce;CoGeg unknown Konyk (1989)
6 ~CesCo,Gey unknown Konyk (1989)
7  CeCoGe PbFCI 0.4198 0.6887 Konyk (1989)
0.4170 0.6865 Welter et al. (1993a)
8  CeCoysGe, 5 AlB, 0.4177 0.4233  Konyk (1989)
04182 04151 Gladyshevsky and Bodak
(1965)
9  Ce;CoGe, La;NiGe, 1.1951 0.4302 1.1477 Konyk (1989)
10 ~CesCoGe, unknown Konyk (1989)

11 ~CesCoGe, unknown Konyk (1989)
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Fig, 45. Ce-Ni-Ge, isothermal sections
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CeoNiy 100at.% Ce).
4.4.4. Ce-Ni—Ge

Information about the phase equilibria in the Ce-Ni—Ge system is due to the work
of Salamakha et al. (1996b) who employed X-ray phase analysis of 227 alloys which
were arc melted and annealed at 870 K (0-50at.% Ce) and 670K (50-100at.% Ce) in
evacuated quartz tubes for two weeks (fig. 45). Twenty ternary compounds were found
and characterized. A large homogeneity range was observed for the CeNis compound by
the same authors; the maximum concentration of Ge in Ce(Ni, Ge)s solid solution was
indicated as 15 at.%.

Crystallographic information on the ternary compounds is summarized in table 14
(overleaf).

One more compound was observed by Belsky et al. (1987) in arc melted alloys,
CesNiGe,. A new structure type was reported with lattice parameters a=1.1760, ¢=
0.6429.

44.5. Ce—Cu—Ge

Salamakha et al. (1996c) were the first to derive the phase equilibria in an isother-
mal section at 870K, employing room-temperature X-ray powder diffraction analysis.
Alloys were synthesized by arc melting proper amounts of the constituent elements
(Ce 99.85 mass%, Cu 99.99 mass%, Ge 99.99 mass%) under high purity argon on a water
cooled copper hearth. Finally alloys were annealed at 870K in evacuated quartz tubes for
two weeks and quenched in water. Phase-field distributions are characterized by existence
of eight ternary compounds and one solid solution originating at CeGe, .. The solid-
solution limit was established as 10at.% Cu. The isothermal section of the Ce—Cu—Ge
system at 870K is presented in fig. 46.
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Table 14
Crystallographic data for the ternary Ce-Ni—Ge compounds

No. Compound -Structure Lattice parameters (nm) Reference
a b c
1 CeNigsGe,;s CeNig 5Siy 5 0.79702 1.17516 Salamakha et al. (1996c)
2 CeNpGe, CeGa,Al, 0.4150 0.9854 Bodak et al. (1966)
3 Ce,Ni;Ge; U,Co,Sis 0.9790 1.1842 0.5928 Salamakha et al. (1996¢)
4 CeNiGe, SmNiGe, 0.4140 2.1824 0.4174 Salamakha et al. (1996¢)
5  Ce,NiGe, Ce,CuGe, 0.40695 0.41668 2.1705 Salamakha et al. (1996¢)
6 CeNiGe, CeNiSi, 04260 1.6793 0.4215 Salamakha et al. (1996c)
0.4244 1.6647 0.4199 Bodak et al. (1966)

7  Ce,Ni,Ge, U,Fe, Si; 0.4243 2.5758 0.4289 Konyk (1988)
8  Ce;Ni,Ge, U,Ni,Si, 0.41162 0.41829 2.3962 Salamakha et al. (1996¢)

CeNiGe TiNiSi 0.72418 0.43078 0.72408 Salamakha et al. (1996¢)
10 Ce(Ni,Ge), AlB, 0.41618— 0.42665~Salamakha et al. (1996c¢)

0.41734 0.41926
11 ~Ce,,Ni;3Ge,, unknown Salamakha et al. (1996¢)
12 ~Ce,NiGe unknown Salamakha et al. (1996¢)
13 Ce,NiGe, La;NiGe, 1.1924 04311 1.1624 Bodak et al. (1982)
14 ~CesoNig3Ge,, unknown Salamakha et al. (1996c)
15 ~CesoNiy,Gey unknown Salamakha et al. (1996c)
16 Ce;;Ni,Ge, La,,Ni,Ge; 1.8236 0.4321 1.3939 Salamakha et al. (1996¢)
y=106.7°

17 ~Ce;,Niy5Ge,g unknown Salamakha et al. (1996¢)
18 ~Ce,;Ni,Ges unknown Salamakha et al. (1996c)
19 ~CesNi,Ge unknown Salamakha et al. (1996¢)
20 ~CesNiGe, unknown Salamakha et al. (1996c)

Rieger and Parthé (1969a) investigated the occurrence of the AlB,-type structure
by means of X-ray powder diffraction of arc melted alloys. The data presented were
CeCuy.o67Geq-1.33 with a=0.4296-0.4197, ¢=0.3988-0.4215. Salamakha et al. (1996¢)
reported on the existence of two compounds with AlB,-type within the Ce-Cu-Ge
system at 870K: CeCuGe (5) (@=0.4316, ¢=0.3967) and CeCug¢03Ger.4-12 (6) (a=
0.4214-0.4188, ¢ =0.4206-0.4264). Iandelli (1993) confirmed AlB,-type (a=0.4308 c=
0.3966, X-ray powder analysis) from an alloy of the stoichiometric composition which
was prepared from a mixture of filings or powders of the metals (cerium 99.7 mass%,
copper and germanium 99.99 mass%) which were sealed in tantalum crucibles under
argon followed by melting in an induction furnace; afterwards the sample was annealed
for 10 days at 1023 K.

Konyk et al. (1988) reported on the crystal structure of Ce;CuGes (2) alloy prepared by
arc melting under argon and annealed at 870 K in an evacuated quartz tube for 720 h. From
X-ray powder diffraction analysis a new structure type was suggested, a=0.40756, b=
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Fig. 46. Ce—Cu—Ge, isothermal sec-
tions at 870K (0-50at.% Ce) and at
CeCus 670 (50-100at.% Ce).
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0.42152, ¢=2.15408. The crystal structure was confirmed later by Sologub et al. (1995a),
a=0.42116, 0.40725, ¢=2.1584 (X-ray powder analysis).

Rieger and Parthé (1969b) prepared CeCu,Ge; (1) with the CeGay Al -type structure,
a=0.4172, c=1.0212.

Francois et al. (1990) reported the crystal structure of CeCuggsGes (4) (CeNiSi, type,
a=0.4276, b=1.729, ¢=0.4145). For sample preparation, see LaFeGe;.

The Ce;CuzGe; compound (3) was found to crystallize with a new structure type,
a=0.41680, ¢=1.7409, ¢=0.42108, X-ray powder data (Konyk 1988). For sample
preparation, see Ce—Cu—Ge.

Salamakha et al. (1996¢) reported the existence of two cerium copper germanides of
unknown structure, Ceg,s0Cuo.25Geg 15 (7) and Cegg0Cuo.05Geo3s (8), from X-ray powder
diffraction of the alloys which were prepared in the same manner as discussed above.

4.4.6. Ce—Zn—Ge
The isothermal section of the equilibrium phase diagram of the Ce—Zn-Ge system at
470K has been investigated by Opainych (1996) by X-ray powder diffraction analysis.
Samples were prepared by argon arc melting from ingots of the high-purity elements
(Ce 99.97 mass%, Zn 99.98 mass%, Ge 99.99 mass%) under a pressure of 1.1 atm. Weight
losses due to vaporization while melting were compensated beforehand by extra amounts
of Zn (about 0.5 mass%). The arc melted buttons were annealed at 470 K for 1500 hours in
evacuated quartz tubes and finally quenched by submerging the capsules into cold water.
The phase relations after Opainych (1996) are characterized by the formation of eight
ternary compounds (fig. 47). The solid solubility of the third component in the Ce—Zn
and Ce—Ge binary compounds has been found to be negligible.
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Fig. 47. Ce—~Zn—Ge, isothermal section at 470 K.

The CesZngGe; —x (2) compound was found to crystallize in an own structure type with
lattice parameters a=0.59468, ¢ =2.4740 (Opainych 1996; X-ray single-crystal analysis).
For sample preparation, see above.

Opainych (1996) reported on the investigation of Ce;ZnisGe; (CeyAlyCogs type,
a=0.9021, ¢=1.3787) (1), CeZn; 3Ge;, (AuCu; type, a=0.5420) (3) and Ce(Zn,Ge),
(a-ThSi, type, a=0.4231, ¢ =1.4219) (5) from X-ray powder analysis of arc melted alloys
annealed at 470 K.

The existence of four ternary phases with unknown structure has been observed by
Opainych (1996) in the course of investigating the isothermal section of the Ce-Zn-Ge
system at 470 K. They exist at the following compositions: ~Ce;ZngGes (4), ~Ce,Zn,Ge
(6), ~Cey9Zn3Ges (7) and ~CesZn;Ge (8).

One more ternary compound which was not observed in the course of phase-
equilibrium studies, was characterized by Rossi and Ferro (1996). CeZn; sGeps was
found to be isotypic with an AIB, type, a=0.4447, ¢=0.3924 from X-ray powder
diffraction of an induction melted alloy which was afterwards annealed at 1070K for
one week. An electronic micrographic examination as well as microprobe microanalysis
were carried out. The metals employed in the synthesis of samples had a nominal purity
of 99.9 mass% for cerium, and 99.999 mass% for other metals.

44.7. Ce—Ru—Ge
The phase equilibria in the Ce~Ru—Ge system have been investigated by Shapiev (1993)
by means of X-ray and metallographic analyses of 125 ternary alloys, which were arc
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Ru CeRuy, Ce4RuzCeqRuz CegRu Ce Fig. 48. Ce—Ru—Ge, isothermal section at
C616RU9 Ce3Ru 870K.

melted and subsequently annealed in evacuated silica tubes at 870 K for 1000 hours and
finally quenched in water. Starting materials were Ce 99.0 mass%, Ru 99.99 mass%, Ge
99.99 mass%. According to phase diagram, seven ternary compounds exist within the
Ce—Ru—Ge system at 870K (fig. 48). The mutual solid solubilities of binary compounds
were found to be small, i.e. approximately 1-2 at.% of third component.

Early investigations of the CeRu,Ge; (1) compound determined it to have the
CeGayAlp-type structure: a=0.4263, ¢ =1.008 after Felner and Nowik (1985) from X-ray
powder analysis of induction melted alloy and = 0.4270, ¢ =1.0088 (Francois et al. 1985)
from X-ray powder analysis of alloy obtained by powder metallurgical reaction at 1273 K.
Starting components were Ce (3N), Ru (4N) and Ge (4N). The crystal structure type
was confirmed by Shapiev (1993) with lattice parameters a=0.42717, ¢=1.0054 from
arc melted alloy annealed at 870 K.

Venturini et al. (1986b) and Shapiev (1993) reported the structure for the Ce,RusGes
compound (2) crystallizing with the U,CosSis-type structure. Lattice parameters were
reported to be @=0.99197, b=1.238, ¢=0.5887 (Venturini et al. 1986b; X-ray powder
diffraction; for sample preparation, see LayRusGes) and ¢=1.003, b=1.204, c=0.5895
(Shapiev 1993).

The crystal structure of the CeRuGe compound (4) was investigated by Welter
et al. (1993b). It was found to adopt the PbFCI type, a=0.4275, ¢=0.6871 (X-ray
powder diffraction). The compound was prepared from commercially available high-purity
elements. A compacted stoichiometric mixture pellet was heated to 1173 K under argon
in a sealed silica tube for preliminary homogenization and then melted in an induction
furnace. Shapiev (1993) reported the same crystal structure with slightly different lattice
parameters: a=0.4195, ¢=0.6916.
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Pr;RhySn;3-type structure was announced for the Ce;RusGeq; compound (a=0.9045)
by Segre et al. (1981a) from X-ray powder analysis of an arc melted sample annealed at
1523 K for 1 day and at 1273 K for 7 days. Starting materials were Ce (3N), Ru (3N), Ge
(6N). Ghosh et al. (1995) reported on combined X-ray and neutron diffraction studies of
the Ces - ,RusGejpy, alloys (@=0.90661 for x=0 and a=0.90494 for x=1). The samples
were arc melted and annealed at 1170K for two weeks. At variance with these data,
Shapiev observed CeRuGes (3) with the ScNiSi; type, lattice parameters a=2.185, b=
0.4234, ¢=0.4285, from X-ray powder analysis of arc melted alloy annealed at 870 K.

Gladyshevsky et al. (1992) reported on the existence of the CesRuGe; (7) compound
with a SsHfY;-anti-type structure, a=1.2255, »=0.8898, ¢ =0.8008 (X-ray single-crystal
data). The single crystal was obtained from an alloy which was arc melted and annealed
at 870K.

Two compounds of unknown structure [~Ce,RuGe (5) and ~CesRu,Ge (6)] were
observed by Shapiev (1993) from arc melted samples anncaled at 870 K.

CesRu,Ge, was found to crystallize with La;Niy Gay-type (a=0.5751, 5=0.7934, c=
1.3657, X-ray powder diffraction) from an arc melted and sample annealed at 870K
(Bodak et al. 1989b). This phase is not shown in the Ce—Ru—Ge phase diagram of fig. 48.

4438. Ce—Rh—Ge

The phase equilibria in the Ce-Rh—Ge system have been investigated by Shapiev (1993)
by means of X-ray and metallographic analyses of 219 ternary alloys, which were arc
melted and subsequently annealed in evacuated silica tubes for 1000 hours at 870K and
finally quenched in water. Starting materials were Ce 99.0 mass%, Rh 99.99 mass%, Ge
99.99 mass%. According to the phase diagram, twenty ternary compounds exist within the
Ce-Rh-Ge system at 870K (fig. 49). The limits of solid solutions originating at binary
Ce-Rh and Rh—Ge compounds are not indicated by Shapiev (1993).

Venturini et al. (1985b) reported on an X-ray powder diffraction study of the CeRhGe;
compound (9) from a sample which was prepared by heating a mixture of starting
components (Ce 3N, Rh 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal
structure was found to adopt the BaNiSns-type (a=0.4394, ¢=1.0026). Shapiev (1993)
confirmed the crystal structure and reported the lattice parameters a =0.4394, ¢=1.0019.

Early investigations on the CeRh;Ge, compound (7) determined the CeGayAl,-type:
a=0.4161, c=1.045 (Felner and Nowik (1985)) and a=0.4160, ¢=1.0438 (Francois et al.
1985). For sample preparation, see CeRu,Ge,. The crystal structure type was confirmed
by Shapiev (1993): a=0.4154, ¢=1.0472 from X-ray powder diffraction of an alloy which
was arc melted and annealed at 870K.

Ce;Rh3 Ges (8) was found to crystallize with U,CosSis-type (@=1.0097, 5=1.209, c=
0.5987) by Venturini et al. (1986b) from X-ray powder analysis. Lattice parameters after
Shapiev are a=0.9856, »=1.2049, c=0.5851.

Hovestreydt et al. (1982) reported the crystal structure of the CeRhGe compound (15)
(TiNiSi type, a=0.7424, b=0.4468, ¢=0.7120; X-ray powder data) from an arc melted
sample annealed at 1270K for 1-2 weeks. Starting components were Ce (3N), Rh (4N)
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870K.

and Ge (5N). Shapiev (1993) confirmed the TiNiSi-type for the sample annealed at 870K
(@=0.7199, b=0.4352, ¢=0.7378; X-ray powder diffraction).

Gladyshevsky et al. (1991a) reported on the crystal structure of the Ce;Rh,Ge, (18)
compound (Las;NiyGe, type, a=0.57001, 56=0.8099, ¢=1.3461; X-ray single-crystal
method). For the details of sample preparation, see LazRh,Ge;.

CeRhy_,Geyi, (13) with a new structure type was investigated by Shapiev et al.
(1991): a=0.4322, »=0.4329, c=1.7107 by a single-crystal method. For the experimental
procedure, see Ce—Rh—Ge.

Verniere et al. (1995) mentioned the existence of CesRhi3Gey (4) with Hoglr 3 Ges-
type. No lattice parameters were given. For experimental details and purity of starting
metals see La—Ir-Ge. Salamakha and Sologub (1997) investigated the crystal structure
and established the lattice parameters a=0.4055, 5=1.1372, ¢=1.9804 (X-ray powder
data; arc melted sample annealed at §70 K).

Investigating the phase diagram, Shapiev (1993) established the crystal structure for
CesRhyGes (5) (Y3Co04Geys type, a=0.908), for CeRh;4Geps (14) (MgZn, type, a=
0.5310, ¢=0.8950 ) and for CeRhgsGe;s (16) (AIB, type, a=0.4220, a=0.4208),
and observed ten compounds with unknown structures: CeRh;Geg (1), CeRhgGe, (2),
CeRh;Ges (3), CesRhoGes (6), CezRhsGep (10), Ce;RhaGes (11), CeRhyGe (12),
Ce,RhGe; (17), CeaRhGe (19), CesRhGe, (20).

4.4.9. Ce—Pd-Ge

A systematic study of the Ce—Pd—Ge system at 870 K was performed by Gribanov (1994)
over the whole concentration region by means of X-ray powder and single-crystal analyses
as well as using metallography and microprobe analyses. The samples were prepared
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Fig, 50. Ce-Pd-Ge, isothermal section at
CePds CePdy 870K.

by arc melting under argon the proper amount of starting elements, and annealed in
evacuated quartz ampoules at 870K for 720 hours. Starting materials were 99.8 mass%
pure or better.

The phase-field distribution in the isothermal section at 870K is characterized by
existence of sixteen ternary compounds (fig. 50). Maximum solubility of germanium in
the binary compounds of Ce—Pd and Ce—Ge systems is 12 at.% Ge for CePds. CeGe;
dissolves 11 at.% Pd. Solubility of cerium in the palladium germanides was found to be
negligible. As reported by Gribanov (1994), homogeneity fields were observed for the
compounds CePd,Ge;, (3) and Ce(Pd, Ge), (4).

The crystal structure of the compounds Ce;PdyGegs (8) (own structure type, a=
1.24453, Gribanov et al. 1994) and Ce;PdsGe; (12) (own structure type, a=0.9315, b=
1.2277, ¢=1.2698, f=114.31°, Gribanov et al. 1993b) was investigated by the X-ray
single-crystal analysis of specimens obtained from alloys annealed at 870 K.

The existence of the CePd;Ge; (3) compound (CeGa, Al type, a=0.4369, ¢=1.0055)
was reported by Rossi et al. (1979). For details of sample preparation see LaMn,Ge, under
La-Mn-Ge. The existence of the 1:2:2 compound was confirmed by Gribanov (1994)
(CeGay Al; type, a=0.4359, b=1.001; X-ray powder diffraction) while investigating the
Ce—Pd-Ge phase diagram at 870 K.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al. (1982)
the compound CePdGe (5) adopts the KHg,-type structure. For sample preparation, see
La-Pd-Ge. Starting materials were Ce (3N), Pd (4N) and Ge (5N). The existence of the
CePdGe compound was later confirmed by Gribanov (1994) (KHg, type, a=0.4480, b=
0.7288, ¢=0.7672; X-ray powder data).

The crystal structure of the compound CePd,;Ge (10) was found to be of the YPd,Si
type (@=0.7668, b=0.6972, ¢ =0.5757; X-ray powder diffraction) by Jorda et al. (1983).
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For the experimental procedure, see LaPd,Ge under La—Pd—Ge. Starting materials were
Pd 99.99 mass%, Ge specpure quality; Ce 99.9 mass%. Gribanov (1994) confirmed the
structure type and determined the lattice parameters a=0.6980, #=0.7702, ¢=0.5789
from X-ray powder analysis.

Sologub et al. (1995a) reported on the X-ray powder analysis of the Ce,PdGeg (1)
compound which was found to crystallize with the Ce,CuGeg type, a=0.41784, b=
0.40900, ¢=2.2043. For the experimental procedure, see La,PdGes under La—Pd—-Ge.
The starting materials used were obtained from Johnson & Matthey, UK (99.9 mass%).

Ce(Pd, Ge), (4) was found to crystallize with the AlB; type, a=0.42946, c=0.41732
(Gribanov 1994; X-ray powder diffraction data).

The formation of nine more ternary phases with unknown structure has been observed
by Gribanov et al. (1994) while investigating the isothermal section of the Ce-Pd-Ge
system at 870 K: ~Ceo,05Pdo.6s Geg .27 (7), ~Ceo.10Pdo.60Ge030 (6), ~Ceo.16Pdg.60Ge0.24 (9),
~Ceo.25Pdo.17Geq 55 (2), ~Ceo50Pdo30Geo20 (11), ~Cegs0Pdo20Geos0 (14), ~CeossPd 20
Geo 22 (13), ~Ceq.62Pdo.0sGeo 30 (15) and ~Cep 75Pdo.10Geo.15 (16).

4.4.10. Ce-Ag—Ge

The phase equilibria in the Ce—Ag—Ge system were investigated by Protsyk (1994) by
means of X-ray analysis of 80 alloys which were arc melted and subsequently annealed in
evacuated silica tubes for 500 h at 770 K and finally quenched in water. Starting materials
were Ce 99.85 mass%, Ag 99.9mass% and Ge 99.99 mass%. The formation of ten new
ternary silver germanides of cerium was observed (fig. 51). The CeAgs compound was
found to dissolve 10at.% Ge. Crystal structure was established for four germanides;
six ternary compounds were reported to be of unknown structure type. Crystallographic
characteristics of ternary cerium silver germanides are listed in table 15.

Ag CeAgs  CeAgy  CeAg Ce Fig. 51. Ce—Ag—Ge, isothermal section at
Cejghss) 770K.
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Table 15
Crystallographic data for the ternary Ce—Ag—Ge compounds
No. Compound Structure Lattice parameters (nm) Reference
a b ¢

1 CeAg,Ge, CeGa,Aly 0.4296 1.0955 Protsyk (1994)

3 Ce,AgGeg Ce,CuGe, 0.43089 0.4144 2.1674 Sologub et al. (1995a)
S CeAgGe LiGaGe 0.45442 0.77108 Pecharsky et al. (1991)
6 CeAgy;Ge, AlB, 0.4375 0.4129 Protsyk (1994)

8 CeAgys;Ge g a-ThSi, 0.4239 1.4697 Protsyk (1994)

44.11. Ce—Os—Ge

The only information on the interaction of components in the Ce—Os—Ge system is from
Segre et al. (1981a) who announced a PrsRhySnys-type for the Ce;0s4Gey; compound
(a=0.9075) from X-ray powder analysis of an arc melted sample annealed at 1523 K for
1 day and at 1273 K for 7 days. Starting materials were Ce (3N), Os (3N), Ge (6N).

4.4.12. Ce-Ir-Ge
No ternary phase diagram has been established for the Ce—Ir—Ge system, however five
ternary compounds have been observed and characterized by various groups of authors.

Ce,IrsGes was found to crystallize with U;CosSis-type (@=1.0189, b=1.197, c=
0.6060; X-ray powder diffraction method) by Venturini et al. (1985b).

Venturini et al. (1985b) reported on the X-ray powder diffraction study of the
CeslryGejs compound from a sample which was prepared by heating a mixture of starting
components (Ce 3N, Ir 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal
structure was found to adopt the YbsRhsSny3 type, a=0.9061.

Celr,Ge; is isotypic with the crystal structure of CaBe,Ge, with lattice parameters
a=0.4246, ¢=1.0098 (Francois et al. 1985).

Verniere et al. (1995) observed the existence of the Ce4lr;3Gey compound with a
Hoylr;3Gey type from X-ray powder analysis and metallographic examination. No lattice
parameters are available. For the experimental procedure, see Laslr;3sGes.

Hovestreydt et al. (1982) reported the compound CelrGe to adopt the TiNiSi type, a=
0.7071, b=0.4375, ¢=0.7574, from X-ray powder diffraction. For sample preparation,
see La—Pd-Ge.

4.4.13. Ce-Pt-Ge

A systematic study of the Ce-Pt-Ge system at 870 K was performed by Gribanov et al.
(1996) over the whole concentration region by means of X-ray powder and single-crystal
analyses as well as using metallography and microprobe analyses. The samples were
prepared by arc melting under argon and annealed in evacuated quartz ampoules at 870K
for 720 hours. Starting materials were 99.8 mass% pure or better. In the metallographic
studies, Pt-rich samples (>50at.% Pt) were etched in an HNO;+HCI (1:1) solution.
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Pt CePtg  CePty CePt Ce3Pty CesPty Ce Fig. 52. Ce-Pt-Ge, isothermal section at
Ce3Pty 870K.

A mixture of HNO3; +H,O (2:1) was used for etching alloys with <50at.% Ce. Ce-rich
samples (>50 at.% Ce) were etched by highly diluted HNOs.

Phase relations are characterized by the existence of twelve ternary compounds and
by the formation of extended solid solutions originating at Ce—Pt and Ce-Ge binary
compounds (see fig. 52). CePts and CePt dissolve up to 20at.% Ge. The maximum
concentration of Ge in Ce(Pt, Ge); was observed as 15 at.%. A large homogeneity range
of not less than 24-33 at.% Ce was determined for the CePt; compound; the limits of
extension of CePt; into the ternary system were not indicated by the author. The binary
phases of the Pt-Ge system and the remaining binary phases in the other two systems
dissolve less than 5 at.% of third component.

The crystal structures of the compounds Ces Pty Ges (4) (own structure type, a=0.4419,
b=0.4422, ¢=2.6222; Gribanov et al. 1992a), Ce,Pt;Ges (10) (own structure type,
a=1.9866, b=0.4089, c=1.1439; Gribanov et al. 1992b) and Ce;Pty3Gej; (9) (own
structure type, a=1.71833; Gribanov et al. 1993a) were investigated by X-ray single-
crystal analysis of specimens obtained from alloys annealed at 870 K. Ce(Pt,Ge), (5)
was found to crystallize with the AlB; type, a=0.4272, ¢=0.4204 (Gribanov et al. 1996;
X-ray powder analysis).

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982) the compound CePtGe (7) adopted the KHg,-type of structure, a=0.4450, b=
0.7347, ¢=0.7615. For sample preparation, see La—Pd—Ge. The crystal structure was
confirmed later by Rogl et al. (1989), a=0.44515, b=0.73439, ¢=0.76161 (X-ray powder
diffraction), and by Gribanov et al. (1996), a=0.4445, b=0.7239, ¢=0.7609 (X-ray
powder diffraction).

The existence of the CePt;Ge; (3) compound (CeGa, Al type, a=0.440, ¢ =0.987) was
reported by Rossi et al. (1979). For sample preparation see LaMn;Ge, under La—Mn—Ge.
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Dommann et al. (1985) observed the CaBe,Ge;-type for the CePt,Ge; compound with
lattice parameters a=0.4397, ¢=0.9802 (X-ray single-crystal data) from an arc melted
sample. Starting materials were Ce (3N), Ge (4N), Pt (3N). CaBe,Ge,-type was confirmed
by Gribanov et al. (1996) for CePt,Ge,; a=0.44033, ¢=0.9808 from an alloy annealed at
870K (X-ray powder diffraction) and was shown to exist over a wide composition range,
see fig. 52. Venturini et al. (1989a) investigated the crystal structure of CePt,Ge, from
an arc melted sample annealed at 1273 K for 5 days. The crystal structure was found
to belong to the LaPt,Ge; type, a=0.4389, b=0.4402, ¢=0.9818, 5=90.83°. Starting
materials were Ce (3N), Pt (4N) and Ge (4N).

Sologub et al. (1995a) reported on the X-ray powder analysis of the Ce;PtGeg (1)
compound which was found to crystallize with the Ce,CuGeg type, a=0.41503, b=
0.40858, ¢=2.2183. For sample preparation, see La,PdGes under La~Pd—Ge. Gribanov
et al. (1996) confirmed the structure type and obtained the lattice parameters a=0.4142,
b=0.4082, ¢=2.209 (X-ray powder diffraction).

Francois et al. (1987) reported the crystal structure of the CePtGe, (YIrGe; type, a=
0.4428, b=1.648, ¢=0.8795; X-ray powder data). The sample was prepared by heating
the mixture of powders of starting components [Ce (3N), Ir (3N) and Ge (3N)] in
an evacuated silica tube at 1173 K. The existence of the CePtGe; compound was not
confirmed by Gribanov et al. (1996) at 870K.

The formation of five more ternary phases with unknown structure has been observed
by Gribanov et al. (1996) while investigating the isothermal section of the Ce—Pt—Ge
system at 870 K. They exist at the compositions ~Cey1Pts3Gess (6), ~CePtsoGeno (11),
~CeysPtyoGess (2), ~CesgPtrgGes;y (8), ~CegaPtisGeyg (12).

4.4.14. Ce-Au-Ge
Little information exists about the Ce—Au-Ge system; three ternary germanides were
characterized.

A ternary compound of cerium with gold and germanium of the stoichiometric ratio
1:1:1 was identified and studied by means of X-ray and metallographic analyses by Rossi
et al. (1992). The CeAuGe compound was found to have the LiGaGe-type structure with
lattice parameters a=0.4464, ¢=0.7910. The sample was prepared by melting the metals
(~99.9 mass% for cerium and 99.99 mass% for gold and germanium) in an induction
furnace and annealing at 1070K for one week. The crystal structure of the CeAuGe
compound has been confirmed by Péttgen et al. (1996a) from an alloy which was prepared
by melting a mixture of the elements in an arc furnace and subsequently annealing at
1070K (a=0.44603, ¢=0.79360; X-ray powder data).

Cey AuGeg was reported to crystallize with a Ce,CuGeg type, a=0.42587, b=0.41263,
c=2.1852 (Sologub et al. 1995a; X-ray powder data). For sample preparation, see
La,;PdGeg under La—Pd-Ge.

The structure of CeAug 75Geq25 was derived by Jones et al. (1997) from single-crystal
X-ray data: AlB, structure type, a=0.4335, ¢=0.4226, The sample was prepared from
the elemental components by arc melting and subsequent annealing at 1170 K.
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4.5. Pr—d element—Ge systems

4.5.1. P-Mn-Ge
No phase diagram exists for the system Pr—-Mn-Ge, however, a series of ternary
compounds have been observed and characterized.

The PrMn,;Ge; compound have been prepared and studied by Rossi et al. (1978b).
It was found to be of CeGayAl, type with following lattice parameters a=0.4117, ¢=
1.0902. The alloy was obtain by melting under argon in an induction furnace. The samples
were then annealed at 770 K for one week. Praseodymium used was of purity greater than
99.9 mass%, for manganese and germanium the purity was greater than 99.99 mass%.

A PrMnGe compound with PbFCl-type structure was observed by Welter et al. (1995);
a=0.4182, ¢=0.7308. The compound was prepared from commercially available high
purity elements. A compacted pellet of stoichiometric mixture was sealed under argon
(100 mmHg) in a silica tube, heated at 1273 K as a preliminary homogenization treatment
and then melted in an induction furnace. The resulting ingot was annealed for 2 weeks
at 1173 K.

4.5.2. Pr-Fe—Ge
Phase equilibria for the complete isothermal section at 870 K have been determined by
Fedyna (1988) using X-ray powder diffraction and microstructural analyses of 209 ternary
alloys synthesized by arc melting ingots of Pr (99.75 mass%), Fe (99.90 mass%) and Ge
(99.99 mass%). The alloys were annealed in evacuated quartz tubes for 500-900 hours
at 870 K. The total number of compounds observed was nine. The mutual solid solubilities
of the binary compounds were reported to be negligible. Phase equilibria in the isothermal
section at 870K are presented in fig. 53.

PrFesGeg (1) was observed and studied by Mruz et al. (1984). Tt was found to crystallize
with YCogGeg type, lattice parameters a =0.5091, ¢ =0.4036, by X-ray powder diffraction

Pr?’%‘i:ée3

Fig. 53. Pr-Fe-Ge, isothermal section at

Fe PrzFe17 Pr 870K.
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of arc melted alloy annealed at 870 K. The existence of the PrFe¢Ges compound was
confirmed by Fedyna (1988) while constructing the isothermal section.

The formation and crystal structure of the PrFe,Ge, (2) compound was reported in
an early investigation of praseodymium—iron—germanium combinations by Rossi et al.
(1978a,b): CeGayAl, type, a=0.4055, ¢=1.0540 was later confirmed by Bara et al.
(1990), a=0.4060, ¢ =1.0508. For sample preparation, see LaMn,Ge, under La-Mn-Ge,
and LaFe,Ge, under La—Fe—Ge, respectively.

The crystal structures of four more compounds within Pr—Fe—-Ge system at 870K
were determined by Fedyna (1988): PrFeGes; (3) with BaNiSn; type, a=0.4312, ¢c=
0.9932; PrFe; _Ge,, x=0.45 (5) with CeNiSiy type, a=0.4253, b=1.6478, ¢=0.4130;
PryFe; _,Ge;, x=0.15 (8) with SmyCoGe; type, a=0.42166, b=3.0520, ¢=0.41278;
Pry17Fes;Gey1o (9) with Tbyi7Fes;Geyo type, a=2.9428.

Pr¢Fe;3Ge (7) was found to adopt the NdgFei3Si type by Weitzer et al. (1990), a=
0.80986, ¢=2.30836. For sample preparation, see LagCo13Ge under La—Co—Ge.

The crystal structures of two germanides ~Pr; 3Fe; ;Geg (4) and ~Pry ;Fe; 3Geg (6) have
not been solved yet.

4.5.3. Pr-Co—Ge

Isothermal sections of the Pr—-Co-Ge system at 1070 K (0-33 at.% Pr) and 670K (33—
100 at.% Pr) were derived by Fedyna (1988) employing X-ray phase and partly microstruc-
tural analyses of 287 alloys prepared by arc melting solid pieces of Pr (99.75 mass%),
Co (99.90mass%) and Ge (99.99 mass%). The melted buttons were then annealed in
evacuated silica tubes for 500-900 hours. Thirteen ternary compounds were found to exist.
The solubilities of cobalt in PrGe;_, and Pr;Ge; binaries were established as 11at.%
and 8 at.%, respectively, from the variation of lattice parameters. Figure 54 represents the

: Fig. 54. Pr-Co-Ge, isothermal sections
Co PrpCoj7PryCo7 PrCoy PryCoy 7 PryCoz Pr3Co Pr at 1070K (0-33at% Pr) and at 670

PrCos PrCog PrsCop (33-100at.% Pr).
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Table 16
Crystallographic data for the ternary Pr-Co—Ge compounds
No. Compound Structure Lattice parameters (nm) Reference
a b c
1 Pr;_,(Co,Ge)yy, x=0.31 CeNiysSiys 0.7932 1.1817 Fedyna (1988)
2 PrCo,Ge, CeGa,Al, 0.4048 1.0178 Fedyna (1988)
3 Pr,CoyGes U, Co, Sis 0.9783 1.1896 0.5831 Fedyna (1988)
4  PrCo,_,Ge;, x=0.136 BaNiSn, 0.43107 0.98332 Fedyna (1988)
5  ~Pr;;Co,, Gesg unknown Fedyna (1988)
6 ~Pr,;Co,3Gesy unknown Fedyna (1988)
7 ~Pr,5sCo;sGegy unknown Fedyna (1988)
8 ~Pr,,CosGesy unknown Fedyna (1988)
9  PrCo,_,Ge,, CeNiSi, 0.4249- 1.6650— 0.4136— Fedyna (1988)
x=0.10-0.52 04262 1.6770 0.4230

10 PrCoGe PbFCL 0.4181 0.6842 Fedyna (1988)
11 PrCoysGe, s AlB, 0.4163 0.4193 Fedyna (1988)
12 Pr;;;Cos,Geypy Tb,y,Fes, Geyq, 2.9318 Fedyna (1988)
13 Pr;CoGe, La,NiGe, 1.1840 0.4272 1.1519 Fedyna (1988)

isothermal sections of the Pr-Co—Ge system at 1070K and 670 K.

Crystallographic information on the Pr—Co—Ge ternary compounds is summarized in
table 16.

The crystal structure of PrCoGe; (BaNiSn; type, a =0.4307, ¢ =0.9803; X-ray powder
diffraction) was investigated by Venturini et al. (1985b) from a sample prepared by heating
a compacted mixture of starting materials (Pr in pieces, 99.9 mass%; Co and Ge in
powder, 99.99 mass%) in an evacuated quartz tube at 1073 K. Later the same structure
type was indicated by Fedyna (1988) for a sample with composition PrCo;_,Ge;, x=
0.136 (see table 16; X-ray powder diffraction data; for the experimental procedure, see
above).

4.5.4. Pr-Ni-Ge

The isothermal sections of the Pr-Ni—Ge phase diagram at 870K (0-50 at.% Pr) and at
670K (50-100at.% Pr) was constructed by Fedyna (1988) from X-ray powder and mi-
crostructural analyses of 255 alloys. A detailed description of the experimental procedure
is given under Pr-Fe—Ge. Starting materials were Pr (99.75 mass%), Ni (99.99 mass%)
and Ge (99.99 mass%).

The phase relations are characterized by the existence of eleven ternary compounds and
by the formation of an extended homogeneity region for the Pr(Ni,Ge), _, (9) compound
as well as two solid solutions originating at PrNis (20 at.% Ge) and PrGe;_, (9 at.% Ni).
The isothermal section of the Pr-Ni—Ge system after Fedyna (1988) is presented in fig.
55.

Bodak et al. (1982) investigated the crystal structure of the Pr;NiGe, compound (10)
(Pr3NiGe;, structure type, a=1.1810, 5=0.4293, ¢=1.1611) by the X-ray powder
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i is PrNi i i ProNi . . . .
Ni Priis N,IN13 Pip  PrNi 7 11,3; Ni Pr Fig. 55. Pr-Ni-Ge, isothermal section at
ProNiz 3 870K.

diffraction method. For sample preparation and purity of starting elements, see Y3NiGe,
under Y-Ni—Ge.

Early investigations of the interaction of germanium with praseodymium and nickel has
shown the existence of PrNig ¢Ge 4 with AlB; type, a=0.4161, ¢=0.4207 (Gladyshevsky
and Bodak 1965, Rieger and Parthé 1969a; X-ray powder diffraction). Fedyna (1988)
confirmed the AlB,-type for this composition and observed the formation of a large
homogeneity field with the formula Pr(Nig 4> 028Geos8-0.72)2—x, x=0.14 (9) and lattice
parameters a=0.4158-0.4150, ¢=0.4134-0.4220.

PrNi,Ge, (2) is isotypic with CeGa;Gey; a=0.4136, ¢ =0.9844 (Rieger and Parthé
1969b; X-ray powder diffraction).

The crystal structures of seven other compounds have been studied by Fedyna (1988).
Pr; _x(Ni,Ge)y3, x=0.24 (1) belongs to the CeNig 5Siss-type; ProNizGes (3) crystallizes
with the U,CosSis-type structure, ¢=0.9812, 6=1.1832, ¢=0.5912 (powder X-ray
diffraction data); PrNiGes (4) is isostructural with the ScNiSis type, a=2.1779, b=
0.41052, ¢ 0.41440; Pr;NiGeg (5) was reported to crystallize with the Ce,CuGeg type,
a=0.40343, b=0.41124, ¢=2.1722; Pr;NiyGes4—(6) was claimed to adopt the U;NiyGeas-
type structure, @ =0.4098, b=0.4182, ¢=2.4013; PrNi; _ ,Ge,, x=0.33 (7) is isotypic with
CeNiSi,, a=0.4210, b=1.668, c=0.4160; PrNiGe (8) was found to be of TiNiSi type,
a=0.72757, b=0.43429, ¢=0.72981.

Investigating the isothermal section, Fedyna (1988) observed the ~Pry sNip 1Geg4 (11)
compound with unknown crystal.

4.5.5. Pr-Cu—Ge
Praseodymium—copper—germanium combinations were investigated by various groups of
authors, however no isothermal section was constructed for the Pr-Cu—Ge system so far.
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Rieger and Parthé (1969a) investigated the occurrence of the AlB;-type structure
by means of X-ray powder diffraction of arc melted alloys. The data presented were
PrCuj_g67Ge;-1.33 with a=0.4374-0.4183, ¢=0.3971-0.4197. Iandelli (1993) confirmed
the AlB,-type (¢=0.4288, ¢=0.3942; X-ray powder analysis) from the PrCuGe alloy
which was prepared from mixed filings or powders of metals (praseodymium 99.7 mass%,
copper and germanium 99.99 mass%) and sealed in tantalum crucibles under argon
followed by melting in an induction furnace. Afterwards the sample was annealed for
10 days at 1023 K.

Sologub et al. (1995a) investigated the crystal structure of Pr,CuGeg alloy which was
prepared by arc melting under argon and annealed at 1070K in an evacuated quartz
tube for 150 h. From X-ray powder analysis the compound was determined to have the
Ce,;CuGeg-type structure, a =0.41950, b=0.40585, ¢=2.1485.

Pr,Cu;Ges was found to crystallize with the Ce;Cu;Ge; structure type, a=0.4141, ¢=
1.7371, ¢=0.4183, X-ray powder data (Konyk 1988). For sample preparation, see Ce-
Cu—Ge.

Rieger and Parthé (1969b) synthesized PrCu,Ge; with the CeGayAly-type structure,
a=0.4154, ¢=1.0206.

The existence of a compound PrgCugGeg with the GdgCugGeg structure (a=1.421, b=
0.6687, ¢=0.4293) was reported by Fedyna et al. (1995) from X-ray powder diffraction
data of arc melted alloy annealed at 870 K.

Francois et al. (1990) reported the crystal structure of the PrCug;5Ge; compound
(CeNiSi, type, a=0.4247, b=1.724, ¢=0.4109). For sample preparation, see LaFeGe,
under La-Fe—Ge.

4.5.6. Pr—Zn—-Ge

No isothermal section is available for the ternary Pr-Zn-Ge system, however one ternary
compound was observed and characterized by Rossi and Ferro (1996). PrZn; sGeg s was
found to crystallize with AlB; type, a=0.4440, ¢ =0.3883, from X-ray powder diffraction
of an alloy melted in an induction furnace and then annealed at 1070 K for one weck. An
electronic micrographic examination as well as microprobe microanalysis were carried
out. The metals employed in sample synthesis had a nominal purity of 99.9 mass% for
praseodymium, and 99.999 mass% for the other metals.

4.5.7. Pr-Ru-Ge

The phase diagram for the Pr-Ru—Ge system is not available yet, however several groups
of authors investigated praseodymium-—ruthenium—germanium combinations with respect
to the formation and crystal structure of the compounds.

Early investigations of the PrRu,Ge, compound determined the CeGayAl-type: a=
0.4263, c=1.0022 (Francois et al. 1985) from X-ray powder analysis of alloy obtained
by powder metallurgical reaction at 1273 K. Starting components were Pr (3N), Ru (4N)
and Ge (4N).

Venturini et al. (1986b) reported that the PryRuzGes compound has the U;CosSis-type
structure. The lattice parameters were reported as a=0.9933, b=1.247, ¢=0.5846 from
X-ray powder diffraction.
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Pr3;Rh;Sn;3-type was announced for the Pr;RuyGe; compound (a=0.907) by Segre
et al. (1981a) from X-ray powder analysis of an arc melted sample annealed at 1523K
for 1 day and at 1273 K for 7 days. Starting materials were Pr (3N), Ru (3N), Ge (6N).

The crystal structure of the PrRuGe compound was investigated by Welter et al.
(1993b). It was found to adopt the PbFCI type, a=4268, ¢=0.6842 (X-ray powder
diffraction). The compound was prepared from commercially available high-purity
elements.' A compacted stoichiometric mixture in a silica tube sealed under argon was
heated to 1173K for preliminary homogenization and then melted in an induction
furnace.

Pr;Ru,Ge, was found to crystallize with the La3;Ni,Ga; type (a=0.5699, 5=0.7909,
¢=1.3593, X-ray powder diffraction) from an arc melted sample annealed at 870K
(Bodak et al. 1989a).

4.5.8. Pr—Rh—Ge
Phase equilibria in the system Pr—Rh—Ge have not been established yet, but at least six
different ternary phases have been verified.

Pr;Rh;Ges was found to crystallize with U,CosSis-type structure (a=1.0073, b=
1.209, ¢ 0.5969) by Venturini et al. (1986b) from X-ray powder analysis.

Early investigations of the PrRh,Ge, compound determined it to have the CeGaAl,-
type structure: a=0.4147, ¢=1.0436 (Francois et al. 1985). For sample preparation, see
CeRu,Ge, under Ce—Ru-Ge.

Venturini et al. (1985b) reported an X-ray powder diffraction study of the PrRhGes
compound from a sample prepared by heating of a mixture of the starting components
(Pr 3N, Rh 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal structure was
found to adopt the BaNiSn; type, @=0.4383, ¢=1.0011.

Hovestreydt et al. (1982) reported the crystal structure of the PrRhGe compound
(TiNiSi type, a=0.7376, b=0.4476, ¢ =0.7124; X-ray powder data) from an arc melted
sample annealed at 1270 K for 1-2 weeks. Starting components were Pr (3N), Rh (4N)
and Ge (5N).

Gladyshevsky et al. (1991a) reported on the crystal structure of PrsRh; Ge; (LazNiy Ge,
type, a=0.5674, b=0.8059, c=1.3445; X-ray powder diffraction). For the details of
sample preparation, see LazRh,Ge, under La—Rh-Ge

PryRh;Ge crystallizes with the Y,Rh;Ge-type of structure with lattice parameters a=
0.5626, c=1.193 (Cenzual et al. 1987).

Verniere et al. (1995) mentioned the existence of PryRh;3Gey compound with
Hoylr)3Geo-type; no lattice parameters were given. For the experimental details, see
LasRh;3Ges under La-Rh—Ge.

4.59. Pr—Pd-Ge
Phase relations have not been yet established for the Pr—Pd—~Ge system; only three ternary
compounds have been observed.

Sologub et al. (1995a) reported on the X-ray powder analysis of the Pr,PdGe,
compound which was found to crystallize with the Ce,CuGes type structure, a=0.4152,
b=0.4073, c=2.197. Samples were synthesized by argon arc melting followed by a heat
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treatment at 870 K for 150 hours. Starting materials used were obtained from Johnson &
Matthey, UK (99.9 mass%o).

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound PrPdGe adopts the KHg,-type structure, a=0.4472, 6=0.7256,
¢=0.7654. The alloy was arc melted under argon and annealed at 1270 K for 1-2 weeks.
The starting materials were Pr (3N), Pd (4N) and Ge (5N).

The crystal structure of the compound PrPd,Ge was found to be of the YPd,Si type
(a=0.7617, b=0.6993, ¢ =0.5735; X-ray powder diffraction) by Jorda et al. (1983). The
sample was obtained by induction melting under an argon atmosphere and annealing in
evacuated quartz tube for 10 days at 1173 K. The starting materials were palladium (4N),
germanium (4N), praseodymium (3N).

4.5.10. Pr-Ag-Ge

Information on interaction of praseodymium with silver and germanium is due to the work
of several groups of authors; six ternary compounds have been observed and analyzed.
Crystallographic characteristics of the ternary Pr—Ag—Ge phases are listed in table 17.

Table 17
Crystallographic data for the ternary Pr-Ag—Ge compounds
Compound Structure Lattice parameters (nm) Reference
a b c

Pr,AgGe, Ce,CuGe, 0.42887 0.41295 2.1610 Sologub et al. (1995a)

0.42856 0.41263 2.15869 Savysyuk and Gladyshevsky (1995)
PrAg,sGe,, AlB, 0.4356 0.4130 Protsyk (1994)

0.43793 0.40903 Savysyuk and Gladyshevsky (1995)
PrAg,Ge, CeGa,Al, 0.42801 1.09977 Savysyuk and Gladyshevsky (1995)
Pr;Ag,Ge, Gd; Cu,Ge, 0.4342 0.71126 1.47306 Savysyuk and Gladyshevsky (1995)
PrAg, ,Gey4 Fe,P 0.72989 0.43340 Savysyuk and Gladyshevsky (1995)
PrAgGe LiGaGe 0.45276 0.76357 Savysyuk and Gladyshevsky (1995)

Savysyuk and Gladyshevsky (1995) employed X-ray powder diffraction analysis of
arc melted samples, which were homogenized by annealing at 773K and 1073K for
1000 hours. For detailed experimental procedure for PryAgGeg (Sologub et al. 1995a)
and PrAg,sGe;, (Protsyk 1994), see LayAgGeg (under La—Ag-Ge) and Ce-Ag—Ge,
respectively.

4.5.11. Pr-Os—-Ge

No phase diagram exists at present for the system Pr—Os—Ge, however, one ternary
germanide has been observed and characterized by Segre et al. (1981a). Pr;OssGe;3
was found to crystallize with the PriRh4Snys-type structure, a=0.9098. For sample
preparation, see CesRuyGegs under Ce—Ru—Ge.
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4.5.12. Pr-Ir-Ge

Phase relations have not yet been established for the Pr-Ir-Ge system; information
concerning the formation of six compounds and their crystal structure is due to the work
of different groups of authors.

Francois et al. (1987) reported the crystal structure of the PrIrGe, (YIrGe, type,
a=0.4393, b=1.617, ¢c=0.8908). The sample was prepared by heating the mixture of
powders of starting components (Pr 3N, Ir 3N and Ge 3N) in evacuated silica tube at
1173K.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound PrirGe adopts the TiNiSi-type structure, a=0.7357, h=10.4440,
¢=0.71197. For the experimental procedure, see La—Ir—Ge.

Prlr,Ge; is isotypic with the crystal structure of CaBe,Ge, with lattice parameters a=
0.4235, ¢=1.0057 (Francois et al. 1985).

PryIrsGes was found to crystallize with the U;Co3Sis type (a=1.0185, 5=1.190, ¢=
0.6045) by Venturini et al. (1986b) from X-ray powder analysis.

Verniere et al. (1995) observed the existence Prylr;3Gey compound with Hoylry3Geo-
type. Lattice parameters have not been established. For the experimental procedure, see
Laylr;3Geg under La—Ir-Ge.

Venturini et al. (1985b) reported on the X-ray powder diffraction study of the Pr3lr;Ges
compound from a sample which was prepared by heating a mixture of starting components
(Pr 3N, Ir 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal structure was
found to adopt the YbsRhsSn3-type structure, a =0.9053.

4.5.13. Pr-Pt-Ge
Francois et al. (1987) reported the crystal structure of the PrPtGe, (YIrGe; type, a=
0.4416, b=1.644, ¢ =0.8793). For sample preparation, see PrirGe; under Pr—Ir-Ge.

Venturini et al. (1989a) investigated the crystal structure of PrPt;Ge, from an arc melted
sample annealed at 1273 K for 5 days. The crystal structure was found to belong to the
LaPt,Ge; type, a=0.4374, h=0.4396, c=0.9779, 5=91.94°. The starting materials were
Pr (3N), Pt (4N) and Ge (4N).

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound PrPtGe adopts the KHg,-type of structure, @=0.4438, b=0.7292,
¢=0.7616. For the experimental procedure, see La—Ir—Ge.

Sologub et al. (1995a) reported on the X-ray powder analysis of the Pr,PtGeg compound
which was found to crystallize with the Ce,CuGeg type structure, a=0.4134, b=0.4070,
¢=2.2084. For sample preparation, see La;PdGes under La—Pd—Ge.

4.5.14. Pr-Au-Ge

No ternary phase diagram exists for the Pr—Au—Ge system, however, a ternary compound
of praseodymium with gold and germanium in the stoichiometric ratio 1:1:1 has been
identified and studied by means of X-ray powder diffractometry and metallography
by Rossi et al. (1992). The PrAuGe compound was found to adopt the LiGaGe type
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with lattice parameters a=0.4457, ¢=0.7803. The sample was prepared by melting the
metals (99.9 mass% for praseodymium and 99.99 mass% for gold and germanium) in an
induction furnace and annealing at 1070 K for one week.

Sologub et al. (1995a) reported on the X-ray powder analysis of the Pr,AuGes
compound which was found to crystallize with the Ce,CuGeg type, @ =0.4241, b=0.4113,
¢=2.1172. For sample preparation, see La,PdGeg under La—Pd—Ge.

4.6. Nd—d element—Ge systems

4.6.1. Nd-V-Ge

The phase equilibria in the Nd-V—Ge system have been investigated by Salamakha et
al. (1994) by means of X-ray analysis of 40 ternary alloys. No ternary compounds were
observed. The isothermal section of the phase diagram at 870K is shown in fig. 56.

Ge

Fig. 56. Nd—V-Ge, isothermal section at
v Nd  870K.

The ternary samples used to derive the phase relations in the ternary section at
870K, each with a total weight of 2g, were synthesized by arc melting proper
amounts of the constituent elements under high-purity argon on a water-cooled copper
hearth. The starting materials were used in the form of ingots of high-purity elements:
neodymium (99.85 mass%), vanadium (99.99 mass%), germanium (99.99 mass%). The
weight losses were generally less than 1%. The alloys were annealed at 870 K in evacuated
quartz tubes for 2 weeks and quenched in ice cold water.

4.6.2. Nd—Cr—Ge

The isothermal section of the Nd—Cr—Ge phase diagram at 870 K was constructed by
Salamakha et al. (1994). The phase relations are characterized by the formation of two
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Fig. 57. Nd—Cr-Ge, isothermal section
at 870 K. The curved line indicates the
liquid immiscibility gap region.

ternary compounds, Nd;CryGeg (1) and Nd;17Crs;Gey)2 (2), and by a region of liquid
immiscibility that stretches up to 20 at.% Ge (fig. 57). For details of sample preparation,
see Nd-V—Ge. The purity of the starting materials was Nd 99.85 mass%, Cr 99.93 mass%,
Ge mass 99.99%.

Nd;CroGeg (own structure type, a=0.9388, b=0.4046, c=0.8045) was observed by
Bodak et al. (1989a) from X-ray single-crystal analysis. For sample preparation, see Nd—
V—Ge.

Salamakha et al. {1994) observed the Nd;17Crs»Gey;2 compound in the course of
investigating the Nd-Cr—Ge isothermal section. It was found to crystallize with the
Tby7Fes2Gerjo-type structure, a=2.9439 from X-ray powder analysis.

4.6.3. Nd-Mn—Ge

The phase-field distribution in the Nd-Mn—Ge system at 870K is characterized by the
formation of three ternary compounds: NdMngGeg (1), NdMn,Ge, (2) and NdMn, Ge; (3)
after Salamakha et al. (1994) (fig. 58). The samples were prepared by argon arc melting.
Weight losses due to vaporization while melting were compensated beforehand by extra
amounts of manganese (about 0.5 mass%). The arc melted buttons were annealed at 870 K
for 2 weeks in vacuum-sealed quartz capsules and finally quenched by submerging the
ampoules into cold water. The starting materials were Nd 99.85 mass%, Mn 99.98 mass%,
Ge 99.99 mass%.

NdMngGeg(1) has been found by Salamakha et al. (1994) from X-ray powder
diffraction to be isostructural with the YCogGeg type, a=0.5249, ¢=0.4098. For the
experimental procedure, see above.

NdMn,Ge, (2) was reported to crystallize with the CeGa,Al,-type structure, a=
0.4105, ¢=1.0216 (Salamakha et al. 1994; X-ray powder diffraction).
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Ge

Fig. 58. Nd-Mn—Ge, isothermal sec-
tion at 870K.

a
Mn NdgMny3 NdMn,y Nd
The crystallographic characteristics for NdMn,Ge, (3) were reported by Salamakha
et al. 1994 from X-ray powder analysis (CeNiSi, type, a=0.4232, 5=1.653, c =0.4092).
A compound of equiatomic composition with the PbFCI type was observed by Welter
et al. (1995) at 1070 K with lattice parameters a=0.4134, ¢=0.7375. For sample prepa-
ration, see Pr-Mn—Ge. Apparently the NdMnGe phase does not exist at 870 K (fig. 58).

4.6.4. Nd-Fe—Ge
Figure 59 represents the isothermal section of the Nd—Fe—Ge system at 870K as derived

Fig. 59. Nd-Fe—Ge, isothermal section
at 870K.
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Table 18
Crystallographic data for the ternary Nd-Fe-Ge compounds at 870K

No. Compound Structure Lattice parameters (nm) Reference
a b c

1 NdFe,Geg Y CosGes 0.5142 0.4049 Salamakha et al. (1996b)
2 NdFe,Ge, CeGa,Al, 0.4038 1.0510 Salamakha et al. (1996b)
3 ~Nd;Fe;Ge,, unknown Salamakha et al. (1996b)
4 ~Nd,Fe,Ge,; unknown Salamakha et al. (1996b)
5 NdFe,1,Ge, CeNiSi, 04214 1.6450 0.4084 Salamakha et al. (1996b)
6 ~Nd,FeGe, unknown Salamakha et al. (1996b)
7  ~Nd,FeGe,, orthorhomb 0422 0403 2828  Salamakha et al. (1996b)
8  Nd,Fey,Ge;, Sm,Co, _,Ge, 0.4198 0.4095 3.037  Salamakha et al. (1996b)

from X-ray phase analysis of 150 samples by Salamakha et al. (1996b). The phase-
field distribution is characterized by the presence of eight ternary compounds. The
binary compound Fe;Ge does not appear in the Nd—Fe-Ge ternary. None of the binary
phases shows an appreciable range of mutual solid solubility. For the experimental
details, see Nd—V—Ge. The starting materials were Nd 99.85 mass%, Fe 99.98 mass%,
Ge 99.99 mass%.

Crystallographic data of the ternary phases, observed by Salamakha et al. (1996b)
investigating the isothermal section of the Nd-Fe—Ge system, are listed in table 18.

Two more ternary compounds are known from early investigations of ternary
neodymium—iron—germanium combinations performed by Felner and Schieber (1973)
and Weitzer et al. (1990) which have not been observed in the course of studying the
Nd-Fe—Ge isothermal section at 870 K. The NdFeg ¢7Ge 33 compound was found to adopt
the AIB; type (a=0.4174, ¢=0.4163; X-ray powder diffraction) (Felner and Schieber
1973). The samples were prepared by melting elements together (Nd 99.9 mass%,
Ge 99.99 mass%, Fe 99.95 mass%). The metals were mixed and heated in an alumina
crucible in an induction furnace at about 1870 K under a protective argon atmosphere.
The samples were homogenized by annealing them in the induction furnace at the melting
temperature for about 30 min. The crystal structure of the Ndg¢Fei3Ge compound was
reported by Weitzer et al. (1990) (NdsFe3Si type, a=0.8043, ¢=2.3204). The sample
was melted under argon and annealed at 1073 K for 5 days. The starting materials were
commercially available high-purity elements.

4.6.5. Nd-Co—Ge
The isothermal section of the Nd-Co—Ge system at 870K is shown in fig. 60. The
phase-field distribution is characterized by the presence of sixteen ternary compounds
as reported by Salamakha (1997). Mutual solid solubilities of the binary compounds are
insignificantly small. For sample preparation, see Nd—V—Ge. The starting materials were
Nd 99.85 mass%, Co 99.99 mass%, Ge 99.99 mass% pure.

Crystallographic data of the ternary Nd—Co—Ge compounds are listed in table 19.
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Ge

Co Nd2C017Nd2C07 NdCOz Nd2C017 Nd5C02 Nd

Fig. 60. Nd-Co-Ge, isothermal sec-
NdCos NdCog Nd3Co tion at 870K.
Table 19
Crystallographic data for the ternary Nd-Co—Ge compounds
No. Compound Structure Lattice parameters (nm) Reference
a b c
1 NdCo,Ge, CeGa,Al, 0.4042 1.0183 Salamakha (1997)
2 Nd,Co,Ge; U,Co,Si;s 09710 1203  0.5707 Salamakha (1997)
3 NdCoGe, BaNiSn, 0.4296 0.9811 Salamakha (1997)
0.4297 0.9812  Venturini et al. (1985b)
4 ~Nd;Co,Ges unknown Salamakha (1997)
5 ~Nd;Co;Ge,, unknown Salamakha (1997)
6 ~Nd;Co,Ge, unknown Salamakha (1997)
7 NdCo,s;Ge, CeNiSi, 0.4212 1.6509 0.4087 Pecharsky et al. (1989)
04210 1.670 04152 Méot-Meyer et al. (1985a)
8 NdCoGe PbFCI 0.4149 0.6786 Salamakha (1997)
0.4140 0.6785 Welter et al. (1993a)
NdCo, sGe, s AlB, 0.4144 0.4151 Salamakha (1986)
10 Nd,CoGe, Sc,CoSi, 1.0882 0.4301 1.0438 Bodak et al. (1986)
p=118.60°
11 Nd;;,Co5,Geyp, Tb;;Fes, Gey 2.9162 Salamakha (1997)
12 Nd4CosGe,, own 0.9272 0.4188 Salamakha et al. (1986)
13 Nd;CoGe, La;NiGe, 1.207 0403 1.157  Salamakha (1997)
14 ~Nd,;Co,Ges unknown Salamakha (1997)
15 ~Nd;CoGe, unknown Salamakha (1997)

16 ~Nd;Co,Ge unknown Salamakha (1997)
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Venturini et al. (1986b), from X-ray powder diffraction analysis of a sample synthesized
by powder metallurgical reaction at 1173 K, characterized the compound Nd,Co3Ges to
be isostructural with the LuyCosSis-type (a=1.115, 5=1.193, ¢=0.5812, y=118.45°).
These data suggest that Nd;Co;Ges has two polymorphic phases (compound 2, table 19).

4.6.6. Nd-Ni—-Ge

Figure 61 shows the isothermal section of the Nd-Ni—Ge system at 870K as derived from
X-ray phase analysis of 180 arc melted samples which were annealed and subsequently
quenched in water (Salamakha et al. 1996¢). Starting materials were Nd 99.85 mass%,
Ni 99.99 mass%, Ge 99.99 mass%. The phase-field distribution is characterized by the
presence of nine ternary compounds. The binary compounds Nd,;Ni;; and NdNis dissolve
approximately 15 at.% Ge.

Ni NdyNij7 Nd,Ni;NdNiy NdNi Nd;Nis Nd
NdNi5 NdNi3 NdzNi

Fig. 61. Nd-Ni—Ge, isothermal section at 870 K.

Crystallographic data for the ternary phases of the Nd-Ni-Ge system are listed in table
20.

Additionally two ternary compounds of an unknown structure type, ~NdsNiGe, and
~Nd;Ni, Ge, have been observed by Salamakha et al. (1996¢) in “as-cast” samples (X-ray
powder analysis).

4.6.7. Nd—Cu—Ge

Information about the phase equilibria in the Nd-Cu-Ge system (fig. 62) is due to the
work of Salamakha (1988) who employed X-ray phase analysis of argon arc melted
ternary alloys; the samples were annealed in vacuum-sealed quartz ampoules at 870K for
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Table 20
Crystallographic data for the ternary Nd-Ni—Ge compounds

No. Compound Structure Lattice parameters (nm) Reference
a b c

1 NdNigsGey s CeNig 5Si, 0.7942 1.1732  Salamakha et al. (1996¢)
2 NdNij,Ge, CeGa,Al, 0.4115 0.9842 Rieger and Parthé (1969a,b)
3 Nd,Ni,;Ge; unknown Salamakha et al. (1996¢)
4 NdNiGe, SmNiGe, 2.1733 04123 04124 Bodak et al. (1985)
5 Nd,NiGe, Ce,CuGe, 0.4031 0.4110 2.1718 Salamakha et al. (1996¢)
6 NdNi,_o3Ge, 5, CeNiSi, 0.4199— 1.6765— 0.4174— Pecharsky et al. (1989)

0.4202 1.6742 0.4154
7 NdNiGe TiNiSi 0.7232 0.4253 0.7307 Salamakha et al. (1996¢)
8  NdNi,,Ge,, AlB, 0.4157 0.4145 Salamakha (1986)
9 Nd;NiGe, La;NiGe, 1.1764 0.4279 1.1159 Bodak et al. (1982)

Cu  NdCug  NdCuy  NdCu N Big. 62. Nd-Cu—Ge, isothermal sec-

tion at 870K.

300 hours. The formation of six ternary phases has been reported. Mutual solid solubilities
of the binaries were reported to be negligible.

The crystallographic characteristics of the ternary compounds of the Nd—Cu—Ge system
at 870K are listed in table 21.

One more compound has been observed and investigated by Salamakha et al. (1996d)
from an as-cast sample: NdgCugGeg (GdgCugGeg type, a=0.4302, b=0.6711, ¢ =1.4249;
X-ray single-crystal method).
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Table 21
Crystallographic data for the ternary Nd—Cu~Ge compounds

No. Compound Structure Lattice parameters (nm) Reference
a b c
1 NdCu,Ge, CeGa,Al, 0.4129 1.0216 Rieger and Parthé (1969a,b)
2 Nd,CuGey Ce,CuGe, 0.4059 04172 2.1359 Konyk et al. (1988)
3 Nd,Cu;Ge, Ce,Cu,Ge, Salamakha (1988)
4 NdCuGe, CeNiSi, 04215 1714 0.4077 Salamakha (1988)
5 NdCuGe AlB, 0.4272 0.3881 Salamakha (1986)
6  NdCuyy g56Ge129-144 AlB, 0.4172— 0.4160— Salamakha (1986, 1988)
0.4151 0.4188

4.6.8. Nd-Zn—-Ge

No isothermal section is available for the ternary Nd-Zn—Ge system, however one ternary
compound was observed and characterized by Rossi and Ferro (1996). NdZn; 5Gegs
was found to crystallize with the AlB; type, a=0.4432, ¢=0.3820, from X-ray powder
diffraction of an induction-melted alloy which was annealed at 1070K for one week.
Electronic micrographic examination as well as microprobe microanalysis was carried
out. The metals employed in sample synthesis had a nominal purity of 99.9mass% for
neodymium, and 99.999 mass% for the other metals.

4.6.9. Nd—Zr-Ge

Salamakha and Starodub (1991) were the first to investigate the phase relations within the
isothermal section at 870 K over the whole concentration region by X-ray powder analysis
(fig. 63). No ternary compounds were observed. For sample preparation, see Nd—V—Ge.

Ge

870K

Y i Fig. 63. Nd-Zr—Ge, isothermal section
Zr Nd at 870 K.
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Ge

Fig. 64. Nd-Nb-Ge, isothermal section
Nd  at 870K.

4.6.10. Nd-Nb—Ge
The phase relations in the ternary system Nd-Nb—Ge at 870K are presented in fig. 64
after Salamakha (1997). As determined from X-ray powder diffraction analysis of samples
annealed at 870K, phase equilibria revealed the absence of ternary compounds. For
sample preparation, see Nd—V-Ge.
4.6.11. Nd-Mo—Ge
Salamakha (1997) reported the Nd-Mo—Ge phase diagram shown in fig. 65. No ternary
compounds or solid solutions have been observed at 870 K. For sample preparation, see
Nd-V-Ge.

Ge

Fig. 65. Nd-Mo-Ge, isothermal sec-
Mo Nd tion at 870 K.
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4.6.12. Nd—Ru-Ge

Phase equilibria in the Nd~Ru—Ge system have been derived by Salamakha et al. (1996e)
by means of powder X-ray analysis of samples prepared by direct arc melting of high-
purity components (Nd 99.85 mass%, Ru 99.9mass%, Ge 99.99 mass%), annealed at
870K for two weeks in evacuated quartz ampoules and quenched in cold water. The
isothermal section is shown in fig. 66. The phase relations are characterized by the
existence of seven ternary neodymium-—ruthenium germanides. Mutual solid solubilities

P.S. SALAMAKHA et al.

of the binary compounds were observed to be negligible.
Crystallographic data of ternary Nd—Ru—Ge compounds are listed in table 22.

Ge

Ru NdRu,

Nd

Fig. 66. Nd-Ru—Ge, partial isothermal

section at 870K (0-33 at.% Nd).

Table 22
Crystallographic data for the ternary Nd-Ru-Ge compounds
No. Compound Structure Lattice parameters (nm) Reference
a b c
1 Nd;Ru,Ge; Y;Co,Ges 0.9055 Salamakha et al. (1989a)
Yb;Rh,Sny; 0.9055 Segre et al. (1981b)

2 NdRu,Ge, CeGa,Al, 0.4250 0.9953 Salamakha et al. (1996¢)

0.4257 0.9986 Salamakha et al. (1989a)
3 Nd,Ru,Ges U,Co,Sis 0.9897 1.243  0.5819 Salamakha et al. (1996¢)
4 ~Nd;RuGeg orthorhombic Salamakha et al. (1996¢)
5 NdRuGe PbFCI 0.4267 0.6791 Salamakha et al. (1996¢)
6 ~Nd,RuGe, monoclinic Salamakha et al. (1996¢)
7  Nd;Ru,Ge, La;Ni,Ga, 0.5658 0.7863 1.3581 Bodak et al. (1989a)
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Table 23
Crystallographic characteristics of the ternary Nd—Rh(Pd)-Ge compounds
Compound Structure Lattice parameters (nm) Reference
a b c
NdRh,Ge, CeGa,Al, 0.4143 1.0408 Francois et al. (1985)
Nd,Rh,Ge; U,Co; Si; 1.0041 1.2083 0.5931 Venturini et al. (1986b)
Nd;Rh,Ge; Yb;Rh,Sny; 0.9018 Venturini et al. (1985b)
NdRhGe TiNiSt 0.7229 0.4443 0.7322 Hovestreydt et al. (1982)
NdRh, ;Ge, s AlB, 0.4237 0.4087 Salamakha et al. (1989a)
Nd,Rh,Ge, own 21021 0.7941 0.5652 Salamakha (1989)
y=110.08°
Nd,;Rh,Ge, La;Ni, Ga, 0.5654 0.8017 1.3411 Gladyshevsky et al. (1991a)
NdRh,Ge, CeNiSi, 0.4282 1.693  0.4261 Francois et al. (1990)
Nd,RhGe, Sc,CoSi, Salamakha (1989)
Nd,Rh,,Ge, Ho,Ir;Ge, Verniere et al. (1995)
NdPd,Ge, CeGa,Al, 0.4300 0.9865 Rossi et al. (1979)
Nd,PdGe, Ce,CuGe, 04139 0.4060 2.187 Sologub et al. (1995a)
NdPdGe KHg, 04452 0.7205 0.7639 Hovestreydt et al. (1982)
NdPd,Ge YPd,Si 0.7598 0.6992 0.5749 Jorda et al. (1983)
NdPd, Ge, CeNiSi, 04261 1.724  0.4218 Francois et al. (1990)
NdPd, cGe, 4 AlB, 0.4238 0.4170 Salamakha et al. (1989a)

4.6.13. Nd—Rh(Pd)-Ge

No ternary phase diagrams have been established for the Nd-Rh—Ge system and the Nd-
Pd—Ge system, but the crystal structures of ternary compounds have been characterized
by several groups of authors. Crystallographic data for the ternary neodymium-rhodium
germanides and neodymium-palladium germanides are compiled in table 23,

4.6.14. Nd-Ag—Ge

Phase equilibria have been established in the ternary Nd-Ag—Ge system over the whole
concentration region for the isothermal sections at 870K and 1070 K by Salamakha et
al. (1996f) and Zaplatynsky et al. (1996) (figs. 67a,b). The existence of four and five
ternary compounds respectively have been observed. Samples were melted from pieces
of high purity components (Nd 99.85 mass%, Ag 99.99 mass%, Ge 99.99 mass%) under
argon atmosphere in an arc furnace with water-cooled copper hearth. The ingots were
subsequently annealed at 870 K (1070K) and quenched in cold water. The isothermal
sections were constructed using X-ray powder diffraction film data obtained by the
Debye—Scherrer technique with non-filtered CrK radiation.

Crystallographic characteristics of the ternary phases which exist within the Nd-Ag-Ge
system at 870K and 1070 K are listed in table 24,
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Ge

Ag Ndj4Ags) NdAg; NdAg

a

Nd Ag

Ndj4Ags) NdAgy NdAg Nd

b

Fig. 67. Nd—Ag—Ge, isothermal sections at 870K (a) and 1070K (b).

Table 24

Crystallographic data for the ternary Nd—Ag-Ge compounds

No. Compound Structure Lattice parameters (nm) Reference

a b c
1 NdAg,Ge, CeGa,Al, 0.4244 1.0978 Salamakha et al. (1996f)
2 Nd,AgGeg Ce,CuGeg 0.4271 0.4117 2.1517 Salamakha et al. (1996f)
3 NdgAgeGeg Gd,CuyGe, 14636 0.7082 0.4407 Salamakha et al. (1996d)
4 NdAg, ,Geg, Fe,P 0.7339 0.4329 Salamakha et al. (1996f)
5 NdAg,,Ge;; AlB, 0.4335 0.4072 Zaplatynsky et al. (1996)

4.6.15. Nd—-Hf-Ge
Salamakha and Starodub (1991) reported the phase diagram shown in fig. 68. No ternary
compounds or solid solutions have been observed at 870 K. For sample preparation, see

Nd-V—Ge.

4.6.16. Nd-Ta—Ge
The results of X-ray investigations of the isothermal section of the Nd-Ta—Ge systems at
870K are shown in fig. 69 after Salamakha (1997). No ternary compounds were observed.
For sample preparation, see Nd—V—-Ge.

4.6.17. Nd—W-Ge
Salamakha (1997) derived the Nd-W-Ge phase diagram shown in fig. 70. No solid
solibility or ternary compounds have been found at 870K. For sample preparation, see

Nd-V-Ge.
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Fig. 68. Nd-Hf-Ge, isothermal section
at 870K.

Ge

870 K

Fig. 69. Nd-Ta—Ge, isothermal section
at 870K.

4.6.18. Nd—Re—-Ge

No ternary compounds were found in the ternary Nd—Re-Ge system at 870K (fig. 71)
(Salamakha 1997). For sample preparation, see Nd—V-Ge.

4.6.19. Nd-Os—Ge

The partial isothermal section of the Nd—-Os-Ge system at 870K is shown in fig. 72,
after Salamakha et al. (1996e). Samples were prepared in the same manner as for the
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Fig. 70. Nd-W-Ge, isothermal section
w Nd at 870K.

. Fig. 71. Nd-Re-Ge, isothermal section
Re NdRe, Nd 870K

investigation of the Nd-Ru-Ge system. Two ternary compounds were found to exist
within the concentration region under investigation.

The Nd3OssGe;s (1) compound has been found to crystallize with Y3CosGeys type at
870K, a=0.9080nm (Salamakha et al. 1989a) whereas at 1170 K the YbsRhySn3 type
has been realized (Segre et al. 1981b).

The crystal structure of the ~Nd3OsGeg (2) compound has not been determined.

The NdyOs3;Ges compound was established to crystallize with the U,Co;Sis-type
structure from X-ray powder diffraction of an as-cast specimen (Salamakha et al. 1996e).



TERNARY RARE-EARTH-GERMANIUM SYSTEMS 103

Ge

o N Fig. 72. Nd-Os-Ge, partial isothermal
s NdOs; section at 870K (0-33 at.% Nd).

4.6.20. Nd-Ir(Pt)-Ge
No ternary phase diagrams have been established for the Nd—Ir(Pt)-Ge systems, but the

crystal structures of ternary compounds have been characterized by various authors (see
table 25).

Table 25
Crystallographic data for the ternary Nd-Ir(Pt)-Ge compounds
Compound Structure Lattice parameters (nm) Reference
a b c

NdIr, Ge, CaBe,Ge, 0.4222 1.0032 Francois et al. (1985)
Nd,Ir; Ge; U,Co,Si; 1.0172  1.1881 0.6030 Venturini et al. (1986b)
Nd,Ir,Ge 5 Yb;Rh,Sn,; 0.9042 Venturini et al. (1985b)
NdIrGe TiNiSi 0.7302 0.4448 0.7335 Hovestreydt et al. (1982)
Ndlr, ;Ge, 5 AlB, 0.4229 0.4125 Salamakha et al. (1989a)
Nd,IrGe, Sc,CoSi, 1.0840 0.4352 1.0545 Salamakha et al. (1989a)

p=117.23°
NdIrGe, YIrGe, 0.4358 0.8809 1.6153 Salamakha et al. (1989b)
Nd, Ir,;Ge,g Ho,Ir;Ge, Verniere et al. (1995)
NdPt,Ge, CeGa,Al, 0.4380 0.9865 Rossi et al. (1979)

LaPt,Ge, 0.4363 0.4389 0.9779 Venturini et al. (1989a)

B=90.88°
Nd,PtGe, Ce,CuGeg 0.4120 0.4063 2.2007 Sologub et al. (1995a)
NdPtGe, YIrGe, 0.4398 0.8770 1.6418 Salamakha et al. (1989b)
NdPtGe KHg, 04428 0.7245 0.7599 Hovestreydt et al. (1982)

NdPt, (Ge; 4 AlB, 0.4227 0.4181 Salamakha et al. (1989a)
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Fig. 73. Nd-Au-Ge, partial isothermal
section at 870K (33-100at.% Ge)..

Table 26
Crystallographic data for the ternary Nd—-Au—Ge compounds
No. Compound Structure Lattice parameters (nm) Reference
a b ¢
1 NdAu,Ge, CeGa,Al, 0.4411 1.0559 Salamakha (1997)
2 Nd,AuGe, Ce,CuGeg 042265 0.41272 2.1689 Sologub et al. (1995a)
3 NdAuGe, unknown Salamakha (1997)
4  NdAuGe LiGaGe 0.4439 0.7718 Salamakha (1997)
0.4447 0.7702 Rossi et al. (1992)
5 NdAuy,Ge,; AlB, 0.4369 0.4278 Salamakha (1997)

4.6.21. Nd-Au—Ge

A partial isothermal section of the Nd—Au—Ge system at 870K is shown in fig. 73, after
Salamakha (1997). The phase relations are characterized by the formation of five ternary
neodymium germanides of gold. Their crystallographic data are listed in table 26. For the
details of sample preparation, see Nd-Ag—Ge.

4.7. Sm—d element—Ge systems

4.7.1. Sm-Mn—Ge
No phase diagram is available for the system Sm—-Mn-Ge, however, a series of ternary
compounds have been observed and characterized.
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The SmMn;Ge, compound has been prepared and studied by Rossi et al. (1978b). It
was found to be of CeGayAl, type with lattice parameters a=0.4062, ¢=1.0896. For
sample preparation, see LaMn,Ge, under La—Mn-Ge.

SmMnGe with PbFCl-type was observed by Welter et al. (1995), a=0.4134, c=
0.7375. The compound was prepared from commercially available high-purity elements.
A compacted pellet of stoichiometric mixture was sealed under argon (100 mmHg) in a
silica tube, heated at 1273 K as a preliminary homogenization treatment and then melted
in an induction furnace. The resulting ingot was annealed for 2 weeks at 1173 K.

SmMnsGeg was found to crystallize in the YCogGeg-type structure by Venturini et al.
(1992), a=0.5245, ¢ =0.8187 (X-ray powder diffraction data). The alloy was synthesized
by powder metallurgical reaction in an evacuated silica tube at 1073 K for 14 days.

Francois et al. (1990) investigated the occurrence of CeNiSi, type for samarium-—
manganese—germanium combinations for alloys annealed at 1173 K (SmMnyg 40Gey; a=
0.4194, b=1.633, c=0.4062).

4.7.2. Sm—Fe-Ge

Phase equilibria in the isothermal sections at 870K (0-40at.% Sm) and 670K
(40-100 at.% Sm) have been determined by Mruz (1988) using X-ray powder diffraction
and partly microstructural analyses of 202 ternary alloys synthesized by arc melting ingots
of Sm (99.77 mass%), Fe (99.90 mass%) and Ge (99.99 mass%); the alloys were then
annealed in evacuated quartz tubes for 500-900 hours. The total number of compounds
observed was nine. The SmsGe; binary compound was found to dissolve up to 8 at.% Fe.
Solubility of the third component in the binary compounds was reported to be negligible.
Phase equilibria in the isothermal sections at 870 K and 670K are presented in fig. 74.

Fe SmyFeqy SmFe; SmFey Sm

Fig. 74. Sm—Fe-Ge, isothermal sections at 870K (040 at.% Sm) and 670 K (40-100 at.% Sm).
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The SmFesGeg (2) compound was observed and studied by Mruz et al. (1984). It was
found to crystallize with YCosGeg type with lattice parameters a=0.5135, ¢=0.4091 by
X-ray powder diffraction of an arc melted alloy annealed at 870 K.

The formation and crystal structure of SmFe,Ge, (3) was reported in an early investiga-
tion of samarium—iron—germanium combinations by Mruz et al. (1983): CeGa,Al, type,
a=0.4005, ¢=1.0476 (arc melted sample annealed at 870 K; X-ray powder diffraction
data) later confirmed by Bara et al. (1990), a=0.4010, ¢=1.0491.

Pecharsky et al. (1989) investigated the formation and crystal structure of the
SmFe; _,Ge, (7) compound by X-ray single-crystal analysis of an arc melted sample
annealed at 870 K. The CeNiSiy-type structure was established with lattice parameters
a=0.4188-0.4198, h=1.6208-1.6232, ¢=0.4058-4079. Francois et al. (1990) confirmed
the crystal structure of SmFeg 5,Ge, (CeNiSi, type, a=0.4195, b=1.619, ¢c=0.4076). The
sample was prepared by powder metallurgical reaction and annealed in an evacuated silica
tube at 1173 K.

The crystal structures of three compounds within the Sm—Fe—Ge system at 870 K were
determined by Mruz (1988): SmyFeg ¢4Ge7 (8) with SmyCoGe;-type structure, a=0.4161,
b=0.4067, ¢c=3.021; Smy17FespGe1 (9) with Tby7Fes; Ge2-type structure, a =2.8989;
and ~SmsFe;Gey; (6) was found to adopt a new structure type a=0.4079, h=2.5715,
¢=0.4275.

The crystal structures of three more germanides, ~SmFes;qGeo (1), ~Sm3Fe,Gey (4)
and ~SmzFe, Ge; (5), have not been resolved.

The SmFeq¢;Ge; 33 compound was found to adopt the AlB; type (a=0.4141, c=
0.4092; X-ray powder diffraction) (Felner et al. 1972). This compound was not observed
at 870K by Mruz (1988) in the course of studying the phase equilibria in this system.

4.7.3. Sm—Co—-Ge

Phase equilibria in the isothermal sections at 870K (0-40at.% Sm) and 670K
(40-100 at.% Sm) have been determined by Mruz (1988) using X-ray powder diffraction
and microstructural analyses of 342 ternary alloys synthesized by arc melting ingots of
Sm (99.77 mass%), Co (99.90 mass%) and Ge (99.99 mass%). The alloys were annealed
in evacuated quartz tubes for 500-900 hours. The phase relations are characterized by
the formation of eighteen ternary compounds and by the existence of rather extended
solid solutions originating at SmsGe; (up to 17.5at.% Co), SmCos (up to 15at.% Ge)
and SmCos (up to 10at.% Ge). Phase equilibria in the isothermal sections at 870K and
670K are presented in fig. 75.

Méot-Meyer et al. (1985a) reported the crystal structure of SmCog.71Ge; (8) (CeNiSi,
type, a=0.4169, b=1.649, ¢=0.4097). The sample was prepared by powder metallurgical
reaction and annealed in evacuated silica tube at 1173K. Pecharsky et al. (1989)
investigated the formation and crystal structure of the SmCog 7, 0s56Ge; compound by
X-ray powder analysis of arc melted alloys annealed at 870K alloys. The CeNiSi>-type
structure was confirmed (a=0.4174-0.4169, b=1.6542-1.6395, ¢ =0.4122-0.4069).
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Ge
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SmGey 63
7\ Sm1.040e156

Fig. 75. Sm~Co-Ge, isothermal sec-
tions at 870K (0-40at.% Sm) and
670K (40-100at.% Sm).

Co Sm2C017 Sm2C07 SmCoz Sm5C02 Sm
SmCos SmCos Sm3Co

The formation and crystal structure of SmCo,Ge, (2) was reported in an early
investigation of samarium—cobalt-germanium combinations by Mruz et al. (1983):
CeGayAly type, a=0.4016, ¢=1.0133 (arc melted sample annealed at 870K; X-ray
single-crystal diffraction data).

Sm;Co3Ges (3) was found to crystallize with the Lu,Co3Sis-type (a=1.1244, b=
1.193, ¢=0.5768, y=120.2°) by Venturini et al. (1986b) from X-ray powder analysis.

Gorelenko et al. (1984) reported the crystal structure of SmCoGe (9) (TiNiSi type,
a=0.7137, b=0.4319, ¢=0.7133; X-ray powder analysis). The alloy was obtained by
arc melting and annealing in an evacuated quartz tube at 870 K for 350 hours.

Sm3Co,Gey (11) crystallizes with the Tb;Co,Gey type structure, a=1.0846, 5=0.8138,
¢=0.4185, y=107.70°. The sample was prepared by arc melting and annealing at
873K for 1450 hours. The starting materials were Sm >99.9 mass%, Co 99.99 mass%,
Ge 99.999 mass% (Mruz et al. 1989).

Bodak et al. (1986) reported the crystal structure for Smy;CoGe, (15) (ScoCoSi; type,
a=1.0818, 5=1.0343, ¢=04254, y=118.53° X-ray powder diffraction) from an
arc melted sample annealed at 870 K.

Investigating the isothermal section of the Sm—Co—Ge system, Mruz et al. (1987a)
observed the Sm4Cog4Ge; (12) compound which belonged to a new structure type. The
crystal structure was investigated by a single-crystal method, the lattice parameters were
obtained as a=0.4166, h=0.4083, ¢=3.018.

The crystal structure of three compounds within the Sm—Co—Ge system at 870K was
determined by Mruz (1988): Sm»Coy5.1-141Ge1.9-2.9 (1) belongs to the ThyZn;; type, a=
0.8425-0.8433, ¢ =1.2336-1.2368; SmCoGes (4) crystallizes with the BaNiSn; type, a=
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0.4277, ¢=0.9799; and SmsCo3.55Gejp-125 (7) was observed to form a new structure
type with lattice parameters a=0.4143-0.4174, b=2.5534-2.5597, ¢ =0.4216-0.4221.

The crystal structures of eight more germanides, ~Sm3;Co,Geg (5), ~Sm3Co,Ge; (6),
~SIII5CO4G66 (10), Nsm249C00_9G64'2 (13), ~SII]3COQGG3 (14), ~SI’1’114CO4G611 (16),
~Sm3CoGe; (17), ~SmsCoGey (18) have not been solved yet.

Mruz (1988) observed the existence of the Smj;Cos,Gei;» compound at 870K
(Tby17Fes2Ger1n type, a=2.8928) which was found to decompose at 670K. This
compound is not shown in fig. 75, since it contains ~42at.% Sm and thus is outside
of the composition range of the 870 K isothermal section (0—40 at.% Sm), and as it does
not exist at 670K it does not appear in this isothermal section.

Venturini et al. (1985b) reported an X-ray powder diffraction study of the Sm;Co,Ge;3
compound from a sample prepared by heating a mixture of the starting components
in an evacuated quartz tube and homogenizing at 1073 K. Finally the sample was
quenched in water. The crystal structure was found to adopt the Ybs;RhsSnys type, a=
0.8814. The purity of the starting components was Sm 99.9 mass%, Co 99.99 mass% and
Ge 99.99 mass%.

4.74. Sm-Ni—Ge

Phase equilibria in the isothermal sections at 870K (0—40at.% Sm) and 670K
(40-100 at.% Sm) have been established by Mruz (1988) using X-ray powder diffraction
and microstructural analyses of 247 ternary alloys synthesized by arc melting ingots
of Sm (99.77 mass%), Ni (99.99mass%) and Ge (99.99 mass%); the alloys were
then annealed in evacuated quartz tubes for 500-900 hours. The phase relations are
characterized by the formation of twelve ternary compounds and by the existence of rather
extended solid solutions originating at SmsGes (dissolves up to 12.5at.% Ni), SmNis
(15at.% Ge) and SmyNiy; (15at.% Ge). Phase equilibria in the isothermal sections at
870K and 670K are presented in fig. 76.

SmNisGe; (3) was reported to crystallize with the YNisSi3 type, a=1.9196, b=
0.38981, ¢=0.67917 by Mruz (1988). The arc melted alloy was annealed at 870K and
investigated by X-ray powder diffraction analysis.

The SmNi,Ge; (5) compound was found to adopt the CeGa, Al,-type of structure, a=
0.4091, ¢=0.9814 (Rieger and Parthé 1969b).

SmNiGe; (7) with its own structure type (a=2.1657, b=0.4102, ¢=0.4092, X-ray
single-crystal analysis) was reported by Bodak et al. (1985). For details of sample
preparation and purity of starting materials, see above.

Sm,NiGeg (8) has been found by Mruz (1988) from X-ray powder diffraction to be
isostructural with the Ce;CuGeg type (a=0.4062, b=0.3995, ¢=2.1496). The sample
was prepared by arc melting ingots of the constituting elements and annealing at 870K
for 700 hours. For the purity of starting materials, see above.

Pecharsky et al. (1989) investigated the formation and crystal structure of the
SmNiy_g75Ge; (9) compound by X-ray powder analysis of arc melted alloys annealed
at 870K (CeNiSi; type, a=0.4147-0.4168, h=1.6701-1.6589, ¢=0.4147-0.4105).
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Fig. 76. Sm-Ni-Ge, isothermal sections at 870K (0—40at.% Sm) and 670K (40-100 at.% Sm).

Mruz et al. (1987b) reported the crystal structure of SmNiGe (10) (TiNiSi type, a=
0.7100, =0.4275, ¢=0.7301; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870 K for 500 hours.

An early investigation of the interaction of germanium with samarium and nickel
has shown the existence of the SmNig g 5Gei415 (11) compound with AlB, type,
a=0.4125-04114, ¢=0.4101-0.4127 (Gladyshevsky and Bodak 1965; X-ray powder
diffraction).

The crystal structures of five germanides, ~SmNi;Ge; (1), ~SmNigGe, (2), ~Sm;NigGes
4), ~SmyNizGes (6), ~Sm3NiGe, (12) have not been evaluated (Mruz 1988).

One more ternary compound was reported by Bodak et al. (1982) who investigated
the crystal structure of Sm3;NiGe, compound (La;NiGe; type, a=1.1605, b=0.4242, c=
1.1470 ) by the powder X-ray diffraction method. Apparently this compound does not
exist at 870 K. For sample preparation and purity of starting elements, see Y3;NiGe, under
Y-Ni-Ge.

The SmNi3Ges; compound was investigated by the single-crystal method (own structure
type, a=0.4070, ¢=2.5137). The single crystal was obtained from “as-cast” alloy (Mruz
1988). This compound was not observed at 870 K.

4.7.5. Sm—Cu—Ge
No phase diagram is available for the Sm—Cu~Ge system, but five ternary compounds
have been found.

Rieger and Parthé (1969a) investigated the occurrence of the AIB,-type structure
by means of X-ray powder diffraction of arc melted alloys. The data presented were
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SmCuy_g ¢7Ge;-1.33 with a=0.4255-0.4152, ¢=0.3847-0.4101. Iandelli (1993) confirmed
the AIB; type (@=0.4259 ¢=0.3810, X-ray powder analysis) from the SmCuGe alloy
which was prepared from filings or powders of the metals (samarium 99.7 mass%, copper
and germanium 99.99 mass%) mixed and sealed in a tantalum crucible under argon,
followed by melting in an induction furnace; afterwards the sample was annealed for
10 days at 1023 K.

Sologub et al. (1995a) reported on the crystal structure of Sm;CuGeg alloy prepared by
arc melting under argon and annealing at 870K in an evacuated quartz tube for one week.
From X-ray powder analysis, it was shown that this compound has the Ce,CuGeg-type
structure with a=0.41496, 5=0.40275, ¢=2.1221.

Rieger and Parthé (1969b) prepared SmCu,Ge, with the CeGayAl,-type of structure,
a=0.4088, ¢=1.0223.

Francois et al. (1990) reported the crystal structure of the SmCug s5Ge; (CeNiSi, type,
a=0.4163, b=1.690, ¢=0.4028). For sample preparation, see LaFeGe, under La—Fe—Ge.

Sm¢CugGeg crystallizes with the GdgCugGeg-type and lattice parameters a=1.412, b=
0.668, ¢ =0.426 (Hanel and Nowotny 1970).

4.7.6. Sm—Zn—Ge

No isothermal section is available for the ternary Sm—Zn—Ge system, however one ternary
compound was observed and characterized by Rossi and Ferro (1996). SmZn; 5Gegs
was found to crystallize with the AIB, type, a=0.4412, ¢=0.3737 from X-ray powder
diffraction of an induction melted alloy which was annealed at 1070K for one week.
An electronic micrographic examination, as well as microprobe microanalysis, was
carried out. The metals employed in the synthesis of samples had a nominal purity of
99.9 mass% for samarium, and 99.999 mass% for other metals.

4.7.7. Sm—Ru—Ge

The phase equilibria in the Sm—Ru—Ge system have been investigated by Morozkin et
al. (1996) by means of X-ray phase and local X-ray spectral analyses of ternary alloys,
which were arc melted and subsequently annealed in evacuated silica tubes at §70 K for
1000 hours and finally quenched in water. Starting materials were Sm 99.98 mass%, Ru
99.99 mass%, Ge 99.99 mass%. According to the phase diagram, six ternary compounds
exist within the Sm—Ru—Ge system at 870K (fig. 77). The system contains an extended
region of ternary solid solution based at SmRus.

Early investigations of the SmRu,Ge; (1) compound showed that it had the CeGazAl,-
type structure: a=0.4236, ¢ =0.9944, after Felner and Nowik (1985) from X-ray powder
analysis of an induction melted alloy; and a=0.4238, ¢=0.9953 (Francois et al. 1985)
from X-ray powder analysis of alloy obtained by powder metallurgical reaction at 1273 K.
The starting components were Sm (3N), Ru (4N) and Ge (4N). The crystal structure type
was confirmed by Morozkin et al. (1996): a=0.4237, ¢=0.9918 from arc melted alloy
annealed at 870K.
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" 2 SmqqRuzs Sm3Ru Fig. 77. Sm—Ru—Ge, isothermal section

SmsRuy at 870K.

Venturini et al. (1986b) and Morozkin et al. (1996) reported that the SmyRu;Ges (2)
compound crystallizes with the U,Co; Sis-type structure. Lattice parameters were reported
as a=0.9867, b=1.244, ¢=0.5790 (Venturini et al. 1986b; X-ray powder diffraction;
for sample preparation, see LaRu;Ges under La—Ru—Ge) and a=0.9880, b=1.2403, ¢c=
0.5778 (Morozkin et al. 1996).

The PrsRh4Snys-type structure was reported for the SmzRusGeys compound (a=
0.9018) by Segre et al. (1981a) from X-ray powder analysis of arc melted samples
annealed at 1523 K for 1 day and at 1273K for 7 days. The starting materials were
Sm (3N), Ru (3N), Ge (6N). At variance with these data, Morozkin et al. (1996) observed
the SmRuGes; (3) compound with the same structure type and lattice parameters a=
0.9012 from X-ray powder analysis of arc melted alloy annealed at 870 K.

Sm3;Ru,Ge, (4) was found to crystallize with the LasNiyGay-type structure (a=0.5611,
b=0.7818, ¢=1.3473, X-ray powder diffraction) from arc melted samples annealed at
870K (Bodak et al. 1989a). Morozkin et al. (1996) observed the same structure type and
determined the lattice parameters a=0.5595, b=0.7799, ¢=1.3527.

The crystal structure of the SmyRuGe, (5) compound belongs to the Zr,CoSi, type,
a=1.0713, b=1.114, ¢=0.413, y=129.3° (Morozkin et al. 1996).

A compound of unknown structure, Smg 6;Ru1p 25Gep 1o (6), was observed by Morozkin
et al. (1996) from a sample annealed at 870 K.

The crystal structure of the SmRuGe compound was investigated by Welter et al.
(1993b). It was found to adopt the PbFCl type, a=0.4244, ¢=0.6711 (X-ray powder
diffraction). The compound was prepared from commercially available high-purity
elements. A compacted stoichiometric mixture under argon in a sealed silica tube was
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heated to 1173 K for preliminary homogenization and then melted in an induction furnace.
This compound apparently does not exist at 870 K.

4.7.8. Sm—-Rh—Ge

The phase equilibria in the Sm—Rh—Ge system have been investigated by Morozkin et
al. (1996) by means of X-ray phase and local X-ray spectral analyses of ternary alloys,
which were arc melted and subsequently annealed in evacuated silica tubes at 870K for
1000 hours and finally quenched in water. The starting materials were Sm 99.98 mass%,
Rh 99.99 mass%, Ge 99.99 mass% pure. Fourteen ternary compounds were found to exist
within the Sm—Rh—Ge system at 870K (fig. 78). The system contains an extended region
of ternary solid solution based at SmRhy,.

Venturini et al. (1985b) reported an X-ray powder diffraction study of the Sm3;RhyGe3
compound from a sample which was prepared by heating a mixture of starting components
in an evacuated quartz tube and homogenized at 1073 K. Finally the sample was quenched
in water. The crystal structure was found to adopt the YbsRhySnj3 type, a=0.8985.
The purity of the starting components was Sm 99.9 mass%, Rh 99.99 mass% and
Ge 99.99 mass%. Morozkin et al. (1996) observed the homogeneity field for this
compound which includes the SmRhGe; composition: Sms.,RhyGejz_, (x=0-1) (4), a=
0.8969-0.8976 from X-ray powder analysis of arc melted alloy annealed at 870 K.

Early investigations of the SmRh,Ge; (2) compound determined the CeGayAl, type:
a=0.4126, ¢c=1.037 (Francois et al. 1985). For sample preparation, see CeRu,Ge, under
Ce~Ru—Ge. The structure type for this compound was confirmed later by Morozkin et al.
(1996), a=0.4101, ¢ 1.0310 from arc melted alloy annealed at 870 K.

Rh SmRhy  SmRh SmgRhy  SmyRh Sm

Fig. 78. Sm—-Rh-Ge, isothermal section
SmSRh4 Sm7Rh3

at 870K.
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SmyRh3Ges (3) was found to crystallize with the LuyCosSis type (¢=1.0005, b=
1.2084, ¢=0.5894, 3=120.2°) by Venturini et al. (1986b) from X-ray powder analysis.

Hovestreydt et al. (1982) reported the crystal structure of the SmRhGe (5) compound
(TiNiSi type, @=0.7074, b=0.4371, ¢=0.7468; X-ray powder data) from an arc melted
sample annealed at 1270K for 1-2 weeks. The starting components were Sm (3N),
Rh (4N) and Ge (5N). Morozkin et al. (1996) observed the TiNiSi type for the sample
annealed at 870K (¢=0.7060, =0.4360, ¢ =0.7448).

Gladyshevsky et al. (1991a) reported on the crystal structure for the Sm;Rh,Ge; (6)
compound (LazNiyGe; type, a=0.5608, 6=0.7933, ¢ =1.3332; X-ray powder diffraction).
For the details of sample preparation, see LazRh,Ge, under La—Rh—Ge. Morozkin et al.
(1996) observed the same structure type and lattice parameters a=0.5592, b=0.7895,c =
1.3293 from X-ray powder diffraction.

Studying this phase diagram, Morozkin et al. (1996) established the crystal structure for
SmRhsGe; (1) (UCosSi; type, a=1.5848, ¢ =0.3679), SmRh; _,Ges, (9) (CeRh; _,Ges,»
type, a=0.4225, b=04304, c= 1507), Sm33Rh25_20Ge42;47 (8) (AIBQ type, a=0.4219-
0.4208, ¢=0.4017-0.4025), SmyRhGe, (7) (Zr,CoSip type, a=1.065, b=1.118, ¢=
0.4106, y=129.96°) and for SmyRhGeg (10) (Ce,CuGeg type, a=0.4060, b=0.4008,
¢=2.190). In addition they observed four compounds with an unknown structure:
~Smy 33Rhg 53Geg 14 (11), ~SmRhyGe (12), ~Smg 18Rhg 64Geg.15 (13), ~SmRh;Geg (14).

Verniere et al. (1995) mentioned the existence of SmyRh;3Gey compound with the
Hoylr13Gey type. No lattice parameters were given. For the experimental procedure, see
LayIr;3Geg under La—Ir—Ge. This compound was not observed by Morozkin et al. (1996)
in the investigation of phase equilibria in the Sm—Rh-Ge system at 870K.

4.79. Sm-Pd-Ge

A systematic study of the Sm—Pd-Ge system at 870K was performed by Barakatova
(1994) over the whole concentration region by means of X-ray powder and single-crystal
analyses as well as using metallography and microprobe analyses. The samples were
prepared by arc melting under argon and annealing in evacuated quartz ampoules at 870K
for 1000 hours.

The phase-field distribution in the isothermal section at 870K (fig. 79) is characterized
by existence of ten ternary compounds. Maximum solubilities of germanium in the
binary compounds of the Sm—Pd system are 10 at.% for SmPd and 5 at.% for SmPds_, 3.
Solubility of samarium in the palladium germanides was found to be negligible. As
reported by Barakatova (1994), SmPd,Ge; (2) and Sm(Pd,Ge), (9) dissolve 15 at.% Ge
and 10at.% Ge respectively.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound SmPdGe (8) adopts the KHg,-type of structure, a=0.44263, b=
0.7110, ¢=0.7606. For sample preparation, see LaPdGe under La-Pd-Ge. The starting
materials were Sm (3N), Pd (4N) and Ge (5N). The existence of SmPdGe was later
confirmed by Barakatova (1994) (KHg, type, a=0.4426, 6=0.7110, ¢=0.7606; X-ray
powder data).
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Fig. 79. Sm—Pd-Ge, isothermal sec-
tion at 870K.

The crystal structure of the compound SmPd,Ge (6) was found to be of the YPd,Si type
(a=0.7501, b=0.6996, c=0.5673; X-ray powder diffraction) by Jorda et al. (1983). For
the experimental procedure, see LaPd,Ge under La—Pd-Ge. The starting materials were
palladium 99.99 mass%; germanium, specpure quality; samarium 99.9 mass%. Barakatova
(1994) confirmed the structure type and determined the lattice parameters a=0.7504, b=
0.6995, ¢ =0.5680 from X-ray powder analysis.

Sologub et al. (1995a) reported on the X-ray powder analysis of the SmyPdGeg (4)
compound which was found to crystallize with the Ce,CuGeg-type structure, a=0.4116,
b=0.4044, ¢=2.170. For the experimental procedure, see La,PdGes under La-Pd-Ge.
The starting materials used were obtained from Johnson & Matthey, UK (99.9 mass%).
The structure type after Barakatova (1994) is the same and lattice parameters are a=
0.4115, b=0.4031, ¢c=2.164.

During the phase investigation in the Sm-Pd—Ge system, Barakatova (1994) estab-
lished the crystal structure for Sm3PdyaGegs (1) (CesPdyeGeg type, a=1.242—1.245);
SmPd; 5-1 75Ge15.225 (2) (BaAly type, a=0.4238-0.4258, ¢ =0.9971-1.0066); SmyPd3Ges
(3) (U,CosSis type, a=1.0136, h=1.2203, ¢=0.5983); Smy25Pdg65Geq.10 (5) (CaTiOs
type, a=0.4158); SmPdGe, (7) (YIrGe, type, a=0.4345, b=0.8762, c=1.6558);
SmPdy s_95Ger2-15 (9) (AlB; type, a=0.4276-0.4216, ¢ =0.3669-0.4115); and Sm;PdGe
(10) (FeB type, a=0.8453, h=0.3732, ¢=0.5582).

4.7.10. Sm—-A4g—Ge
Information on interaction of samarium with silver and germanium is due to the work
of three groups of authors (Sologub et al. 1995a, Protsyk 1994, Gibson et al. 1996). The
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phase diagram of the Sm-Ag-Ge system is not available; three ternary compounds have
been observed and analyzed.

The crystal structure of SmyAgGes was found to be isotypic with Ce,CuGes, a=
0.42394, h=0.40956, c=2.1346 by Sologub et al. (1995a) who employed X-ray powder
diffraction analysis of an arc melted sample which was homogenized by annealing at
873 K for 150 hours.

Protsyk (1994) reported the SmAg,Ge; compound with the CeGa, Aly-type structure,
a=0.4223, ¢=1.1048. For sample preparation, see Ce—Ag—Ge.

The crystal structure of the SmAgGe compound was investigated by Gibson et al.
(1996) with X-ray powder diffraction. It was found to adopt the ZrNiAl type with lattice
parameters a=0.72005, ¢=0.42692. The alloy was arc melted and annealed at 970K for
10 days.

4.7.11. Sm—0Os—-Ge

No phase diagram is available at present for the system Sm—Os—Ge, however, one ternary
germanide has been observed and characterized by Segre et al. (1981a). Sm30s4Gey3 was
found to crystallize with the PrsRhsSn;3 type, @=0.9043. For sample preparation, see
Ce;RuyGegs under Ce—Ru-Ge.

4.7.12. Sm—Ir-Ge

Phase relations have not been established for the Sm-Ir—-Ge system; information
concerning the formation of compounds and their crystal structure is due to the work
of different groups of authors.

Francois et al. (1987) reported the crystal structure of SmlrGe, (YIrGe; type, a=
0.4314, h=1.603, c=0.8871). The sample was prepared by heating a mixture of powders
of the starting components (Sm 3N, Ir 3N and Ge 3N) in an evacuated silica tube
at 1173 K.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound SmlIrGe adopts the TiNiSi-type structure, a=0.7017, h=0.4346,
¢=0.7557. For the experimental procedure, see LalrGe under La—Ir—Ge.

Smlr,Ge, was found to crystallize in the P4/nmm space group with lattice parameters
a=0.4203, ¢c=1.0084 (Francois et al. 1985).

Sm;,Ir;Ges was found to adopt the U,CosSis-type structure (a=1.0151, »=1.182, ¢c=
0.6005) by Venturini et al. (1986b) from X-ray powder analysis.

Verniere et al. (1995) observed the existence of Smylr;3Geg with HoyIr 3 Geg-type. The
lattice parameters have not been established. For the experimental details, see LasIr;3Geg
under La—Ir-Ge.

Venturini et al. (1985b) reported on the X-ray powder diffraction study of the
Smj3IrsGe;; compound from a sample which was prepared by heating a mixture of the
starting components (Sm 3N, Ir 4N, Ge 4N) in an evacuated quartz tube and homogenizing
at 1073 K. The crystal structure was found to adopt the YbsRhySny3 type, a=0.9012.
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4.7.13. Sm—Pt-Ge

A systematic study of the Sm-Pt—Ge system at 870K was performed by Barakatova
(1994) over the whole concentration region by means of X-ray powder and single-crystal
analyses as well as using metallography and microprobe analyses of 158 alloys. The
samples were prepared by arc melting under argon and annealing in evacuated quartz
ampoules at 870K for 1000 hours.

The phase-field distribution in the isothermal section at 870K (fig. 80) is characterized
by the existence of 21 ternary compounds. The maximum solubility of germanium in the
binary compounds of Sm—Pt is not indicated by the author. The solubility of samarium
in the palladium germanides was found to be negligible.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound SmPtGe (18) adopts the TiNiSi-type of structure, a=0.7144, b=
0.4396, ¢=0.7585. For sample preparation, see LaPdGe under La—Pd—Ge. The starting
materials were Sm (3N), Pt (4N) and Ge (5N). At variance with these data, Barakatova
(1994) observed the SmPtGe compound with the KHg, type, lattice parameters a=
0.4377, b=0.7114, ¢=0.7573, from X-ray powder analysis of arc melted alloy annealed
at 870 K.

Sologub et al. (1995a) reported on the X-ray powder analysis of the Sm,PtGes (14)
compound which was found to crystallize with the Ce,CuGes type, a=0.40955, b=
0.40412, ¢=2.1871. For the experimental procedure, see La,PdGes under La~Pd—Ge.
The starting materials used were obtained from Johnson & Matthey, UK (99.9 mass%).

Venturini et al. (1989a) investigated the crystal structure of SmPt;Ge; (11) from an
arc melted sample annealed at 1273K for 5 days. The crystal structure was found to
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belong to the LaPt,Ge; type, a=0.4345, 5=0.4378, ¢=0.9751, $=91.02°. The starting
materials were Sm (3N), Pt (4N) and Ge (4N).

Francois et al. (1987) mentioned the existence of SmPtGe, (17) with the YIrGe,-type
of structure. No lattice parameters were given. Barakatova (1994) confirmed the crystal
structure and established the lattice parameters a =0.4367, b=0.8720, ¢ =1.6332 by X-ray
powder analysis.

In the course of phase equilibrium investigation in the Sm—Pt-Ge system, Baraka-
tova (1994) established the crystal structure for Smg 65Pty735Geo; (5) (CaCus type,
a=0.5296, ¢=0.4413), SmPt;,5Ge; 75 (10) (CaBe,Ge; type, a=0.4288, ¢=0.9975),
SmPt 57Ge 13 (12) (CaBe,Ge; type, a=0.4325, ¢=0.9909), Sm;Pt;Ges (13) (U,Co3Ges
type, @=0.9874, h=1.1987, ¢=0.5731), Sm3Pt,Ges (15) (Ce;PtsGes type, a=0.4351,
bh=0.4359, ¢=2.5886), SmPt,Ge (16) (Fe;C type, @=0.7436, 6=0.6901, c=0.5585),
SmPtg 35_0.65Ge1.65-1.35 (19) (AlB; type, a=0.4252-0.4185, c=0.4022-0.4157), SmPt; 4
Ge1.76 (20) (a-ThSi; type, a=0.4147, ¢=1.4131) and Sm,Pt;_; 6Ge-g4 (21) (CrB type,
a=0.4033-0.3894, h=1.0884—1.0760, ¢ =0.4287-0.4415).

The formation of eight more ternary phases with unknown structures has been observed
by Barakatova (1994) while investigating the isothermal section of the Sm—Pt—Ge system
at 870 K. They exist at compositions close to Smy g75Pty 625Geo.30 (1), Smg g75Pto.475Geo a5
(2), Smy.10Pt 665Ge0.235 (3), Smo 12Pto 58Geg30 (4), Smg 165Pto.635Ge0.20 (6), Smo 165Pto 57
Geg.265 (7), Smy, 165Pto 525Gep32 (8) and Smy 20Pto 60Geg 20 (9).

4.7.14. Sm—-Au—Ge

Information on interaction of samarium with gold and germanium is due to the work of
two groups of authors (Sologub et al. 1995a and Rossi et al. 1992). The phase diagram
of the Sm—Au-Ge system is not available; two ternary compounds have been observed
and analyzed.

Sologub et al. (1995a) employed X-ray powder diffraction analysis for investigation
the crystal structure of the SmyAuGes compound from an arc melted sample, which was
homogenized by annealing at 873 K for 150 hours. The crystal structure was found to be
isotypic with Ce,CuGes, a=0.42394, b=0.40956, ¢ =2.1346.

A ternary compound of samarium with gold and germanium in the stoichiometric ratio
1:1:1 has been identified and studied by means of X-ray and metallographic analyses
by Rossi et al. (1992). The SmAuGe compound was found to adopt the LiGaGe type
with lattice parameters a=0.4434, ¢=0.7533. The sample was prepared by melting the
metals (about 99.9 mass% for samarium and 99.99 mass% for gold and germanium) in
an induction furnace and annealing at 1070 K for one week.

4.8. Eu—d element—Ge systems

4.8.1. Eu—-Mn—-Ge

No phase diagram exists for the system Eu-Mn-Ge, and only one ternary compound
has been observed from induction melted alloy by Felner and Novik (1978). According
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to X-ray powder diffraction analysis, the EuMn,Ge, compound crystallizes with the
CeGayAl, type, a=0.4244, ¢=1.075.

4.8.2. Eu—Fe—-Ge

Information on the phase equilibria in the ternary Eu—Fe—Ge system is due to the work of
Belan (1988) who employed X-ray powder diffraction on samples prepared by arc melting
of pure components. The resulting alloys were annealed at 670K for 300 hours. The
equilibrium phase diagram is shown in fig. 81. No ternary compounds were observed.

Ge

Fig. 81. Eu—Fe—Ge, isothermal section at
Fe Eu  670K.

4.8.3. Eu-Co-Ge

The isothermal section of the Eu—Co—Ge phase diagram at 670K was constructed by
Oniskovetz et al. (1985). The phase relations are characterized by the formation of three
ternary compounds (fig. 82). For details of sample preparation, see Eu—Fe-Ge.

The crystal structures of two compounds have been studied by Oniskovetz et al.
(1985). EuCo,5Gey s (1) belongs to the BaAl, type, a=0.4035, ¢ =0.9746; EuCoGe; (2)
crystallizes with the BaNiSn; type, a=0.4345, ¢=0.9953 (powder X-ray diffraction data).
Venturini et al. (1985b) confirmed the crystal structure for the Eu;CosGei; compound
from a sample prepared by heating a mixture of the starting components in an evacuated
quartz tube and homogenizing at 1073 K. Finally the sample was quenched in water. It
was found to adopt the Yb;RhySny;-type structure, a=0.8814 (X-ray powder diffraction
data). The purity of the starting components was Eu 99.9 mass%, Co 99.99 mass%,
Ge 99.99 mass%.
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Ge

Fig. 82. Eu—Co—Ge, isothermal section at
Co Eu 670K.

One more ternary compound with an unknown structure has been observed by
Oniskovetz et al. (1985) in the course of phase equilibrium investigation in the Eu-Co—Ge
system: Euy,Coy_1,Gej95 (3).

Felner and Novik (1978) observed the formation of the FuCo,Ge; compound and
investigated its crystal structure: CeGayAl, type, a=0.4035, ¢ =1.046. The sample was
melted in an induction furnace at about 1870 K under a protective argon atmosphere;
afterwards the alloy was homogenized by annealing in the induction furnace at the melting
temperature for about 30 min. Starting materials were Eu 99.9 mass%, Co 99.95 mass%
and Ge 99.99 mass%. This phase was not observed by Oniskovetz et al. (1985) in the
course of phase equilibrium studies in the Eu—Co—-Ge system at 670 K.

4.8.4. Eu—Ni-Ge

Phase equilibria in the isothermal sections at 670K have been determined by Belan
(1988) using X-ray powder diffraction of alloys which were synthesized by arc melting
ingots of Eu (99.81 mass%), Ni (99.99 mass%) and Ge (99.99 mass%); the alloys were
then annealed in evacuated quartz tubes at 670K for 300 hours. The phase relations
are characterized by the formation of six ternary compounds and by the existence of
rather extended solid solutions originating at Eu;Nij7 (up to 18 at.% Ge), EuNis (up to
20at.% Ge) and EusGe (up to 12 at.% Ni). The phase equilibria in the isothermal section
at 670K are presented in fig. 83.

The formation and crystal structure of EuNi;Ge, (2) was reported in an early
investigation of europium-nickel-germanium combinations by Bodak et al. (1966):
CeGaz Al; type, a=0.4086, ¢=0.9809 (arc melted and annealed at 670K sample; X-ray
powder diffraction data). Belan (1988) confirmed the crystal structure and determined the
lattice parameters a=0.4133, c=1.0126.
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Ni EupNij; ] Eu Fig. 83. Eu-Ni—Ge, isothermal section
EuNis at 670K.

According to Oniskovetz et al. (1987), EuNiGe (5) crystallizes with a new structure
type, a=0.6996, b=0.7581, c=0.6187, y=130.22° (X-ray single-crystal data). The alloy
was obtained by arc melting of the proper amounts of pure components (Eu 99.81 mass%;
Ni 99.99 mass%, Ge 99.99 mass%) followed by annealing in an evacuated quartz tube at
670K for 300 hours.

Crystal structures for four more ternary compounds have been established by
Oniskovetz (1984) and Belan (1988) while investigating the Eu—Ni—Ge isothermal section:
EuNigGeq (1) (CeNigsSigs type, a=0.7957, ¢=1.1793); EuNiGe; (3) (BaNiSn; type,
a=0.4437, ¢=0.9891); EuNiGe, (4) (CeNiSiy type, a=0.4244, b=1.691, ¢=0.4228);
EuNi0_540.35G61_5_1_55 (6) (AIBZ type, a=04184—04169, C=04485—04480)

4.8.5. Eu—Cu-Ge

A systematic study of the Eu—Cu—Ge system at 670 K was performed by Belan (1988).
For sample preparation, see Eu—Ni—Ge. The starting materials were Eu 99.81 mass%, Cu
99.99 mass% and Ge 99.99 mass%. Four ternary compounds were found; two of them are
characterized by the formation of extended homogeneity fields (see fig. 84).

Belan (1988) observed and characterized three of the four existing ternary com-
pounds: EuCuy s_y 65Gey 5235 (1) crystallizes with the CeGay Al type, a=0.4187-0.4212,
c=1.0116-1.0336; EuCupg ¢s5Geis-15 (3) was found to adopt the AIB, type, a=
0.4217-0.4218, ¢=0.4432-0.4460; EuCuGe (2) belongs to the TiNiSi type, a=0.7342,
b=0.4372, ¢=0.7550. In contrast, landelli (1993) reported a CaCuGe type with a=2.209,
b=0.7543, ¢=0.4453 from X-ray powder diffraction. For the experimental details, see
SmCuGe under Sm—Cu—-Ge.
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Ge

Fig. 84. Eu—Cu—Ge, isothermal section
Cu  EuCug, EuCuy EuCu EuyCu Eu at 670 K.

The crystal structure for the Eu,Cu, Ge (4) compound has not yet been resolved (Belan
1988).

4.8.6. Eu—2Zn—Ge

The only information on the interaction of europium with zinc and germanium is due to
the work of Pottgen (1996) who reported the crystal structure of EuZnGe (ZrBeSi type,
a=0.4372, ¢=0.8604; X-ray powder diffraction).

4.8.7. Eu—-Ru—Ge
EuRuyGe; was found to crystallize with the CeGayAl, type structure. The lattice
parameters were reported as a=0.4276, ¢=1.0204 (Francois et al. 1985).

4.8.8. Fu-Rh-Ge
No phase diagram is available for the system Eu-Rh—Ge, and so far, only two ternary
compounds have been observed and characterized.

According to Venturini et al. (1985b), the EuRhGe; compound crystallizes with the
BaNiSn; type, a=0.4410, ¢=1.0064 (X-ray powder diffraction analysis). For sample
preparation and purity of starting components, see EuCoGes under Eu—Co—Ge.

EuRh,Ge, was found to crystallize with the CeGayAl, type, a=0.4164, ¢=1.0601
(Francois et al. 1985).

4.8.9. Eu-Pd-Ge
Little information exists on the Eu—Pd-Ge system; two compounds have been observed
and characterized so far.
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According to Belan (1988), the EuPdGe crystallizes with the EuNiGe type, a=
0.6132, b=0.7934, c=0.7441, y=132.64° (X-ray powder diffraction data). The alloy
was obtained by arc melting the proper amounts of pure components (Eu 99.81 mass%;
Pd 99.99 mass%, Ge 99.99 mass%) followed by annealing in an evacuated quartz tube at
670K for 300 hours and finally quenching in cold water.

The crystal structure of the compound EuPd,Ge was found to be of the YPd,Si type
(@=0.7582, b=0.6981, ¢=0.5834; X-ray powder diffraction) by Jorda et al. (1983). The
sample was obtained by induction heating the pressed powder compacts in a levitation
coil under an argon atmosphere, pressure 4 atm. After the rapid reaction in the liquid state
the molten sample was dropped into a boron nitride crucible. The alloy was annealed
in an evacuated quartz tube for 10 days at 1173 K. Starting materials were palladium
99.99 mass%, germanium in specpure quality, and europium 99.9 mass%.

4.8.10. Eu-Ag—Ge

The phase equilibria for Eu—Ag-Ge in the isothermal section at 670K have been
determined by Protsyk (1994) using X-ray powder diffraction analysis of 80 ternary alloys,
which were synthesized by arc melting ingots of Eu (98.9 mass%), Ag (99.9 mass%) and
Ge (99.99 mass%). The alloys were annealed in evacuated quartz tubes for 400 hours.
The total number of compounds observed was three. The EuAg, binary compound was
observe to dissolve up to 15 at.% Ge. The solubility of the third component in other binary
compounds was reported to be negligible. The phase equilibria in the isothermal sections
at 670K are presented in fig. 85.

Ge

E
Ag EuAgs EuAg,y EuAg EuzAgy " Fig. 85. Eu-Ag-Ge, isothermal section at
EuAgy 670K.
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The BuAgy op-2.25Gen.00-1.75 (2) compound was observed and studied by Protsyk (1994).
It was found to crystallize with the CeGa,Al, type, lattice parameters a =0.4300-0.4405,
¢=1.0787-1.0835, by X-ray powder diffraction of arc melted alloys annealed at 470 K.

The formation and crystal structure of the EuAgGe (3) compound was investigated by
Protsyk (1994): AlB, type, a=0.4364, ¢=0.4373 (arc melted sample annealed at 670K;
X-ray powder diffraction data). Merlo et al. (1996) reported a dependence of the crystal
structure of the EuAgGe system on the thermal treatment. According to micrographic
and microprobe analyses, the as-cast sample, prepared on the 1:1:1 formula, contained
two phases in nearly equal quantities, with approximate compositions EuAg; 1Gego
and EuAgsGe; ;. The X-ray powder pattern was completely indexed as a mixture of
reflections of the CeCuy-type cell and an AlB,-type phase. The same sample, annealed
at 970K, showed a prevailing phase with composition EuAgGe;o. Nearly all reflections
of the powder pattern were indexed on the basis of the CeCu,-type cell, while some weak
lines were ascribed to the AlB,-type cell. The Ag-rich formulae (EuAg; 1Gego) and Ge-
rich formulae (EuAgysGe; 1) were assigned to the CeCu, type (a=0.4675, b=0.7395,
¢=0.7981) and the AlB, type (a=0.4390, ¢ =0.4360), respectively.

The crystal structure of Eug j6Ag0.654Geo1s (1) has not been resolved yet (Protsyk
1994).

4.8.11. Eu—-0Os—Ge

No phase diagram is available at present for the system Eu—Os—Ge, however, one ternary
gemanide has been observed and characterized by Segre et al. (1981a). Eu;Os;Ge s was
found to crystallize with the PrsRh4Sn;3 type, a=0.9057 (Segre et al. 1981a). For sample
preparation, see CesRuyGe; under Ce—Ru—Ge.

4.8.12. Eu—Ir-Ge

Phase equilibria for the ternary Eu-Ir-Ge system have not been derived, however, the
formation of two compounds has been observed.

The existence of EulrGes has been established by Venturini et al. (1985b). Crystallo-
graphic data reported are BaNiSnj; type, a=0.4436, ¢ =1.0033 (X-ray powder diffraction).
For details of the experimental procedure, see LaCoGe; under La-Co-Ge.

Eulr,Ge, was found to crystallize with the CeGayAl, type, a=0.4172, ¢=1.0543
(Francois et al. 1985).

4.8.13. Eu—-Pt-Ge

Information on the interaction of europium and platinum with germanium is due to
the work of two research groups who employed X-ray powder as well as single-crystal
analyses for the investigation of alloys with specific compositions. The phase diagram of
the Eu-Pt-Ge system is not available.

Venturini et al. (1989a) investigated the crystal structure of EuPt,Ge, from an
arc melted sample annealed at 1273K for 5 days. The crystal structure was found to
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belong to the LaPt,Ge, type, a=0.4417, h=0.4456, c=0.9751, f=91.27° (X-ray powder
diffraction data). The starting materials were Eu (3N), Pt (4N) and Ge (4N).

Pottgen et al. (1996b) investigated the crystal structure of EuPtGe: ZrOS type, a=
0.65463 (single-crystal X-ray data). The starting materials for the preparation were ingots
of europium (Johnson & Matthey), platinum powder (Degussa) and germanium lumps
(Wacker), all with stated purity greater than 99.9 mass%. The elements were mixed in
the ideal atomic ratio and sealed in a tantalum tube under an argon pressure of about
800 mbar. The tantalum tube was sealed in a quartz ampoule and heated at 1320K for
five days, then cooled to 1170 K and annealed for an additional four weeks.

4.8.14. Eu-Au-Ge

Phase relations have not been established for the ternary system Eu-Au-Ge; only one
ternary compound has been reported: EuAuGe crystallizes in a new ternary ordered
version of the CeCu, type, a=0.4601, b=0.7371, ¢=0.7881 (single-crystal X-ray data;
Pottgen 1995). For sample preparation, see EuPtGe under Eu-Pt-Ge.

4.9. Gd—d element—Ge systems

49.1. Gd-Mn—Ge

Phase equilibria in the isothermal section at 970K have been established by Markiv
et al. (1993) using X-ray powder diffraction analysis of 103 ternary alloys which
were synthesized by arc melting ingots of Gd (99.85mass%), Mn (99.9 mass%) and
Ge (99.999 mass%); the alloys were then annealed in evacuated quartz tubes for 450-
550 hours. In some cases the alloys were preliminary homogenized at 1270K and 1170K
for 10-30 hours. The phase relations are characterized by the formation of nine ternary
compounds and by the existence of a solid solution originating at GdMn,. Phase equilibria
in the isothermal sections at 970K are presented in fig. 86.

Information concerning the formation of compounds in the ternary Gd~Mn—Ge system
is due to the work of several groups of authors; nine ternary compounds have been
reported for the various gadolinium~manganese—germanium combinations.

Rossi et al. (1978Db) reported on the crystal structure of the GdMn,Ge; (4) compound
(CeGay Al type, a=0.4029, ¢ = 1.0895; X-ray powder method). The alloy was obtained by
melting under argon in an induction furnace and was annealed at 770 X for one week. The
metals used were of purity greater than 99.9 mass% for Gd, and greater than 99.99 mass%
for Mn and Ge. The CeGayAl, structure type was confirmed by Belyavina et al. (1993)
from X-ray powder diffraction of an arc melted alloy annealed at 970K (a=0.4026, c=
1.0887).

GdMngGeg (1) was found to crystallize with the HfFesGeg-type structure by Venturini
et al. (1992), a=0.5242, ¢=0.8184 (X-ray powder diffraction data). The alloy was
synthesized by a powder metallurgical reaction in an evacuated silica tube at 1073K
for 14 days. Belyavina et al. (1993) suggested a new structure type for the GdMngGes
compound, which is a derivative from the LiCosGeg type but with nearly the same lattice
parameters: a=0.52333, ¢=0.81806.
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Fig. 86. Gd—-Mn-Ge, isothermal section at 970 K.

Francois et al. (1990) investigated the occurrence of the CeNiSi, structure type
for several gadolinium—manganese—germanium combinations from alloys annealed at
1173 K: GdMng26-033Gey (5); a=0.4138-0.4163, b=1.606-1.613, ¢=0.4000-0.4036.
Belyavina et al. (1993) studied the formation and crystal structure for the GdMnyg 30Ge,
compound: CeNiSi, type, a=0.41590, b=1.6130, ¢=0.4039.

Six more ternary compounds were observed and investigated by Belyavina et al. (1993)
using X-ray powder diffraction of arc melted alloys annealed at 970 K: GdMnyGe, (3),
ZI‘Fe4Si2 type, a=0.76419, C:0.39467; GdﬁMngGeg (6), GdGCUgGeg type, a= 14015,
b=0.7118, ¢=0.42027; GdMnGe (7), TiNiSi type, a=0.7138, =0.41698, ¢=0.8191;
Gd4MIlo_64Ge7 (8), Sm4Coo_64Ge7 type, a= 04135, b= 04045, c= 30030, GdMnﬁGe3 (2),
unknown structure; and Gd;Mn,Ges (9), unknown structure.

49.2. Gd-Fe-Ge

Four ternary compounds were found in the Gd-Fe-Ge system.

GdFesGeg was reported to be isotypic with the crystal structure of YCosGeg, with
lattice parameters a=0.5118, ¢=0.4056 (Starodub and Mruz 1983). The sample was
prepared by arc melting the proper amounts of the starting components followed by
annealing at 870K for two weeks. At variance with the data presented by Starodub and
Mruz (1983), Venturini et al. (1992), using X-ray powder diffraction data, found that
GdFesGeg crystallized with a new structure type, Pnma space group, a=6.143, 5=0.8137,
¢=7.979. The alloy was obtained by powder metallurgical reaction in an evacuated silica
tube at 1173 K for two weeks.
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Pecharsky et al. (1989) reported GdFe 33Ge; to crystallize with the CeNiSi, type (a=
0.4140, »=1.6017, ¢=0.4021; X-ray powder analysis). The alloy was arc melted and
annealed at 870 K. The purity of the starting materials was greater than 99.9 mass%. Later
Francois et al. (1990) investigated the occurrence of the CeNiSi, structure type for several
gadolinium—iron—germanium combinations from alloys obtained by powder metallurgical
reaction which were afterwards annealed at 1173 K: GdFeq 5_946Ge,, CeNiSi, type, a=
0.4124-0.4156, h=1.606—1.608, ¢=0.3998-0.4046.

The GdFe,;Ge, compound was investigated by Rossi et al. (1978a) (CeGayAl, type,
a=0.3989, c=1.0485) by means of X-ray diffraction. The alloy was obtained by melting
under argon in an induction furnace and annealing at 770 K for one week. The metals used
were of purity greater than 99.9 mass% (Gd, Fe) and greater than 99.99 mass% (Ge).

Oleksyn (1990) investigated the crystal structure of Gdii;Fes,Gejiz by the X-ray
powder method (Tbyy;Fes;Ger1 type, a=2.8656). The alloy was synthesized by arc
melting followed by annealing at 1070K for 350h. The starting materials were
Gd 99.83 mass%, Fe 99.9 mass%, Ge 99.99 mass%.

4.9.3. Gd-Co—-Ge

The phase diagram of the Gd—Co—Ge system has not been established; nine ternary
compounds have been identified for gadolinium—cobalt—germanium combinations.

Meéot-Meyer et al. (1985a) reported the crystal structure of GdCo;_,Ge;, x=0.36
(CeNiSi; type, a=0.4139, b=1.627, ¢=0.4062). The sample was prepared by powder
metallurgical reaction and annealed in evacuated silica tube at 1173 K. Pecharsky et al.
(1989) investigated the formation and crystal structure of the GdCo, _,Ge, compound by
X-ray powder analysis of arc melted alloys annealed at 870 K. The CeNiSi,-type structure
was confirmed, and the existence of an extended homogeneity region was established:
03 <x<0.7 (a=0.4128-0.4165, b=1.6157-1.6398, ¢=0.4024-0.4077). Francois et al.
(1990) confirmed the existence of the homogeneity field with a slight deviation in
concentration ratio: GdCog 4. 0.64Ge;, CeNiSij type, a=0.4113-0.4139, b=1.608-1.627,
¢=0.3986-0.4062. For sample preparation, see GdFeq 25_945Ge, under Gd-Fe—Ge.

The crystal structure of Gd;CosGejs (YbsRhySnys type, a=0.8780; X-ray powder
diffraction) was investigated by Venturini et al. (1985b) from a sample which was prepared
by heating the a compacted mixture of the starting materials (Gd in pieces, 99.9 mass%;
Co and Ge in powder, 99.99 mass%) in an evacuated quartz tube at 1073 K. Bodak et al.
(1987) reported the Y3Co4Ge13-type structure for the Gd; CosGei3 compound (a=0.8769;
X-ray powder data) from arc melted alloy annealed at 870 K.

Rieger and Parthé (1969b) investigated the formation of the GdCo,Ge; compound
(CeGayAl, type, a=0.3996, ¢=1.0096; X-ray powder diffraction).

From X-ray powder analysis of an alloy obtained by powder metallurgical reaction and
annealed at 1173 K, Gd,CosGes was reported to adopt the Lu,CosSis-type structure, a =
0.9683, b=1.183, ¢=0.5750, $=91.65° (Venturini et al. 1986b).

The crystal structure of the GdCosGes compound was reported by Buchholz and
Schuster (1981): YCosGes type, a=0.5016, ¢=0.3931. The sample was melted under
argon in a corundum crucible at 1073-1273 K.
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Gorelenko et al. (1984) reported the crystal structure of GdCoGe: TiNiSi type, a=
0.6995, b=0.4269, ¢=0.7253; X-ray powder analysis. The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870 K for 350 hours.

Gd;Co,Gey crystallizes with the Tb;Co,Gey-type of structure, a=1.0472, b=0.8057,
¢=0.4177, y=107.84°. The sample was prepared by arc melting and annealing at
873K for 1450h. The starting materials were Gd >99.9mass%, Co 99.99 mass%,
Ge 99.999 mass% (Mruz et al. 1989).

Gd,CoGeg is isotypic with Ce,CuGeg, a=0.3952, »=0.4019, ¢=2.1471 (Oleksyn et
al. 1991; X-ray powder diffraction data). The sample was melted in an arc furnace and
annealed at 1070K in an evacuated quartz capsule for 400h. The purity of the starting
materials was greater than 99.9 mass%.

Bodak et al. (1986) reported the crystal structure for Gd,CoGe, (Sc,CoSiy type, a=
1.0647, b=1.0259, ¢=0.4224,y =118.48°% X-ray powder diffraction) from an arc melted
sample annealed at 870 K.

4.9.4. Gd-Ni-Ge

GdNisGe; was reported to crystallize with the YNisSis type, a=1.9072, =0.3880, ¢ =
0.6792, by Fedyna et al. (1987). The arc melted alloy, annealed at 870 K, was investigated
by X-ray powder diffraction analysis. The starting materials were Gd 99.83 mass%, Ni
99.99 mass% and Ge 99.99 mass%.

The GdNi,Ge, compound was found to adopt the CeGay Alp-type structure, a=0.4063,
c=0.9783 (Rieger and Parthé 1969b).

GdNiGe; with the SmNiSiz-type of structure (a=2.1545, 5=0.4079, ¢=0.4073, X-ray
powder diffraction analysis) was reported by Bodak et al. (1985). For details of sample
preparation and purity of starting materials, see GdNisGe; under Gd—Ni—Ge.

Bodak et al. (1982) reported on the crystal structure of Gd;NiGe, from X-ray powder
diffraction (LasNiGe;, type, a=1.1450, 5=0.4220, ¢=1.1355). The proper amounts of
starting components were arc melted and annealed at 870 K.

Gd;NiGes has been found by Oleksyn (1990) from X-ray powder diffraction to be
isostructural with Ce,CuGeg (a=0.3976, b=0.4029, ¢=2.133). The sample was prepared
by arc melting ingots of the constituting elements and annealing at 1070 K for 700 h. For
the purity of starting materials, see GdNisGe; under Gd-Ni-Ge.

Pecharsky et al. (1989) investigated the formation and crystal structure of the
GdNig9sGe, compound by X-ray powder analysis of arc melted alloys annealed at
870K (CeNiSiy type, a=0.4128, »=1.674, ¢=0.4129). For sample preparation, see
GdFe; _,Ge, under Gd-Fe—Ge. Francois et al. (1990) observed the formation of a
homogeneity field for this compound: GdNig 49.95Ge,, CeNiSi, type, a=0.4124-0.4128,
b=1.628-1.674, ¢=0.4009-0.4129.

GdNig 7-5.6Ge13-14 crystallizes with the AlB, type, a=0.4111-0.4101, ¢=0.4033—
0.4053 (Contardi et al. 1977).

Gorelenko et al. (1984) reported the crystal structure of GdNiGe: TiNiSi type, a=
0.7009, h=0.4280, c¢=0.7283; X-ray powder analysis. The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870 K for 350 hours.
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4.9.5. Gd—Cu—Ge
Five ternary compounds have been found in the Gd-Cu—Ge system.

Rieger and Parthé (1969a) investigated the occurrence of the AlB,-type structure by
means of X-ray powder diffraction of arc melted alloys. The data presented were for a
series of alloys GdCuy_g¢7Gey_133 with ¢=0.4228-0.4136, ¢=0.3796-0.4041. Iandelli
(1993) confirmed the structure type for a GdCuGe sample (AlB; type, a=0.4241, c=
0.3755, X-ray powder analysis). The alloy was prepared from turnings or powders of
metals (gadolinium 99.7 mass%, copper and germanium 99.99 mass%) which were mixed
and sealed in a tantalum crucible under argon, melted by induction heating and annealed
for 10 days at 1023 K.

GdgCugGeg crystallizes with it own structure type; the lattice parameters are a = 1.4000,
b=0.6655, c=0.4223 (Rieger 1970).

Konyk et al. (1988) investigated the crystal structure of Gd,CuGeg alloy prepared by
arc melting under argon and annealed at 870K in an evacuated quartz tube for 720 h.
From X-ray powder analysis a Ce,CuGeg-type was claimed, a=0.4003, $=0.4120, c=
2.1096.

Rieger and Parthé (1969b) prepared GdCu,Ge, with the CeGayAl,-type structure, a=
0.4057, ¢=1.0248.

Francois et al. (1990) reported the crystal structure of the GdCuyg3,-9.47Ge; (CeNiSi,
type, a=0.4118-4133, b=1.644-1670, ¢=0.3999-0.4005). For sample preparation, see
GdFeGe, under Gd—Fe—Ge.

4.9.6. Gd-Nb-Ge
The phase diagram of the Gd-Nb—Ge system has not been established.

The existence of a compound GdyNbsGes with the Ce;Sc;Sis type (@=0.6998,
b=1.3552, ¢=0.7184) was reported by Le Bihan et al. (1996a) from X-ray powder
diffraction data of arc melted alloy. The starting materials were: Gd and Nb 99.99 mass%,
Ge 99.999 mass%o.

4.9.7. Gd-Ru~Ge

Early investigations of the GdRu,Ge, compound determined the CeGayAl, type with a=
0.4057, ¢=0.9895 (Francois et al. 1985) from X-ray powder analysis of alloy obtained by
powder metallurgical reaction at 1273 K. The starting components were Gd (3N), Ru (4N)
and Ge (4N).

Venturini et al. (1986b) reported that the Gd;RuzGes compound crystallizes as the
U,Co3Sis-type. The lattice parameters were established as a=0.9840, b=1241, c=
0.5767 (X-ray powder diffraction data; for sample preparation, see LaRu;Ges under
La—-Ru-Ge).

Pr;Rh4Snys type was announced for the Gd;RuyGe; compound (a=0.8995) by Segre
et al. (1981a) from X-ray powder analysis of an arc melted sample annealed at 1523 K
for 1 day and at 1273 K for 7 days. The starting materials were Gd (3N), Ru (3N) and
Ge (6N).
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Francois et al. (1990) reported the crystal structure of GdRug23_036Ge; (CeNiSip
type, a=0.4146-4170, b=1.606-1613, ¢=0.4030-0.4064). For sample preparation, see
GdFeGe, under Gd-Fe—Ge.

4.9.8. Gd-Rh—Ge

Venturini et al. (1985b) reported an X-ray powder diffraction study of the Gd;RhsGe;3
compound from a sample which was prepared by heating mixture of starting components
(La 3N, Ru 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal structure was
found to adopt the YbsRhySn3 type, a =0.8968.

Early investigations of the GdRh,Ge; compound determined it to have the CeGasAl,-
type structure: a=0.4127, ¢=1.0142 (Rossi et al. (1979)).

Gdy;Rh;Ges was found to crystallize with the Luy,CosSis type (a=0.9993, b=1.2062,
¢=0.5875, =91.7° X-ray powder diffraction data) by Venturini et al. (1986b) from a
sample prepared by a powder metallurgical reaction at 1173 K. The purity of the starting
materials was greater than 99.9 mass%.

Hovestreydt et al. (1982) reported the crystal structure of the GdRhGe compound
(TiNiSi type, a=0.6993, =0.4329, ¢=0.7511; X-ray powder data) from an arc melted
sample annealed at 1270K for 1-2 weeks. The starting components were Gd (3N),
Rh (4N) and Ge (5N).

Gladyshevsky et al. (1991a) reported on the crystal structure for the Gd;Rh,Ge,
compound: LazNi,Ge, type, a=0.5589, b=0.7856, ¢=1.3289 (X-ray powder diffraction
data). For the details of sample preparation, see La;Rh;Ge; under La—Rh—Ge.

Verniere et al. (1995) observed the existence of GdsRhi3Gey with Hoslr;3Geg-type
structure. No lattice parameters were reported. For details of sample preparation, see
Laylr;3Ges under La—Ir—Ge.

Francois et al. (1990) found a homogeneity field for the compound GdCog 14 37Ge;,
CeNiSi, type, a=0.4145-0.4169, b=1.610-1.622, ¢=0.4010-0.4054. For sample prepa-
ration, see GdFeg 25_0.4¢Ge> under Gd—Fe—Ge.

Venturini et al. (1984) observed the existence of the GdsRhsGe;y, compound with the
ScsCo48iyo type from a sample which was obtained by heating in an evacuated tube at
1073 K.

49.9. Gd-Pd-Ge
No systematic study of the Gd-Pd—Ge system has been performed, but the existence of
five ternary compounds has been established by different groups of authors.

The existence of the GdPd,Ge, compound (CeGay Al type, a=0.4255, ¢=1.0035)
was reported by Rossi et al. (1979). Details of sample preparation are the same as for
LaPt,Ge,.

Sologub et al. (1995a) reported on the X-ray powder analysis of the Gd,PdGeg
compound which was found to crystallize with the Ce,CuGes type, a=0.40953, b=
0.40320, ¢=2.1624. For the experimental procedure, see La,PdGes under La—Pd—Ge.
The starting materials used were obtained from Johnson & Matthey, UK (99.9 mass%).
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The crystal structure of the compound GdPd,Ge was observed to be of the YPd,Si type,
a=0.7431, b=0.7014, ¢=0.5607 (X-ray powder diffraction), by Jorda et al. (1983). For
the experimental procedure, see LaPd;Ge under La—Pd—Ge. The starting materials were
palladium 99.99 mass%; germanium in specpure quality, and gadolinium 99.9 mass%.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound GdPdGe adopts the KHg,-type structure, a=0.44406, b=0.7054,
¢=0.7577. For sample preparation, see LaPdGe under La—Pd-Ge. The starting materials
were Gd (3N), Pd (4N) and Ge (5N).

Francois et al. (1990) observed the existence of a homogeneity field for the
GdPdy 30 043Ge; compound (CeNiSi, type, a=0.4131-0.4154, b=1.630-1.648, c=
0.4033-0.4063). For sample preparation, see GdFeq25-9.46Ge, under Gd-Fe-Ge.

4.9.10. Gd-Ag—Ge
No ternary phase diagram has been established for the Gd—Ag—Ge system, however five
ternary compounds have been characterized.

GdAgGes; was found to crystallize with a new structure type (a=3.478, b=0.8313,
c¢=0.8113; X-ray single-crystal method) by Anisimova et al. (1992). The single crystal
was isolated from a sample which was arc melted and annealed at 870K for two weeks.
The purity of the starting materials was greater than 99.9 mass%.

Sologub et al. (1995a) reported on the X-ray powder analysis of the Gd;AgGes
compound which was found to crystallize with the Ce,CuGes type, a=0.41946, b=
0.40583, ¢=2.1166. For the experimental procedure, see LapAgGes under La—Ag—Ge.
The starting materials used were obtained from Johnson & Matthey, UK (99.9 mass%).

Anisimova et al. (1992, 1995) reported the existence of the GdgAgsGes (GdgCuzGes
type) and GdAg,Ge, (CeGayAl, type) compounds. No lattice parameters were given.

The crystal structure of the GdAgGe compound was first investigated by Zanicchi
et al. (1983) by X-ray powder diffraction. It was found to adopt the ZrNiAl type with
lattice parameters a=0.7164, ¢c=0.4241. Gibson et al. (1996) reported a single-crystal
investigation of this compound. The crystal structure was confirmed and lattice parameters
were obtained as a=0.7154, ¢ =0.4237 using a single crystal which was extracted from
an arc melted sample annealed at 970 K for 10 days.

4.9.11. Gd—Re-Ge

The only information on the system Gd-Re-Ge is due to Francois et al. (1990) who
investigated the occurrence of the compound with a CeNiSi, type; no phase diagram is
available. The GdReg»5Ge, compound was found to adopt the CeNiSi, type with lattice
parameters a=0.4162, b=1.607, ¢=0.4056 (X-ray powder diffraction data). For sample
preparation, see GdFeq 25_¢4¢Ge; under Gd-Fe-Ge.

4.9.12. Gd-Os—Ge
No phase diagram exists for the ternary Gd-Os-Ge system; one ternary compound
has been observed and studied. The Pr;RhsSny3-type structure was announced for the
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Gd;0s4Gey; compound (a=0.9025) by Segre et al. (1981a) from X-ray powder analysis
of an arc melted sample annealed at 1523 K for 1 day and at 1273K for 7 days. The
starting materials were Gd (3N), Os (3N) and Ge (6N).

4.9.13. Gd-Ir-Ge
No ternary phase diagram has been established for the Gd—Ir-Ge system, however seven
ternary compounds have been characterized.

Venturini et al. (1984) observed the GdslryGejp compound with ScsCo4Sijo-type
structure from a sample obtained by heating a mixture of the starting components in
an evacuated silica tube at 1073 K.

Gd,Ir;Ges was found to crystallize with the U,Co3Sis type (a=1.0127, b=1.178, c¢=
0.5980, X-ray powder diffraction method) by Venturini et al. (1986b) from a sample
prepared by a powder metallurgical reaction at 1173 K. The purity of the starting materials
was greater than 99.9 mass%o.

Venturini et al. (1985b) reported an X-ray powder diffraction study of the Gd;IrsGe;3
compound from a sample which was synthesized by heating a mixture of the starting
components (Gd 3N, Ir 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal
structure was found to adopt the YbzRhsSn3-type structure, @ =0.8981.

GdIr,Ge, was found to crystallize in an orthorhombic structure with lattice parameters
a=0.4113, b=0.4207, ¢=1.0167 (Francois et al. 1985).

Hovestreydt et al. (1982) reported the crystal structure of the GdIrGe compound (TiNiSi
type, a=0.6933, 5=0.4308, ¢=0.7596; X-ray powder data) from an arc melted sample
annealed at 1270K for 1-2 weeks. The starting components were Gd (3N), Ir (4N) and
Ge (SN).

Verniere et al. (1995) have mentioned the existence of Gdylr;3Gey with Hoylr 3 Geg
type. No lattice parameters were given. For the experimental procedure, see Laslr;3Geg
under La—Ir-Ge.

Francois et al. (1987) reported the crystal structure of the GdIrGe, (YIrGe, type, a=
0.4287, b=1.600, ¢=0.8845). The sample was prepared by heating mixture of powders
of starting components (Gd 3N, Ir 3N, Ge 3N) in an evacuated silica tube at 1173 K.

4.9.14. Gd-Pt-Ge

No phase diagram has been established for the Gd-Pt-Ge system. Four ternary
compounds were observed by different authors.

According to an X-ray powder diffraction analysis Hovestreydt et al. (1982) reported
the compound GdPtGe to adopt the TiNiSi-type structure, a=0.7071, 5=0.4370,
¢ 0.7571. For sample preparation, see LaPdGe under La—Pd-Ge.

The existence of the GdPt,Ge, compound (CeGa,Al, type, a=0.436, ¢=0.977) was
reported by Rossi et al. (1979). For sample preparation see LaMn,Ge, under La—Mn—Ge.
Venturini et al. (1989a) investigated the crystal structure of GdPt;Ge, from an arc melted
sample annealed at 1273 K for 5 days. It was found to belong to the LaPt,Ge, structure
type, a=0.4324, b=0.4362, ¢=0.9717, B=91.13°. The starting materials were Gd (3N),
Pt (4N) and Ge (4N).
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Sologub et al. (1995a) reported an X-ray powder analysis of the Gd;PtGeg compound
which was found to crystallize with the Ce,CuGeg-type structure, a=0.40693, b=
0.40239, ¢=2.1793. For sample preparation, see LayPdGes under La—Pd—-Ge.

Francois et al. (1987) reported on the existence of the GdPtGe, with YIrGe,-type. No
lattice parameters were given. The sample was prepared by heating mixture of powders
of starting components (Gd 3N, Pt 3N, Ge 3N) in evacuated silica tube at 1173 K.

4.9.15. Gd-Au—Ge

Information on interaction of gadolinium with gold and germanium is due to the work
of two groups of authors (Sologub et al. 1995a, Rossi et al. 1992). The phase diagram of
the Gd-Au—Ge system is not yet available; two ternary compounds have been observed
and analyzed.

Sologub et al. (1995a) employed X-ray powder diffraction analysis for investigation
the crystal structure of the Gd; AuGes compound from arc melted samples, which was
homogenized by annealing at 873 K for 150 hours. The crystal structure was found to be
isotypic with Ce,CuGeg compound, a=0.41325, 6=0.40234, ¢=2.1187.

A ternary compound of gadolinium with gold and germanium in the stoichiometric ratio
1:1:1 has been identified and studied by means of X-ray and metallographic analyses by
Rossi et al. (1992). GdAuGe was found to adopt the LiGaGe type structure with lattice
parameters a =0.4432, ¢ =0.7418. The sample was prepared by melting the metals (about
99.9 mass% for gadolinium and 99.99 mass% for gold and germanium) in an induction
furnace and annealing at 1070 K for 1 week.

4.10. Tb—d element—Ge systems

4.10.1. T6-Cr-Ge

Brabers et al. (1994) reported the existence of a compound TbCrsGeg with the HfFesGeg
type (@=0.5167, c=0.8275; X-ray powder diffraction). The sample was prepared by arc
melting and subsequent annealing at 1073 K for three weeks in vacuum.

4.10.2. Th-Mn—Ge

A systematic study of the Tb-Mn—Ge system at 870K was performed by Starodub et
al. (1996) over the whole concentration region by means of X-ray powder analysis (fig.
87). The samples were prepared by arc melting under argon and annealed in evacuated
quartz ampoules at 870K for 240 hours. The starting materials were Tb 99.99 mass%,
Mn 99.98 mass% and Ge 99.999 mass%o.

The phase-field distribution in the isothermal section at 870K is characterized by
existence of four ternary compounds and by the formation of a homogeneity field for the
TbMn; _ ,Ge; (3) compound. Maximum solubility of manganese in the TbGe; s compound
is Sat.%.

TbMngGes (1) was found to crystallize in the HfFeqGeg-type structure by Venturini
et al. (1992) (@=0.5232, ¢=0.8169; X-ray powder diffraction data). The alloy was
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Fig. 87. Tb-Mn-Ge, isothermal section at §70K.

synthesized by powder metallurgical reaction in evacuated silica tube at 1073 K for
14 days. Starodub et al. (1996) suggested the YCosGeg type structure with lattice
parameters a=0.5210, ¢=0.4066 (X-ray powder diffraction).

Rossi et al. (1978b) reported on investigation of the crystal structure of the TbMn, Ge,
(2) compound (CeGazAl, type, a=0.3999, ¢ =1.0850; X-ray powder method). The alloy
was obtained by melting under argon in an induction furnace and was annealed at 770K
for one week. The metals used were of purity greater than 99.9 mass% (Tb) and greater
than 99.99 mass% (Mn, Ge). Starodub et al. (1996) confirmed the crystal structure and
obtained slightly different lattice parameters: a=0.3998, ¢=1.0775.

TbMny 33Ge, (3) was found to adopt the CeNiSi; type with lattice parameters a=
0.4135, »=1.594, ¢=0.4020 by Francois et al. (1990) (X-ray powder diffraction data).
For sample preparation, see GdFep 25 46Ge; under Gd-Fe—Ge. Starodub et al. (1996)
confirmed the structure type and observed a homogeneity region for the compound
with the CeNiSi; type: TbMng30-035Ge, a=0.4114-0.4202, »=1.5890-1.6017, c=
0.3994-0.4160.

One more ternary compound was observed and investigated by Starodub et al. (1996):
TboMn;¢Geyo (4). It was found to adopt a TmgFejoGejo-type structure with lattice
parameters a=0.5398, b=1.3317, ¢=1.3930.

The crystal structures of TbMnGe (TiNiSi type, a=0.7077, b=0.4132, ¢=0.8166),
TbsMnyGes (Gd3CusGey type, a=1.3901, »=0.7120, ¢=0.4163), and TbMnsGes
(YCosP; type, a=1.3050, 56=0.3904, ¢=1.1408) were derived using a single-crystal
method (Venturini and Malaman 1997). Single crystals of TbMnGe and ThsMm,Gey were
extracted from ingots of the corresponding stoichiometry melted in an induction furnace.
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The TbMnsGe; compound was synthesized from a stoichiometry mixture of commercially
available high-purity elements compacted into pellets, sealed in a silica tube under argon
and annealed at 1223 K for 5 days.

4.10.3. Th—Fe-Ge

The phase diagram for the Tb—Fe—Ge system (fig. 88) was investigated by Starodub
(1988) by means of metallographic and X-ray phase analyses. Alloys were prepared by
arc melting followed by annealing at 870K for 240 hours. The purity of the starting
components was greater than 99.9 mass%. Six ternary compounds were observed.

TbFesGeg (1) was reported to be isotypic with YCosGeg with lattice parameters a=
0.5106, ¢=0.4055 (Mruz et al. 1984). The sample was prepared by arc melting the
proper amounts of starting components followed by annealing at 870K for two weeks.
At variance with these data, Venturini et al. (1992) using X-ray powder diffraction data
found TbFe¢Geg to crystallize with the TbFegSng type, a=0.8126, b=1.776, ¢=0.5125.
The alloy was obtained by powder metallurgical reaction in an evacuated silica tube at
1173 K for two weeks.

Pecharsky et al. (1989) reported ThFeg33Ge; (5) to crystallize with the CeNiSi,-
type structure (¢=0.4123, »=1.5830, ¢=0.4006; X-ray powder analysis). The alloy was
arc melted and annealed at 870 K. The purity of the starting materials was greater than
99.9 mass%. Francois et al. (1990) confirmed the occurrence of the CeNiSi, type for
terbium—iron—germanium combinations from the alloys annealed at 1173 K (TbFeq 4,Gey;
a=0.4135, b=1.591, ¢=0.4026).

Pecharsky et al. (1987) investigated the crystal structure of Tbi17Fes;Geq1z (6) by the
X-ray single-crystal method (own structure type, a =2.8580). The alloy was synthesized

Ge
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TbFe3 tion at 870K.
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by arc melting followed by annealing at 1070K for 350 h. The starting materials were
Tb 99.83 mass%, Fe 99.9 mass%, Ge 99.99 mass%o.

According to X-ray powder diffraction data, TbFe,Ge, (3) was found to be isostructural
with the CeGay Al; type, with lattice parameters a =0.3966, ¢ =1.0470 (Bara et al. 1990).
The sample was synthesized by direct melting the high-purity constituent elements (Tb
4N, Fe 3N, Ge 5N) in an arc furnace. After melting, the sample was annealed at 1073 K
for 1 week.

Two more ternary compounds with an unknown structure type were observed by
Starodub (1988) at 870 K: ThFesGe, (2) and TbyFesGes (4).

4.10.4. Th—Co—-Ge

The isothermal section of the Tb—Co—Ge system at 870K over the whole concentration
region was derived by Starodub (1988) (fig. 89) employing X-ray and microstructural
analyses of alloys which were prepared by arc melting the proper amounts of the high-
purity constituent elements. The melted buttons were then annealed in evacuated silica
tubes at 870 K for 300 hours. Ten ternary compounds were found to exist.

Méot-Meyer et al. (1985a) reported the crystal structure of TbCo,Ge;, x=0.57 (7)
(CeNiSi, type, a=0.4117, b=1.618, ¢=0.4043). The sample was prepared by powder
metallurgical reaction and annealed in an evacuated silica tube at 1173 K. Pecharsky et al.
(1989) confirmed the formation and crystal structure of the TbCo,Ge; compound from
arc melted alloy annealed at 870K (¢=0.4110-0.4122, »=1.5991-1.6209, ¢ =0.3999—
0.4050; X-ray powder analysis).

The crystal structure of Tb3CosGe3 (2) (YbsRhsSnj; type, a=0.8764; X-ray powder
diffraction) was investigated by Venturini et al. (1985b) from a sample prepared by heating
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a compacted mixture of the starting materials (Tb in pieces, 99.9 mass%; Co and Ge in
powder, 99.99 mass%) in an evacuated quartz tube at 1073 K. Bodak et al. (1987) reported
the Y3Co4Ge;3 type for Th;CosGeis, a=0.8779 (X-ray powder data) from arc melted
alloy annealed at 870 K.

TbCo,Ge;, (3) was found to adopt the CeGa, Al,-type structure, a=0.3984, ¢=1.0059
(Starodub 1988; X-ray powder diffraction).

From X-ray powder analysis of an alloy annealed at 1173K, Tb,Co3Ges (4) was
reported to adopt the Lu,Co3Sis-type structure,  =0.9649, b=1.183, ¢=0.5715, =91.8°
(Venturini et al. 1986b). Starodub (1988) announced the U,Co;Sis-type structure with
unknown lattice parameters for the Tb;Co;Ges compound.

The crystal structure of the ThCogGeg (1) compound was reported by Buchholz and
Schuster (1981) (YCosGeg structure type, a=0.5106, ¢ 0.4055). The sample was melted
under argon in a corundum crucible at 10731273 K.

Gorelenko et al. (1984) reported the crystal structure of TbCoGe (8) (TiNiSi type, a=
0.6955, b=0.4242, ¢=0.7271; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870 K for 350 hours.

Th3;Co,Gey (9) crystallizes with a new type of structure, a=1.0692, b=0.8067, c=
0.4164, y=107.72° (X-ray single-crystal data; Starodub et al. 1986). The sample was
prepared by arc melting and annealing at 873 K for 240 h.

Tb,CoGeg is isotypic with Ce,CuGeg (6), a=0.3941, b=0.4003, ¢=2.1439 (Oleksyn
et al. 1991; X-ray powder diffraction data). The sample was melted in an arc furnace and
annealed at 1070K in an evacuated quartz capsule for 400 h. The purity of the starting
materials was greater than 99.9 mass%.

Bodak et al. (1986) reported an X-ray single-crystal investigation of the compound
Tb,CoGe; (10): Sc,CoSi, type, a=1.0569, b=1.0209, ¢=0.4212, y=118.18".

In the course of isothermal section studies, Starodub (1988) observed a compound
TbCoGe; (5) with unknown structure.

4.10.5. Th-Ni—Ge

Figure 90 represents the isothermal section of the Tb—-Ni—Ge phase diagram at 870K,
which was studied by Starodub (1988). The isothermal section was constructed by means
of X-ray powder analysis of 234 alloys which were arc melted and subsequently annealed
in evacuated silica tubes for 400h at 870K and finally quenched in water. The starting
materials were Tb 99.99 mass%, Ni 99.98 mass% and Ge 99.99 mass%.

The ternary phase equilibrium diagram is characterized by the ecxistence of ten
ternary compounds and by the formation of a substitutional exchange of Ge/Ni in
the solid solutions Tby(Ni; _,Ge,);7 and Tb(Ni; _,Ge,)s for 0 <x <0.12. This behavior
corresponds to the solid solution range of Ge in nickel. Nonstoichiometry was observed
for TbNiy _,Ge,. The binary Tb,Ges; compound dissolves 12 at.% Ni.

TbNisGes (1) was reported to crystallize with the YNisSi; type, a=1.9068, b=
0.3871, ¢=0.6790 by Koterlyn et al. (1988). The arc melted alloy, annealed at 870K,
was investigated by X-ray powder diffraction analysis. The starting materials were
Tb 99.83 mass%, Ni 99.99 mass% and Ge 99.99 mass%.



TERNARY RARE-EARTH-GERMANIUM SYSTEMS 137

Ge

Ni TbyNij7TbyNi;ThNiy TbNi Tb3Niy TbyNi Tb

. Fig. 90, Tb-Ni-Ge, isothermal section

at 870K

TbsNi;;Gey (2) belongs to the Scs3Niy;Sig type, a=0.8321, ¢=0.8832, after Koterlyn
et al. (1988). The alloy was prepared in the same manner as TbNi;Ge;.

The TbNi,Ge; (3) compound was found to adopt the CeGayAly-type structure, a=
0.4044, ¢=0.9782 (Rieger and Parthé 1969b).

TbNiGes (4) with the ScNiSis-type structure (@=2.1496, b=0.4058, c=0.4054; X-ray
powder diffraction analysis) was reported by Bodak et al. (1985). For the details of sample
preparation and purity of starting materials, see TbNis;Ge;.

TboNiGes (5) has been found by Oleksyn (1990) from X-ray powder diffraction to
be isostructural with Ce,CuGes (@=0.3955, 5=2.1224, ¢=0.4001). The sample was
prepared by arc melting ingots of the constituting elements and annealing at 1070 K for
700 h. For the purity of starting materials, see TbNi;Ges.

Pecharsky et al. (1989) investigated the formation and crystal structure of the
TbNi(_,Ge; (7) compound by X-ray powder analysis of an arc melted alloy annealed
at 870K (CeNiSi; type, a=0.4105, b=1.621, ¢=0.3993). For sample preparation, see
TbNisGes. Francois et al. (1990) confirmed the structure and reported the composition
and lattice parameters as TbNiggsGep, a=0.4096, b=1.637, ¢=0.4086 (X-ray powder
diffraction) from a sample obtained by a powder metallurgical reaction at 1173 K.

Gorelenko et al. (1984) reported the crystal structure of TbNiGe (8) (TiNiSi type, a=
0.6949, £=0.4196, c¢=0.7303; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870 K for 350 hours.

Bodak et al. (1982) reported on the crystal structure of Tb;NiGe, (10) from X-ray
powder diffraction (Las;NiGe, type, a=1.1381, 5=04222, c¢=1.1257). The proper
amounts of starting components were arc melted and annealed at 870 K.
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The crystal structures of two ternary compounds, TbNiGe; (6) and Tb4 75NiGeq 25 (9),
have not been evaluated (Starodub 1988).

4.10.6. Th—Cu—Ge

The isothermal section of the Tb—Cu—Ge system at 870K was constructed by Starodub
(1988) (fig. 91) as a result of an X-ray powder analysis of 125 alloys. Samples were
obtained by arc melting the proper amounts of constituent elements (purity greater than
99.8 mass%) followed by annealing in evacuated quartz tubes at 870K for 350 h. Finally
samples were quenched in ice water. Phase relations are characterized by formation of
four ternary compounds. The binary compound TbCu; dissolves about 15 at.% Ge. The
existence of an extensive terminal solid solution of TbGe; 5 which dissolves ~20 at.% Cu,
and then shifts in stoichiometry from 1:1.5 to 1:2 as an additional ~10at.% Cu is added,
was observed during the investigation of the phase relations by Starodub (1988).

Rieger and Parthé (1969a) investigated the occurrence of the AlIB, type structure
by means of X-ray powder diffraction of arc melted alloys. The data presented atre
TbCui_g67Ger-1.33 (4) with a=0.4122-0.4218, ¢=0.3976-0.3744. At variance with these
data, Tandelli (1993) reported that TbCuGe had the Caln,-type structure (a=0.4247, c=
0.7336, X-ray powder analysis). The alloy was prepared from turnings or powders of the
metals (terbium 99.7 mass%, copper and germanium 99.99 mass%), which were mixed
and sealed in a tantalum crucible under argon, melted by induction heating and anncaled
for 10 days at 1023 K. Starodub (1988) observed the AIB; type for the compound
TbCul,o,llzGe],o\o,g (4), a= 04234—04225, ¢=0.3688-0.3658.

TbeCugGeg (2) crystallizes with the GdsCugGeg type, and the lattice parameters are
a=1392, b=0.664, c=0.420 (Hanel and Nowotny 1970). Starodub (1988) confirmed the

Cu  TbCuy TbCuy  TbCu Tb  Fig. 91. Tb-Cu-Ge, isothermal scction
TbCus at 870K.
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crystal structure of the TbsCusGes compound (a=1.3900, 5=0.6618, c=0.4191; X-ray
powder diffraction) from an arc melted sample annealed at 870 K.

Konyk et al. (1988) investigated the crystal structure of Tb,CuGes (3) alloy prepared
by arc melting under argon and annealed at 870K in an evacuated quartz tube for 720 h.
From X-ray powder analysis the authors concluded that this phase has Ce;CuGeg-type
structure, a=0.4000, 56=0.4113, ¢=2.1010.

Rieger and Parthé (1969b) prepared TbCu,Ge, (1) with the CeGayAlp-type of
structure, a=0.4044, ¢=1.0248. The existence and crystal structure of this compound
was confirmed by Starodub (1988) from an arc melted sample annealed at 870 K.

Francois et al. (1990) observed the CeNiSi, type for the TbCug 39Ge, compound and
reported lattice parameters a=0.4100, b=1.648, ¢=0.3995 (X-ray powder diffraction)
from the sample obtained by the powder metallurgical reaction at 1173 K. Apparently
this phase does not exist at 870 K.

4.10.7. Tb-Nb—Ge

The phase diagram of the Tb—Nb-Ge system has not been established. However, the
existence of the compound Tb,Nb; Gey with the Ce,Sc; Sig-type structure (a=0.6981, b=
1.3515, ¢=0.7156) was reported by Le Bihan et al. (1996a) from X-ray powder diffraction
data of an arc melted alloy. Starting materials were Tb and Nb 99.99%, Ge 99.999%.

4.10.8. Tb-Mo—-Ge

No phase diagram exists for the Tb—-Mo—Ge system; only one compound was observed
and investigated. Tb,Mo3;Ges was reported to crystallize with the Ce;ScsSis-type
structure (a=0.6921, b=1.3149, ¢=0.7062) by Le Bihan et al. (1996b) from X-ray
powder diffraction of an arc melted alloy. The starting materials were Tb and Mo
99.99 mass%, Ge 99.999 mass%.

4.10.9. Tbh—-Ru—-Ge

Early investigations on the TbRu,Ge; compound determined that it had the CeGayAl;-
type structure with ¢=0.4221, ¢=0.9879 (Francois et al. 1985) from X-ray powder
analysis of an alloy obtained by powder metallurgical reaction at 1273 K. The starting
components were Tb (3N), Ru (4N) and Ge (4N).

Venturini et al. (1986b) reported that the TbyRu;Ges compound crystallizes with the
U,Co3Sis-type structure. The lattice parameters were reported as a=0.9793, b=1.241,
¢=0.5742 (X-ray powder diffraction data). For sample preparation, see La;Ru;Ges under
La—Ru-Ge.

The Pr;RhsSni; type was announced for the Th;RusGers compound (a=0.8965) by
Segre et al. (1981a) from X-ray powder analysis of an arc melted sample annealed at
1523 K for 1 day and at 1273 K for 7 days. The starting materials were Tb (3N), Ru (3N),
Ge (6N).
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4.10.10. Tb-Rh—Ge

Venturini et al. (1985b) reported an X-ray powder diffraction study of the Th;RhsGes
compound from a sample which was prepared by heating a mixture of the starting
components (Tb 3N, Rh 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal
structure was found to adopt the YbsRhsSnj3 type, a=0.8950.

Francois et al. (1985) determined the CeGayAl, type for the TbRh,Ge, compound,
a=0.4118, ¢=1.0280.

Tb;Rh;Ges was found to crystallize with Lu,Cos;Sis-type structure (@=0.9951, b=
1.2046, ¢=0.5849, $=91.9° X-ray powder diffraction data) by Venturini et al. (1986b)
from a sample prepared by powder metallurgical reaction at 1173 K. The purity of the
starting materials was greater than 99.9 mass%.

Hovestreydt et al. (1982) reported the crystal structure of the TbRhGe compound
(TiNiSi type, a=0.6933, b=0.4302, ¢=0.7506; X-ray powder data) from an arc melted
sample annealed at 1270K for 1-2 weeks. The starting components were Tb (3N),
Rh (4N) and Ge (5N).

Gladyshevsky et al. (1991a) reported on the crystal structure for the Tb3;Rh;Ge,
compound (LasNiyGe, type, a=0.55627, b=0.7808, ¢ =1.3233; X-ray powder diffraction
data). For the details of sample preparation, see LazRh,Ge, under La-Rh—Ge.

Verniere et al. (1995) established that the compound TbsRh;3Gey formed the
Hoylr 3 Geo-type structure. No lattice parameters were given. For experimental details,
see Laylri3Gey under La—Ir—Ge.

Venturini et al. (1984) observed the existence of the TbsRhyGeyy compound with
ScsCoqSigo-type structure (a=1.2970, ¢=0.4285; X-ray powder diffraction) from a
sample obtained by heating a mixture of powders in an evacuated tube at 1073 K.

4.10.11. Tb-Pd-Ge

No systematic study of the Tb—Pd-Ge system has been performed, but the existence of
three ternary compounds has been established by different groups of authors.

Sologub et al. (1995a) reported on the X-ray powder analysis of the Tb,PdGes
compound which was found to crystallize with the Ce, CuGes-type structure, a=0.40830,
b=0.40227, c=2.1530. For the experimental procedure, see La,PdGeg under La—Pd-Ge.
The starting materials used were obtained from Johnson & Matthey, UK (99.9 mass%).

The crystal structure of the compound TbPd,;Ge was found to be of the YPd,Si type
(a=0.7390, b=0.7028, ¢ =0.5598; X-ray powder diffraction) by Jorda et al. (1983). For
the experimental procedure, see LaPd,Ge under La—Pd—Ge. The starting materials were
palladium 99.99 mass%, germanium in specpure quality, and terbium 99.9 mass%.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound TbPdGe adopts the KHg,-type of structure, a =0.4381, 5=0.7000,
¢=0.7573. For sample preparation, see LaPdGe under La—Pd-Ge. The starting materials
were Tb (3N), Pd (4N) and Ge (5N).
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4.10.12. Th-Ag-Ge

No ternary phase diagram has been established for the Tb—Ag—Ge system, however two
ternary compounds have been characterized.

The crystal structure of the TbAgg 33Ge;.67 compound has been investigated by Protsyk
(1994) by means of X-ray analysis from alloy which was arc melted and annealed in
an evacuated silica tube for 500h at 770K and finally quenched in water. The starting
materials were Tb 99.85 mass%, Ag 99.9 mass% and Ge 99.99 mass%. It was found to
adopt the a-ThSi,-type structure with lattice parameters a=0.4066, c=1.3783.

Gibson et al. (1996) reported an X-ray single-crystal investigation of the TbAgGe
compound. It was found to adopt the ZiNiAl type, a=0.71277, ¢=0.42103. The single
crystal was extracted from an arc melted sample annealed at 970K for 10 days.

4.10.13. Th-0Os—Ge

No phase diagram exists for the ternary Tb—Os—Ge system, but two ternary compounds
have been observed.

Pr;RhySn;3-type was announced for the Tb30s4Gei; compound (a=0.9002) by Segre
et al. (1981a) from X-ray powder analysis of an arc melted sample annealed at 1523 K
for 1 day and at 1273 K for 7 days. The starting materials were Tb (3N), Os (3N) and
Ge (6N).

Venturini et al. (1986b) observed the existence of the Tb,Os;Ges compound with
ScsCo4Sijg type structure from a sample obtained by heating a mixture of the starting
components in an evacuated quartz tube at 1173 K.

4.10.14. Th-Ir—Ge

No ternary phase diagram has been established for the Tb—Ir—Ge system, however eight
ternary compounds have been characterized.

Venturini et al. (1984) observed the existence of the TbsIrysGeyy compound with
ScsCo4Siig type, a=1.2935, ¢=0.4318, from a sample obtained by heating a mixture
of the starting components in an evacuated quartz tube at 1073 K.

Tb,Ir;Ges was found to crystallize with U,Cojs Sis-type structure (a=1.0122, b=1.276,
¢=0.5790, X-ray powder diffraction method) by Venturini et al. (1986b) from a sample
prepared by powder metallurgical reaction at 1173 K. The purity of the starting materials
was greater than 99.9 mass%.

Venturini et al. (1985b) reported on the X-ray powder diffraction study of the
Tb;IrsGeis compound from an alloy which was synthesized by heating a mixture of the
starting components (Tb 3N, Ir 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The
crystal structure was found to adopt the YbsRh4Sn;3 type, a=0.8962.

TbIr,Ge, was found to adopt a tetragonal structure with lattice parameters a=0.4144,
c=1.0222 (Francois et al. 1985).

Hovestreydt et al. (1982) reported the crystal structure for the TbIrGe compound
(TiNiSi type, a=0.6871, b=0.4280, ¢=0.7591; X-ray powder data) from an arc melted
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sample annealed at 1270 K for 1-2 weeks. The starting components were Tb (3N), Ir (4N)
and Ge (5N).

Verniere et al. (1995) announced the Houlr;3Geg-type structure for Thylr;3Geg. No
lattice parameters were given. For the experimental procedure, see LasIr;3Geg under La—
Ir-Ge.

Francois et al. (1987) reported the crystal structure of TblrGe, (NdIrGe, type, a=
0.4266, b=1.595, ¢ =0.8829). The sample was prepared by heating a mixture of powders
of the starting components (Tb 3N, Ir 3N and Ge 3N) in an evacuated silica tube at
1173 K.

Tbylr;Geg was reported to adopt the UsResSig-type structure (a=0.8345; Francois et
al. 1985) from a sample obtained by heating a mixture of powders of the starting materials
(Tb 3N, Os and Ge 4N) in an evacuated quartz tube at 1273 K.

4.10.15. Th—Pt-Ge
No phase diagram has been established for the Th—Pt—Ge system. Four ternary compounds
were observed by different authors.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound TbPtGe adopts the TiNiSi-type of structure, a=0.7020, 5=0.4354,
¢=0.7564. For sample preparation, sce LaPdGe under La-Pd-Ge.

The existence of the TbPt;Ge, compound (CeGaAl, type, a=0.436, ¢=0.977) was
reported by Rossi et al. (1979). For sample preparation see LaMn,Ge; under La—Mn—Ge.
Venturini et al. (1989a) investigated the crystal structure of TbPt,Ge, from an arc melted
sample annealed at 1273 K for 5 days. The crystal structure was found to belong to the
LaPt,Ge, type, a=0.4311, 5=0.4351, ¢=0.9711, $=91.09°. The starting materials were
Tb (3N), Pt (4N) and Ge (4N).

Sologub et al. (1995a) reported on the X-ray powder analysis of the Tb,PtGes
compound which was found to crystallize with the Ce,CuGes type, a=0.40634, b=
0.40155, ¢=2.1648. For sample preparation, see La,PdGes under La-Pd-Ge.

Francois et al. (1987) mentioned the existence of TbPtGe, with YIrGe,-type structure.
No lattice parameters were given. The sample was prepared by heating a mixture of
powders of the starting components (Gd 3N, Ir 3N, Ge 3N) in an evacuated silica tube
at 1173K.

4.10.16. Tb-Au-Ge

Information on interaction of terbium with gold and germanium is due to the work of two
groups of authors (Sologub et al. 1995a and Rossi et al. 1992). The phase diagram of the
Tb—Au—Ge system is not yet available; two ternary compounds have been observed and
their structures were determined.

Sologub et al. (1995a) employed X-ray powder diffraction analysis for studying the
crystal structure of TbyAuGes. It was found to be isotypic with Ce,CuGes, a=0.41325,
b=0.40234, c=2.1187. For the details of sample preparation, see Gd, AuGes under Gd—
Au-Ge.
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A ternary compound of terbium with gold and germanium in the stoichiometric ratio
1:1:1 has been identified and studied by means of X-ray and metallographic analyses by
Rossi et al. (1992). TbAuGe was found to adopt the LiGaGe type with lattice parameters
a=0.4416, ¢=0.7335. For the experimental procedure sce GdAuGe under Gd—-Au-Ge.

4.11. Dy—d element—Ge systems

4.11.1. Dy—Cr-Ge

The only reference on the Dy—-Cr—Ge system is due to Brabers et al. (1994) who reported
the existence of a compound DyCrsGeg with the HfFesGeg type (¢ =0.5162, c=0.8272;
X-ray powder diffraction). The sample was prepared by arc melting and subsequent
annealing at 1073 K for three wecks in vacuum.

4.11.2. Dy-Mn—Ge

No ternary phase diagram of the Dy-Mn—Ge system is available. Two ternary compounds
have been reported for various dysprosium manganese germanium combinations.

DyMngGeg was found to crystallize in the HfFesGes-type structure by Venturini et al.
(1992), a=0.5228, ¢=0.8163 (X-ray powder diffraction data). The alloy was synthesized
by a powder metallurgical reaction in an evacuated silica tube at 1073 K for 14 days.

Rossi et al. (1978b) reported on the crystal structure of the DyMn,Ge, compound
(CeGayAl; type, a=0.3980, ¢=1.0737; X-ray powder method). The alloy was obtained
by melting under argon in an induction furnace and annealing at 770K for a week. The
metals used were of purity greater than 99.9 mass% for Dy, and greater than 99.99 mass%
for Mn and Ge.

The DyMny 33Ge, compound was found to adopt the CeNiSi,-type structure with lattice
parameters a=0.4118, »=1.583, ¢=0.4000 by Francois et al. (1990) (X-ray powder
diffraction data). For sample preparation, see GdFeg25-¢45Ge, under Gd-Fe-Ge.

4.11.3. Dy—Fe—Ge

No phase diagram has been constructed for the Dy—Fe-Ge system, but six ternary
compounds have been found and characterized by different authors.

DyFesGeg was reported to be isotypic with YCosGeg with lattice parameters a =0.5108,
c=0.4044 (Mruz et al. 1984). The sample was prepared by arc melting of the proper
amounts of the starting components followed by annealing at 870K for two weeks. At
variance with these data, DyFesGeg was found to crystallize with the TbFesSng type,
a=0.8111, b=1.766, c=0.5116 by Venturini et al. (1992) from X-ray powder diffraction
data. The alloy was obtained by a powder metallurgical reaction in an evacuated silica
tube at 1173 K for two weeks.

Pecharsky et al. (1989) reported DyFe(33Ge, to crystallize with the CeNiSi,-type
structure (a=0.4118, »=1.5903, ¢=0.4002; X-ray powder analysis). The alloy was
arc melted and annealed at 870 K. The purity of the starting materials was greater than
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99.9 mass%. Francois et al. (1990) confirmed the crystal structure of this compound, a=
0.4121, b=1.581, ¢ =0.4011 (X-ray powder diffraction data). For sample preparation, see
GdF€0‘25_0_46G€2 under Gd-Fe-Ge.

DyFesGe, is isotypic with the crystal structure of ZrFe4sSiy; a=0.7303, ¢=0.3865
according to Fedyna (1988). The alloy was prepared by arc melting the proper amounts
of the starting components followed by annealing at 870 K for 400 hours.

Oleksyn (1990) investigated the crystal structure of Dyy17Fes;Ge);, compound by the
X-ray powder method (Tbi7Fes;Gejp type, a=2.8382). The alloy was synthesized by
arc melting followed by annealing at 1070 K for 350 h. The starting materials were Dy
99.83 mass%, Fe 99.9 mass%, Ge 99.99 mass%.

According to X-ray powder diffraction, DyFe,Ge, was found to be isostructural with
the CeGayAl, type, a=0.3957, ¢c=1.0446 (Rossi et al. 1978a).

DysFesGeg has the GdgCusGes type structure, a =1.3528, b=0.6793, ¢=0.4135 (X-ray
powder diffraction; Fedyna et al. 1994).

4.11.4. Dy—Co—-Ge

The phase diagram for the Dy—Co—Ge system has not been established. Nine ternary com-
pounds have been identified for various dysprosium-cobalt-germanium combinations.

Meéot-Meyer et al. (1985a) reported the crystal structure of the DyCo;_,Gez, x=
0.44 (CeNiSi; type, a=0.4098, b=1.607, ¢ =0.4020). Samples were prepared by powder
metallurgical reaction and annealed in an evacuated silica tube at 1173 K. Pecharsky et
al. (1989) investigated the formation and crystal structure of the DyCo; _,Ge, compound
by X-ray powder analysis of arc meited alloys annealed at 870 K. The CeNiSiy-type
structure was confirmed with lattice parameters a=0.4130-0.4135, b=1.6045-1.6057,
¢=0.4026-0.4028.

The crystal structure of Dy;CosGejs (YbsRhySnj; type, a=0.8744; X-ray powder
diffraction) was investigated by Venturini et al. (1985b) from a sample which was prepared
by heating a compacted mixture of the starting materials (Dy in pieces, 99.9 mass%;
Co and Ge in powder, 99.99 mass%) in an evacuated quartz tube at 1073 K. Bodak et al.
(1987) reported the Y5;Co4Gejs type for the Dy;CosGeis compound (a=0.8750; X-ray
powder data) from arc melted alloy annealed at 870 K.

From X-ray powder analysis of an alloy annealed at 1173 K, Dy,Co3Ges was reported
to adopt LuyCosSis-type structure, a=0.9627, b=1.180, ¢=0.5707, $=91.0° (Venturini
et al. 1986b).

The crystal structure of the DyCosGes compound was reported by Buchholz and
Schuster (1981) (YCosGes structure type, a=0.5081, ¢ =0.3918). The sample was melted
under argon in a corundum crucible at 1073-1273 K.

Gorelenko et al. (1984) reported the crystal structure of DyCoGe (TiNiSi type, a=
0.6886, b=0.4204, ¢=0.7256; X-ray powder analysis). The alloy was arc melted and
annealed in an evacuated quartz tube at 870K for 350 hours.

Dy;C0,Gey crystallizes with the Tb3Co,Ge, type structure, a=1.0590, »=0.8114,
c=0.4135, y=107.83°. The sample was prepared by arc melting and annealing at
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873K for 1450h. The starting materials were: Dy >99.9 mass%, Co 99.99 mass%,
Ge 99.999 mass% (Mruz et al. 1989).

Dy,CoGeg is isotypic with Ce;CuGeg, 2=10.3931, 6=0.3983, ¢=2.1341 (Oleksyn et
al. 1991, X-ray powder diffraction data). The sample was melted in an arc furnace and
annealed at 1070 K in an evacuated quartz capsule for 400 hours. The purity of the starting
materials was greater than 99.9 mass%.

Bodak et al. (1986) reported the crystal structure for Dy,CoGe, (Sc,CoSiy type, a=
1.0467, b=1.0132, ¢=0.4178, y =117.33° X-ray powder diffraction) from an arc melted
sample annealed at 870 K.

4.11.5. Dy-Ni-Ge

Figure 92 represents the isothermal section of the Dy—Ni—-Ge phase diagram at 870K,
which was studied by Koterlyn et al. (1988). The isothermal section was constructed by
means of X-ray powder analysis of alloys, which were arc melted, subsequently anncaled
in evacuated silica tubes for 400 h at 870K, and finally quenched in ice water. The starting
materials were Dy 99.99 mass%, Ni 99.98 mass% and Ge 99.99 mass%.

The ternary phase diagram is characterized by the existence of ten ternary compounds
and by the formation of a substitutional exchange of Ge/Ni in the Ni terminal solid
solutions Dy,(Ni;_,Ge,);7 and Dy(Ni;_,Ge,)s. Nonstoichiometry and a homogeneity
range were observed for DyNij._,Ge, (7). The binary Dy,Ges; compound dissolves
20 at.% Ni.

DyNisGes (1) was reported to crystallize with the YNisSi; type, a=1.9065, b=0.3864,
¢=0.6787, by Fedyna (1988). The arc melted alloy, annealed at 870K, was investigated

Ge

Ni DyyNij;Dy,NisDyNiy ~DyNi Dy3Niy Dy3Ni Dy
DyNi5DyNi3

Fig. 92. Dy-Ni-Ge, isothermal section
at 870 K.
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by X-ray powder diffraction analysis. The starting materials were Dy 99.83 mass%, Ni
99.99 mass%, and Ge 99.99 mass%.

Dy;Nij;Ges (2) belongs to the Sc;Nij;Siy type, a=0.8317, ¢=0.8807, after Fedyna
(1988). For sample preparation, see DyNisGe; under Dy-Ni-Ge.

The DyNi;Ge; (3) compound was found to adopt the CeGaAl,-type structure, a=
0.4035, ¢=0.9758 (Rieger and Parthé 1969b).

DyNiGe; (4) with the ScNiSiz-type structure (a=2.1430, 5=0.4054, c=0.4042, X-ray
powder diffraction analysis) was reported by Bodak et al. (1985). For the details of sample
preparation and purity of starting materials, see DyNisGes, above.

Dy, NiGes (5) has been found by Oleksyn (1990) from X-ray powder diffraction to be
isostructural with Ce,CuGeg (a=0.3955, b 2.1170, ¢=0.4007). Samples were prepared
by arc melting ingots of the constituting elements and annealing at 1070K for 700 h. For
the purity of starting materials, see DyNisGes, above.

Pecharsky et al. (1989) investigated the formation and crystal structure of the
DyNi; _,Ge; (7) compound by X-ray powder analysis of an arc melted alloy annealed
at 870K (CeNiSi; type, a=0.4102, b=1.6216, c=0.4013). For sample preparation, sce
DyFe, ..,Ge; under Dy—Fe—Ge. Francois et al. (1990) confirmed the structure and reported
the composition and lattice parameters DyNiggoGey, a=0.4093, b=1.651, ¢=0.4052
(X-ray powder diffraction) from a sample obtained by a powder metallurgical reaction
at 1173 K.

Gorelenko et al. (1984) reported the crystal structure for DyNiGe (8) (TiNiSi type,
a=0.6963, b=0.4213, ¢=0.7285; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870 K for 350 hours.

Bodak et al. (1982) reported on the crystal structure for the Dy;NiGe; (10) compound
from X-ray powder diffraction (LazNiGe,-type structure, a=1.1272, »=0.4207, c=
1.1218). The proper amounts of starting components were arc melted and annealed
at 870K.

The crystal structure of two ternary compounds DyNiGe, (6) and Dy, 75NiGes 25 (9)
has not been evaluated yet (Koterlyn et al. 1988).

4.11.6. Dy—Cu—Ge

No isothermal section is available for the Dy—Cu—Ge system; four ternary compounds
have been found and analyzed by various groups of authors.

Rieger and Parthé (1969a) investigated the occurrence of the AlB,-type structure
by means of X-ray powder diffraction of arc melted alloys. The data presented were
DyCui_g67Ge;_133 with a=0.4221-0.4038, ¢=0.3664—0.3637. At variance with these
data, Iandelli (1993) observed DyCuGe with the Calny-type (a=0.4239, ¢=0.7239,
X-ray powder analysis). The alloy was obtained from turnings or powders of metals
(Dy 99.7 mass%, Cu and Ge 99.99 mass%), which were mixed and sealed in a tantalum
crucible under argon, melted by induction heating and anncaled for 10 days at 1023 K.

DyeCugGes crystallizes with the GdgCugGes type, lattice parameters a=1.3845, b=
0.6618, ¢=0.4173 (Ricger 1970).
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Konyk et al. (1988) investigated the crystal structure of Dy,CuGeg alloy synthesized
by arc melting under argon and annealing at 870 K in an evacuated quartz tube for 720 h.
From X-ray powder analysis a Ce,CuGeg-type structure was claimed for this phase, a=
0.3993, b=0.4100, ¢=2.0939.

Rieger and Parthé (1969b) observed DyCu,Ge, with the CeGa,Al,-type structure, a =
0.4029, c=1.0281.

Francois et al. (1990) observed the CeNiSi, type for the DyCug33Ge, compound and
reported lattice parameters ¢=0.4092, b=1.635, ¢=0.3968 (X-ray powder diffraction)
from a sample obtained by the powder metallurgical reaction at 1173 K.

4.11.7. Dy-Nb—Ge
A phase diagram for the Dy—Nb—Ge system has not been established. However, the
existence of a compound Dy,Nb3Ges with the Ce;Sc3Sis-type (a=0.6975, b=1.3510,
¢=0.7154) was reported by Le Bihan et al. (1996a) from X-ray powder diffraction
analysis of arc melted alloy. The starting materials were: Dy and Nb 99.99 mass%,
Ge 99.999 mass%.

4.11.8. Dy-Mo—Ge

The existence of the Dy;MosGey compound with the Ce;Sc3Siy type (a=0.6892, b=
1.3112, ¢=0.7038) was reported by Le Bihan et al. (1996b). For the sample preparation
and purity of starting materials, see Dy—Nb—Ge.

4.11.9. Dy—Ru(Rh, Pd)—Ge

The ternary Dy-Ru(Rh,Pd)-Ge systems have been studied only with respect to the
formation of compounds with specific composition and structure. Their crystallographic
characteristics are listed in table 27.

4.11.10. Dy-Ag-Ge
No ternary phase diagram has been established for the Dy—Ag—Ge system, however one
ternary compound has been characterized.

The crystal structure of the DyAgGe compound was firstly investigated by Zanicchi et
al. (1983) using X-ray powder diffraction. It was found to adopt the ZrNiAl type with
lattice parameters a=0.7105, ¢=0.4198. Gibson et al. (1996) reported the single-crystal
investigation of this compound. The crystal structure was confirmed and lattice parameters
were obtained as a=0.71056, ¢=0.41960. The single crystal was extracted from an arc
melted sample annealed at 970K for ten days.

4.11.11. Dy—-Os(Ir, Pt)-Ge

No systematic studies have been performed for the ternary Dy-Os(Ir, Pt)-Ge systems.
Interaction of dysprosium with osmium (irridium, platinum) and germanium has been
studied only with respect to the formation of compounds with a specific composition and
structure. The crystallographic characteristics are listed in table 28.
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Table 27
Crystallographic data for the ternary Dy—Ru(Rh, Pd)-Ge compounds
Compound Structure Lattice parameters (nm) Reference
a b c
DyRu,Ge, CeGa,Al, 0.4219 0.9856 Francois et al. (1985)
Dy,Ru,Ge; U,Co,Si; 0.9783 1241  0.5723 Venturini et al. (1986b)
Dy;Ru,Ge;; Yb;Rh,Sn,; 0.895 Segre et al. (1981a)
DyRh,Ge, CeGa,Al, 0.4104 1.0253  Francois et al. (1985)
Dy,Rh;Ge; Lu,Co;Sis 0.9940 12035 0.5827 Venturini et al. (1986b)
$=92.0°
DyRh,Ge,, Sc;Co,Siy, Meéot-Meyer et al. (1985b)
Dy, Rh,Geg U,Re,Sig 0.8326 Francois et al. (1985)
Dy,Rh,Ge,; Yb,;Rh,Sny; 0.8928 Venturini et al. (1985b)
Dy,Rh,;Ge, Ho,Ir;;Ge,y Verniere et al. (1995)
DyRhGe TiNiSi 0.6899 0.4289 0.7521 Hovestreydt et al. (1982)
DyPd,Ge YPd,Si 0.7355 0.7033 0.5565 Jorda et al. (1983)
Dy,PdGe Ce,CuGe, 0.4073 0.4016 2.1485 Sologub et al. (1995a
6 6
DyPd,Ge, CeGa,Al, 0.4035 0.9758 Rossi et al. (1979)
DyPdGe KHg, 0.4366 0.6963 0.7556 Hovestreydt et al. (1982)
Table 28

Crystallographic data for the ternary Dy-Os(Ir, Pt)-Ge compounds

Compound Structure Lattice parameters (nm) Reference
a b c

Dy,0s,Ge,, Sc;Co,Siy, Méot-Meyer et al. (1985b)
Dy, 0s,Geys Yb,Rh,Sn;; 0.8986 Segre et al. (1981a)
DylrGe, NdIrGe, 04256 1.593  0.8815 Francois et al. (1987)
Dy, Ir;Ge; U,Co;Si; 1.0122 1.171  0.5950 Venturini et al. (1986b)
Dy, Ir,Ge, U,Re;Sig 0.8322 Francois et al. (1985)
Dy,Ir,Gey, ScsCo,Siy, Méot-Meyer et al. (1985b)
Dy,Ir,Ge,; Yb;Rh,Sny; 0.8937 Venturini et al. (1985b)
Dy,Ir;;Ge, Ho,Ir;;Gey Verniere et al. (1995)
DylrGe TiNiSi 0.6838 0.4266 0.7597 Hovestreydt et al. (1982)
DyPtGe, NdIrGe, Francois et al. (1987)
DyPt,Ge, CeGa,Al, 0.434 0.975  Rossi et al. (1979)

LaPt,Ge, 0.4301 0.4346 0.9682 Venturini et al. (1989a)

p=91.26°

DyPtGe TiNiSi 0.6983 0.4340 0.7554 Hovestreydt et al. (1982)

Dy,PtGe, Ce,CuGeg 04043 04005 2.1672 Sologub et al. (1995a)
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4.11.12. Dy-Au-Ge

No ternary phase diagram exists for the Dy—Au—Ge system, however, a ternary compound
of dysprosium with gold and germanium in the stoichiometric ratio 1:1:1 has been
identified and studied by means of X-ray and metallographic analyses by Rossi et al.
(1992). DyAuGe was found to adopt the LiGaGe type with lattice parameters a=0.4411,
¢=0.7287. The sample was prepared by melting the metals (around 99.9 mass% for
dysprosium and 99.99 mass% for gold and germanium) in an induction furnace and
annealing at 1070 K for one week.

4.12. Ho-d element—Ge systems

4.12.1. Ho-Cr-Ge

Brabers et al. (1994) reported the existence of the compound HoCrgGegs with the
HfFesGeg type structure (¢=0.5158, ¢=0.8269; X-ray powder diffraction). The sample
was prepared by arc melting and subsequent annealing at 1073 K for three weeks in a
vacuum.

4.12.2. Ho-Mn-Ge

No phase diagram is available for the ternary Ho—Mn-Ge system; however three ternary
compounds have been observed and characterized by different authors.

Venturini et al. (1992) reported the existence of the compound HoMngGeq with
the HfFesGeg type (@=0.5230, ¢=0.8155; X-ray powder diffraction). The sample was
synthesized from a mixture of stoichiometric amounts of the elements, which was
compacted and sealed in a silica tube under argon followed by annealing at 1073 K for
two weeks.

Rossi et al. (1978b) reported an investigation of the crystal structure of the HoMn,Ge;
compound (CeGa,Al, type, a=0.3977, ¢=1.0845; X-ray powder method). The alloy was
obtained by melting under argon in an induction furnace and was annealed at 770 K for
one week. The metals used were of purity greater than 99.9 mass% for Ho, and greater
than 99.99 mass% for Mn and Ge.

HoMnyg 25Ge; was found to adopt the CeNiSiy type structure with lattice parameters
a=0.4097, b=1.574, ¢ =0.3983 by Francois et al. (1990) (X-ray powder diffraction data).
For sample preparation see GdFeg s5¢.46Ge; under Gd-Fe—Ge.

4.12.3. Ho-Fe—Ge

The phase diagram for the Ho-Fe—Ge system was investigated by Salamakha et al.
(1996g) by means of X-ray analysis (fig. 93). Alloys for investigation were prepared
by arc melting proper amounts of the constituent elements. The starting materials
were used in the form of ingots of holmium (99.9 mass%), iron (99.99 mass%) and
germanium (99.999 mass%). The samples were annealed at §70K for two weeks. Six
ternary compounds have been observed and characterized.
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Fe HojFey; HoFey Ho Fig. 93. Ho-Fe—Ge, isothermal section at
HogFe3 HoFe) 870K

HoFegGeg (1) was reported to be isotypic with YCogGeg, lattice parameters a =0.5110,
¢=0.4056 (Mruz et al. 1984). The sample was prepared by arc melting the proper amounts
of the starting components, followed by annealing at 870K for two weeks and finally
quenching in cold water. At variance with these data, HoFesGeg was found to crystallize
with the TbFesSng type, a=0.8111, b=1.766, c=0.5116 by Venturini et al. (1992) from
X-ray powder diffraction data. The alloy was obtained by powder metallurgical reaction
in an evacuated silica tube at 1173 K for two weeks. This suggests that HoFesGes may
be polymorphic.

Pecharsky et al. (1989) reported HoFeg33Ge, (5) to crystallize with the CeNiSi,-type
(a=0.4102, b=1.5689, ¢ =0.3986; X-ray powder analysis). The alloy was arc melted and
annealed at 870K. The purity of the starting materials was greater than 99.9 mass%.
Francois et al. (1990) confirmed the occurrence of CeNiSi, type for holmium-—iron—
germanium combinations from the alloys annealed at 1173 K (HoFeq33Gey; a=0.4105,
b=1.572, ¢=0.3999).

Salamakha et al. (1996g) investigated the crystal structure of Hojj7Fes;Gerra (6) by
X-ray powder diffraction (Tbyy7FespGepp type, a=2.8238). The alloy was synthesized
by arc melting and annealing at 870K for two weeks. The starting materials were Ho
99.9 mass%, Fe 99.9 mass%, and Ge 99.99 mass%.

According to X-ray powder diffraction data, HoFe,Ge; (3) was found to be isostructural
with the CeGayAl, type, with lattice parameters a=0.3949, ¢=1.0430 (Rossi et al.
1978a).

Fedyna (1988) reported on the X-ray powder investigation of the crystal structure of
HoFe,Ge; (2) (ZrFesSi, type, a=0.7255, ¢=0.3852) from an arc melted alloy annealed
at 870K alloy.
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HogFegGeg (4) belongs to the GdgCusGeg type, a=1.3450, b=0.6781, c=0.4117, after
Fedyna et al. (1994).

4.12.4. Ho—Co—Ge

The isothermal section of the Ho—Co—Ge system at 870 K over the whole concentration
region was derived by Aslan (1990) (fig. 94) employing X-ray and microstructural
analyses of 212 alloys which were prepared by arc melting the proper amounts of the
constituent elements of high purity. The melted buttons were then annealed in evacuated
silica tubes at 870K for 720 hours.

The ternary phase diagram is characterized by the existence of eleven ternary
compounds and by the formation of solid solutions based at the Ho,Co;7 and HoCos
binary compounds where the maximum solubility of germanium is 10 at.%. The HosGes3
phase dissolves 8 at.% Co.

Méot-Meyer et al. (1985a) reported the crystal structure of HoCo,Ge, (8), x=0.48
(CeNiSi; type, a=0.4094, b=1.595, ¢=0.4009). The sample was prepared by powder
metallurgical reaction and annealed in an evacuated silica tube at 1173 K. Pecharsky et
al. (1989) confirmed the formation and crystal structure of the HoCo; _,Ge; compound
and additionally observed the existence of a homogeneity field from arc melted alloys
annecaled at 870K (a=0.4080-0.4093, b=1.583-1.592, ¢=0.3953-0.4008; X-ray powder
analysis).

The crystal structure of Ho;CosGers (3) (YbsRhySny; type, @ =0.8735; X-ray powder
diffraction) was investigated by Venturini et al. (1985b) from a sample which was prepared
by heating a compacted mixture of the starting materials (Ho in pieces, 99.9 mass%; Co
and Ge in powder, 99.99 mass%) in an evacuated quartz tube at 1073 K. Bodak et al.

Co HoyCoy7HoyCosHoCoy  HoyCoz HozCo Ho

Fig. 94. Ho—Co—Ge, i i
HoCogHoCos Ho)2Cos ig 0-Co—Ge, isothermal section

at 870K.
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(1987) reported the Y;Co4Ge3-type for the Ho;Co,Ge; compound (a=0.8742; X-ray
powder data) from arc melted alloy annealed at 870 K.

HoCo,Ge; (5) was found to adopt the CeGa,Al, type, a=0.3957, ¢=1.0077 (Szytula
et al. 1980; X-ray powder diffraction). Aslan (1990) confirmed the crystal structure and
observed the existence of a homogeneity field for HoCoy ¢4, Ge; _, (x=0.5).

From an X-ray powder analysis of alloy annealed at 1173 K, Ho,Co3;Ges (6) was
reported to adopt the Lu,CosSis-type structure, a=0.9618, b=1.1805, ¢=0.5691, 3=
91.9° (Venturini et al. 1986b).

The crystal structure of the HoCosGeg (2) compound was reported by Buchholz and
Schuster (1981) (YCo4sGeg structure type, a=0.5074, ¢ 0.3910). The sample was melted
under argon in a corundum crucible at 1073-1273 K.

Gorelenko et al. (1984) reported the crystal structure of HoCoGe (9) (TiNiSi type, a=
0.6851, b=0.4198, ¢=0.7253; X-ray powder analysis). The alloy was arc melted, and
annealed in an evacuated quartz tube at 870 K for 350 hours.

Ho3CoyGey (10) crystallizes with a Tb3CoyGey-type of structure, a=1.0523, b=
0.7958, ¢ 0.4152, y=107.36° (X-ray powder data; Mruz et al. 1989). The sample was
prepared by arc melting and annealing at 873 K for 240 h.

Ho,CoGes (7) is isotypic with Ce;CuGeg, a=0.3923, =0.3974, ¢=2.131 (Oleksyn
et al. 1991; X-ray powder diffraction data). The sample was melted in an arc furnace and
annealed at 1070K in an evacuated quartz capsule for 400 h. The purity of the starting
materials was greater than 99.9 mass%.

Bodak et al. (1986) reported on the X-ray powder investigation of the compound
Ho,CoGe; (11), Sc;CoSij type, a=1.0408, b=1.0109, ¢=0.4166, y=117.45°.

Investigating the isothermal section, Aslan (1990) observed two compounds with
unknown structures: ~Ho3;CogsGes; (1) and ~HoCo,Ges (4).

4.12.5. Ho—-Ni—Ge

Figure 95 represents the isothermal section of the Ho—Ni—Ge phase diagram at 870K,
which was studied by Aslan (1990). The isothermal section was constructed by means of
X-ray powder and partly microstructural analyses of 158 alloys which were arc melted,
subsequently annealed in evacuated silica tubes for 720h at 870K, and finally quenched
in cold water. The starting materials were Ho 99.9 mass%, Ni 99.98 mass%, and
Ge 99.99 mass%.

The ternary phase diagram is characterized by the existence of ten ternary compounds
and by the formation of substitutional solid solutions originating at Ho,Ni;; and HoNis
binary compounds where the maximum solubility of germanium is 17 at.%. The binary
HoGe1 5 compound dissolves 15 at.% Ni.

HoNisGes (1) was reported to crystallize with the YNisSiz type, a=1.9050, b=
0.3856, ¢=0.6785, by Fedyna et al. (1987). The arc melted alloy, annealed at 870K,
was investigated by X-ray powder diffraction analysis. The starting materials were
Ho 99.9 mass%, Ni 99.99 mass%, and Ge 99.999 mass%.
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Ni HopNi;7HopNiy HoNiy HoNi HozNiy HosNi Ho

Fig. 95. Ho-Ni—Ge, isothermal section at 870 K.

Ho;Nij Ges (2) belongs to the Sc3Nij; Sig type, a=0.8292, ¢=0.8682, after Fedyna et
al. (1987). An alloy was prepared in the same manner as HoNisGe;.

The HoNi,Ge, (4) compound was found to adopt the CeGa,Al,-type structure, a=
0.4021, ¢=0.9757 (Rieger and Parthé 1969b).

HoNiGes (5) with the SmNiGes-type structure (¢=2.1476, £=0.4063, ¢=0.4054,
X-ray powder diffraction analysis) was reported by Bodak et al. (1985). For the details
of sample preparation and purity of starting materials, see HoNisGes, above.

Ho,NiGeg (6) has been found by Oleksyn (1990) from X-ray powder diffraction to be
isostructural with Ce,CuGeg (a=0.3941, b 2.1108, ¢=0.3991). The sample was prepared
by arc melting ingots of the constituting elements and annealing at 1070 K for 700 h. For
the purity of starting materials, see HoNisGejs, above.

Pecharsky et al. (1989) investigated the formation and crystal structure of the
HoNi; - ,Ge; (8) compound by X-ray powder analysis of arc melted alloy annealed
at 870K (CeNiSi, type, a=0.4059-0.4079, b=1.5809-1.5796, ¢=0.3934-0.3952).
Francois et al. (1990) confirmed the structure and reported the composition and lattice
parameters HoNig 71 Ge,, a=0.4084, b=1.629, ¢ =0.4091 (X-ray powder diffraction) from
a sample obtained by powder metallurgical reaction at 1173 K.

Gorelenko et al. (1984) reported the crystal structure of HoNiGe (9) (TiNiSi type, a=
0.6856, b=0.4204, ¢=0.7256; X-ray powder analysis). For the experimental details, see
HoCoGe under Ho—Co—Ge.

The crystal structure of HoNiGe; (7) was reported by Oleksyn (1990): NdIrGe, type,
a=0.4136, 6=0.8430, ¢=1.5792 (X-ray powder diffraction). The sample was prepared
by arc melting ingots of the constituting elements and annealing at 1070K for 700 h.
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Bodak et al. (1982) reported on the crystal structure of HosNiGe, from X-ray powder
diffraction (La;NiGe; type, a=1.1195, »=0.4197, ¢=1.1192). This compound, however,
apparently does not exist at 870K.

The crystal structures of two more ternary compounds ~HoNi3Ge; (3) and ~Ho4NiGey
(10) have not yet been evaluated (Aslan 1990).

4.12.6. Ho—Cu—Ge

No phase diagram is available for the Ho—Cu—Ge system; however the crystal structures
for five ternary compounds are reported by different groups of authors.

Rieger and Parthé (1969a) investigated the occurrence of the AlB,-type structure
by means of X-ray powder diffraction of arc melted alloys. The data presented are
HoCuy_g67Gei_133 With a=0.4225-0.400, ¢ =0.3608-0.402. At variance with these data,
Tandelli (1993) observed HoCuGe with the Caln,-type structure (a=0.4232, ¢=0.7188,
X-ray powder analysis). The alloy was prepared from filings or powders of metals
(Ho 99.7 mass%, Cu and Ge 99.99 mass%), which were mixed and sealed in a tantalum
crucible under argon, melted by induction heating, and annealed for 10 days at 1023 K.

HogCugGeg crystallizes with the GdgCugGeg type, lattice parameters a=1.384, b=
0.662, ¢ =0.417 (Hanel and Nowotny 1970).

Konyk et al. (1988) investigated the crystal structure of Ho,CuGes alloy prepared by
arc melting under argon and annealing at 870K in an evacuated quartz tube for 720h.
From X-ray powder analysis a Ce;CuGeg-type was claimed, a=0.4011, »=0.4129, c=
2.1104.

Rieger and Parthé (1969b) prepared HoCu,Ge, with the CeGayAl,-type structure, a =
0.4016, ¢=1.0302.

Francois et al. (1990) observed the CeNiSi, type structure for the HoCuyi3Ges
compound and reported lattice parameters a =0.4074, b=1.618, ¢=0.3950 (X-ray powder
diffraction) from a sample obtained by powder metallurgical reaction at 1173 K.

4.12.7. Ho-Nb-Ge

The phase diagram of the Ho—Nb—Ge system has not been established, but at least one
ternary phase is known. The existence of the compound Ho,Nb;Ges with the Ce;Sc;Sis-
type structure (@=0.6956, b=1.3479, ¢=0.7131) was reported by Le Bihan et al. (1996a)
from X-ray powder diffraction data of an arc melted alloy. The starting materials were:
Ho and Nb 99.99 mass%, Ge 99.999 mass%.

4.12.8. Ho-Mo—-Ge

No phase diagram is available for the Ho-Mo~Ge system, and only one compound was
observed and investigated. Ho,Mo;Gey was reported to crystallize with the Ce;Sc3Siy-
type structure (a=0.6868, b=1.3079, ¢=0.7032) by Le Bihan et al. (1996b) from X-ray
powder diffraction of an arc melted alloy. The starting materials were: Ho and Mo
99.99 mass%, Ge 99.999 mass%.
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Fig. 96. Ho-Ru-Ge, isothermal section
at 870K.

4.12.9. Ho-Ru—-Ge

The isothermal section for Ho—Ru-Ge was constructed by Sologub (1995) at 870K by
means of X-ray diffraction (fig. 96). The samples were prepared by direct arc melting
of pieces of high purity components (greater than 99.9 mass%), annealed at 870K for
two weeks in evacuated quartz ampoules and quenched in cold water. The phase-field
distribution is characterized by the formation of seven compounds.

Early investigations of the HoRu,Ge; (2) compound showed that it had the CeGa,Al,-
type structure with a=0.4211, ¢=0.9790 (Francois et al. 1985) from X-ray powder
analysis of an alloy obtained by powder metallurgical reaction at 1273 K. The starting
components were Ho (3N), Ru (4N), and Ge (4N). Sologub et al. (1995b) confirmed the
crystal structure and obtained the lattice parameters a=0.4218, ¢=0.9805.

Venturini et al. (1986b) reported the structure for the HoRu3Ges (3) compound, which
crystallizes with the U,CosSis-type of structure. The lattice parameters were reported as
a=0.9771, b=1.241, c=0.5706 (X-ray powder diffraction data). For sample preparation,
see LayRu;Ges under La-Ru—Ge.

The Pr3RhySn,3-type structure was announced for the HosRuyGe3 (1) compound (a=
0.8945) by Segre et al. (1981a) from an X-ray powder analysis of an arc melted sample
annealed at 1523K for 1 day and at 1273K for 7 days. The starting materials were Ho
(3N), Ru (3N), and Ge (6N).

Francois et al. (1990) reported the crystal structure of HoRug27Ge; (4) (CeNiSi; type,
a=0.4116, b=1.577, c=0.4007). For sample preparation, see GdFeGe, under Gd—Fe-Ge.
Sologub et al. (1995b) confirmed the formation and crystal structure for this compound,
a=0.4105, b=1.5701, ¢=0.4008 (X-ray powder diffraction).
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Sologub et al. (1994a) reported on a single-crystal investigation of two compounds:
HoRuGe (5), TiNiSi type, a=0.6980, b=0.4351, ¢=0.7281, and Hos;Ru,Ge; (6),
Hf3Ni,Si; type, a=0.4242, b=1.0731, ¢ =1.3840. The single crystals were obtained from
samples which were arc melted and annealed at 870K for 400 h.

Ho,RuGe; (7) was found to crystallize with the Sc,CoSi,-type structure, a=1.0643,
b=0.4259, ¢=1.0203, f=118.0° by Sologub et al. (1995b).

4.12.10. Ho—-Rh-Ge

The phase relations in the ternary Ho-Rh—Ge system (0-50at.% Rh) at 870K were
investigated by Sologub (1995) (fig. 97). Fourteen ternary compounds were found to
exist within the concentration region investigated. For experimental procedures, see
Ho—Ru—Ge.

Venturini et al. (1985b) reported an X-ray powder diffraction study of the Ho;RhsGey3
(1) compound from a sample prepared by heating a mixture of starting components (Ho
3N, Rh 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal structure was
found to be of the Ybs;Rh4Sny; type, a=0.8916.

Francois et al. (1985) determined the CeGa;Aly-type structure for the HoRhyGe; (3)
compound, a=0.4101, ¢=1.0196.

Ho,Rh3Ges (4) was found to crystallize with Lu,CosSis-type structure (a=1.1353, b=
1.1976, ¢=0.5813, f=119.05°; X-ray single-crystal data) by Venturini et al. {(1986b)
from a sample synthesized by powder metallurgical reaction at 1173 K. The purity of
the starting materials was greater than 99.9 mass%.

Hovestreydt et al. (1982) reported the crystal structure of the HoRhGe (8) compound
(TiNiSi type, a=0.6964, b=0.4272, ¢=0.7516; X-ray powder data) from an arc melted
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sample annealed at 1270K for 1-2 weeks. The starting components were Ho (3N), Rh
(4N), and Ge (5N).

Salamakha and Sologub (1999) reported on the crystal structure of the HosRh,Ge; (13)
compound (La3Ni,Ga, type, a=0.55367, 5=0.7726, ¢ =1.3165; X-ray powder diffraction
data). For the details of sample preparation, see LazRh;Ge; under La-Rh—Ge.

Sologub (1995) established the Houlr;3Geo-type for the HosRh;3Geg (2) compound,
a=0.3962, b=1.1034, ¢=1.9203. For sample preparation, see Ho—Ru—Ge.

Venturini et al. (1984) observed the existence of the HosRhsGeyq (6) compound
with ScsCo4Siig type (a=1.2902, ¢=0.4242; X-ray powder diffraction) from a sample
obtained by heating amixture of powders in an evacuated tube at 1073 K. Salamakha and
Sologub (1999) confirmed the ScsCo,Sijg-type of structure by a single-crystal method,
a=1.29336, ¢c=0.42596. The single crystal was taken from an arc melted sample annealed
at 870K.

Ho4Rh;Geg (5) was reported to adopt the U,Re;Sig type structure, a =0.8305 (Francois
et al. 1985) from a sample which was obtained by heating a mixture of powders of the
starting materials (Ho 3N, Rh 4N, Ge 4N) in evacuated quartz tubes at 1273 K.

Francois et al. (1990) reported the crystal structure of HoRhg23Ge, (7) (CeNiSi, type,
a=0.4107, b=1.584, ¢=0.3988). For sample preparation, see GdFeGe, under Gd-Fe—
Ge.

Four more ternary compounds were observed and investigated by Sologub (1995) using
an X-ray single-crystal method: Ho;Rh,Ge; (9), Hf3Ni,Si3 type, a=0.425, b=1.026, c=
1.488; ~Ho3.,Rh,Ges,, (10), orthorhomb., a=0.423, b=1.024, ¢=10.2; Ho,RhGe; (11),
Sc,CoSi, type, a=1.0465, b=0.42670, ¢=1.02203, f=117.2° ~Ho,.,RhGey,. (12),
monoclinic, a=1.042, »=0.428, ¢c=6.3, f=117°.

The crystal structure of ~HosRh3Ge; (14) has not been evaluated (Sologub 1995).

4.12.11. Ho-Pd—-Ge

A systematic study of the Ho-Pd—Ge system at 870K was performed by Sologub
(1995) over the whole concentration region by means of X-ray powder analysis (fig. 98).
The samples were prepared by arc melting under an argon atmosphere and annealed
in evacuated quartz ampoules at 870K for 500 hours. The starting materials were
99.8 mass% pure or better.

Phase relations are characterized by the existence of ten ternary compounds and by the
formation of an extended solid solution originating at the HoPd3 binary compound. The
maximum solubility of Ge in HoPd; was observed as 12 at.%. The solubility of the third
component in other binary compounds was found to be negligible.

The existence of the HoPd,Ge; (2) compound (CeGayAl; type, a=0.4220, ¢=1.0018)
was reported by Bodak and Sologub (1991a). The sample was prepared in the same
manner as the Ho—Pd—Ge alloys.

Bodak and Sologub (1991a) reported on the X-ray powder analysis of the Ho,PdGeg (3)
compound which was found to crystallize with the Ce,CuGesg type, a =0.4080, b =0.4007,
¢=2.140. For the experimental procedure, see Ho—Pd—Ge.
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Pd HoPd; Ho,Pd; HoPd HosPdy HosPdy Ho

Fig. 98. Ho-Pd-Ge, isothermal sec-
tion at 870 K.

The crystal structure of the compound HoPd,Ge (4) was found to be of the YPd,Si type
(a=0.7318, b=0.6036, ¢ =0.5553; X-ray powder diffraction) by Jorda et al. (1983). For
the experimental procedure, see LaPd,Ge under La~Pd-Ge. The starting materials were
Pd 99.99 mass%, Ge specpure quality, and Ho 99.9 mass%. Sologub (1995) confirmed
the structure of HoPd,Ge and reported similar lattice parameters (a=0.7321, 5=0.6045,
¢=0.5563; X-ray powder diffraction).

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound HoPdGe (8) adopts the KHg,-type of structure, a=0.4360, b=
0.6938, ¢=0.7547. For sample preparation, see LaPdGe under La-Pd-Ge. The starting
materials were Ho (3N), Pd (4N), and Ge (5N). Sologub (19953) reported a single-crystal
investigation of HoPdGe from an arc melted specimen annealed at 870K for 500h
(KHg; type, a=0.4358, b=0.6922, ¢=0.7546).

Francois et al. (1990) investigated the crystal structure of the HoPdg33Ge, (7)
compound (CeNiSi; type, a=0.4118, »=1.593, ¢=0.4002). In the course of studying
the phase equilibria in the Ho—Pd—Ge system at 870K, Sologub (1995) confirmed the
existence of the compound with the CeNiSi, type structure and obtained similar lattice
parameters: a=0.4107, b=1.5924, ¢=0.3979.

Sologub (1995) studied the crystal structures of HoPdGe, (5) (NdIrGe, type, a=
0.4234, b=1.597, ¢ =0.8715) and HoPdg 3-9.6Gej3-1.4 (9) (AlB; type, a=0.4237-0.4276,
¢=0.3828-0.3721) by X-ray powder diffraction. The experimental details are given above
(Ho-Pde—Ge isothermal section).

HogPdgGeg (6) was found to crystallize with the GdgCugGeg-type structure, a=
0.42348, b=0.68373, ¢=1.4093 (Gladyshevsky et al. 1991b; X-ray single-crystal data).
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Sologub et al. (1994b) investigated HoosPd4(Pd, Ge);9 - (10) by an X-ray single-crystal
method: own structure type, a=1.4523, ¢=1.0318. The alloy was arc melted and annealed
at 870K for 500 h.

The crystal structure of the ~HoPdsGes (1) compound has not yet been established
(Sologub 1995).

4.12.12. Ho—-Ag—Ge

The isothermal section of the Ho-Ag—Ge system at 870 K was reported by Sologub and
Protsyk (1991) from an X-ray powder analysis of 54 alloys (fig. 99). The samples were
obtained by arc melting the components in purified argon and annealing at 870K for
500h in evacuated quartz tubes. Finally the alloys were water quenched. The purity of
the starting components was Ho 99.8 mass%, Ag 99.9 mass%, and Ge 99.999 mass%. One
ternary compound was found to exist in this system at 8§70 K.

Sologub and Protsyk (1991) reported on the crystal structure of the HoAgGe
compound. It was found to adopt the ZrNiAl-type structure, a=0.7084, ¢=0.41793
(X-ray powder diffraction). Gibson et al. (1996) confirmed the crystal structure from
X-ray powder diffraction of an arc melted alloy annealed at 970K for ten days, and
presented the lattice parameters a=0.70783, ¢=0.41826.

Fig. 99. Ho—-Ag—Ge, isothermal section

Ag Ho14Ags51 HoAgy HoAg Ho at 870K,

4.12.13. Ho—Re—Ge

The only information on the system Ho—Re-Ge is due to Francois et al. (1990) who
investigated the occurrence of the compound with the CeNiSi, type; no phase diagram
is available. The HoReg »5Ge; compound was found to adopt the CeNiSi,-type structure
with lattice parameters a=0.4128, b=1.578, ¢=0.4028 by Francois et al. (1990) (X-ray
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powder diffraction data). The alloy was prepared from a mixture of the proper amounts
of the components with purity 99.9 mass% by metallurgical reaction in a quartz tube
at 1173 K.

4.12.14. Ho-Os-Ge
Bodak and Sologub (1991b) were the first to investigate, by X-ray powder diffraction,
the phase equilibria within the Ho—Os—Ge system at 870 K over the whole concentration
region; samples were prepared as described under Ho—Ru—Ge. The phase relations are
characterized by the existence of three ternary compounds (fig. 100).

Bodak et al. (1991) indicated a Sc;Co4Sijg-type structure for HosOs,Geyg (2) from
X-ray single-crystal diffraction and reported the lattice parameters a=1.2984, c=
0.42820.

Fig. 100. Ho—Os-Ge, isothermal sec-
Os HoOs, Ho30s Ho tion at 870K.

Pr;RhySn3-type structure was announced for the Ho;OssGeq; compound (1) (a=
0.8977) by Segre et al. (1981a) from X-ray powder analysis of an arc melted sample
annealed at 1523K for 1 day and at 1273K for 7 days. The starting materials were
Ho (3N), Os (3N), and Ge (6N). At variance with these data, Bodak and Sologub (1991b)
observed the Y3Co4Ge13 type for a Ho3Os4Gegs alloy which was arc melted and annealed
at 870K for 500 hours (a=0.89737; X-ray powder diffraction).

Ho,0sGe; (3) was found to adopt the Sc,CoSi; type structure, a=1.0691, b=0.42618,
¢=1.0050, B=118.07° (X-ray single-crystal analyses; Gladyshevsky et al. 1991b).

4.12.15. Ho-Ir-Ge
The partial isothermal section for the Ho—Ir—Ge system at 870K (0-50at.% Ir) was
established by Sologub (1995) (fig. 101). For sample preparation, see Ho—Ru-Ge. Five
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Ir Holry ~ Holr  Hoslr3 Holrg Ho  pig 101. Ho-Ir-Ge, partial isothermal
Hoslry Hoslry section at 870K (0-50 at.% Ir).

ternary compounds were confirmed and eight ternary phases were observed for the first
time. No homogeneous ranges were encountered for the ternary compounds.

Venturini et al. (1984) observed the existence of the HosIrsGeyg (5) compound with
ScsCo4Sijg-type structure from X-ray powder diffraction of a sample obtained by heating
the starting components in an evacuated tube at 1073 K, a=1.2878, ¢=0.4286.

Venturini et al. (1985b) reported on an X-ray powder diffraction study of the
HoslIryGeys (1) compound from a sample prepared by heating a mixture of the starting
components (Ho 3N, Ir 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal
structure was found to adopt the YbsRh4Sny3 type, a=0.8931.

Hovestreydt et al. (1982) reported the crystal structure of the HolrGe (7) compound
(TiNiSi type, a=0.6801, b=0.4252, ¢=0.7595; X-ray powder data) from an arc melted
sample annealed at 1270 K for 1-2 weeks. The starting components were Ho (3N), Ir (4N),
and Ge (5N).

Francois et al. (1987) reported the crystal structure of HolrGe, (4) (NdIrGe, type, a=
0.4244, b=1.595, ¢=0.8804). The sample was prepared by heating mixtures of powders
of the starting components (Ho 3N, Ir 3N, Ge 3N) in an evacuated silica tube at 1173 K.

Holry23Ge; (6) was found to crystallize with a CeNiSi, type, a=0.4108, b=1.585,
¢=0.3988 (X-ray powder diffraction; Sologub 1995). For sample preparation, see Ho—
Ru—Ge.

Ho4lr;Ges (3) was reported to adopt the UsRe;Sig type (¢=0.8311; Francois et al.
1985) from a sample obtained by heating a mixture of powders of the starting materials
(Ho 3N, Os 4N, Ge 4N) in an evacuated quartz tube at 1273 K.

Five other ternary compounds were observed and characterized by an X-ray single-
crystal method by Sologub et al. (1993) and Sologub (1995): HoyIr3Geg (2) belongs to a
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new structure type, a=0.3954, b=1.1186, ¢ =1.9301 (Sologub et al. 1993); Hos;Ir,Ges (8)
adopts Hf;Ni,;Sis-type structure with a=0.423, b=1.024, ¢=1.485 (Sologub 1995);
~Hos,,IryGesy, (9) is orthorhombic, a=0.424, b=1.025, ¢=10.25 (Sologub 1995);
Ho,IrGe, (10) crystallizes with the Sc,CoSiy-type structure, a=1.047, b=0.428, c=
1.079, 3=118° (Sologub 1995); ~Ho,,,IrGes., (11) is monoclinic, a=1.042, h=0.428,
c=6.3, f=117° (Sologub 1995). The alloys for this investigation were prepared in the
same manner as Ho—Ru—Ge.

Two more compounds with unknown structures were observed by Sologub (1995):
"’HO5II‘3G62 (12) and ~H05II'2GC3 (13)

4.12.16. Ho—-Pt-Ge

The phase equilibria in the Ho—Pt-Ge system (fig. 102) have been investigated by Sologub
(1995) by means of an X-ray analysis of 90 alloys which were arc melted and subsequently
annealed in evacuated silica tubes for 500h at 870K and finally quenched in water.
The starting materials were Ho 99.8 mass%, Pt 99.99 mass% and Ge 99.999 mass%. One
ternary compound was confirmed and ten ternary phases were observed for the first time.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound HoPtGe (8) adopts the TiNiSi-type structure, a=0.6949, b=
0.4328, ¢=0.7535. For sample preparation, see LaPdGe under La-Pd—Ge.

Sologub et al. (1995a) reported on the X-ray powder analysis of the Ho,PtGegs (3)
compound which was found to crystallize with the Ce,CuGeg-type structure, a=0.40441,
b=0.40026, ¢=2.1571. For sample preparation, see La;PdGeg under La-Pd—Ge.

X-ray single-crystal analysis was employed to investigate the crystal structure of the

bt HoPisHoPtzHoPty ~ HoPt HosPty HosPt Ho Fig. 102. Ho-Pt-Ge, isothermal sec-
HosPty HosPty HopPt tion at 870K.
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HoPtGe, (6) compound, NdIrGe, type, a=0.4292, h=0.8702, c=1.6172 (Salamakha and
Sologub 1998). The single crystal was obtained from an arc melted sample annealed at
870K for 500h.

Five more ternary compounds in the Ho—Pt-Ge system at 870K were observed
and characterized by Sologub (1995) in the course of phase equilibrium studies
using X-ray powder diffraction: HoyPt;Ges (2), CepPt;Ges-type structure, a=1.984,
b=0.4062, ¢=1.1427; HoPt,Ge (5), YPd;Si-type structure, a=0.7218, »=0.6036,
¢=0.5453; HoPty2,Ge, (7), CeNiSip-type structure, a=0.4102, 56=1.592, ¢=0.3951;
Ho(Pt, Ge), (10), AlB,-type structure, a=0.4227, ¢=0.3822; Ho,PtGe (11), CiB-type
structure, a=0.4022, h=1.0864, ¢ =0.4282.

Three ternary compounds with unknown structure types were observed by X-ray
powder diffraction at 870K: ~HoPt;Ge; (1), ~Ho3PtsGegs (4) and ~HozPt,Ges (9)
(Sologub 1995).

4.12.17. Ho—Au—-Ge

Information on interaction of holmium with gold and germanium is due to the work of
two groups of authors (Sologub 1995 and Rossi et al. 1992). A phase diagram of the
Ho-Au-Ge system is not available, however, one ternary compound has been observed
and characterized.

A ternary compound of holmium with gold and germanium in the stoichiometric ratio
1:1:1 has been identified and studied by means of X-ray and metallographic analyses by
Rossi et al. (1992). HoAuGe was found to adopt the LiGaGe type with lattice parameters
a=0.4416, ¢=0.7335. Samples were prepared by melting the metals in an induction
furnace, and annealing the resulting alloys at 1070K for one week. The metal used had
a purity of about 99.9 mass% for holmium and 99.99 mass% for gold and germanium.
Sologub (1995) confirmed the structure type from X-ray powder diffraction of an alloy
with equiatomic composition which was obtained by arc melting the metals and annealing
the resulting button at 870K for 500 h: a=0.44015, b=0.7231.

4.13. Er-d element—Ge systems

4.13.1. Er—Cr-Ge

Brabers et al. (1994) reported the existence of a compound ErCrgGeg with the HiFesGeg-
type structure (¢ =0.5150, ¢=0.8258; X-ray powder diffraction). For sample preparation,
see TbCrsGeg under Tb—Cr-Ge.

4.13.2. Er-Mn—Ge
No systematic study of the Er-Mn—Ge system has been carried out so far; however two
ternary compounds were observed and investigated by two groups of authors (Rossi et al.
1978b, Venturini et al. 1992).

ErMneGeg was found to crystallize in the HfFesGeg-type structure by Venturini et al.
(1992), a=0.5221, ¢=0.8142 (X-ray powder diffraction data). For sample preparation,
see TbMngGeg under Tb—-Mn—Ge.
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Rossi et al. (1978b) reported an investigation of the crystal structure of the ErMn,Ge,
compound (CeGayAly-type structure, a=0.3963, ¢ =1.0835; X-ray powder method). For
the experimental details, see TbMn,Ge, under Tb—-Mn—Ge.

4.13.3. Er-Fe-Ge

The isothermal section of the Er—Fe—Ge system at 1070 K (fig. 103) was investigated by
Oleksyn (1990) by means of metallographic, X-ray and microprobe analyses. Alloys for
investigation were prepared by arc melting followed by annealing at 1070 K for 350 hours.
The purity of the starting components was Er 99.82 mass%, Fe 99.90 mass%, and Ge
99.99 mass%. Eight ternary compounds were found to exist. The solubility of germanium
in iron was established as 18 at.%.

ErFesGeg (1) was reported to be isotypic with the crystal structure of YCogGes
with lattice parameters a=0.5100, ¢=0.4041 by Mruz et al. (1984) (X-ray powder
diffraction; for sample preparation, see TbFesGes under Tb-Fe—Ge); and a=0.51086,
¢=0.4048 by Oleksyn (1990) (X-ray powder diffraction). At variance with these data,
Venturini et al. (1992) reported the HoFegSng-type structure for ErFesGeg, a=0.8103, b=
2.652, ¢=0.5108 from X-ray powder diffraction data. The alloy was obtained by powder
metallurgical reaction in an evacuated silica tube at 1173 K for two weeks.

Pecharsky et al. (1989) reported ErFe,Ge,_, (6) to crystallize with the CeNiSi,-
type structure (a=0.4079-0.4086, b=1.5609-1.5930, ¢=0.3967—0.3976; X-ray powder
analysis). The alloy was arc melted and annealed at 870 K. The purity of the starting
materials was greater than 99.9 mass%. Oleksyn (1990) determined the homogeneity
region for the ErFegos_030Ger9a-170 (CeNiSiz-type) compound and obtained lattice
parameters a=0.4083-0.4080, b=1.5630-1.5616, ¢=0.3982-0.3974. Francois et al.

Fe
ErjFery ErFes Fig. 103. Er-Fe—Ge, isothermal section
Er6F623 El'Fez at 1070 K.
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(1990) confirmed the occurrence of the CeNiSiy-type structure for erbium-—iron—
germanium combinations from alloys annealed at 1173 K (ErFeg35Ges; a=0.4098, b=
1.565, ¢=0.3987).

According to X-ray powder diffraction data, ErFe,Ge, (3) is isostructural with
CeGay Aly, lattice parameters a = 0.3945, ¢=1.0435 (Bara et al. 1990). For the experimen-
tal procedure, see TbFe,Ge; under Tbh—Fe—Ge. The crystal structure was also confirmed
by Oleksyn (1990) from X-ray powder diffraction, a=0.3932, ¢c=1.0417.

ErFesGe, (2) was observed to adopt the ZrFe,Si-type of structure, a=0.7229, c=
0.3842, from X-ray powder diffraction of an arc melted sample annealed at 870 K (Fedyna
1988). The crystallographic characteristics obtained by Oleksyn (1990) for ErFe,Ge, are
in good agreement: ZrFe,Siy type, a=0.7246, ¢ =0.3864.

Four more ternary compounds were observed for the first time and characterized by
Oleksyn (1990): ErgFegGes (4), GdgCusGes type, a=1.3460, b=0.6815, ¢=0.41057
(X-ray powder diffraction); ErgFe;¢Geig (5), TmoFe9Geqo type, a=0.5393, h=1.3343,
¢=1.3949 (X-ray single-crystal data); Er;Fe,Ge; (7), Hf3Ni,Si3 type, a=0.41491, b=
1.0591, ¢=1.3758 (X-ray powder diffraction); Er;j7Fes;Gep (8), Tbij7FespGeypn type,
a=0.2838 (X-ray powder diffraction).

Two compounds were observed from arc melted samples investigated by Oleksyn
(1990) using a single-crystal method: Erg_.FesGes, new structure type, a=0.5086, c¢=
0.7851, and Er;FeGes;, W3 CoB; type, a=0.4005, b=1.0544, ¢ =1.4135. Apparently these
phases are not stable equilibrium phases at 1070 K.

4.13.4. Er—Co—Ge

The isothermal section of the Er—Co—Ge system at 1070 K over the whole concentration
region was derived by Oleksyn (1990) (fig. 104) employing X-ray phase and microstruc-
tural and microprobe analyses of alloys prepared by arc melting proper amounts of the
constituent elements (Er 99.82 mass%, Co 99.90 mass%, Ge 99.99 mass%). The melted
buttons were then annealed in evacuated silica tubes at 1070 K for 350 hours. Sixteen
ternary compounds were found to exist. Extensive solid solubility regions of Ge in
Fe (10 at.%) and in Er,Coq7_, (10 at.%) were observed.

The crystal structure of the ErCogGes (2) compound was reported by Buchholz and
Schuster (1981) (YCosGes structure type, a=0.5074, ¢ 0.3910). For experimental details
see ErCosGeg under Er-Co—Ge.

Méot-Meyer et al. (1985a) reported the crystal structure of ErCo,Ge; (13) (CeNiSi;
type, a=0.4078, b=1.586, ¢=0.3985). Samples were prepared by powder metallur-
gical reaction and annealed in an evacuated silica tube at 1173 K. Pecharsky et al.
(1989) confirmed the formation and crystal structure of the ErCo,Ge, compound
from arc melted alloys annealed at 870K (¢=0.3983-0.4089, b=1.5706-1.5805, c=
0.3955-0.3986; X-ray powder analysis). Oleksyn (1990) established the homogeneity
region for the compound with CeNiSi, type: ErCog.g9033Ger101-1.67, a=0.4058-0.4003,
b=1.5743-1.5766, ¢ =0.3964-0.3932 (X-ray powder diffraction).
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c E
0 EryCoy7.x ErCos EryCo3  Er3Co " Fig. 104. Er-Co Ge, isothermal sec-
EryCoy ErCoy Ery3Co7 tion at 1070 K.

Fedyna (1988) reported the ErCosGe; (3) compound to have ZrFe4Si-type structure,
a=0.7217, ¢=0.3743 (X-ray powder diffraction).

The crystal structure of ErsCosGeys (5) (YbsRhySnys type, a=0.8726; X-ray powder
diffraction) was investigated by Venturini et al. (1985b) from a sample which was prepared
by heating a compacted mixture of the starting materials (Er in pieces, 99.9 mass%;
Co and Ge in powder, 99.99 mass%) in an evacuated quartz tube at 1073 K. Bodak et
al. (1987) reported Y3Co4Gey; type for the ErsCosGes compound (a=0.8731; X-ray
powder data) from arc melted alloy annealed at 870 K.

ErCo,Ge; (6) was found to adopt the CeGa,Al,-type structure, a=0.3959, ¢=1.0057
(Oleksyn 1990; X-ray powder diffraction).

From X-ray powder analysis of an alloy annealed at 1173 K, Er;CoszGes (7) was
reported to adopt LuyCosSis-type structure, a=0.9601, b=1.178, ¢=0.5680, £=91.9°
(Venturini et al. 1986b).

Gorelenko et al. (1984) reported the crystal structure of ErCoGe (11) (TiNiSi type,
a=0.6815, b=0.4181, c=0.7245; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870 K for 350 hours.

Er;Co,Gey (12) crystallizes with the TbhyCo,Gey-type structure, a =1.0459, b=0.7938,
¢=0.4148, y=107.20° (X-ray powder diffraction; Mruz et al. 1989).

Bodak et al. (1986) reported an X-ray powder investigation of the compound Er, CoGe,
(15): Sc,CoSi, type, 2=1.0359, h=1.0181, ¢=0.4142, y=116.89".

Er,CoGeg is isotypic with Ce;CuGeg (9), a=0.39777, 5=0.39331, ¢ =2.1386 (Oleksyn
et al. 1991; X-ray powder diffraction data). The sample was melted in an arc furnace and
annealed at 1070K in an evacuated quartz capsule for 400 h. The purity of the starting
materials was greater than 99.9 mass%.
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ErsCosGeyg (10) was found to adopt the ScsCosSijo-type structure, a=1.2663, ¢=
0.41504 (Oleksyn 1990; X-ray powder diffraction).

Er;Co,Ges (14) crystallizes with the Hf3Ni,Sis type structure, a=0.4145, 5=1.0337,
¢=1.3784 (Oleksyn 1990; X-ray powder diffraction).

Four compounds with unknown structures were observed by Oleksyn (1990) in the Er—
Co—Ge system at 1070 K: ~Erg.93Coo.65Geo 32 (1), ~Erg 15C0030Geo.55 (4), ~Ero.20C00.20
Geg.s0 (8) and ~Erg 43Coy,10Geg 48 (16).

One more compound was observed from an arc melted sample and investigated
by Oleksyn (1990) using single-crystal method: Erg_,CosGes, new structure type, a=
0.5091, ¢=0.7861.

4.13.5. Er-Ni-Ge

Figure 105 presents the isothermal section of the Er—Ni—Ge phase diagram at 1070K,
studied by Oleksyn (1990). The isothermal section was constructed by means of X-ray
powder microprobe and microstructural analyses of 240 alloys which were arc melted,
subsequently annealed in evacuated silica tubes for 350h at 1070K, and finally
quenched in water. The starting materials were Er 99.82 mass%, Ni 99.99 mass%, and
Ge 99.99 mass%.

The ternary phase diagram is characterized by the existence of fourteen ternary
compounds and by the formation of substitutional solid solutions originating at EryNiyy
and ErNis (10 at.% Ge) as well as ErsGes (13 at.% Ni). Nonstoichiometry was observed
for ErNi; _,Ge,.

Ni EI‘NiS ErNi3 ErNi2 ErNi Er3Ni2 Er3Ni Er
EryNiy7 ErpNiy

Fig. 105. Er—Ni—Ge, isothermal section at 1070 K.
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ErNisGes (1) was reported to crystallize with the YNisSis type, a=1.903, b=
0.3847, ¢=0.6783 by Fedyna et al. (1987). The arc melted alloy, annealed at 1070 K,
was investigated by X-ray powder diffraction analysis. The starting materials were
Er 99.82 mass%, Ni 99.99 mass%, and Ge 99.99 mass%.

Er;Niy;Gey (2) belongs to the Sc3Nij;Sis-type family of compounds, a=0.8273, c=
0.8680, after Fedyna et al. (1987). For the preparation of the alloy, see ErNisGe;s.

Oleksyn and Bodak (1994) used X-ray powder diffraction to investigate the crystal
structure of ErNizGe; (3) which forms a new structure type, a=1.79662, ¢=0.379410.
For alloy synthesis, see ET-Ni—Ge.

The ErNi;Ge, (4) compound was found to adopt the CeGayAl,-type structure, a=
0.4016, ¢=0.9733 (Rieger and Parthé 1969b).

ErNiGe; (5) with the SmNiGes-type structure (¢ =0.4013, »=0.4031, ¢=2.1396, X-ray
powder diffraction analysis) was reported by Bodak et al. (1985). For the details of sample
preparation and purity of starting materials, see SmNiGe; under Sm—Ni-Ge.

Er;NiGeg (6) was found to be isostructural with the Ce,CuGeg-type structure (a=
0.39492, b=2.1148, ¢=0.39957) by Oleksyn (1990) from X-ray powder diffraction. The
sample was prepared by arc melting ingots of the constituting elements and annealing the
resulting button at 1070 K for 700 h.

The crystal structure of the ErNiGe, (7) compound was investigated by Oleksyn (1990)
from X-ray powder diffraction of arc melted alloys annealed at 1070 K for 350 h. It was
found to adopt a NdIrGe,-type structure with lattice parameters a=0.4125, »=0.8451,
¢=1.5792.

Gorelenko et al. (1984) reported the crystal structure of ErNiGe (8) (TiNiSi type, a=
0.6818, h=0.4188, ¢=0.7239; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870 K for 350 hours.

ErNig 4Ge; ¢ (10) was said to crystallize with the AlB; type structure, a=0.40737, c¢=
0.39284 (Oleksyn 1990; X-ray powder diffraction).

Pecharsky et al. (1989) investigated the formation and crystal structure of the
ErNi; .,Ge; (11) compound by X-ray powder analysis of arc melted alloy annealed at
870K (CeNiSi, type, a=0.3970, h=1.5938, ¢=0.3980). Francois et al. (1990) confirmed
the structure and reported the composition and lattice parameters ErNigesGe,, a=
0.4068, b=1.612, ¢=0.3922 (X-ray powder diffraction) from a sample obtained by
powder metallurgical reaction at 1173 K. Oleksyn (1990) described the limits of the
homogeneity field for the compound with the CeNiSi; type structure with the formula
EI‘Nio,12_0.36G61'gg-1.64, a= 04078—04052, b=1.621-1 578, ¢=0.4000-0.3924.

Er;NiGe; (12) belongs to the Hf3Ni;Siz type, a=0.41435, h=1.0266, ¢=1.3863
(Oleksyn 1990; X-ray powder diffraction).

Bodak et al. (1982) reported on the crystal structure of the Er;NiGe, (13) compound
from X-ray powder diffraction (LasNiGe, type, a=1.1180, b=0.4181, ¢=1.1124). The
proper amounts of starting components were arc melted and annealed at 870 K.

The crystal structures of two ternary compounds have not been evaluated (Oleksyn
1990): Erg333Nig25Geg417 (9), Erg.agNio.10Geg a2 (14).
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4.13.6. Er—Cu—Ge

No phase diagram is available for the ternary Er—Cu—Ge system, however five ternary
compounds were observed and characterized by different groups of authors.

Rieger and Parthé (1969a) investigated the occurrence of the AIB,-type structure
by means of X-ray powder diffraction of arc melted alloys. The data presented are
ErCug67Ger 33 with a=0.398, ¢=0.404. Tandelli (1993) observed ErCuGe with the
Caln;, type (a=0.4227, ¢=0.7108, X-ray powder analysis). The alloy was prepared from
filings or powders of metals (Er 99.7%, Cu and Ge 99.99%), which were mixed and
sealed in a tantalum crucible under argon, melted by induction heating, and annealed for
10 days at 1023 K.

ErgCugGeg crystallizes with the GdgCugGeg-type structure, lattice parameters a=
1.3790, 5=0.6617, ¢ =0.4153 (Rieger 1970).

Konyk et al. (1988) investigated the crystal structure of Er,CuGeg alloy prepared by arc
melting under argon and annealing at 870K in an evacuated quartz tube for 720 h. From
X-ray powder analysis the compound was claimed to have the Ce,CuGeg-type structure,
a=0.3977, b=0.4080, c=2.0837.

Rieger and Parthé (1969b) observed ErCuyGe, with the CeGayAl,-type of structure,
a=0.4003, ¢c=1.0317.

Francois et al. (1990) observed the CeNiSi type for the ErCug39Ge; compound and
reported the lattice parameters a =0.4066, b=1.602, ¢ =0.3941 (X-ray powder diffraction)
from a sample obtained by a powder metallurgical reaction at 1173 K.

4.13.7. Er—-Nb—Ge

The phase diagram of the Er—Nb-Ge system has not been yet established. The existence of
the compound Er,Nb3;Ge, with the Ce;Sc3Sig-type structure (@ =0.6927, b=1.3465, c=
0.7116) was reported by Le Bihan et al. (1996a) from X-ray powder diffraction data of an
arc melted alloy. The starting materials were: Er and Nb 99.99 mass%, Ge 99.999 mass%.

4.13.8. Er-Mo—Ge

No phase diagram is available for the Er~Mo-Ge system; only one compound was
observed and characterized. Er,Mo;Gey was reported to crystallize with the Ce,Sc3Sis-
type structure (¢=0.6863, »=1.3070, ¢=0.7028) by Le Bihan et al. (1996b) from X-ray
powder diffraction of an arc melted alloy. The starting materials were: Er and Mo
99.99 mass%, Ge 99.999 mass%.

4.13.9. Er-Ru—Ge

Early investigations of the ErRu, Ge; compound determined that it had the CeGay Al,-type
structure with a=0.4211, ¢=0.9801 (Francois et al. 1985) from X-ray powder analysis of
an alloy obtained by a powder metallurgical reaction at 1273 K. The starting components
were Er (3N), Ru (4N), and Ge (4N).



170 P.S. SALAMAKHA et al.

Venturini et al. (1986b) reported the Er,Ru;Ges compound to crystallize with the
U,Co38Sis-type structure, lattice parameters a=0.9752, b=1.240, ¢=0.5696 (X-ray
powder diffraction data). For sample preparation, see La;Ru3Ges under La—Ru-Ge.

Pr;Rh4Sn;3 type was announced for the ErsRusGe;s compound (a=0.8945) by Segre
et al. (1981a) from X-ray powder analysis of an arc melted sample annealed at 1523 K
for 1 day and at 1273 K for 7 days. The starting materials were Er (3N), Ru (3N), and
Ge (6N).

4.13.10. Er-Rh—Ge

Venturini et al. (1985b) reported an X-ray powder diffraction study of the Er;RhyGe;s
compound from a sample prepared by heating a mixture of the starting components (Er
3N, Rh 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal structure was
found be of the YbsRhySny3 type, a=0.8904.

Er,Rh;Ges; was found to crystallize with LuyCosSis-type (@ =0.9933, b=1.2025, c=
0.5808, 5=92.1° X-ray powder diffraction data) by Venturini et al. (1986b) from an alloy
which was synthesized by a powder metallurgical reaction at 1173 K. The purity of the
starting materials was greater than 99.9 mass%.

ErsRh;Geg was reported to adopt UsRe;Sig-type structure (a=0.8296; Francois et al.
1985) from a sample which was obtained by heating a mixture of powders of the starting
materials (Er 3N, Rh 4N, Ge 4N) in an evacuated quartz tube at 1273 K.

Gladyshevsky et al. (1991a) reported on the crystal structure of the Er;Rh,Ge;
compound (La;Ni, Ge; type, a=0.55207, b=0.7683, ¢ = 1.3138; X-ray powder diffraction
data). For the details of sample preparation, see LazRh,Ge; under La-—Rh-Ge.

Verniere et al. (1995) established that the compound EryRhy3Geg is of the Houlr;3Geg
type. No lattice parameters were given. For sample preparation, see Laslr;3Gey under
La-Ir—Ge.

Er,Rh;Ge crystallizes with the Y,Rh;Ge-type of structure, lattice parameters a=
0.5523, ¢=1.1762 (Cenzual et al. 1987). The sample was obtained by arc melting under
argon and annealing at 1273 K for 7 days.

Meéot-Meyer et al. (1985b) reported the existence of the ErsRhyGep compound with
ScsCo4Sijp-type structure, but no lattice parameters were given.

Francois et al. (1985) determined the CeGayAl; type for the ErRhy,Ge, compound,
a=0.4094, ¢=1.0170.

Hovestreydt et al. (1982) reported the crystal structure of the ErRhGe compound
(TiNiSi type, a=0.6827, b=0.4257, ¢=0.7507; X-ray powder data) from an arc melted
sample annealed at 1270K for 1-2 weeks. The starting components were Er (3N),
Rh (4N), and Ge (5N).

4.13.11. Er-Pd—Ge
No systematic study of the Er—Pd-Ge system has been performed; the existence of three
ternary compounds has been observed by different groups of authors.
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Sologub et al. (1995a) reported an X-ray powder analysis of the Er,PdGeg compound
which was found to crystallize with the Ce,CuGeg-type structure, a=0.40574, b=
0.40051, ¢=2.1402. For the experimental procedure, see La,PdGegs under La-Pd-Ge.
The starting materials used were obtained from Johnson & Matthey, UK (99.9%).

The crystal structure of the compound ErPd,Ge was found to be of the YPd,Si type
(a=0.7296, »=0.7038, ¢ =0.5551; X-ray powder diffraction) by Jorda et al. (1983). For
the experimental procedure, see LaPd,Ge under La—Pd—Ge. The starting materials were
Pd 99.99 mass%, Ge specpure quality, and Er 99.9 mass%.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound ErPdGe adopts the KHg,-type structure, a=0.4348 5=0.6900,
¢=0.7536. For sample preparation, see LaPdGe under La—Pd—Ge. The starting materials
were Er (3N), Pd (4N), and Ge (5N).

4.13.12. Er-Ag-—Ge

No ternary phase diagram has been established for the Er—Ag—Ge system, however one
ternary compound has been characterized. Gibson et al. (1996) reported an X-ray single-
crystal investigation of the ErAgGe compound. It was found to adopt the ZrNiAl type, a=
0.70649, ¢=0.41665. The single crystal was isolated from an arc melted sample annealed
at 970K for ten days.

4.13.13. Er—0Os—Ge

No phase diagram exists for the ternary Er—Os—Ge system; four ternary compounds have
been observed and studied. The Pr;Rh4Snjs-type was announced for the Er;OssGejs
compound (a=0.8973) by Segre et al. (1981a) from X-ray powder analysis of an
arc melted sample annealed at 1523 K for 1 day and at 1273 K for 7 days. The starting
materials were Er (3N), Os (3N), and Ge (6N).

Meéot-Meyer et al. (1985b) observed the existence of the Er;OssGejg compound with
ScsCosSiyg-type structure from X-ray powder diffraction of a sample obtained by heating
in an evacuated tube at 1073 K. However, no lattice parameters were reported.

ErsOs;Geg was reported to adopt the UsRe;Sig-type structure (¢=0.8314; Francois
et al. 1985) from a sample obtained by heating a mixture of powders of the starting
materials (Er 3N, Os 4N, Ge 4N) in an evacuated quartz tube at 1273 K.

ErOsGe, belongs to the TiMnSi,-type, a=0.957, 5=1.055, ¢=0.829 (Venturini et al.
1985b; X-ray powder diffraction). The alloy was synthesized by a powder metallurgical
reaction and annealed at 1073 K.

4.13.14. Er-Ir-Ge
No ternary phase diagram has been established for the Er—Ir-Ge system, however six
ternary compounds have been characterized.

Venturini et al. (1985b) reported an X-ray powder diffraction study of the Er;IryGeis
compound from a sample which was prepared by heating a mixture of the starting
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components (Er 3N, Ir 4N, Gea 4N) in an evacuated quartz tube at 1073 K. The crystal
structure was found to be of the YbsRhsSn;; type, ¢=0.8923.

Verniere et al. (1995) reported the Ho4lr;3Geg-type structure for the Erylri3Geg
compound. No lattice parameters were given. For the experimental procedure, see
LayIr;3Geg under La-Ir—Ge.

Hovestreydt et al. (1982) reported the crystal structure of the ErlrGe compound (TiNiSi
type, a=0.6766, b=0.4238, ¢=0.7593; X-ray powder data) from an arc melted sample
annealed at 1270K for 1-2 weeks. The starting components were Er (3N), Ir (4N), and
Ge (5N).

Francois et al. (1987) reported the crystal structure of ErlrGe, (NdIrGe, type, a=
0.4227, b=1.594, ¢ =0.8783). The sample was prepared by heating a mixture of powders
of the starting components (Er 3N, Ir 3N, Ge 3N) in an evacuated silica tube at 1173 K.

Meéot-Meyer et al. (1985b) observed the existence of the ErslryGeyy compound with
ScsCo4Siyo type from a sample obtained by heating in an evacuated tube at 1073 K.
However, no lattice paramenters were given.

EryIr;Geg was reported to adopt UsRe;Sig-type structure (a=0.8295; Francois et al.
1985) from a sample which was obtained by heating a mixture of powders of the starting
materials (Er 3N, Ir 4N, Ge 4N) in an evacuated quartz tube at 1273 K.

4.13.15. Er-Pt-Ge
No phase diagram has been established for the Er—Pt—Ge system. Two ternary compounds
were observed by different authors.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound ErPtGe adopts the TiNiSi-type structure, a=0.6917, h=0.4319,
¢=10.7527. For sample preparation, see LaPdGe under La—Pd-Ge.

Sologub et al. (1995a) reported an X-ray powder analysis of the Er,PtGes compound
which was found to crystallize with the Ce,CuGeg-type structure, a=0.40315, b=
0.39977, ¢=2.1573. For sample preparation, see La,PdGes under La—Pd-Ge.

4.13.16. Er-Au—Ge

Information on interaction of erbium with gold and germanium is due to Rossi et al.
1992). The phase diagram of the Er—-Au—Ge system is not available. A ternary compound
of erbium with gold and germanium of the stoichiometric 1:1:1 ratio has been identified
and studied by means of X-ray and metallographic analyses by Rossi et al. (1992).
ErAuGe was found to adopt the LiGaGe type with lattice parameters a=0.4397, c=
0.7203. For the experimental procedure, see GdAuGe under Gd—Au-Ge.

4.14. Tm—d element—Ge systems

4.14.1. Tm—Mn—Ge
No systematic study has been performed for the Tm—Mn-Ge system; however, the
formation of two ternary compounds has been reported so far.
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TmMngGeg was found to crystallize in the HfFeqGeg-type structure by Venturini et al.
(1992), a=0.5219, ¢=0.8139 (X-ray powder diffraction data). The alloy was synthesized
by a powder metallurgical reaction in an evacuated silica tube at 1073 K for 14 days.

TmMny 35Ge, compound was found to adopt the CeNiSi-type structure with lattice
parameters a=0.4073, h=1.557, ¢=0.3966 by Francois et al. (1990) (X-ray powder
diffraction data). For sample preparation, see GdFeg 5-946Ge; under Gd—Fe—Ge.

4.142. Tm—-Fe—Ge

The phase diagram of the Tm-Fe-Ge system was investigated by Fedyna (1988) by
means of metallographic and X-ray phase analyses (fig. 106). Alloys for investigation
were prepared by arc melting followed by annealing at 870 K for 500 hours. The purity
of the starting components was greater than 99.9 mass%. Ten ternary compounds were
observed.

TmFegGeg (1) was reported to be isotypic with the crystal structure of YCogGeg, lattice
parameters a=0.5143, ¢=0.4098 (Mruz et al. 1984). The sample was prepared by arc
melting the proper amounts of the starting components followed by annealing at 870 K
for two weeks. At variance with these data, TmFesGeg was found to crystallize with the
HoFegSng-type structure, a=0.8095, 5=2.653, ¢=0.5107, by Venturini et al. (1992) from
X-ray powder diffraction data. The alloy was obtained by powder metallurgical reaction
in an evacuated silica tube at 1173 K for two weeks. These results suggest that TmFesGeg
may be polymorphic.

TmFesGe, (2) was found to crystallize in the ZrFe,Si;-type structure, a=0.72228, c=
0.37456, by Fedyna (1988) in the course of a phase diagram investigation employing
X-ray powder diffraction.

According to X-ray powder diffraction data, TmFe,Ge, (4) is isostructural with

Ge

870 K

Tmg gGey

F
FegGes / Tmy1Geqg
F613G68
Fe3.2G62

Fe  TmyFeq 7TmFeg Tm

Fig. 106. Tm—Fe~Ge, isothermal section
Tm6F623 TmFeZ

at 870K.
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CeGayAl,, lattice parameters a=0.39301, ¢=1.04184 (Fedyna 1988; X-ray powder
diffraction).

Fedyna (1988) investigated the crystal structure of TmgFe ;Geyq (8) by a single-crystal
method. It was found to crystallize with a new structure type, a=0.5386, b=1.3306, c=
1.3913. The single crystal was isolated from an alloy which was arc melted and annealed
at 870K.

Pecharsky et al. (1989) reported TmFe;_,Ge, (9) to crystallize with the CeNiSi,-
type structure (a=0.4061-0.4066, b=1.5532-1.5610, ¢=0.3959-0.3961; X-ray powder
analysis). The alloy was arc melted and annealed at 870 K. The purity of the starting
materials was greater than 99.9 mass%. Francois et al. (1990) confirmed the occurrence
of the CeNiSi, type for thulium—iron—germanium combinations from alloys annealed at
1173 K (TmFeg35Gey; a=0.4082, b=1.558, ¢=0.3973).

Fedyna (1988) investigated the crystal structure of the Tmj;7Fes;Geqy2 (10) compound
by X-ray powder diffraction (Tb,17Fes;Geqqz structure type, a=2.7964). The alloy was
synthesized by arc melting and annealing a melted button at 870K for 350 h. The starting
materials were Tm 99.83 mass%, Fe 99.9 mass%, and Ge 99.99 mass%.

Four more ternary compounds with unknown structure were observed by Fedyna (1988)
at 870 K: ~Tmg z9Feq 53Geo 27 (3), ~Tmg225Feq.55Geo 225 (5), ~Tmyg 275Feg 375Geg 35 (6) and
~Tmy 30Fep.40Geo.30 (7).

4.14.3. Tm—Co-Ge
Isothermal sections of the Tm—Co—Ge system at 870K (33-100at.% Tm) and at 1070K
(0-33 at.% Tm) were derived by Fedyna (1988) (fig. 107) employing X-ray phase and

Fig. 107. Tm-Co—Ge, isothermal sec-
tions at 1070 K (0-33 at.% Tm) and at
TmCoz TmCoy 670K (33-100at.% Tm).

Co TmpCoy7Tm,yCoy TmyCog Tm
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microstructural analyses of 145 alloys prepared by arc melting the proper amounts of the
constituent elements of high purity. The melted buttons were then annealed in evacuated
silica tubes for 500 hours. Fifteen ternary compounds were found to exist.

The crystal structure of the TmCogGes (2) compound was reported by Buchholz and
Schuster (1981) (YCogGeg structure type, a =0.5098, ¢ 0.3912). The sample was melted
under argon in a corundum crucible at 1073-1273 K.

TmCo4Ge; (4) was found to form the ZrFe,Si,-type structure, a =0.72285, ¢ =0.37456,
by Fedyna (1988) employing X-ray powder diffraction.

Méot-Meyer et al. (1985a) reported the crystal structure of TmCo,Ge; (11), x=0.42
(CeNiSi, type, a=0.4070, 5=1.578, ¢=0.3988). The sample was prepared by a powder
metallurgical reaction and annealed in an evacuated silica tube at 1173 K. Pecharsky et al.
(1989) confirmed the formation and crystal structure of the TmCo,Ge, compound from
arc melted alloys annealed at 870 K (a=0.4062-0.4079, 5=1.5613-1.5760, ¢=0.3965—
0.3977; X-ray powder analysis).

The crystal structure of TmzCo4Geys (6) (YbsRhySnys type, a=0.8715; X-ray powder
diffraction) was investigated by Venturini et al. (1985b) from a sample which was prepared
by heating a compacted mixture of the starting materials (Tm in pieces, 99.9 mass%;
Co and Ge in powder, 99.99 mass%) in an evacuated quartz tube at 1073 K. Bodak et
al. (1987) reported the Y;3Co4Geys-type structure for the Tm;CoyGeis compound (a=
0.87156; X-ray powder data) from an arc melted alloy annealed at 870 K.

TmCo,Ge, (7) was found to adopt the CeGa, Al -type structure, a=0.4259, ¢=1.1060
(Fedyna 1988; X-ray powder diffraction).

Tm, CoGeg is isotypic with Ce,CuGes (9), a=0.3909, 5=0.3951, ¢=2.1252 (Oleksyn
et al. 1991; X-ray powder diffraction data). The sample was melted in an arc furnace and
annealed at 1070K in an evacuated quartz capsule for 400 h. The purity of the starting
materials was greater than 99.9 mass%.

TmsCosGejp (10) has the ScsCosSijp-type structure, a=1.2622, ¢=0.4139, after
Venturini et al. (1984).

Gorelenko et al. (1984) reported the crystal structure of TmCoGe (12) (TiNiSi type,
a=0.6775, b=0.4168, ¢=0.7224; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870K for 350 hours.

Tm3;Co,Ges (13) crystallizes with the Tb;Co,Ges-type structure, a=1.0410, b=
0.7904, ¢=0.4143, y=107.04° (X-ray powder diffraction data; Mruz et al. (1989). The
sample was prepared by arc melting and annealing at 873 K for 240 h.

Bodak et al. (1986) reported an X-ray powder investigation of the compound
TmyCoGe; (15): ScoCoSiy-type structure, a=1.0326, 5=1.0125,¢=0.4119, y=117.00°.

In the course of phase diagram studies, Fedyna (1988) observed five more ternary
compounds with unknown structures: ~Tmg 03Cog65Ge32 (1), ~Tmg97C00.33Gegeo (3),
~Tmg,15Co0.30Ge€q.55 (5), ~Tmg 20Cog30Geo 50 (8) and ~Tmg 33Co4.17Geg 50 (14).

4.14.4. Tm—Ni—Ge

Figure 108 represents the isothermal sections of the Tm-Ni—Ge system at 870K
(050 at.% Tm) and at 670 K (50-100 at.% Tm), studied by Fedyna (1988). The isothermal
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Fig. 108. Tm~Ni—Ge, isothermal sections at 870 K (0-50 at.% Tm) and at 670K (50-100 at.% Tm).

sections were constructed by means of X-ray powder and metallographic analyses of
200 alloys which were arc melted, subsequently annealed in evacuated silica tubes for
900 h, and finally quenched in water. The starting materials were Tm 99.82 mass%,
Ni 99.98 mass% and Ge 99.99 mass%.

The ternary phase diagram is characterized by the existence of twelve ternary
compounds and by the formation of substitutional solid solutions based at Tm;Nij;
(10 at.% Ge) and TmNi; (15at.% Ge). The binary compounds TmsGe; and Tm;;Geyg
dissolve 13 and 8 at.% Ni, respectively.

TmNisGes (1) was reported to crystallize with the YNisSi; type, a=1.90183, b=
0.38398, ¢=0.67867, by Fedyna (1988). The arc melted alloy, annealed at 870K,
was investigated by X-ray powder diffraction analysis. The starting materials were
Tm 99.82 mass%, Ni 99.99 mass%, and Ge 99.99 mass%.

Tm3Nij Gey (2) belongs to the Scs3Niy; Sig-type structure group of compounds a=
0.8279, ¢=0.8690, after Fedyna et al. (1987). The alloy was prepared in the same manner
as TmNi5Ge3.

The TmNij_; 56Gea—z20 (4) compound was found to adopt the CeGa, Al-type structure,
a=0.4003-0.3985, ¢=0.9724-0.9596 (Fedyna 1988).

TmNiGe; (5) with the ScNiSis-type structure (¢ =2.1372, 5=0.4019, ¢ =0.4003, X-ray
powder diffraction analysis) was reported by Bodak et al. (1985). For the details of sample
preparation and the purity of the starting materials, see TmNisGes.

Tm,NiGeg (6) has been found by Oleksyn (1990) from X-ray powder diffraction to
be isostructural with Ce,CuGeg-type structure (¢=0.3931, 5=2.1031, ¢=0.3979). The
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sample was prepared by arc melting ingots of the constituting elements and annealing at
1070 K for 700 h. For the purity of starting materials, see TmNisGes.

Oleksyn (1990) reported the crystal structure of the TmNiGe, (7) compound, NdirGe,
type, a=0.4095, b=0.8405, ¢=1.5779, from X-ray powder diffraction analysis. For the
experimental procedure, see Tm,;NiGeg.

Gorelenko et al. (1984) investigated the crystal structure of TmNiGe (9) (TiNiSi type,
a=0.6790, b=0.4183, ¢=0.7235; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870K for 350 hours. According to
DTA, this phase exhibits polymorphism at 1630 K (Koterlyn et al. 1994).

TIII(NiO'zg,,()_165G60'60_0A665)2,x (1 1), x=0.34, was said to form an AlB; type, a=
0.40795-0.40706, ¢=0.39238-0.40084 (Fedyna 1988; X-ray powder diffraction).

Four more ternary compounds with unknown structures were observed by Fedyna
(1988) in the Tm-Ni—Ge system: ~Tm0417Ni0,53 G€0,30 (3), ~Tm0A27Ni0A28Geo.45 (8),
~Tmyg 33Nig 27Geg 49 (10) and ~Tmg 50Nig3,Geg 13 (12).

Pecharsky et al. (1989) investigated the formation and crystal structure of the
TmNi; - ,Ge; compound by X-ray powder analysis of arc melted alloy annealed at 870K
(CeNiSi; type, a=0.4015-0.4071, b=1.5728-1.6023, ¢=0.3881-0.3979). For sample
preparation, see TmNisGes. Francois et al. (1990) confirmed the structure and reported the
composition and lattice parameters TmNig 4, Ge,, a=0.4070, 5=1.578, ¢=0.3988 (X-ray
powder diffraction) from a sample obtained by powder metallurgical reaction at 1173 K.

4.14.5. Tm—Cu—Ge

No isothermal section is available for the ternary Tm—Cu—Ge system; however five ternary
compounds were observed and characterized by different groups of authors.

Rieger and Parthé (1969a) investigated the occurrence of the AlB,-type structure
by means of X-ray powder diffraction of arc melted alloys. The data presented were
TmCu; ¢¢7;Geq-1.33 with a=0.4220-0.397, ¢=0.3545-0.397. At variance with the data
of Rieger and Parthé (1969a), Iandelli (1993) observed TmCuGe with the Caln,-type
(a=0.4225, ¢=0.7045, X-ray powder analysis). The alloy was prepared from turnings
or powders of metals (thulium 99.7 mass%, copper and germanium 99.99 mass%), which
were mixed and sealed in a tantalum crucible under argon, melted by induction heating,
and annealed for 10 days at 1023 K.

TmeCugGeg crystallizes with the GdgCugGeg-type structure, lattice parameters a=
1.374, b=0.660, c=0.413 (Hanel and Nowotny 1970).

Konyk et al. (1988) investigated the crystal structure of Tm;CuGeg which had been
prepared by arc melting the starting components under argon and annealing at 870K
in an evacuated quartz tube for 720h. From X-ray powder analysis the Ce;CuGeg-type
structure was claimed for this compound, a=0.4065, »=0.3963, ¢=2.0767.

Rieger and Parthé (1969b) prepared TmCu,Ge; with the CeGaz Al,-type structure, a=
0.3994, ¢=1.0307.

Francois et al. (1990) observed the CeNiSi,-type structure for the TmCug0Ge,
compound and reported the lattice parameters a=0.4055, b=1.585, ¢=0.3931 (X-ray
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powder diffraction) from a sample obtained by a powder metallurgical reaction at
1173 K.

4.14.6. Tm—Nb—Ge

The phase diagram of the Tm—Nb-Ge system has not been established. The existence of
the compound TmyNb;Ge, with the Ce,Sc3Siy type (a=0.6917, 5=1.3416, ¢=0.7092)
was reported by Le Bihan et al. (1996a) from X-ray powder diffraction data of arc melted
alloy. Starting materials were: Tm and Nb 99.99 mass%, Ge 99.999 mass%.

4.14.7. Tm—-Mo—Ge

No phase diagram is available for the Tm—Mo—Ge system, and only one compound was
observed and investigated. TmyMos;Ge, was reported to crystallize with the Ce;Sc;Siy-
type structure (a=0.6840, 5=1.3041, ¢=0.7009) by Le Bihan et al. (1996b) from X-ray
powder diffraction of an arc melted alloy. The starting materials were: Tm and Mo
99.99 mass%, Ge 99.999 mass%.

4.14.8. Tm—Ru—Ge

X-ray powder analysis of an alloy with the TmRu,Ge, composition showed that it had the
CeGay Aly-type structure with a=0.4202, ¢=0.9797 (Francois et al. 1985). The sample
was obtained by a powder metallurgical reaction at 1273 K. The starting components were
Tm (3N), Ru (4N), and Ge (4N).

Venturini et al. (1986b) reported on Tm,;RuzGes crystallizing with the U,CosSis type.
Lattice parameters were reported as a=0.9725, $=1.239, ¢=0.5676 (X-ray powder
diffraction data). For sample preparation, see La;Ru3;Ges under La—Ru-Ge.

Yb3RhySny3 type was reported for the TmsRusGej; compound (a=0.8925) by Segre
et al. (1981a) from X-ray powder analysis of an arc melted sample annealed at 1523 K
for 1 day and at 1273 K for 7 days. The starting materials were Tm (3N), Ru (3N), and
Ge (6N).

4.14.9. Tm—Rh—Ge

Venturini et al. (1985b) reported an X-ray powder diffraction study of the crystal structure
of TmsRhyGeq3 from an alloy which was prepared by heating a mixture of the starting
components (Tm 3N, Rh 4N, Ge 4N) in an evacuated quartz tube at 1073 K. It was found
to adopt the YbsRhySny3-type structure, a=0.8899.

Francois et al. (1985) determined the CeGa,Al, type for the TmRh,Ge, compound,
a=0.4062, c=1.0129.

TmyRh3;Ges was found to crystallize with LuyCosSis-type structure (a=0.9903, b=
1.2009, ¢=0.5781, $=92.4° X-ray powder diffraction data) by Venturini et al. (1986b)
from a sample prepared by a powder metallurgical reaction at 1173 K. The purity of the
starting materials was greater than 99.9 mass%.
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Gladyshevsky et al. (1991a) reported on the crystal structure of the Tm3;Rh,Ge, com-
pound (La;NiyGe, type, a=0.550897, b=0.7654, ¢=1.3097; X-ray powder diffraction
data). For the details of sample preparation, see LasRh,Ge; under La—Rh-Ge.

Verniere et al. (1995) observed that the compound TmyRh;3Ges belonged to the
HoyIry3Geg-type structure. No lattice parameters were reported. For sample preparation,
see Laylr;zGeg under La-Ir-Ge.

Venturini et al. (1984) established the existence of the TmsRhsGeg compound with
ScsCoySijp-type structure, a=1.2868, ¢ =0.4230, from X-ray powder analysis of a sample
obtained by heating a mixture of powders in an evacuated tube at 1073 K.

TmyRh7Geg belongs to the UsRe;Sig-type structure group, a=0.8276 (Francois et al.
1985; X-ray powder diffraction). The alloy was synthesized by heating a mixture of
powders of the constituent elements in an evacuated quartz tube at 1273 K. The starting
components were Tm (3N), Rh (4N), and Ge (4N).

4.14.10. Tm—-Pd-Ge
No systematic study of the Tm—Pd-Ge system has been performed, but the existence of
three ternary compounds has been observed by different groups of authors.

Sologub et al. (1995a) reported an X-ray powder analysis of the Tm,PdGeg compound
which was found to crystallize with the Ce,CuGeg-type structure, a =0.4047, b=0.3995,
¢=2.1346. For the experimental procedure, see La,PdGes under La—Pd—Ge. The purity
of the starting materials used was 99.9 mass%.

The crystal structure of the compound TmPd,Ge was found to be of the YPd;Si type
(a=0.7254, b=0.7045, ¢ =0.5523; X-ray powder diffraction) by Jorda et al. (1983). For
the experimental procedure, see LaPd,Ge under La—Pd-Ge. The starting materials were
Pd 99.99 mass%, Ge specpure quality, and Tm 99.9 mass%.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound TmPdGe adopts the KHg,-type structure, a=0.4337, b=0.6855,
¢=0.7524. For sample preparation, see LaPdGe under La-Pd-Ge. The starting metals
were Tm (3N), Pd (4N), and Ge (5N).

4.14.11. Tm-Ag—Ge

No ternary phase diagram has been established for the Tm—Ag—Ge system, however one
ternary compound has been characterized. Gibson et al. (1996) reported an X-ray powder
investigation of the TmAgGe compound. It was found to adopt the ZrNiAl-type structure,
a=0.70415, c=0.41570. The sample was arc melted and annealed at 970 K for ten days.

4.14.12. Tm-0Os-Ge

No phase diagram is available for the ternary Tm—Os—Ge system; four ternary compounds
have been observed. TmyOs;Ges belongs to the UsRe;Sig-type structure group of
compounds, a=0.8297 (Francois et al. 1985; X-ray powder diffraction). The alloy was
synthesized by heating a mixture of powders of the constituent elements in an evacuated
quartz tube at 1273 K. The starting components were Tm (3N), Os (4N), and Ge (4N).
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The Pr;RhySnjs-type structure was reported for the Tm;OssGey; compound (a=
0.8955) by Segre et al. (1981a) from X-ray powder analysis of an arc melted sample
annealed at 1523 K for 1 day and at 1273K for 7 days. The starting materials were
Tm (3N), Os (3N), and Ge (6N).

Venturini et al. (1984) observed the existence of the TmsOssGeio compound with
ScsCosSijp-type structure, a=1.2929, ¢=0.4253, from a sample obtained by heating a
compacted mixture of powders of the starting metals in an evacuated tube at 1073 K.

TmOsGe; is isostructural with TiMnSi,, a=0.953, 5=1.052, ¢=0.827 (Venturini et
al. 1985b; X-ray powder diffraction). The alloy was obtained by a powder metallurgical
reaction and annealed at 1073 K.

4.14.13. Tm-Ir-Ge
No ternary phase diagram has been established for the Tm-Ir—Ge system, however five
ternary compounds have been characterized.

Méot-Meyer et al. (1985b) observed the existence of the TmsIryGeyg compound with
ScsCosSipp-type structure from samples obtained by heating compacted mixtures of the
proper amounts of the starting metals in evacuated tubes at 1073 K.

Venturini et al. (1985b) reported an X-ray powder diffraction study of the TmzIr;Geyz
compound from a sample which was prepared in the same way as TmslryGeg. The
starting components were Tm (3N), Ir (4N), and Ge (4N). The crystal structure was found
to be of the YbsRhsSny; type, a=0.8912.

Hovestreydt et al. (1982) reported the crystal structure of the TmlrGe compound
(TiNiSi type, a=0.6736, b=0.4227, ¢=0.7591; X-ray powder data) from an arc melted
sample annealed at 1270K for 1-2 weeks. The starting components were Tm (3N),
Ir (4N), and Ge (5N).

Verniere et al. (1995) suggested the Hoglrj3Geg-type structure for the Tmylr;3Geg
compound. No lattice parameters were given. For the experimental procedure, see
LayIri3Geg under La—Ir-Ge.

Tmylr;Geg was reported to adopt the UsRe;Sig-type structure (a=0.8273; Francois
et al. 1985) from a sample which was obtained by heating a mixture of powders of the
starting materials (Tm 3N, Ir 3N, Ge 4N) in an evacuated quartz tube at 1273 K.

4.14.14. Tm—Pt-Ge
No phase diagram has been established for the Tm-Pt-Ge system. Three ternary
compounds were observed by different scientific groups.

According to an X-ray powder diffraction analysis reported by Hovestreydt et al.
(1982), the compound TmPtGe adopts the TiNiSi-type structure, a =0.6880, b=0.4306,
¢=0.7517. For sample preparation, see LaPdGe under La—Pd-Ge.

Sologub et al. (1995a) reported an X-ray powder analysis of the Tm,PtGes compound
which was found to crystallize with the Ce,CuGeg-type structure, a=0.4048, »=0.3993,
¢=2.1539. For sample preparation, see La;PdGes under La—Pd-Ge.
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Francois et al. (1987) observed the existence of TmPtGe, with the NdIrGe;-type
structure. The lattice parameters were measured as a=0.4263, b=1.620, c=0.8657. The
sample was prepared by heating a mixture of powders of the starting components (Tm 3N,
Pt 3N, Ge 3N) in an evacuated silica tube at 1173 K.

4.14.15. Tm-Au-Ge

The only information on the interaction of components in the ternary Tm—-Au—Ge system
is due to Péttgen et al. (1996a) who observed and characterized the TmAuGe compound.
The LiGaGe-type structure was claimed with lattice parameters a=0.43907, ¢=0.71659
(X-ray single-crystal data). The sample was obtained by melting a mixture of the metals
in an arc furnace and annealing at 1070 K for one week.

4.15. Yb—d element—Ge systems

4.15.1. Yb-Mn—Ge

The isothermal section for the Yb-Mn—Ge system at 670K was established by Dzianii
(1995) who employed X-ray powder analysis of 84 samples obtained by arc melting
the proper amounts of starting components and annealing at 670K for twenty days.
The phase-field relations are characterized by the existence of three ternary compounds
(fig. 109). The solubility of a third component in the binary compounds was found to be
negligible.

YbMngGeg (1) was found to crystallize with the HfFesGeg-type structure by Venturini
et al. (1992), a=0.5212, ¢=0.8132 (X-ray powder diffraction data). The alloy was
synthesized by powder metallurgical reaction in an evacuated silica tube at 1073 K for
14 days.

Fig. 109. Yb-Mn-Ge, isothermal section at 670 K.
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Dzianii (1995) reported on the existence of the YbMng s,Ge, (2) compound: CeNiSi,
type, a=0.4071, b=1.5503, ¢=0.3964 (X-ray powder diffraction).

One more ternary compound with an unknown structure was observed by Dzianii
(1995) in the course of studying the phase equilibria in the Yb—Mn-Ge system at 670K;
~YboMnjoGeio (3).

Rossi et al. (1978b) investigated the crystal structure of the YbMn,Ge, compound by
X-ray powder diffraction. The CeGa, Al,-type structure was announced for this phase with
lattice parameters a=0.4067, ¢c=1.0871. For sample preparation, see TbMn,Ge; under
Tb-Mn—Ge. Apparently this phase does not exist at 670 K.

4.15.2. Yb—Fe~Ge

The phase diagram of the Yb-Fe-Ge system (fig. 110) was investigated by Dzianii
(1995) by means of X-ray phase analysis of 90 samples. The alloys for investigation
were prepared by arc melting. The samples were homogenized by annealing at 670 K for
480 hours. The purity of the starting components was Yb 99.8 mass%, Fe 99.9 mass%,
and Ge 99.99 mass%. Five ternary compounds were observed.

YbFegGeg (1) was found to crystallize with the HfFesGeg-type structure, a=0.5097,
¢=0.8092, by Venturini et al. (1992) from X-ray powder diffraction data. The alloy was
obtained by a powder metallurgical reaction in an evacuated silica tube at 1173K for
two weeks. At variance with these data, YbFeqGeg was reported to be isotypic with
the crystal structure of YCogGeg with lattice parameters a=0.5098, ¢=0.4049 (Dzianii
et al. 1995a). The sample was prepared by arc melting the proper amounts of starting
components followed by annealing at 670K for two weeks.

YbFe,Ge, (2) was found to crystallize with the ZrFesSi, type structure, a=0.72279,
¢=0.38764, by Dzianii et al. (1995b). For the experimental procedure, see Yb—Fe—Ge.

‘ - Fig. 110. Yb-Fe-Ge, isothermal section
Fe  YbyFiey7 YbgFeys Yo a670k.
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According to X-ray powder diffraction data, YbFe;Ge, (3) is isostructural with the
CeGayAl, type, lattice parameters a=0.3924, ¢=1.0503 (Rossi et al. 1978a; X-ray
powder diffraction).

Dzianii (1995) reported Yb(Fep 43-0.25Geo.25-0.39)Ge, (4) to crystallize with the CeNiSi,-
type structure (¢=0.4070, b=1.5475, ¢=0.3961; X-ray powder analysis).

One more ternary compound with an unknown structure was observed in the course
of phase equilibrium studies of the ternary Yb-Fe-Ge system at 670 K by Dzianii (1995)
employing X-ray powder diffraction: ~YboFe;0Geyo (5).

4.15.3. Yb-Co—-Ge

The isothermal section of the Yb—Co—Ge system at 670 K was derived by Dzianii et al.
(1995c¢) (fig. 111) using X-ray analysis of 99 alloys prepared by arc melting the proper
amounts of high-purity constituent elements. The melted buttons were then annealed in
evacuated silica tubes for 500 hours. Seven ternary compounds were found to exist.

The crystal structure of the YbCogGeg (1) compound was reported by Buchholz and
Schuster (1981): YCosGeg structure type, a=0.5078, ¢=0.3910. The sample was melted
under argon in a corundum crucible at 10731273 K.

YbCo,Ge; (2) was found to adopt the ZrFe4Si;-type structure, a=0.7236, ¢=0.3716,
by Fedyna (1988) employing X-ray powder diffraction method. For sample preparation,
see Pr-Fe-Ge.

The crystal structure of the Ybs;CosGeyz (3) compound (YbsRhySni3 type, a=0.8705;
X-ray powder diffraction) was investigated by Venturini et al. (1985b) from a sample
which was prepared by heating a compacted mixture of the starting materials (Yb in
pieces, 99.9 mass%; Co and Ge in powder, 99.99 mass%) in an evacuated quartz tube

Ge

Fig. 111. Yb-Co-Ge, isothermal section

Co Yb2C017 ch03 YbC02 at 670K,
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at 1073 K. Bodak et al. (1987) reported the Y3 Co4Ge 3-type structure for the Yb3;CosGe 3
compound (a=0.8725; X-ray powder data) from an arc melted alloy annealed at 870 K.

YbCo,Ge; (4) was found to adopt the CeGayAl,-type structure, a=0.3996, ¢=1.0123
(Dzianii 1995; X-ray powder diffraction).

Méot-Meyer et al. (1985a) reported the crystal structure of YbCo,Ge, (5), x=0.37
(CeNiSi, type, a=0.4077, b=1.563, ¢=0.3967). The sample was prepared by a powder
metallurgical reaction and annealed in an evacuated silica tube at 1173 K. Pecharsky et al.
(1989) confirmed the formation and crystal structure of the YbCo,Ge; compound from
arc melted alloys annealed at 870K (a=0.4045, b=1.5512, ¢=0.3948; X-ray powder
analysis).

In the course of phase diagram studies, two more ternary compounds with unknown
structures were observed by Dzianii (1995): ~YbCoGe (6) and ~Yb,CoGe; (7).

YbsCosGeqg was observed to crystallize with the ScsCoySijg-type structure by Méot-
Meyer et al. (1985b). For experimental details, see YbCo,Ge, under Yb-Co-Ge.
Apparently this phase does not exist at 670 K.

4.15.4. Yb-Ni-Ge

Figure 112 represents the isothermal section of the Yb—Ni—Ge system at 670K, studied
by Dzianii (1995). The isothermal section was constructed by means of X-ray powder
analysis of 110 alloys which were arc melted and subsequently annealed in evacuated
silica tubes for 480h and finally quenched in water. The starting materials were
Yb 99.8 mass%, Ni 99.9 mass%, and Ge 99.99 mass%.

Ge

Ni YbyNij, .YbN13YbN12 YbNI Fig. 112. Yb-Ni-Ge, isothermal section
YbNig at 670K.



TERNARY RARE-EARTH-GERMANIUM SYSTEMS 185

The ternary phase diagram is characterized by the existence of twelve ternary
compounds and by the formation of substitutional solid solutions based at Tm;Ni;7 and
TmNis, which dissolve 15 at.% Ge.

YbNisGes (1) was reported to crystallize with the YNisSi3- type structure, a=1.8892,
b=0.3830, c=0.6779, by Fedyna et al. (1987). The arc melted alloy, annealed at 870 K,
was investigated by X-ray powder diffraction analysis. The starting materials were Yb
99.8 mass%, Ni 99.99 mass%, and Ge 99.99 mass%.

YbsNi1Gey (2) belongs to the ScyNiqy Sig-type structure group, a=0.8259, ¢=0.8648,
after Fedyna et al. (1987). The alloy was prepared in the same manner as TmNis;Ges.

The YbNi,Ge, (4) compound was found to adopt the CeGayAly-type structure, a=
0.4001, ¢=0.9733 (Rieger and Parthé 1969b).

YbNiGes (5) with the ScNiSis-type structure (a=0.4067, b=2.1548, ¢c=0.4067, X-ray
powder diffraction analysis) was reported by Dzianii (1995). For the details of sample
preparation and the purity of starting materials, see Yb—Ni-Ge.

Yb,NiGeg (6) has been found by Dzianii (1995) from X-ray powder diffraction to be
isostructural with Ce;CuGeg (a=0.3948, b 2.100, ¢ =0.3960). The sample was prepared
by arc melting ingots of the constituting elements and annealing the resulting button at
670K for 480h. For the purity of starting materials, see Yb—Ni—Ge.

Gorelenko et al. (1984) investigated the crystal structure of YbNiGe (9) (TiNiSi type,
a=0.6740, b=0.4162, c=0.7217; X-ray powder analysis). The proper amounts of starting
materials were arc melted, and the resulting alloy was annealed in an evacuated quartz
tube at 870 K for 350 hours.

YbNigGer4 (12) was said to adopt the AlB;-type structure, a=0.4193, ¢=0.3965
(Contardi et al. 1977; X-ray powder diffraction). Dzianii (1995) observed a homogeneity
field for the compound with AIB, structure and obtained significantly different lattice
parameters: Yby(Ni, Ge)s;, a=0.3405-0.3764, ¢=0.3942-0.4009 (X-ray powder diffrac-
tion).

Five more ternary compounds with unknown structure were observed by Dzianii (1995)
in the Yb-Ni—Ge system: ~Yby 17Nig 53Geg30 (3), ~Ybg.25Nig25Gegs0 (7), ~Ybg27Nig 25
Geg4s (8), ~Ybo 33Nig.27Gep0 (10), ~Ybg33Nig 17Geos0 (11).

4.15.5. Yb-Cu—Ge

The isothermal section for the ternary Yb—Cu—Ge system over the whole concentration
region (fig. 113) was established by Salamakha et al. (1996a). Four ternary compounds
were observed and characterized by employing X-ray powder analysis of arc melted alloys
annealed at 670 K. The starting materials were used in the form of ingots of high-purity
elements: Yb 99.9 mass%, Cu 99.99 mass%, and Ge 99.999 mass%.

Tandelli (1993) observed YbCuGe (4) with the Calnp-type structure (a=0.4213, ¢=
0.7036, X-ray powder analysis). The alloy was prepared from filings or powders of the
metals (Yb 99.7mass%, Cu and and Ge 99.99 mass%), which were mixed, sealed in a
tantalum crucible under argon, melted by induction heating, and annealed for 10 days at
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C
u YbCus YbyCuzYbCuy  YbCu Yo Fig. 113. Yb—Cu-Ge, isothermal section
YbyCug at 670K.

1023 K. The crystal structure of this compound was confirmed by Dzianii et al. (1995d),
a=0.4186, c=0.6988. For the experimental details, see the preceding paragraph.

YbsCugGeg (3) crystallizes with the GdgCugGes-type structure, lattice parameters
a=1371, b=0.659, ¢=0.413 (Hanel and Nowotny 1970). The crystal structure was
confirmed for the YbgCugGeg compound by Dzianii (1995) from X-ray powder diffraction
data, a=1.414, »=0.6637, ¢c=0.4201.

Konyk et al. (1988) investigated the crystal structure of Yb,CuGeg (2), which was
prepared by arc melting under argon and annealing at 870K in an evacuated quartz tube
for 720 h. From X-ray powder analysis, the Ce;CuGeg-type structure was claimed, a=
0.3994, 5=0.4082, ¢=2.1018.

Rieger and Parthé (1969b) prepared YbCu,Ge; (1) with the CeGayAly-type structure,
a=0.4045, ¢=1.0228.

4.15.6. Yb—-Nb-Ge

The phase diagram of the Yb-Nb-Ge system has not been established yet. However, the
existence of a compound Yb,Nb;Ge, with the Ce,Sc;Sis-type structure (a=0.6937, b=
1.3449, ¢=0.7109) was reported by Le Bihan et al. (1996a) from X-ray powder diffraction
data of an arc melted alloy. The starting materials were: Yb and Nb 99.99 mass%, Ge
99.999 mass%o.

4.15.7. Yb~Ru—Ge
X-ray powder analysis of an alloy of the YbRu,Ge, composition indicated that it had the
CeGayAlp-type structure with a=0.4203, ¢=0.9763 (Francois et al. 1985). The sample



TERNARY RARE-EARTH-GERMANIUM SYSTEMS 187

was obtained by a powder metallurgical reaction at 1273 K. The starting components were
Yb (3N), Ru (4N), and Ge (4N).

Yb3;RhySny3-type structure was reported for the YbsRuyGe s compound (¢=0.8911)
by Segre et al. (1981a) from X-ray powder analysis of an arc melted sample annealed at
1523 K for 1 day and at 1273 K for 7 days. The starting materials were Yb (3N), Ru (3N),
and Ge (6N).

4.15.8. Yb-Rh—Ge

Venturini et al. (1985b) reported an X-ray powder diffraction study of the YbsRhsGeys
compound from a sample which was prepared by heating a mixture of the starting
components (Yb 3N, Rh 4N, Ge 4N) in an evacuated quartz tube at 1073 K. The crystal
structure was found to be of the YbsRhySn;3 type, a=0.8941.

Francois et al. (1985) determined the CeGayAly-type structure for the YbRh,Ge;
compound, a=0.4062, ¢=1.0065.

Venturini et al. (1984) established the existence of the YbsRhaGejo compound with
ScsCo4Sijg-type structure and lattice parameters ¢=1.2886, ¢=0.4234 from X-ray
powder analysis of a sample obtained by heating a mixture of powders in an evacuated
tube at 1073 K.

YbsRh;Geg belongs to the UsRe;Sis-type structure family, a=0.8254, according to
Francois et al. 1985 (X-ray powder diffraction). The alloy was synthesized by heating a
mixture of powders of the constituent elements in an evacuated quartz tube at 1273 K.
Starting components were Yb (3N), Rh (4N), and Ge (4N).

4.15.9. Yb—-Pd-Ge

A systematic study of the Yb—-Pd-Ge system (fig. 114) has been performed by Seropegin
et al. (1994) employing X-ray phase analysis, microstructural and local X-ray spectral
analyses of 152 samples which were arc melted and annealed at 870K for 600 h. The
existence of one ternary compound was confirmed and formation of nine other ternary
phases was observed for the first time. The purity of the metals used for the synthesis of
the alloys was Yb 99.98 mass%, Pd and Ge 99.99 mass%.

According to X-ray powder diffraction analysis, YbPd,Ge; (3) was reported to adopt
the CeGap Alx-type structure, a=0.4287, ¢=1.0020 (Rossi et al. 1979). Seropegin et al.
(1994) confirmed the existence and structure of this compound with a=0.42841, ¢=
1.0001.

Seropegin et al. (1994) reported an X-ray powder analysis of the Yb,PdGes (4)
compound which was found to crystallize with the Ce,CuGeg-type structure, a=
0.3974, b=2.1834, ¢=0.40689. For the experimental procedure, sec the Yb-Pd-Ge
isothermal section. Sologub et al. (1995a) confirmed the formation of Yb,PdGeg with
the Ce,CuGes-type structure and obtained a=0.40755, b=0.39934, ¢=2.1851. For the
experimental procedure, see La,PdGeg under La-Pd—Ge. The starting materials used were
of purity 99.9 mass%.
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Fig. 114. Yb-Pd-Ge, isothermal section at 870 K.

In the course of the phase equilibria investigation, three more compounds were ob-
served and characterized: YbPdGe; (5), NdIrGe; type, a=0.4336, b=0.8626, c=1.6071
(X-ray powder diffraction); YbPdys o6Gers-138 (7), AlB; type, a=0.42276-0.42263,
¢=0.40686-0.40649 (X-ray powder diffraction); YbPdGe (9), KHg, type, a=0.4344, b=
0.6839, ¢=0.7522 (X-ray powder diffraction).

The crystal structures of the compounds ~YbjoPd;5Geys (1) (Seropegin et al. 1994),
~Yb,oPdyGegg (2) (Seropegin et al. 1994), ~YbPd,Ge (6) (Jorda et al. 1983), ~Ybs3 3Pdag
Gesg 7 (8) (Seropegin et al. 1994) and ~Yba,Pdi3Gess (10) (Seropegin et al. 1994) have
not been determined.

4.15.10. Yb-Ag-Ge

No ternary phase diagram has been established for the Yb-Ag-Ge system, however one
ternary compound has been characterized. Gibson et al. (1996) reported an X-ray powder
investigation of the YbAgGe compound. It was found to adopt the ZrNiAl-type structure,
a=0.70524, ¢=0.41387. The sample was arc melted and annealed at 970 K for ten days.

4.15.11. Yb-Os—Ge
No phase diagram is available for the ternary Yb—Os—Ge system, but two ternary
compounds have been observed.

Yb40s7Geg belongs to the UsRe;Sig-type structure family, a=0.8288 (Francois et al.
1985; X-ray powder diffraction). The alloy was synthesized by heating a mixture of
powders of the constituent elements in an evacuated quartz tube at 1273 K. The starting
components were Yb (3N), Os (4N), and Ge (4N).
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The PrsRhySnjs-type structure was announced for the Yb;OssGeys compound (2=
0.8941) by Segre et al. (1981a) from X-ray powder analysis of an arc meited sample
annealed at 1523 K for 1 day and at 1273K for 7 days sample. The starting materials
were Yb (3N), Os (3N), and Ge (6N).

4.15.12. Yb-Ir-Ge

No ternary phase diagram has been established for the Yb-Ir-Ge system, however three
ternary compounds have been characterized.

Meéot-Meyer et al. (1985b) observed the YbsIryGejy compound with ScsCo4Sigo-type
structure from a sample which was obtained by heating a compacted mixture of powders
in evacuated tube at 1073 K. No lattice parameters were given.

Venturini et al. (1985b) reported an X-ray powder diffraction study of the YbsIrsGeys
compound from a sample which was prepared from the pure components (Yb 3N, Ir 4N,
Ge 4N) by a powder metallurgical reaction at 1073 K. The crystal structure was found to
be of the YbsRhySny3 type, a=0.8936.

Ybylr;Geg was reported to adopt UsRe;Sig-type structure (a=0.8262; Francois et al.
1985) from a sample which was obtained by heating a mixture of powders of the starting
materials (Yb 3N, Ir 4N, Ge 4N) in an evacuated quartz tube at 1273 K.

4.15.13. Yb—-Pt-Ge

A systematic study of the Yb—Pt—Ge system (fig. 115) has been performed by Borisenko
(1993) employing X-ray phase analysis as well as microstructural and local X-ray spectral
analyses of 72 samples which were arc melted and annealed at 870K for 600h. The

Ge

Pt YbPig YbPty YbyPty YbgPty YboPr

Fig. 115. Yb-Pt-Ge, isothermal section
Yb3Pt5 YbPt YbSPt3 YbsPtZ

at 870K.
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existence of three ternary compounds was observed. The purity of the metals used for
the synthesis of the alloys was Yb 99.98 mass%, Pt and Ge 99.99 mass%.

Borisenko (1993) reported an X-ray powder analysis of the Yb,PtGeg (1) compound
which was found to crystallize with the Ce,CuGeg-type structure, a=0.3949, 5=2.186,
¢=0.4091. For the experimental procedure, see the preceding paragraph. Sologub et
al. (1995a) confirmed the formation of Yb,PtGeq with the Ce,CuGeg-type structure
and obtained a=0.40482, h=0.39771, ¢=2.1940. For the experimental procedure, see
LayPdGeg under La—Pd—Ge. The purity of the starting materials used was 99.9 mass%.

In the course of phase equilibrium studies, two more compounds were observed and
characterized by X-ray powder diffraction: YbPtGe, (2), NdIrGe, type, a=0.4337, b=
0.8734, ¢=1.6134; and YbPtGe (3), TiNiSi type, a=0.6897, h=0.4325, ¢=0.7542.

4.15.14. Yb-Au—Ge

Only one report exists on the interaction of components in the ternary Yb-Au-Ge
system: Rossi et al. (1992) observed and characterized the YbAuGe compound as
having the LiGaGe-type structure with lattice parameters a=0.4475, ¢=0.7163 (X-ray
powder diffraction). The sample was obtained by melting the metals in an induction
furnace and annealing at 1070 K for one week. The metals used had a purity of around
99.9 mass.% for Yb and 99.99 mass.% for Au and Ge.

4.16. Lu-d element-Ge systems

4.16.1. Lu-Mn—Ge
No ternary phase diagram for the Lu—Mn-Ge system is available. Three ternary com-
pounds have been reported for various Iuthetium-manganese—germanium combinations.

LuMngGeg was found to crystallize in the HfFeqGeg-type structure by Venturini et al.
(1992), a=0.5211, ¢=0.8134 (X-ray powder diffraction data). The alloy was synthesized
by a powder metallurgical reaction in an evacuated silica tube at 1073 K for 14 days.

LuMnyg »7-9.12Ge, was found by Francois et al. (1990) to adopt the CeNiSip-type
structure with lattice parameters a=0.4053-0.4028, b=1.543-1.558, ¢=0.3956-0.3897
(X-ray powder diffraction data). For sample preparation, see GdFeq 25 946Ge; under
Gd-Fe—Ge.

Meyer et al. (1983) investigated the crystal structure of the LuMnGe, compound, and
found it had a new structure type, ¢=0.5466, b=1.8519, ¢=0.8173 (X-ray single-crystal
method) from an alloy obtained by heating the proper amounts of the metals in a quartz
tube under argon and annealing at 1173 K.

4.16.2. Lu—-Fe-Ge
No phase diagram has been constructed for the Lu—Fe—Ge system; six ternary compounds
have been found and characterized by different groups of authors.

LuFesGeg was reported to be isotypic with YCosGes, lattice parameters a=0.5087, c=
0.4034 (Mruz et al. 1984). The sample was prepared by arc melting the proper amounts
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of the starting components followed by annealing at 870K for two weeks. At variance
with these data, LuFesGes was found to crystallize with the HfFesGeg-type structure,
a=0.5096, ¢=0.8081, by Venturini et al. (1992) from X-ray powder diffraction data.
The alloy was obtained by a powder metallurgical reaction in an evacuated silica tube at
1173K for two weeks.

Pecharsky et al. (1989) reported LuFe,Ge, to crystallize with the CeNiSi,-type
structure (a=0.4042, b=1.5431, ¢=0.3947, X-ray powder analysis). The alloy was
arc melted and annealed at 870K. The purity of the starting materials was greater
than 99.9 mass%. Francois et al. (1990) confirmed the structure of this compound and
established the composition as LuFej33.011Ges, a=0.4121, h=1.581, ¢=0.4011 (X-ray
powder diffraction data). For sample preparation, see GdFey 259 46Ge; under Gd—Fe—Ge.

LuFe,Ge, is isotypic with ZrFesSi,, lattice parameters a=0.7200, ¢=0.3854, after
Fedyna (1988). The alloy was prepared by arc melting the proper amounts of the starting
components followed by annealing at 870 K for 400 hours.

Oleksyn (1990) investigated the crystal structure of the Lu;;7Fes;Geqjz compound by
the X-ray powder method (Tb;7Fes;Geip type, a=2.792). The alloy was synthesized
by arc melting and annealing at 1070K for 350h. The starting materials were
Lu 99.83 mass%, Fe 99.9 mass%, and Ge 99.99 mass%.

LugFesGeg belongs to the GdgCugGeg-type structure family, a=1.3280, h=0.6805, c=
0.4038 (X-ray powder diffraction; Fedyna et al. 1994).

Fedyna and Zavodnik (1988) reported a single-crystal investigation of the LusFe,Ge;
compound, showing that it had the Hf3Ni;Siz-type structure, a=0.41272, b=1.047, c=
1.3611. The single crystal was isolated from an arc melted alloy.

4.16.3. Lu—Co—Ge

The phase diagram of the Lu—Co—Ge system has not yet been established; seven
ternary compounds have been identified and characterized for various lutetium—cobalt—
germanium combinations.

Méot-Meyer et al. (1985a) reported that LuCo; _,Ge,, x=0.34, has the CeNiSi,-type
structure with a=0.4038, b=1.554, ¢=0.3939. The sample was prepared by a powder
metallurgical reaction and annealed in an evacuated silica tube at 1173 K. Pecharsky et al.
(1989) also investigated the formation and crystal structure of the LuCo; _,Ge; compound
by X-ray powder analysis of an arc melted alloy annealed at 870K: CeNiSi; type, a=
0.4038-0.4040, b=1.5512-1.5551, ¢ =0.3948-0.3949).

The crystal structure of Lu3CosGeis (YbsRhySnjs type, a=0.8700; X-ray powder
diffraction) was investigated by Venturini et al. (1985b) from a sample which was prepared
by heating a compacted mixture of the starting materials (Lu in pieces, 99.9 mass%;
Co and Ge in powder, 99.99 mass%) in an evacuated quartz tube at 1073 K. Bodak et al.
(1987) reported the Y3CosGe;s type for the LuzCosGei; compound (¢=0.8694; X-ray
powder data) from an arc melted alloy annealed at 870K.
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Gorelenko et al. (1984) reported the crystal structure of LuCoGe (TiNiSi type, a=
0.6720, »=0.4140, ¢=0.7226; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870 K for 350 hours.

Lu, CoGeg is isotypic with Ce; CuGeg, a=0.3904, b=0.3936, c=2.1192 (Oleksyn et al.
1991; X-ray powder diffraction data). The sample was melted in an arc furnace and
annealed at 1070K in evacuated quartz capsule for 400 h. The purity of the starting
materials was greater than 99.9 mass%.

Koterlyn (1996) investigated the crystal structure of the LuCo; §Ge; 2 compound which
belongs to the CaCus-type structure, a=0.48823, ¢ =0.40301 (X-ray powder diffraction).

Bodak et al. (1986) reported the crystal structure for Luy,CoGe;, (Sc,CoSi; type, a=
1.0234, =1.0049, c=0.4109, y=117.31°; X-ray powder diffraction) from an arc melted
sample annealed at 870 K.

LuCo4Ge, is isotypic with ZrFesSi;, lattice parameters a=0.7199, ¢=0.3735, after
Fedyna (1988). The alloy was prepared by arc melting the proper amounts of the starting
components and annealing at 870K for 400 hours.

4.164. Lu-Ni-Ge

No isothermal section for the Lu-Ni-Ge system is available; eight ternary compounds
were observed and characterized by different groups of authors.

LuNisGes was reported to crystallize with the YNisSis-type structure, a=1.8973, b=
0.3826, ¢=0.6775, by Fedyna et al. (1987). An arc melted alloy, annealed at 870K,
was investigated by X-ray powder diffraction analysis. The starting materials were
Lu 99.83 mass%, Ni 99.99 mass%, and Ge 99.99 mass%.

Lu3Nij Gey belongs to the Sc3Niy;Sis-type structure, a=0.8249, ¢=0.8641, after
Fedyna et al. (1987). For sample preparation, see the preceding paragraph.

The LuNi,Ge; compound was found to adopt the CeGa, Al -type structure, a = 0.39975,
¢=0.97538 (Bodak and Koterlyn 1995).

LuNiGe; with the SmNiGes-type structure (a=2.1305, »=0.3932, ¢=0.3982, X-ray
powder diftraction analysis) was reported by Bodak et al. (1985). For the details of sample
preparation and the purity of the starting materials, see LuNisGe;.

Lu;NiGeg has been found by Oleksyn (1990) from X-ray powder diffraction to
be isostructural with Ce;CuGeg (¢=0.3908, h=0.4007, ¢=2.1265). The sample was
prepared by arc melting ingots of the constituting elements and annealing at 1070K for
700 h. For the purity of starting materials, see LuNisGes.

Pecharsky et al. (1989) investigated the formation and crystal structure of the
LuNij_,Ge, compound by X-ray powder analysis of an arc melted alloy annealed
at 870K (CeNiSij type, a=0.3993-0.4045, b=1.5566-1.5690, c=0.3852-0.3929). For
sample preparation, see LuFe;_,Ge, under Lu-Fe—Ge. Francois et al. (1990) confirmed
the structure and reported the composition and lattice parameters LuNig4g_.19Ge;, a=
0.4037-0.4015, b=1.535-1.558, ¢=0.3945-0.3898 (X-ray powder diffraction) from a
sample obtained by a powder metallurgical reaction at 1173 K.
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Gorelenko et al. (1984) reported the crystal structure of LuNiGe (TiNiSi type, a=
0.6727, b=0.4147, ¢=0.7229; X-ray powder analysis). The alloy was obtained by arc
melting and annealing in an evacuated quartz tube at 870 K for 350 hours. Koterlyn et
al. (1994) investigated a single crystal which was extracted from an arc melted LuNiGe
alloy. A new structure type was observed, a=0.4116, 5=0.9194, ¢ =2.2334. According
to DTA, this phase exists above 1570 K.

Oleksyn (1990) reported on the crystal structure of LuNiGe, from X-ray powder
diffraction (NdIrGe, type, a=0.4082, b=0.8893, ¢ =1.5795). The proper amounts of the
starting components were arc melted and annealed at 1070 K.

4.16.5. Lu—Cu—Ge

No isothermal section is available for the Lu—~-Cu-Ge system; four ternary compounds
have been found and analyzed by various groups of authors.

Rieger and Parthé (1969a) investigated the occurrence of the AlB,-type structure by
means of X-ray powder diffraction of arc melted alloys. The data presented indicated a
compound of LuCuyg 4;Ge 33 stoichiometry with @ =0.383, ¢=0.405.

Tandelli (1993) observed LuCuGe with the Calny type (a=0.4212, ¢=0.6962, X-ray
powder analysis). The alloy was prepared from turnings or powders of the metals (lutetium
99.7mass%, copper and germanium 99.99 mass%), which were mixed and sealed in a
tantalum crucible under argon, melted by induction heating, and annealed for 10 days
at 1023 K.

LusCugGeg crystallizes with the GdsCugGeg-type structure, lattice parameters a=
1.3661, 5=0.6581, ¢=0.4113 (Rieger 1970).

Francois et al. (1990) observed the CeNiSip-type structure for the LuCug14Ge,
compound and reported lattice parameters a=0.4029, b=1.567, ¢ =0.3903 (X-ray powder
diffraction) from a sample obtained by a powder metallurgical reaction at 1173 K.

4.16.6. Lu—Nb—Ge

The phase diagram of the Lu—Nb—Ge system has not been established yet. The existence
of the compound Lu;Nbs;Gey with the Ce;Sc3Sis-type structure (@ =0.6895, b=1.3392,
¢=0.7071) was reported by Le Bihan et al. (1996a) from X-ray powder diffraction
data of an arc melted alloy. The starting materials were: Lu and Nb 99.99 mass%,
Ge 99.999 mass%.

4.16.7. Lu—-Mo—Ge

The existence of Lu,Mo3;Ge, with the Ce,ScsSiy-type structure (¢=0.6789, b=1.3012,
c¢=0.6990) was reported by Le Bihan et al. (1996b). For sample preparation and purity
of starting materials, see Lu—Nb—Ge.
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Table 29

Crystallographic data for the ternary Lu—Ru(Rh, Pd}-Ge compounds

Compound Structure Lattice parameters (nm) Reference
a b c

Lu,Ru,Geg U,Re;Sig 0.8256 0.9856 Francois et al. (1985)
LuRuy, ,sGe, CeNiSi, 0.4076 1.549  0.3980 Francois et al. (1990)
LuRuGe, TiMnSi, 0953 1.049 0.823  Venturini et al. (1985a)
Lu;Ru,Ge; Yb;Rh,Sny; 0.8911 Segre et al. (1981a)
LusRh,Geyy Sc;Co,Siy, Mcéot-Meyer et al. (1985b)
Lu,Rh,Ge, La;Ni,Ga, 0.54917 0.7593 1.3051 Gladyshevsky et al. (1991a)
Lu,Rh,Geg U,Re, Sig 0.8243 Francois et al. (1985)
Lu;Rh,Gejs Yb,Rh,Sn,; 0.8900 Venturini et al. (1985b)
Lu,Rh,;Ge,y Ho,Ir;;Ge, Verniere et al. (1995)
LuRhy ,; Ge, CeNiSi, 0.4054 1.555 03962 Francois et al. (1990)
LuPd,Ge YPd,Si 0.7189 0.7049 0.5512 Jorda et al. (1983)
LuPd, 4Ge, CeNiSi, 0.4059 1.561  0.3934 Francois et al. (1990)

4.16.8. Lu—Ru(Rh, Pd)—Ge

The ternary Lu-Ru(Rh,Pd)-Ge systems have been studied only with respect to the
formation of compounds with specific compositions and structures. Their crystallographic
characteristics are listed in table 29.

4.16.9. Lu-Ag-Ge
Protsyk (1994) constructed the equilibrium phase diagram for the Lu-Ag-Ge system at
770K (fig. 116) by means of X-ray powder phase analysis of 65 alloys. The samples

A Tu Fig. 116. Lu~Ag-Ge, isothermal section
& LuAg Luag LuAg at 770K.
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were arc melted and annealed for 500h. Two ternary compounds were observed. LuAg,
dissolves 20 at.% Ge.

The crystal structure of the LuAgGe (1) compound was investigated by Protsyk (1994)
by X-ray powder diffraction method. It was found to adopt the ZrNiAl-type structure with
lattice parameters a=0.7006, c=0.4129. The crystal structure was confirmed by Gibson
et al. (1996), with lattice parameters a =0.71025, ¢ =0.41337 (X-ray powder diffraction).

The crystal structure of ~Lus(Ag,Ge)s (2) was not resolved (Protsyk 1994).

4.16.10. Lu—Re—Ge

The only information on the system Lu—Re-Ge is due to Francois et al. (1990) who
investigated the occurrence of the compound with a CeNiSi; type; no phase diagram is
available.

LuReg 1,Ge; was found by Francois et al. (1990) to crystallize with the CeNiSi,-
type structure with lattice parameters a=0.4085, b=1.551, ¢=0.3991 (X-ray powder
diffraction data). The alloy was prepared from a mixture of the proper amounts of the
components with purity of 99.9 mass% by a metallurgical reaction in a quartz tube at
1173 K.

4.16.11. Lu—Os(Ir)-Ge

The ternary Lu—Os(Ir)-Ge systems have been studied only with respect to the formation
of compounds with specific compositions and structures. Their crystallographic charac-
teristics are listed in table 30.

Table 30

Crystallographic data for the ternary Lu—Os(Ir, Pt)-Ge compounds

Compound Structure Lattice parameters (nm) Reference
a b c

LuOsGe, TiMnSi, 0951 1.048 0.827  Venturini et al. (1985a)
Lu;0s,Ges Yb,Rh,Sn,, 0.8941 Segre et al. (1981a)
Lu,0s,Ge; U,Re,Sig 0.8276 Francois et al. (1985)
Lu,Ir,Geg U,Re,;Sig 0.8258 Francois et al. (1985)
LusIr, Gey, ScsCo,Siy, Meéot-Meyer et al. (1985b)
LusIr,Gey; Yb;Rh,Sn;; 0.8898 Venturini et al. (1985b)

4.16.12. Lu—Au-Ge

No ternary phase diagram exists for the Lu—Au—Ge system, however, a ternary compound
of luthetium with gold and germanium in the stoichiometric ratio 1:1:1 has been identified
and studied by means of X-ray analysis by Pottgen et al. (1996a). LuAuGe was found to
adopt the LiGaGe type with lattice parameters a =0.43775, ¢=0.71138. The sample was
prepared by melting a mixture of the metals in an arc furnace and annealing at 1070 K.
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5. Rare earth—f element—germanium systems
5.1. Sc—R'-Ge systems

5.1.1. Sc-Y-Ge

The phase equilibria in the Sc—Y—Ge system (fig. 117) were investigated by Shpyrka
and Mokra (1991) by means of X-ray phase and microstructural analyses of alloys
which were arc melted and subsequently annealed in evacuated silica tubes for 350h
at 870K and finally quenched in water. The starting materials were Sc 99.92 mass%,
Y 99.90 mass%, and Ge 99.99mass%. The phase relations are characterized by the
existence of three ternary compounds and the formation of a continuous solid solution
(Sc,Y)sGe; originating at the isotypic binary compounds. The binary compounds ScGe;,
Y,Ges; and Sci;Geyg dissolve 18, 10 and 8at.% of third component, respectively.

Ge

Fig. 117. Sc-Y-Ge, isothermal section at
Sc Y 870K.

In the course of a phase equilibrium study, three ternary compounds were observed by
Shpyrka and Mokra (1991): Sc27Y23Geqs (1) was found to be isotypic with SmsGey, a=
0.7283, b=1.418, ¢=0.7461; Sc135Y3¢Ges (3) belongs to the SmsGey-type structure
family, ¢=0.7440, b=1.431, ¢=0.7578; and ~Scg3Yo7Ge; (2) crystallizes with an
unknown structure type.

5.1.2. Sc—-La—Ge
No phase diagram is available for the Sc—La—Ge system; however two ternary compounds
were observed and characterized in the course of searching for isostructural series of
compounds.

ScyLa; 2, Gey, was found to be isotypic with Sc3Ce,Siy, a=0.7252, b=14350, c=
0.7652 (X-ray powder diffraction; Shpyrka et al. 1990). ScLaGe belongs to the
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ScCeSi type, a=0.4351, ¢=1.6067 (X-ray powder diffraction; Shpyrka 1990). For the
experimental details, see Sc—Y—Ge.

Shpyrka (1990) investigated the phase formation in the section ScGe,—~LaGe,, and no
ternary compounds were observed.

5.1.3. Sc—Ce—Ge

Phase relations in the isothermal section of the Sc-Ce—Ge system at 870K (fig. 118)
were determined by Bodak and Kokhan (1983) from X-ray powder diffraction and
microstructural analyses of 120 alloys prepared by arc melting Sc (99.92 mass%),
Ce (99.56 mass%) and Ge (99.99 mass%) ingots. The melted buttons were then annealed
at 870K for 400 h in evacuated silica tubes. Four ternary compounds were found to exist.
Up to 4at.% Sc and 8at.% Sc dissolve in CeGe;,_) 73 and CeGe¢_1.56. The solubilities
of third component in other binary compounds were reported to be negligible.

The crystal structures of SciCei2,Ges (2) (Sc3CerSis type; a=0.7188, b=1.339,
¢=0.7416) and ScCeGe (3) (ScCeSi type; a=0.4314, ¢=1.5913) were investigated by
Shpyrka et al. (1990) and Shpyrka (1990), respectively, employing an X-ray single-crystal
method. The samples were prepared in the same manner as for the investigation of the
isothermal section of this system.

The crystal structures of ~ScsCeq5Geq s (1) and ~Sc,CesGeg (4) are not determined.

Ge

870K

C6G62_1.78
CeGe] 6.1.56

SCIIGGIOSCGe
SC5G94

. Fig. 118. Sc—Ce—Ge, isothermal sec-
Sc Ce tion at 870K.

5.14. Sc—Pr-Ge

At present, the phase relations are unknown for the system Sc—Pr-Ge. The formation of
two ternary germanides was observed in the course of searching for isostructural series
of compounds.
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ScsPry2Ges was found to be isotypic with Sc3CerSiy, a=0.7116, b=1.4059, c=
0.7576 (X-ray powder diffraction; Shpyrka et al. 1990). ScPrGe belongs to the
ScCeSi type, a=0.4325, ¢=1.5874 (X-ray powder diffraction; Shpyrka 1990). For the
experimental details, see Sc-Y—-Ge.

5.1.5. Sc—-Nd-Ge

The isothermal section for the Sc-Nd-Ge system at 870K (fig. 119) was constructed by
Shpyrka (1990) employing X-ray phase and microstructural analyses of 112 alloys which
were arc melted and annealed for 400 h in sealed quartz ampoules. The phase relations
within the Sc-Nd-Ge system at 870 K are characterized by the existence of three ternary
compounds and by the formation of substitutional solid solutions originating at Nds;Ges

Ge

870K

SC] 1GElOSCGe
ScqGey

Fig. 119. Sc-Nd-Ge, isothermal section
Sc Nd at 870 K.

(dissolves 12.5at.% Sc), NdsGes (10at.% Sc), NdGe (5 at.% Sc), NdGe; _, (8 at.% Sc),
Sc11Geyo (8 at.% Nd), and ScsGes (5 at.% Nd). The purity of the starting metals was Sc
99.92 mass%, Nd 99.44 mass%, and Ge 99.99 mass%. The solubilities of third component
in other binary compounds were reported to be <5 at.%.

The crystal structures of Sc3Nd;2Gey (1) (Sc3CeyGey type; a=0.7119, b=1.4065,
c=0.7574) and ScNdGe (2) (ScCeSi type; a=0.43106, ¢=1.5823) were investigated
by Shpyrka et al. (1990) and Shpyrka (1990), respectively, employing X-ray powder
diffraction. For experimental details, see Sc—Nd—Ge, isothermal section.

The crystal structure of ~Sc;NdsGeg (3) was not investigated.

5.1.6. Sc=Sm—Ge
No phase diagram is available for the Sc—Sm—Ge system; however two ternary compounds
were observed and characterized.
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SciSmy ,Gey was found to be isotypic with Sc3CesSiy, a=0.7102, b=1.4020,
¢=0.7546 (X-ray powder diffraction; Shpyrka et al. 1990). ScSmGe belongs to the
ScCeSi type, a=0.4264, ¢=1.5623 (X-ray powder diffraction; Shpyrka 1990). For the
experimental details, see Sc-Y—-Ge.

The phase relations along the section ScGe,-SmGe, were investigated by Shpyrka
(1990); the formation of a ternary compound Scgi2SmgnGepgs With an unknown
structure type was observed.

5.1.7. Sc—Eu—Ge

Little information exists about the Sc—Eu-Ge system; only one ternary germanide was
characterized. ScEuGe was found to be isotypic with a ScCeSi type, a =0.4270, ¢ =1.5636
(X-ray powder diffraction; Shpyrka 1990). For the experimental details, see Sc—Y-Ge.

5.1.8. Sc-Gd-Ge

No complete phase diagram is available for the Sc-Gd—Ge system; phase relations along
ScGe,—GdGe, were studied by Shpyrka (1990). From X-ray powder diffraction data for
arc melted alloys annealed at 870 K, the solubility of ScGe; in GdGe, was found to extend
up to 8at.% Sc.

5.1.9. Sc-Tb-Ge

The only phase diagram information on the system Sc—-Tbh-Ge is due to Shpyrka (1990)
who investigated ternary arc melted alloys annealed at 870K in the ScGe,—~TbGe;
quasibinary system by means of X-ray powder diffraction. The solubility of ScGe, in
TbGe; extends to 6 at.% Sc.

5.1.10. Sc—Dy—-Ge

The phase equilibria in the Sc-Dy—Ge system (fig. 120) were investigated by Shpyrka and
Mokra (1991) using X-ray phase and microstructural analyses of alloys which were arc
melted and subsequently annealed in evacuated silica tubes for 350 h at 870K and finally
quenched in water. The starting materials were Sc 99.92 mass%, Dy 99.90 mass% and
Ge 99.99 mass%. The phase relations are characterized by the existence of three ternary
compounds and the formation of continuous solid solution (Sc,Dy)sGe; originating at
the isotypic binary compounds. The binary compounds DyGe, 33, ScGe;, Sci1Gejo and
Dy11Geyg dissolve 20, 18, 8 and 8 at.% of the third component, respectively.

The three compounds observed by Shpyrka and Mokra (1991) were Sc; gDy32Gey (1)
(SmsGes type, a=0.7346, b=1.4295, ¢=0.7555); Scp7Dy,3Ges (3) (isotypic with
SmsGeq, a=0.7260, b=1.4151, ¢=0.7477); and ~ScDy,Geg (2) which crystallizes with
an unknown structure type.
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Dy 5Ges

Sc Dy

5.2. Y-R'-Ge systems

5.2.1. Y-Ce—-Ge

Fig. 120. Sc-Dy-Ge, isothermal section
at 870 K.

The isothermal section of the Y—Ce—Ge phase diagram at 870 K (fig. 121) was constructed
by Shpyrka (1990) using X-ray powder diffraction data of 163 arc melted alloys annealed
for 400h. The purity of the starting components was Y 99.90 mass%, Ce 99.56 mass%,
and Ge 99.99 mass%. The phase relations are characterized by the existence of two
ternary compounds and by the formation of two continuous solid solutions between binary

Ge

Y CeY Ce

Fig. 121. Y—Ce—Ge, isothermal section
at 870K.
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RGe, _, and R5Ge; compounds. Three solid solution ranges were found to exist within the
Y-Ce—Ge system at 870K: Ce in Y,Ges (up to 20at.%), Ce in Y11 Geyg (up to 18 at.%)
and Y in CesGey (up to 20at.%).

Yo.2CepsGe (1) was said to crystallize with CrB type structure, a=0.447, b=1.1095,
¢=0.4064 (Shpyrka 1990; X-ray powder diffraction).

Y3.2Ce1.3Ges (2) belongs to the SmsGeyq type structure, a=0.760, b=1.463, c=0.756
(Shpyrka 1990; X-ray powder diffraction).

5.3. La—-R'-Ge systems

5.3.1. La—Ce-Ge

The phase equilibria in the La—Ce—Ge system at 870K (fig. 122) were investigated by
Shpyrka (1988) by means of X-ray phase analysis and partly microstructural analysis
of alloys which were arc melted and subsequently annealed in evacuated silica tubes
for 350h and finally quenched in water. The starting materials were La 99.79 mass%,
Ce 99.56 mass%, and Ge 99.99 mass%. The phase relations are characterized by the
formation of continuous solid solutions originating at the isotypic binary compounds.

Ge

Fig. 122. La—Ce-Ge, isothermal sec-
La Ce tion at 870 K.

5.3.2. La—Gd—Ge

The phase relations in the La—Gd—Ge ternary system at 873 K within 40-100at.% Ge
were investigated by Stetskiv et al. (1995) using X-ray powder and partly microstructural
analyses. Samples were obtained by arc melting, and homogenized at 873 K for 500h.
The formation of the continuous solid solution (La, Gd)Ge;_, (0-ThSi, structure type)
was found and solubility of Gd (~10at.%) in LaGe,_, (a-GdSi, structure type) was
determined.
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5.4. Ce-R'-Ge systems

54.1. Ce-Gd-Ge

The phase equilibria in the Ce—-Gd—Ge system (fig. 123) were investigated by Shpyrka
et al. (1986) by means of X-ray phase analysis of 170 alloys which were arc melted
and subsequently annealed in evacuated silica tubes for 350h at 870K and finally
quenched in water. The starting materials were Ce 99.56 mass%, Gd 99.85 mass%,
and Ge 99.99mass%. The phase relations are characterized by the formation of
three continuous solid solutions between isotypic binary compounds: (Ce,Gd)Ge;_,,
(Ce,Gd)sGeq and (Ce, Gd)sGes. The binary compounds GdGe, Ce;Ge and Gd, g4Gey 56
dissolve 40, 20 and 16at.% of the third component, respectively.

870K

CeGey 1 78
CeGey 6.1.56

———————————————— = Fig. 123. Ce-Gd-Ge, isothermal sec-
A ,
Gd Ce,Gds °  tion at 870K.

5.4.2. Ce-Dy—Ge

Little information exists about the Ce-Dy—Ge system; only one ternary germanide was
characterized. CeqgDy(,Ge was found to be isotypic with CrB, a=0.4465, b=1.1064,
¢=0.4050 (X-ray powder diffraction; Shpyrka 1990). For the experimental details, see
Y—Ce—Ge.

54.3. Ce-Ho-Ge

No phase diagram is available for the Ce-Ho-Ge system; however one ternary compound
was observed and characterized in the course of searching for isostructural series of
compounds. CeggHog,Ge was reported to be isotypic with CrB, a=0.4475, b=1.1092,
¢=0.4063 (X-ray powder diffraction; Shpyrka et al. 1990). For the experimental details,
see Y-Ce—Ge.
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54.4. Ce-Er-Ge

At present, phase relations are unknown for the system Ce—-Er-Ge; the formation of
one ternary germanide was observed. Shpyrka (1990) reported the crystallographic
characteristics for CeggErg;Ge: CrB-type structure, a=0.4470, b=1.1104, ¢=0.4072
(X-ray powder diffraction). For experimental details, see Y—Ce-Ge.

54.5. Ce-Tm—Ge

No phase diagram is available for the Ce~Tm~Ge system; however one ternary compound
was observed and characterized by Shpyrka (1990): Ceg s Tmg»Ge, CrB-type structure, a =
0.4485, b=1.1110, ¢=0.4073 (X-ray powder diffraction). For experimental details, see
Y-Ce—Ge.

5.4.6. Ce-Lu—Ge
The phase equilibria in the Ce-Lu—Ge system at 870K (fig. 124) were investigated by
Shpyrka (1990) by means of X-ray phase and microstructural analyses of 143 alloys
which were arc melted and subsequently annealed in evacuated silica tubes for 350 h and
finally quenched in water. The starting materials were Ce 99.56 mass%, Lu 99.98 mass%,
and Ge 99.99mass%. The phase relations are characterized by the existence of two
ternary compounds and the formation of continuous solid solution (Ce, Lu)sGes between
the isotypic binary compounds. The binary compounds Ce;Ge, LugoGe, and LuGe; s
dissolve 12.5, 10 and 10 at.% of third component, respectively.

The two ternary compounds observed by Shpyrka (1990) were Ceg 45-1.35L04.55-3.65Geq
(1) (@=0.7389-0.7469, b=1.4305-1.4436, ¢=0.7607-0.7649) and Ces 5Lu;75Ges (2)
(a=0.7666, b=1.4925, ¢=0.7649). Both phases are isotypic with SmsGey.

Ge

870K

\\ CeGeZ_ 1.78

R W B L0 Fig. 124. Ce-Lu-Ge, isothermal sec-
Lu Ce  tion at 870K.
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5.5. Sm—R'—Ge systems

5.5.1. Sm—Lu-Ge

Shpyrka investigated the phase formation within the SmGe,—LuGe, section at 870K;
three ternary phases were observed: ~SmysLugGegs (unknown type), ~SmyLuioGegs
(DyGe 35 type) and ~Smp,Lu,Gegs (HoGe: type). For sample preparation, see Ce—Lu—
Ge.

5.6. Dy—R'-Ge systems

5.6.1. Dy—-Ho—Ge

The only information on the phase relations in the Dy-Ho-Ge system is due to Shpyrka
(1990) who investigated the DyGe,~HoGe, section by means of X-ray powder diffraction.
The samples were prepared by arc melting followed by annealing at 870K for 400 h. The
purity of the starting materials was Dy 99.83 at.%, Ho 99.50at.%, and Ge 99.99 at.%.
The solubility of HoGe, in DyGe, extends to 15at.% Ho. One ternary compound
Dyo.19-0.17H00.19-0.21Geo.6s With unknown structure was observed. The solubility of
DyGe; in HoGe; extends to 8.5 at.% Ho.

5.7. Er-R'-Ge systems

5.7.1. Er-Tm—Ge

No ternary phase diagram exists for the Er-Tm—Ge system; however the formation of
a ternary compound ~Erg4Tmg 12Geg g6 With an unknown structure was reported from
an X-ray investigation of the ErGe,~TmGe; section. The solubility of TmGe; in ErGe,
extends to 3 at.% Tm, whereas the solubility of ErGe; in TmGe,; extends to 20 at.% Er.

6. Discussion
6.1. Peculiarities of the interactions in the R—s element—Ge systems

6.1.1. R—Li—-Ge systems
From 16 rare-earth ternary systems with lithium and germanium the isothermal sections
for 10 systems have been established over the whole concentration region.

The main peculiarity of all ternary systems with rare-earth metals concerns the
influence which the component interaction in the terminal binary systems has on the
ternary systems. The binary immiscibility region R—Li always extends into the ternaries
up to a maximum content of 17-26at.% Ge. As a consequence, a small number of
ternary compounds is formed, with a maximum observed for the Ho-Li-Ge system
(7 intermetallics). All ternary compounds, as a rule, have a narrow homogeneity range,
which is connected with the pronounced difference in characteristic alloying parameters
of the interacting components.
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Table 31
Isotypic compounds of the ternary R-Li-Ge systems?®

Structure type La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb ILu Y

Ce,Li,Ge, +
Ce,MnGes

+ + - - - = - -
+

AlCr,C + +
1
+

+ — — — — — —

+ o+

Pr,LiGeg4

CalLiSi, +
ZrNiAl -
Tm,LiGe, - -
Hf,Ni, Si; - - - - - +
TmLi, _,Ge, - - - - -

+ o+ o+ o+ o+t
o+ o+
o+ +
4

+ o+ o+ o+

+ o+ o+

o+ o+ o+
o+ o+

o+ 4+
+

“An empty cell means that the alloy of this composition was not investigated; a plus sign means that the
compound exists, a minus sign that it was not observed.

Analysis of the compositions and crystal structures of the experimentally observed
ternary intermetallics established a sharp differentiation between systems belonging to
the ceric or to the yttric subgroup. This situation is illustrated by table 31.

From the investigated series of isostructural compounds, intermetallics of equiatomic
composition with ZrNiAl structure are typical for both the ceric and the yttric subgroups.
Other series exist either in the ceric subgroup (RLi,Ge, RyLiGeg, RyLiGes, R,Liz Ges) or
in the yttric subgroup (R4LiGey, R3Li;Ges, RLi; ,Ge;). The system Gd-Li—Ge occupies
the intermediate position with compounds crystallizing in structural types typical for the
ceric subgroup (CaLiSiy), as well as types typical for the yttric subgroup (TmyLiGe,)
or for both subgroups (ZrNiAl). However the systems of a particular subgroup are not
complete analogues. For example, in the Ce-Li—Ge system, a compound of composition
CeysLisGey, exists which has not been found in the corresponding systems of this
subgroup. Also the intermetallic of equiatomic composition with the ZrNiAl structure
does not form with cerium. In the systems with Nd and Sm the homologous compounds
with P, LiGeg structure, which are formed with cerium and praseodymium, have not been
found. Also, in the Sm-Li—Ge system there is no compound with AlCr,C structure.

For the yttric subgroup the biggest differences are observed for the Yb-Li—Ge system.
The formation of two compounds (YbgLiGe;; and YbsLiyGe,) with new structure types
which do not occur within any other system of this subgroup has been found for the
ytterbium-lithium—germanium combinations. This is probably due to the tendency of
ytterbium to be divalent or mixed-valent.

Compounds of equiatomic composition with rare-earth metals of the yttric and cerium
subgroups crystallize with the ZrNiAl type whereas scandium germanide of equiatomic
composition forms the MgAgAs type.

Due to a noticeable lack of information on ternary R—Li—Ge systems, it is still difficult
to establish a relation between the number of compounds formed per individual system
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and the chemical nature of the interacting elements. From the data available, one can

distinguish some established regularities:

(i) the number of compounds formed per system increases with increasing differences
in atom size, electronegativity, electronic structure and thermodynamic properties;

(ii) a separation of systems into ceric and yttric subgroups is observed; the Gd-Li—Ge
system occupies an intermediate position between these subgroups;

(iii) binary immiscibility always extends into the corresponding ternary system.

6.1.2. R—Mg—Ge

Interaction of rare earths with magnesium and germanium has not been studied
sufficiently; few ternary compounds were observed and investigated (EuMgGe, YbMgGe
and EuMg3Ge;). Therefore it is impossible to draw any conclusions with respect to the
alloying behavior of these metals.

6.2. Peculiarities of the interactions in the R—p element-Ge systems

6.2.1. R—-B-Ge systems

The characteristic features of the interaction of boron and germanium with the rare earths
is the absence of ternary compounds and the lack of solid solubility of the third component
in the binary phases.

6.2.2. R—Al-Ge systems

In spite of the fact that the partial isothermal sections (0-33 at.% R) have been investigated
only for four ternary systems, it is possible to draw some conclusions on the interaction
of components in these systems (see table 32). Similarly to the ternary R-Li-Ge
combinations, a differentiation exists between ternary systems containing light and heavy
lanthanides; the Gd—Al-Ge system occupies an intermediate position between ceric and
yttric subgroups:

Table 32
Isotypic compounds of the ternary R—Al-Ge systems

Structure la Ce Pr Nd Sm Fu Gd Tb Dy Ho Er Tm Yb Iu Y Sc
type

CaAl,Si, + +  + o+ o+ o+ + o+ o+ +  +  + 4+ o+ o+ -
Ba,Cd;Bi, + + + + + - + + + + + - - - - -
La, AlGeg + + + + + - + - — - — - - - _ _
a-ThSi, + + + + + + + - - - - - - - _ -
YAIGe - - - = - - 4+ + + + 4+ + 4+ + o+ +
AlB, + + + - _

*An empty cell means that the alloy of this composition was not investigated; a plus sign means that the
compound exists, a minus sign that it was not observed.
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(i) the Ry;AlGes and a-ThSi; structures are typical for the ceric subgroup, and the Gd-
containing compounds are the ending members of these isotypic series;

(ii) the YAIGe structure is typical for the yttric subgroup, and the Gd-containing
compound is the first member of this isostructural series;

(iii) the CaAl,Si; type occurs in all systems except of for scandium;

(iv) the GdAlGe compound has two polymorphic modifications, a-ThSi; and YAlGe.

6.2.3. R-Ga(In, C)—Ge systems

Little information exists on the interaction of gallium (indium, carbon) with germanium
and the rare earths. From the available data, one notices that for the gallium-containing
compounds the most typical structures are the AlB,-, ThSi;- and Ce,GaGeg-types.
Only one series of isotypic compounds was observed both for the rare-earth—indium—
germanium combinations (Mo,NiB;) and for the carbon-containing ternary alloys
(R5CGes).

6.2.4. R-Si-Ge systems

The R-Si-Ge systems are characterized by the presence of two components with similar

crystallochemical behavior. This is the main reason why limited or continuous solid

solutions are formed between the isotypic binary compounds. These solid solutions often

show various deviations from linearity in the unit cell volume versus concentration plots.
Two ternary compounds were found only in the Y-Si—Ge system. They have the crystal

structures of binary YSi, and YGe, compounds.

6.3. Peculiarities of the interactions in the R—d element—Ge systems

The majority of experimental investigations deals with Fe, Co, Ni and Cu. Therefore, our
discussion will be based on the interaction peculiarities of rare earths and germanium
with the above-mentioned elements and their electronic analogues.

6.3.1. R-Fe—Ge systems

From the results reviewed in this chapter, some common regularities of the interaction
of rare-earth metals with iron and germanium can be drawn. The number of ternary
compounds formed with light rare-earth elements, iron and germanium monotonously
increases from lanthanum to samarium. No ternary compounds were found with
europium, which is probably due to its divalent nature, compared to trivalency for the
other rare earths. Among the heavy lanthanides, Tm forms the largest number of ternary
compounds with iron and germanium.

The ternary systems R—Fe—Ge are characterized by various stoichiometries and crystal
structures of the existing ternary compounds, depending on the rare-earth metal (table 33).
As one can see, the most prevailing structure types are CeGa,Al, and CeNiSi,.
Compounds with AlB;-, BaNiSn3-, Nd¢Fe;3Si- and SmyCo, _Ge;-type structures were
observed in ternary systems containing light lanthanides; compounds with CeGayAl,-,
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Table 33
Isotypic compounds in the ternary R—Fe—Ge systems®

Structure La Ce¢ Pr Nd Sm Fu Gd T Dy Ho Er Tm Yb Lu Y Sc
type

CeGa,Al, + + + - + o+ o+ 4+ + + o+ o+ _
CeNiSi, - + + - + o+ o+ o+ o+ o+ o+ -
YCo4Geg - -+ + - T Y R
Tby ) Fes,Gey iy - + - + - + + + + + - + + -
ZrFe, Si, T o S S SR S R
GdsCuyGeg - - - - - - - + + + + - + - -
Hf,;Ni, Si, - - - - = - -+ - - 4 .
TmgFe, ,Ge,o - - - - - - - + + + -
BaNiSn, + o+ - - - - - - - - _
AlB, - -+ - . - - - N
NdgFe,;Si - + - - - - - - - _
Sm,Co, _,Ge, - + + + - - - - - - —

*An empty cell means that the alloy of this composition was not investigated; a plus sign means that the
compound exists, a minus sign that it was not observed.

CeNiSiy-, YCogGeg- and Thyj7Fes;Geyja-type structures are found for both the light and
heavy rare-earth elements; and ZrFesSis-, GdgCusGes-, TmgFe;oGeqo- and Hf3Ni, Sis-
type structures are typical only for the heavy lanthanides.

The range of formation of ternary R—Fe—Ge compounds is restricted to concentrations
of less than ~42 at.% rare-earth metal; Ry17Fes;Ge;jn (Tbyi7Fesr Geqgs type) is the terminal
R-rich phase. Ternary compounds with light lanthanides are found predominantly in the
range 40-70 at.% Ge, whereas the heavy rare-earth elements form compounds primarily
in the concentration region from 28 to 50 at.% Ge.

6.3.2. R—Co—Ge systems
Interactions of R with cobalt and germanium have been sufficiently studied to draw
some conclusions, i.e. the phase diagrams for 12 ternary R—Co~Ge systems have been
established. Most of them are characterized by a large number of ternary compounds.
Substitution of an R element essentially affects the alloying behaviour of elements that
is displayed in the number of compounds formed. The maximum number of ternary
phases (20) has been observed for the samarium-containing system. The Eu-Co-Ge
system strongly differs from all other R—-Co~Ge systems by the number of ternary
compounds. The isotypic series of compounds which are observed in these systems are
listed in table 34.

Dimorphism phenomena are characteristic for the RyCo3Ges compounds (Lu,Co3Sis-
type < UpCosSis-type) (R=Ce—Sm, Gd). Morphotropic transformation was noticed for



TERNARY RARE-EARTH-GERMANIUM SYSTEMS 209

Table 34
Isotypic compounds of the ternary R—-Co—Ge systems?®

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

<

Sc

CeGa,Al, + +
CeNiSi, +

Sc,CoSi, - -
Th;Co,Ge, - - -
TiNiSi - - -
Y;Co,Gey; - - -
YCo,Ge, - - - - -
Ce, CuGe, - - - - -
ZrFe,Si, - - - - -
ScsCo,Sij
BaNiSn,

AlB,

PbFCI
La;NiGe,
Tbyy;Fe5,Gey 1,
U,Co, Sig
Lu,Co; S, +

+ o+ o+

[
i

+ o+ o+ o+
[

[
Lo

+ o+ o+ o+ o+ o+ o+ A+

+ o+ o+ o+ o+ o+ o+

+ o+ o+ o+ o+ o+ o+ o+

+ o+ o+ o+ o+ o+ o+
+ o+ o+

+ o+ o+ o+ o+ o+ o+ o+
+

i
[
+ o+ o+ o+ o+

+

1
!
!
I
|
i
|

+ + + + + + + + o+ o+
T+ o+ + + + o+ o+ o+t

+
+
|
!

i
|
|

|
i
|
|
!

i
|
|
!
1

+ o+ o+ o+

t

+ — — — — — —

— — + — — + —

+ o+ o+ o+ o+ o+ o+
S S N
|
i
[

[

r

+ + + o+ o+ - - -

2An empty cell means that the alloy of this composition was not investigated; a plus sign means that the
compound exists, a minus sign that it was not observed.

the RCoGe compounds: from structure type PbFCI (CeCoGe, PrCoGe, NdCoGe) to
structure type TiNiSi (SmCoGe, GdCoGe). No compound of equiatomic composition was
observed within the Eu—Co-Ge system.

The maximum number of ternary compounds in the R—3d element-Ge systems with
Pr, Nd, Sm, Tbh, Ho, Er, Tm is formed with cobalt.

6.3.3. R—Ni—Ge systems

The primary intention of this section is to discuss and compare the interaction of the
components in the R-Ni—-Ge systems. According to sect. 4, the phase equilibria have
been investigated for 12 ternary systems.

Concerning the number and the composition of compounds formed, the interaction
of the components in the ternary systems R-Ni-Ge is rather complicated and varies
considerably.

In this respect the most significant differences are observed in the light rare-earth
group, between Ce and Eu. The ternary nickel germanides with cerium (20 compounds)
exist within a wide concentration region from 7.5 to 62.5 at.% Ce, whereas the ternary
phases in the Eu—Ni—Ge system (six compounds) occur between 7.5 and 33.3 at.% Eu.
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Table 35
Isotypic compounds of the ternary R-Ni—Ge systems?

Structure La C¢ Pr Nd Sm Eu Gd Y Tb Dy Ho Er Tm Yb Lu Sc
type

CeGa,Al, + + + + + + + + + + + + + + -
CeNiSi, + + + + + + o+ + + o+ + o+ -
AlB, + o+ + + + + 4+ o+ + + + o+ + -
SmNiGe, + + + 4+ - 4+ 4+ o+ o+ 4+ o+ o+ = -
TiNiSi + + + 4+ - 4+ 4+ 4+ 4+ 4+ 4+ 4+ +
Ce,CuGe, + + + o+ -+ + + o+ o+ o+ + + -
La,;NiGe, + + + + + - + + + + + + - - - -
YNi; Si; - - -+ - o+ o+ o+ o+ o+ o+ + -
Sc;Niy; Siy - - - - - + o+ o+ o+ o+ o+ + o+
NdIrGe, - - - - - - ? ? ? + + + + -
LuNiGe - - ~ - - — — — — — + — + —
La,;NiGe; + - - - - - - - - - - -
U;Ni,Si, + o+ - - = - - - - - - - _
U,Co,Si; + + ? ? - - - - - - — _ —
CeNigsSi,s  — + + + - + - - - - - - — _

“An empty cell means that the alloy of this composition was not investigated; a plus sign means that the
compound exists, a minus sign that it was not observed.

The maximum rare-earth concentration in the ternary nickel germanides of Pr (Nd, Sm)
is approximately 50 at.%.

The formation of ternary phases with the rare-earth elements from Tb through Tm
(including Y) exhibits a close resemblance between systems. Moreover, the Y(Tb,Dy)-
Ni—Ge systems are identical. This is also true for the Ho(Er, Tm)-Ni—-Ge systems.

It should be noted, that the concentration region spanned by the compounds formed for
the R elements from Tb through Tm (including Y) is somewhat narrower in comparison
with R—Ni—Ge systems, where R=Ce, Pr, Nd, Sm, Eu (from 11 to 50at.% R). The
maximum Ge concentration in the ternary nickel germanides of the light rare-earth
elements as well as of the heavy rare earths is 66.6 at.% (in the R;NiGeg compounds).

Another interesting feature of the R—Ni—Ge systems is the solubility of Ge in the Ni-
rich binary compounds R;Nij7 and RNis.

Table 35 gives a survey of the isotypic series of the compounds in the R—Ni-Ge
systems. The compounds of the CeGayAl,-, CeNiSi,-, AlB;-, Ce,CuGes-, LasNiGe;-,
TiNiSi- and SmNiGe;-type structures are found for both the light and the heavy
rare-earth elements. The compounds of the CeNigs5Siss-, UsCo3Sis-, UsNisSiy- and
Lay;NisGeg-type structures are observed in ternary systems containing light lanthanides.
The Sc;3NijSis-, NdIrGe,- and LuNiGe-type structures occur typically only for the
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heavy lanthanides. The RNisGe; compounds of YNisSis structure type, unexpectedly,

occur solely with samarium and with the heavy rare-earth elements. In addition

to the compounds listed in table 35, the crystal structure has been solved for the
following germanides: La;NiGe (space group 14/mem), LagNiGes (space group Pmmn),

La(Ni, Ge);s (space group Fm3c), CesNiGe, (space group P4/ncc), SmNizGes (space

group I4/mmm), EuNiGe (space group P2;/b), EuNiGes; (space group I4mm) and

Er;Ni;Ge; (space group Cmem). All these compounds are the unique representatives of

the indicated structure types in the R—Ni—Ge systems.

As one can see from table 35, a few morphotropic transformations have been observed
in the systems under discussion. A brief description follows:

(i) The RNiGe, compounds. The compounds with 1:1:2 composition when R is a light
rare-earth element crystallize in the CeNiSi,-type structure. The compounds of the
same structure type for the heavy rare-earth elements have been found to form with
a nonstoichiometric composition and are defective of Ni atoms. Furthermore, the
compounds of stoichiometric composition with Ho, Er, Tm and Lu have been found
to crystallize with the NdIrGe,-type structure.

(i) The R(Ni, Ge);3 compounds. The following morphotropic transformation has been
observed for the light rare-earth elements: from La(Ni,Ge);s (NaZnjy type,
space group Fm3c) to R(Ni, Ge)is (R =Ce-Nd, Eu, CeNigsSiy s type, space group
I4/mcm).

(iii) The RNiGe; compounds. In this series the SmNiGe; structure type (space group
Cmmm) was observed for the compounds of the lanthanides except Eu and Yb.
The EuNiGe; compound crystallizes in the BaNiSn; type (space group I4mm).

(iv) The RNiGe compounds. A similar transformation, which also is caused, probably,
by the peculiar behavior of the Eu atom has been observed in the RNiGe series
of compounds: Ce(Pr—Sm)NiGe (TiNiSi-type) to EuNiGe (own structure type) —
Gd(Tb-Lu)NiGe (TiNiSi-type).

The TmNiGe and LuNiGe compounds exhibit dimorphism. The TiNiSi type <«
LuNiGe type transition temperature is 1630 K for TmNiGe and 1570K for LuNiGe.

The compound CesNiGe; also occurs in two modifications: the compound in its own
structure type (high-temperature modification) transforms into a compound of unknown
structure type (low-temperature modification).

Thus, the comparison of the R-Ni—Ge systems, carried out above, shows a similarity
in the interaction of rare-earth metals with nickel and germanium with the exception of
europium, which forms a considerably smaller number of compounds. This is consistent
with europium’s divalent character, and its similar behavior observed in the other
Eu-3d element-Ge systems. At the same time, the type of interaction and the crystal
structures of compounds formed are different for the elements of the light and heavy
lanthanides. The only two ternary germanides of scandium, which are isotypic with
lanthanide-containing compounds, are ScNiGe (structure type TiNiSi) and Sc;Nij;Ges
(structure type Sc3Nij Gey).
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6.3.4. R—Cu(Ag, Au)—Ge systems

In contradiction to earlier reviewed R—Fe(Co, Ni)-Ge systems with a brightly pronounced
distinction between systems containing light rare earths and systems containing heavy rare
earths, the alloying behavior in R—Cu(Ag, Au)-Ge systems is of an analogous type.

The predominant majority of ternary compounds exists within the narrow concentration
region from 20 to 33 at.% R.

Table 36 lists the isotypic series of the compounds in the R-Cu(Ag, Au)-Ge systems.
Ternary phases of Ce;CuyGes- and CeNiSi,-type structures are found only in the R—Cu—
Ge system and are not included in table 36.

Table 36
Isotypic compounds of the ternary R—Cu(Ag, Au)-Ge systems®
Structure La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc
type
CeGa,Al, Cu + + + + + + + + + + + + 4+ + -
Ag + + + + + + 4+ -
Au + -
Ce,CuGe, Cu + + + + + - + + + + + + 4+ + -
Ag + + + + + - + - - -
Au + + + + + - + -
AlB, Ctu + + + + + + + + + + + + - + =
Ag + + + 0+ - - -
Au + -
Caln, or Cu - - - - - + 4+ 4+ + 4+ + o+ =
LiGaGe Ag + + o+ - - = = - - - - - = e -
Ay + + + + + - + + o+ o+ o+ o+ o+ o+ o+ o+
Fe,P or Cu -
ZiNiAl Ag - - + + + + - + + + + + + o+ o+
An - - - - - - - - = - = = =
Gd;CugGeg, Cu - ~- + + + - + + + 4+ + + + o+ o+ 0+
Ag - -~ + + + =  + - - -
Au -

*An empty cell means that the alloy of this composition was not investigated; a plus sign means that the
compound exists, a minus sign that it was not observed.

The compounds of equiatomic composition are found to crystallize mainly in
hexagonal basis. The following morphotropic transformation was observed in the
RCuGe compounds: (La—Sm, Gd)CuGe (AlB; structure type) — (Y, Tb—Lu)CuGe (Caln,
structure type) — ScCuGe (ZrNiAl structure type). For the ternary RAgGe compounds
the following structure types are characteristic: (La,Ce,Pr)AgGe (LiGaGe structure
type) — EuAgGe (AIB; structure type) — (Gd-Lu, Sc)AgGe (ZrNiAl structure type).
The RAuGe compounds crystallize with the LiGaGe structure type.
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Unlike other lanthanides, europium forms equiatomic compounds with an orthorhombic
structure: EuCuGe (structure types TiNiSi and CaCuGe), EuAgGe (structure type KHg»)
and EuAuGe (own structure type).

6.3.5. R-platinum metals—Ge systems

Although the isothermal sections are completely or partly constructed only for 18 ternary
systems from 96 possible R—platinum metals—Ge combinations, one can see that with
respect to the formation of compounds in the ternary R-M-Ge systems, Ru and Os
show behavior similar to Rh and Ir (see table 37). Analysis of the compositions and
crystal structures of the experimentally observed ternary germanides of platinum metals
established a likeness between platinum- and palladium-containing systems (see table 38).
Since information on the systematic investigations of the R—Pt—Ge systems is still lacking,
only some regularities on the interaction of these components are observed.

Table 37
Isotypic compounds of the ternary R—Ru(Os, Rh, Ir)-Ge systems?

Structure La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc
type

Yb,RWSn; Rw - + + + + - + + + 4+ 4+ o+ 4+ + o+ -
Os - + + + + + + + + + + + + + + -
Rh - + - + + - + + + + + + + 4+ + -
r - + + 4+ + - + + 4+ + + + + + + -
CeGa,Al, Ru + + + + + + + 4+ + + + + + + + -
Rh + + + + + + + + + + + + + + + -
CaBe,Ge, r + + + + + + + + - - - - - - - -
U,CoSisor Ru + + + + + - + + + + + + + + + -
LuCoSis, R + + + + + - + + + + + + + + + -
r + + + + + - 4+ + + - - - - - - -
U,Re;Si4 Rh - - - - - - - - + 4+ + + + + 4+ +
r - - - - - - - 4+ + + + + + 4+ + +
Os - - - - - - - - - - 4+ 4+ + + + +
NdIrGe, r - - + + + - 4+ + + + + - - - + -
ScsCos8iy R - - - - - - + 4+ + + 4+ + 4+ o+ 4+ -
r - - - - - - - - 4+ + + 4+ - - + -
Os - - - - - - + + 4+ + + + + + + -
TiNiSi Rh + + + + + - + + + + 4+ + + + 4+ +
r + + + + + - + + + + + + + + + +
La;Ni,Ga, Ru + + + + + - - - - - - - - - - -
Rh + + + + + - + + + + + + - 4+ 4+ -
Ho,rj;Ge, RO + + + + + - 4+ + + + + + + + 4+ -
k + + + + + - 4+ + + + + 4+ + + + -

*An empty cell means that the alloy of this composition was not investigated; a plus sign means that the
compound exists, a minus sign that it was not observed.
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As one can see from table 37, the most prevailing structure type among the
compounds within R~Ru(Os,Rh,Ir)-Ge systems is the Yb;Rh4Sn; type. In addition
to the compounds listed in table 37, the crystal structure has been solved for a few
germanides with the TiMnSi;-, Sc,CoSi;-, Hf3Ni;Sis-, CeNiSiz- and BaNiSns-types
of structure. Morphotropic transformations were observed for the RRuGe compounds:
(La—-Sm)RuGe (PbFCI structure type) — HoRuGe (TiNiSi structure type) — ScRuGe
(ZrNiAl structure type).

Table 38
Isotypic compounds of the ternary R-Pd(Pt)-Ge systems®

Structure La Ce¢ Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc
type

KHg, Pd + + + + + - + + + + + + + + + -

Pt - 4+ + + - - - - - - - - = - -
TiNiSi Pt - - - - 4+ - + + + + + + + + o+
YPd,Si Pd + + + + + - + + + + + + 4+ + -
CeGa,Al, Pd + + + + + + + + + + + + + + -

Pt + 4+ + + 4+ + + + 4+ - + - - - 4+ =
LaPt,Ge, Pt + + + + o+ + + o+ + = - - - - + _
CeCuGeg Pd + + + + + + o+ o+ + 4+ o+ o+ +

Pt + + + + 4+ + + + o+ 4+ o+ o+ +
NdIrGe, Pt + + + + - + £ o+ o+ O+ o+ o+ -+ -

2An empty cell means that the alloy of this composition was not investigated; a plus sign means that the
compound exists, a minus sign that it was not observed.

The RPt,Ge, compounds crystallizes with two structure types, CeGa,Al, and LaPt,Ge,
(see table 38). The CePt,Ge, compound has three polymorphic modifications, CeGayAl,,
CaBe,Ge; and LaPt;Ge,. Compounds of equiatomic composition with platinum crystal-
lize with the following structure types: LaPtGe (LaPtSi structure type) — (Ce—Nd) PtGe
(KHg, structure type) — SmPtGe (TiNiSi structure type) — EuPtGe (ZrOS structure
type) — (Gd-Yb,Sc)PtGe (TiNiSi structure type).

6.4. Peculiarities of the interactions in the R—R'~Ge systems

An analysis of the interaction of the components in the ternary systems R-R’-Ge for
which the isothermal sections have been constructed showed that they can be divided into
three groups: (a) systems which are characterized by formation of ternary compounds;
(b) systems which are characterized by formation of continuous solid solutions and limited
solid solutions between binary germanides; (¢) systems in which both ternary compounds
and continuous and limited solid solutions are formed.
(a) The Sc—Ce(Nd)-Ge ternary systems are characterized by the formation of ternary
compounds, comparatively small solubility of the third component in the binary
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compounds, and the absence of continuous solid solutions. These are connected
with the significant differences in the rare-earth metal atom structure (absence of
4f electron shell in Sc atom) and in atom size (rg. =0.164nm, rc. =0.183 nm, g =
0.182 nm).

In comparing the considered systems with one another, it is necessary to indicate
that at the transition from cerium to neodymium the number of ternary compounds
decreases from 4 to 3 and the homogeneity range of the solid solutions on the base
of the binary phases increases from 8 to 12.5at.% Sc.

Concerning the formation of compounds, a common feature of these systems is
the formation of the ternary phase with Ge content 33.3 at.% (ScRGe).

The Ceqs5Scy5Ges compound has no equivalent in the Nd-Sc-Ge system. The
R125Sc3Ges compound exists with all the rare-earth metals of the cerium subgroup
(La, Ce, Pr, Nd, Sm, Eu).

Considering the crystal structures of the compounds it is possible to conclude that
the presence of scandium leads to the formation of various kinds of superstructures
to the structure types of the binary compounds (SmsGey, CayAs). RScGe ternary
germanides are isostructural and are formed with the elements of the cerium subgroup
(La, Ce, Pr, Nd, Sm, Eu), i.e. at the ratio rr/rs. 1.1; for R=Y, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu the compounds of this composition are not observed.

(b) The existence of two components with close crystal chemical properties and a similar

©

structure for most of the binary compounds determines the character of the interaction
of the components in the Ce-La-Ge and Ce-Gd-Ge systems (absence of ternary
compounds, formation of continuous and limited solid solutions between the isotypic
binary compounds). As a consequence of the similar structure of all of the binary
germanides, the Ce-La—Ge system is characterized by the formation of continuous
solid solutions only (ratio rce/rra =0.997). In the Ce—Gd-Ge system, the isotypic
compounds were found to form continuous solid solutions as well, and on the basis
of compounds which belong to different structure types, limited substitutional solid
solution of different extension were observed. Extension of the solid solutions by
the substitution of one rare-earth element by another is determined by the size of
substituting atoms.

The Sc-Y(Dy)-Ge and Ce-Y(Lu)-Ge systems occupy a special position among
the R—R’~Ge systems. Both ternary compounds and continuous and limited solid
solutions on the basis of binary compounds are found to exist. The peculiarity
of the systems considered is the formation of continuous solid solutions between
isostructural germanides with the composition RsGe; (MnsSi; structure type). One
more continuous solid solution was observed in the system Ce-Y-Ge.

Another feature of the systems of this subgroup is the large extent of the limited
solid solutions. Differences in the crystal chemistry characteristics of the rare-earth
metals in the systems considered are insignificant, but they influence composition,
structure and the number of ternary compounds. Ternary compounds with the
composition Scy3Rg7Ge; (R=, Dy) were found to exist for the Sc and Ge ternaries
with Y and Dy on the digermanide section. They have no equivalent in other
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R-R'-Ge systems. The formation of compounds with the CeqgRo,Ge composition
(structure type CrB) is characteristic of elements of the yitric subgroup (Y, Dy, Ho,
Er, Tm). An increase in the volume of the unit cell in the series of the isostructural
compounds is connected with the ability of the cerium atoms to adopt an intermediate

state.

As one can sec from the present review, rare-earth metals show very similar crystal
chemistry that is displayed in the formation of continuous solid solutions as well as
substitutional solid solutions. On the other hand, differences in electron configuration
of the rare-earth atoms influence the interactions in the ternary systems, as shown by
different compositions, structures and the number of ternary compounds.
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Symbols and abbreviations

a, b, c Unit cell dimensions (in nm) R, R Y, Sc, and the lanthanides
a, B,y Unit cell angles (in degrees) x indicate variable component contents,
x/a, y/b, zlc Atomic coordinates when it is used as index in compound
<G Space group compositional formula. Expressions
o . like N —x (where N is a number) mean

V4 Number of formula units in a unit cell . . . .

. ) . N minus x, with the x value given in
G (%) Occupation of crystallographic position the text
at.% Composition in atomic percent
M, M s-, p-, d-clement

1. Introduction

The ternary systems of rare-carth metals with metallic and semimetallic components have
been studied intensively during the last 20 years. Among them, the systems containing
germanium are most completely investigated.

The preceding chapter (173) of this volume (Salamakha et al. 1999) is a review of
ternary R—M—Ge systems which have been studied over the entire concentration region
and which have been only partly investigated. The character of interaction in these systems
varies, and major differences are seen in the number of ternary germanides observed
within the investigated concentration range. This chapter is devoted to the description of
the structure types and the crystal chemistry of the ternary (quaternary) germanides of
the rare-earth metals.

The known structures of the germanides belong to 135 structure types. For each
structure type the following information is presented:
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(i) chemical formula of the prototype;

(i) space group symbol and the number of formula units in the unit cell;

(iii) lattice parameters (in nm) for the germanide (prototype or isotypic compound) on
which the structure determination has been made and the appropriate reference;

(iv) atomic positions and refined atomic coordinates; for compounds where statistical
occupations of structure sites are observed, the various atoms are expressed as X,
X1 etc. and additional data are presented;

(v) projection of the structure and coordination polyhedra of the atoms;

(vi) list of isotypic germanides; the unit cell dimensions and references for the
isostructural compounds are presented in the preceding chapter (173) of this volume
(Salamakha et al. 1999).

2. Influence of a third component on the fields of formation of ternary
germanides

As R and Ge are components with much different crystallochemical properties (atomic
size, electronic structure, electronegativity, etc.), the deciding factor that affects the
formation, composition and structure, is the nature of the third component in the systems.

The ternary systems with two rare-earth metals and germanium are characterized by
the formation of compounds with compositions (R,R")sGes, (R,R")11Geqq, (R,R)Ge
and (R,R’),Ge which crystallize with the structure types of binary compounds and
their superstructures. This is caused by the similarities in the electronic structure of
R elements.

When the third component is a p element (Al, Ga, In, Si, Sn, Sb, Bi), the trends
in formation of compounds are found to be maintained in the same R to Ge ratio as
in the binary compounds. The compounds are characterized by a variable composition
at constant R content, but in contrast to the R-R'-Ge systems, the compositions of
compounds are more varied (fig. 1).

The main reason for the formation of a large number of ternary compounds in the
R-M-Ge systems (M=s or d element) is the presence of components with significantly
different crystallochemical properties (fig. 2).

Figures 1 and 2 presents only the compositions of compounds in which the crystal
structure has been determined. In many cases, the substitution of a M component or a
change in temperature leads to the formation of another structure (these compositions are
marked with a square). In spite of the variety of compositions, one can see from fig. 2 that
the predominant number of compounds are arranged on the lines connecting the elements
with the binary phases of simple compositions (R-MGe, R-MGe; etc.).

The most favourable concentration for the formation of intermetallic compounds is
33at.% of R (RM,—RGe,), particularly the composition RMGe. The compounds of
equatomic composition crystallize in 20 structure types. The morphotropic transformation
within the RMGe series occurs both if R is replaced by another R/, and when the
M component is changed.
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Fig. 1. Composition triangle showing
the existence of ternary compounds
in the R-M-Ge systems when M is
p-element.

Fig. 2. Composition triangle showing
the existence of ternary compounds in
the R-M-Ge systems when M is s-
and d-element.

For a better demonstration of the influence of the R component on the formation
of ternary germanides and their crystal chemistry, and for the improvement and
simplification of the presentation of the crystallographic data of the compounds, we have
characterised the composition of a given phase according to its R/(M,Ge) ratio, and
arranged the structure types according to increasing rare-earth content in the next section
of this chapter.
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The same approach is used for the description of the quaternary germanides (sect. 4 of

the present review). However, the literature data on the crystal structures of quaternary
germanides are quite sparse.

3. Structure types of ternary rare-earth germanides
3.1. R(M,Ge);3 compounds

3.1.1. NaZn;; structure type
SG Fm3c, Z=8, a=1.1371 for La(Nij g2Geg.13)13 (Bruskov 1984)

Atom  Wyckoff notation  x/a y/b z/c G (%)
La 8(a) 1/4 1/4 1/4 100
X1 8(b) 0 0 0 100
X2 96(i) 0 0.1782 0.1151 100

X =0.82Ni+0.18Ge
No isotypic compounds are known.

3.1.2. CeNigsSiys structure type
SG I4/mcm, Z=4, a=0.7932, ¢=1.1817 for Pr;_,Co9Ge, (Fedyna et al. 1987)

Atom  Wyckoff notation  x/a y/b zle G (%)
Pr 4(a) 0 0 1/4 69.3
Col 16(1) 0.1815 0.6815 0.1284 100
Co2 16(1) 0.6273 0.1273 0.1668 100
Co3 4(d) 0 1/2 0 100
Ge 16(k) 0.0633 0.2002 0 100

Isotypic compounds:
RNig sGej s: R=Ce, Pr, Nd, Sm, Eu
* In the RNigsGeyss compounds the site in Wyckoff position 4(d) is occupied by a
statistical mixture Nig sGegs.

The praseodymium atoms have coordination number 24 (fig. 3a). Coordination
polyhedra for cobalt and germanium are the icosahedra and their derivatives (fig. 3b—e).
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Fig. 3. Projection of the Pr,_,Co,Ge, unit cell and coordination polyhedra of the atoms: (a) Pr, (b—e) Co, Ge.
3.2. R(IM, Ge);» compounds

3.2.1. YCosGeg structure type
SG P6/mmm, Z =1, a=0.5074, ¢=0.3908 for YCosGeg (Buchholz and Schuster 1981)

Atom  Wyckoff notation  x/a y/b z/c G (%)
Y 1(a) 0 0 0 45

Co 3(g) 172 0 172 100
Gel 2(e) 0 0 0.307 50
Ge2 2(c) 1/3 2/3 0 100

Isotypic compounds:
RMngGeg: R=Nd, Sm
RFesGeg: R=Y, Pr-Sm, Gd-Lu
RCogGes: R=Y, Sc, Gd-Lu
For yttrium atoms, polyhedra with 20 apexes are typical (fig. 4a). Those for cobalt and
germanium atoms are the icosahedra and their derivatives (fig. 4b—d).

3.2.2. MgFesGeg (or HfFesGeg) structure type

SG P6/mmm, Z=1, a=0.52262, ¢=0.81653 for DyMn¢Geg (Schobinger-Papamantellos
et al. 1994)

Atom  Wyckoff notation x/a yib zlc G (%)

Dy  1(a) 0 0 0 100



232 P.S. SALAMAKHA

Fig. 4. Projection of the YCoGe, unit cell
and coordination polyhedra of the atoms: (a)
Y, (b—d) Co and Ge.

Mn  6(1) 12 0 0.2504 100
Gel  2(e) 0 0 0.3453 100
Ge2  2(d) 1/3 2/3 12 100
Ge3  2(c) 1/3 23 0 100

Isotypic compounds:
RCrgGeg: R=Sc, Y, Tb-FEr
RMngGeg: R=Sc, Y, Gd-Lu
RFesGeg: R=Sc, Yb, Lu
The coordination polyhedra for dysprosium atoms have 20 apexes (fig. 5a). For man-
ganese and germanium atoms, icosahedra and their derivatives are typical (fig. Sb—e).

3.2.3. GdMn4Geg structure type
SG P6/mmm, Z=1, a=0.52333, ¢=0.81806 (Belyavina et al. 1993)

Atom  Wyckoff notation x/a /b zle G (%)
Gdl 1(a) 0 0 0 70
Gd2 1(b) 0 0 1/2 30
Mn 6(i) 1/2 0 0.25 100
Gel 2(e) 0 0 0.3465 100
Ge2 2(d) 1/3 2/3 1/2 100
Ge3 2(c) 1/3 2/3 0 100

No isotypic compounds are observed.
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Fig. 5. Projection of the DyMnyGe,
unit cell and coordination polyhedra of
the atoms: (a) Dy, (b—) Mn and Ge.

3.2.4. ScNigGeg structure type
SG P6/mmm, Z=4, a=1.0152, ¢=0.7813 for ScNigGes (Buchholz and Schuster 1981)

Atom  Wyckoff notation x/a vib z/lc G (%)
Scl 3(g) 1/2 0 1/2 100
Sc2 1(a) 0 0 0 100
Nil 12(0) 0.247 0.494 0.250 100
Ni2 12(n) 0.238 0 0.258 100
Gel 6(m) 0.162 0.324 1/2 100
Ge2 6(1) 0.160 0.320 0 100
Ge3 6(i) 1/2 0 0.158 100
Ged 2(e) 0 0 0.340 100
Ge5 2(d) 1/3 2/3 172 100
Geb6 2(c) 1/3 2/3 0 100

No isotypic compounds are observed.

3.2.5. GdFesGes structure type

SG Pnma, a=6.143, b=0.8137, ¢=7.979 (Venturini et al. 1992)
Atomic coordinates have not been determined.
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3.2.6. TbFesSng structure type

SG Cmem, Z=4, a=0.8116, b=1.7672, ¢c=0.5120 for YFesGeg (Venturini et al. 1992)
Atomic coordinates for the germanides of this structure type have not been deter-

mined.

Isotypic compounds:

RFesGeg: R=Tb-Ho

3.2.7. HoFesSng structure type

SG Immm, Z=6, a=0.8103, »=2.652, c=0.5108 for ErFe¢Geg (Venturini et al. 1992)
Atomic coordinates for the germanides of this structure type have not been deter-

mined.

Isotypic compound: RFesGeg: R=Tm

3.3. R3(M, Ge)s4 and R3(M, Ge)zs compounds

3.3.1. CezPty3Gey; structure type
SG F43m, Z=8, a=1.71833 for CesPty3Gey; (Gribanov et al. 1993a). See fig. 6.

Atom  Wyckoff notation  x/a /b zlc G (%)
Ce 24(g) 0.0018 1/4 1/4 100
Pt1 48(h) 0.0841 0.0841 0.2479 100
Pt2 24(f) 0.1281 0 0 100
Pt3 16(e) 0.1927 0.1927 0.1927 100
Pt4 16(e) 0.4139 0.4139 0.4139 100
Pts 16(e) 0.5787 0.5787 0.5787 100
Pt6 16(e) 0.8098 0.8098 0.8098 100
Gel 24(f) 0.3285 0 0 100
Ge2 16(e) 0.1075 0.1075 0.1075 100
Ge3 16(e) 0.3357 0.3357 0.3357 100
Ge4 16(e) 0.6672 0.6672 0.6672 100
Xa 48(h) 0.0847 0.0847 0.7541 100
Xb 16(e) 0.8962 0.8962 0.8962 100

Xa=0.78Pt+0.22Ge, Xb=0.20Pt+0.80Ge
No isotypic compounds are observed.
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Fig. 6. Projection of the Ce;Pt);Ge,, unit cell and coordination polyhedra of the atoms: (a) Ce, (b—g) Pt,
(h-k) Ge, (1) Xa, (m) Xb.

3.3.2. Ce3PdyGeg structure type
SG Fm3m, Z=4, a=1.24453 for Ce;Pd,;yGes (Gribanov et al. 1994). See fig. 7.

Atom  Wyckoff notation x/a yib z/c G (%)
Cel 4(0) 0 0 0 100
Ce2 8(c) 1/4 1/4 1/4 100

Pd1l 32(f) 0.38390 0.38390 0.38390 100
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Fig. 7. Projection of the Ce,Pd, Gey unit cell and coordination polyhedra of the atoms: (a,b) Ce, (c,d) Pd,

(e) Ge.
Pd2 48(h) 0 0.17479 0.17479 100
Ge 24(e) 0.2325 0 0 100

Isotypic compounds:
R3Pd20G€62 RZNd, Sm

3.4, Ry(M,Ge);7 compounds

3.4.1. ThyZny; structure type
SG R§m, Z=3, a=0.8425~0.8433, c=1.2336-1.2368 for Sm2C015_1_14'1G61.9_2_9 (MI'llZ
1983).

Atomic coordinates for this compound have not been determined.

3.4.2. CeyAl,Coys structure type
SG R3m, Z=3, a=0.9021, ¢=1.3787 for Ce,Zn;sGe, (Opainych 1996)
Atomic coordinates for this compound have not been determined.

3.4.3. Nd,Cr9Ges structure type
SG Pmma, Z =2, a=0.9388, b=0.4046,c=0.8045 (Bodak et al. 1989a)

Atom  Wyckoff notation  x/a yib zle G (%)

Nd 2(e) 1/4 0 0.6680 100
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No isotypic compounds are observed.

Fig. 8. Projection of the Nd,CryGe; unit cell and coordination polyhedra of the atoms: (a) Nd, (b—e) Cr,

(f-h) Ge.

For neodymium atoms, polyhedra with 18 apexes are typical (fig. 8a). The chromium
atom polyhedra are distorted cubo-octahedra and pentagonal prisms with additional atoms
(fig. 8b—e). Those for germanium atoms are polyhedra with 11 apexes and pentagonal

prisms with additional atoms (fig. 8fh).
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3.5. R(M, Ge)s compounds

3.5.1. YNisSi; structure type

P.S. SALAMAKHA

SG Poma, Z=4, a=1.90183, h=0.38398, ¢=0.67867 for TmNis;Ge; (Fedyna 1988)

Atom  Wyckoff notation  x/a vib z/c G (%)
Tm 4(c) 0.3542 1/4 0.878 100
Nil 4(c) 0.0021 1/4 0.390 100
Ni2 4(c) 0.2070 1/4 0.067 100
Ni3 4(c) 0.2008 1/4 0.691 100
Ni4 4(c) 0.3854 1/4 0.365 100
Ni5 4(c) 0.4864 1/4 0.591 100
Gel 4(c) 0.0765 1/4 0.645 100
Ge2 4(c) 0.0884 1/4 0.090 100
Ge3 4(c) 0.2598 1/4 0.380 100

Isotypic compounds:
RNisGes: R=Y, Gd-Lu

The coordination polyhedra for thulium atoms have 20 apexes (fig. 9a). The nickel
atoms are situated inside polyhedra with 12 and 15 apexes (fig. 9b—f). For germanium
atoms, trigonal prisms with three additional atoms are typical (fig. 9g—i).

Fig. 9. Projection of the TmNi;Ge, unit cell and coordination polyhedra of the atoms: (a) Tm, (b-—)Ni, (g-1) Ge.
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3.5.2. YCosP; structure type

SG Pnma, Z=4, a=1.3050, »=0.3904, ¢=1.1408 for TbMn;Ge; (Venturini and
Malaman 1997)

Atom  Wyckoff notation  x/a y/b z/c G (%)
Tb 4(c) 0.2068 1/4 0.9131 100
Mnl  4(c) 0.4807 1/4 0.7923 100
Mn2  4(c) 0.9986 1/4 0.0888 100
Mn3  4(c) 0.6852 1/4 0.2941 100
Mnd  4(c) 0.1879 1/4 0.6180 100
Mn5  4(c) 0.4366 1/4 0.0338 100
Gel 4(c) 0.6211 1/4 0.0887 100
Ge2 4(c) 0.3766 1/4 0.2406 100
Ge3 4(c) 0.8796 1/4 0.9125 100

No isotypic compounds are observed.

3.6. R(M, Ge)s compounds

3.6.1. ZrFe,Si; structure type
SG P4y/mnm, Z=2, a=0.72472, ¢=0.38705 for TmFe,Ge, (Fedyna 1988)

Atom  Wyckoff notation  x/a y/b z/c G (%)
Tm 2(a) 0 0 0 100
Fe 8(i) 0.086 0.353 0 100
Ge 4(f) 0.215 0.215 1/2 100

Isotypic compounds:
RFe;sGep: R=Y, Dy-Lu
RCo4Ges: R=Er-Lu

Thulium atoms are situated inside the polyhedra with 20 apexes (fig. 10a). The
coordination polyhedra of iron atoms are deformed cubo-octahedra (fig. 10b). The
germanium atoms have an environment in a form of trigonal prism with three additional
atoms (fig. 10c).
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Fig. 10. Projection of the TmFe,Ge, unit cell and
coordination polyhedra of the atoms: (a) Tm, (b)
Fe, (¢) Ge.

3.6.2. SmNizGe;s structure type
SG I4/mmm, Z =4, a=0.40659, ¢=2.5137 (Mruz et al. 1990)

Atom  Wyckoff notation  x/a /b zlc G (%)
Sm 4(e) 0 0 0.3465 100
Nil 8(g) 0 1/2 0.0553 100
Ni2 4(e) 0 0 0.1999 100
Gel 4(c) 0 0 0.1063 100
Ge2 4(d) 0 172 1/4 100
Ge3 2(b) 0 0 12 100
Ged 2(a) 0 0 0 100

No isotypic compounds are observed.

The coordination numbers for the Sm atoms are 22 (fig. 11a). The coordination
polyhedra for the Ni atoms are tetragonal antiprisms with one additional atom and
distorted cubo-octahedra with one additional apex (fig. 11b,c); those for Ge atoms are
tetragonal antiprisms with two additional atoms and distorted cubo-octahedra with two
additional apexes (fig. 11d-g).
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Fig. 11. Projection of the SmNi;Ge, unit cell and coordination polyhedra of the atoms: (a) Sm, (b—) Ni,
(d—g) Ge.

3.6.3. EuMg;Ge;s structure type
SG Cmem, Z=4, a=0.4485, b=3.060, ¢c=0.4485 (Zmii et al. 1973)

Atom  Wyckoff notation  x/a y/b zle G (%)
Eu 4(c) 0 0.442 1/4 100
Mgl  4(c) 0 0.650 1/4 100
Mg2  4(c) 0 0.750 1/4 100
Mg3  4(c) 0 0.855 1/4 100
Gel 4(c) 0 0.017 1/4 100
Ge2 4(c) 0 0.098 1/4 100
Ge3 4(c) 0 0.303 1/4 100

No isotypic compounds are observed.

Y

Fig. 12. Projection of the EuMg;Ge; umit cell
and coordination polyhedra of the atoms: (a) Eu,
(b—d) Mg, (e-g) Ge.

The coordination polyhedra for europium atoms have 20 apexes (fig. 12a). Magnesium
atoms are situated in the centre of the tetragonal prisms with additional atoms (fig. 12b,c)
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and trigonal prisms with additional atoms (fig. 12d). Coordination polyhedra in the form

of trigonal prism, tetragonal autiprism and cubo-octahedra are typical for the germanium
atoms (fig. 12e—g).

3.7. R3(M, Ge);; compounds

3.7.1. Yb3Rh4Snys structure type
SG Pm3n, Z=2, a=0.8962 for Y3RuyGe;s (Segre et al. 1981). See fig. 13.

Atom  Wyckoff notation  x/a vib zlc G (%)
Y 6(c) 1/4 0 1/2 100
Ru 8(e) 1/4 1/4 1/4 100
Gel 24(k) 0 0.15333 0.30570 100
Ge2  2(a) 0 0 0 100

Isotypic compounds:

R3Co4Gey3: R=Y, Sm, Gd-Lu
R3RuyGerz: R=Y, Ce-Sm, Gd-Lu
R3RhyGeq3: R=Y, Nd, Sm, Gd-Lu
R30s4Ge3: R=Y, Ce-Sm, Gd-Lu
R3II'4G6132 R:Y, CG—SIII, Gd—Lu

Fig. 13. Projection of the Y;Ru,Ge,; unit cell and coordination polyhedra of the atoms: (a) Y, (b) Ru, (c,d) Ge.
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Fig. 14. Two types of unit cells in the Y;Co,Ge;; structure and coordination polyhedra of the atoms.

3.7.2. Y3Co,Geys structure type

SG Pm3n, Z=2, a=0.8769 (Bruskov et al. 1986). See fig. 14.

243

Atom  Wyckoff notation  x/a y/b zlc G (%)
Y 6(c) 1/4 0 12 100
Co 3(¢e) 1/4 1/4 1/4 100
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Gel  24(k) 0 0.142 0.273 42
Ge2  24(k) 0 0.161 0.327 58
Ge3  2(a) 0 0 0 100

This structure type differs from the Ybs;RhsSny; type by the splitting of the site in Wyckoff
position 24(k).

Isotypic compounds:

R3 CO4G613 :R= Y, Gd-Lu

R;Ru,Gegs: R=Ce, Nd

R;0s4Ge3: R=Nd, Ho

3.8. Ry(M, Ge};; compounds

3.8.1. CeyPt;Gey structure type
SG Pnma, Z=4, a=1.9866, b=0.4089, ¢ =1.1439 (Gribanov et al. 1992a)

Atom  Wyckoff notation  x/a vib zle G (%)
Cel 4(c) 0.0281 1/4 0.7437 100
Ce2 4(c) 0.2199 1/4 0.5122 100
Pt1 4(c) 0.0351 1/4 0.0604 100
Pt2 4(c) 0.0412 1/4 0.4534 100
Pt3 4(c) 0.2139 1/4 0.1836 100
Pt4 4(c) 0.3465 1/4 0.2449 100
Pt5 4(c) 0.3664 1/4 0.8671 100
Pt6 4(c) 0.3707 1/4 0.6198 100
Pt7 4(c) 0.6610 1/4 0.5527 100
Gel 4(c) 0.0942 1/4 0.2534 100
Ge2 4(c) 0.2440 1/4 0.7935 100
Ge3 4(c) 0.4123 1/4 0.0631 100
Ged 4(c) 0.4144 1/4 0.4225 100

No isotypic compounds have been observed.

For cerium atoms, polyhedra with 22 and 21 apexes are typical (fig. 15a,b). The
platinum atom polyhedra are distorted cubo-octahedra (fig. 15¢-i). Trigonal prisms with
additional atoms are typical for germanium atoms (fig. 15j—m).
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3.8.2. Houlr;3Gey structure type
SG Pmmn, Z=2, a=0.3954, b=1.1186, ¢=1.9301 (Sologub et al. 1993)

Atom  Wyckoff notation  x/a vib zlc G (%)
Hol  4(e) 1/4 0.5591 0.70745 100
Ho2  2(b) 1/4 3/4 0.5216 100
Ho3  2(a) 1/4 1/4 0.0194 100
Irl 4(e) 1/4 0.0497 0.54578 100
12 4(e) 1/4 0.0673 0.16441 100
Ir3 4(e) 1/4 0.1227 0.85460 100
Tr4 4(e) 1/4 0.5589 0.04021 100
Ir5 4(e) 1/4 0.6265 0.35825 100
6 2(b) 1/4 3/4 0.84250 100
17 2(a) 1/4 1/4 0.3585 100
r8 2(a) 1/4 1/4 0.72724 100
Ge6  2(a) 1/4 1/4 0.5998 100
Gel 4(e) 1/4 0.0646 0.4183 100
Ge2  4(e) 1/4 0.5705 0.9160 100
Ge3 4(e) 1/4 0.6195 0.2314 100
Ged  2(b) 1/4 3/4 0.1012 100
Ge5 2(a) 1/4 1/4 0.2352 100

Isotypic compounds:
R4Rh13Ge9:R=Y, La—Sm, Gd-Lu
Rulr;3Gey:R=7Y, La—Sm, Gd-Lu

The coordination polyhedra of the holmium atoms have 20 apexes (fig. 16a—c). Those
of iridium are tetragonal prisms with five additional atoms and distorted cubo-octahedra
(fig. 16d-k). The coordination polyhedra of germanium atoms are trigonal prisms with
three additional atoms (fig. 161-q).
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Fig. 16. Projection of the Ho,Ir;;Ge, unit cell and coordination polyhedra of the atoms: (a—) Ho, (d-k) Ir,

3.9. R(M, Ge)s compounds

3.9.1. CaCus structure type

SG P6/mmm, Z=1, a=0.5296, ¢=0.4413 for SmPt4,Geg ¢ (Barakatova 1994)
Atomic coordinates for this compound have not been determined.

3.9.2. Sc;Nij;Siy structure type
SG P63/mme, Z=2, a=0.8321, ¢=0.8832 for Tm;Ni;; Ges (Fedyna 1988). See fig. 17.

(1-q) Ge.

Atom  Wyckoff notation x/a vib z/c G (%)
Tm 6(h) 0.1883 0.3766 1/4 100
Nil 12(k) 0.1719 0.344 0.594 100
Ni2 6(h) 0.537 0.075 1/4 100
Ni3 4(f) 1/3 2/3 0.073 100
Gel 6(g) 12 0 0 100
Ge2 2(b) 0 0 1/4 72

Isotypic compounds:
R3Ni11G€4I R=Tb—Lu, Y
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Fig. 17. Projection of the Tm;Ni,;; Ge, unit cell and coordination polyhedra of the atoms: (a) Tm, (b—d) Ni,
(e,f) Ge.

3.9.3. Sc3Nij;Gey structure type
SG P63/mmce, Z=2, a=0.8130, ¢c=0.8505 (Andrusyak 1988)

Atom  Wyckoff notation  x/a y/b zlc G (%)
Sc 6(h) 0.190 0.380 1/4 100
Nil 12(k) 0.162 0.324 0.581 100
Ni2 6(h) 0.555 0.110 1/4 100
Ni3 4(f) 1/3 2/3 0.008 100
Gel 6(g) 1/2 0 0 100
Ge2 2(b) 0 0 1/4 72
Ge3 2(a) 0 0 0 28

No isotypic compounds are observed.
The 2(a) atomic position, which is partly occupied in this structure, is vacant in the
previous structure type.

3.9.4. ErNi3Ge; structure type
SG P6, Z=12, a=1.79662, c=0.37941 (Oleksyn and Bodak 1994). See fig. 18.

Atom  Wyckoff notation  x/a yib zlc G (%)
Erl 3(k) 0.0088 0.5756 1/2 100
Er2 3(k) 0.0969 0.3366 1/2 100

Er3  3(k) 0.3345 0.1678 12 100
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Erd  1(e) 213 1/3 0 100
Er5  1(d) 173 213 172 100
Er6  1(a) 0 0 0 100
Nil  3(k) 0.0906 0.1590 12 100
N2 3(k) 0.2404 0.2725 12 100
Ni3 3k 0.4229 0.0487 12 100
Ni4 3k 0.5817 0.1831 12 100
Ni5  3(j) 0.0571 0.4509 0 100
Ni6  3(j) 0.1759 0.6203 0 100
Ni7  3()) 0.1918 0.0037 0 100
Nig8  3()) 0.1962 0.1541 0 100
Ni9  3(j) 0.2168 0.4970 0 100
Nil0  3(j) 0.2602 0.3850 0 100
Nill  3(j) 0.4650 0.1803 0 100
Nil2  3(j) 0.4747 03216 0 100
Gel 3K 0.1405 0.5176 12 100
Ge2  3(k) 0.1480 0.0690 12 100
Ge3  3(k) 0.2827 0.4804 12 100
Ged  3(K) 0.5217 0.2772 172 100
Ges  3(j) 0.1457 0.2482 0 100
Ge6  3(j) 0.3272 0.2933 0 100
Ge7  3(j) 0.3363 0.0410 0 100
Ge8  3(j) 0.5241 0.0859 0 100

No isotypic compounds are observed.

3.9.5. ErCosGe; structure type
SG P63/mem, Z=2, a=0.5091, ¢=0.7861 for Ers_,CosGes (x=3.94) (Bodak et al.
1990)

Atom  Wyckoff notation  x/a vib zle G (%)
Erl 4(e) 0 0 0.1533 27
Er2 2(b) 0 0 0 48

Co 6(g) 0.4813 0 1/4 100
Ge 4(d) 1/3 2/3 0 100

Isotypic compound: Erg_,FecGes (x=4.17)
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3.10. R(M, Ge)~45 compounds

3.10.1. ScsNipgSiy structure type

SG Immm, Z=4, a=1.8322, b=1.2461, ¢=0.8191 for ScegNi;gGe;; (Andrusyak and
Kotur 1987)

Atom  Wyckoff notation x/a /b z/c G (%)
Scl 8(n) 0 0.1828 0.2036 100
Sc2 8(1) 0 0.1820 0.2804 100
Sc3 4(i) 0 12 0.1280 100
Sc4 4(i) 0 12 0.3079 100
Nil 16(0) 0.1664 0.3471 0.21772 100
Ni2 16(0) 0.2169 0.1499 0.41399 100
Ni3 8(m) 0.8372 0 0.7916 100
Ni4 8(m) 0.7325 0 0.9237 100
Nis 8 0 0.3326 0.4230 100
Ni6 8 0 0.0988 0.1139 100
Ni7 4(j) 0 0 0.4321 100
Ni8 4(h) 0 0.3798 0 100
Gel 16(0) 0.2647 0.16866 0.15669 100
Ge2 8(m) 0.1810 0 0.33157 100
Ge3 &1 0 0.2864 0.11457 100
Ged 4(g) 0 0.6772 172 100
Ge5 4(f) 0.7290 0 12 100
Ge6 2(b) 12 1/2 0 100
Ge7 2(a) 0 0 0 100

No isotypic compounds have been observed.

3.10.2. Nb;Cr4Sis structure type
SG Ibam, Z=4, a=0.7821, b=1.6662, ¢=0.5146 for the Sc,CrysGes compound (An-
drusyak 1988)

Atomic coordinates have not been determined.
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3.11. R(M, Ge}, compounds

3.11.1. CeGayAl, structure type
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SG I4/mmm, Z=2, a=0.4042, ¢=1.0183 for NdCo,Ge, (Salamakha 1989)

Atom  Wyckoff notation  x/a vib z/c G (%)
Nd 2(a) 0 0 0 100
Co 4(d) 0 1/2 1/4 100
Ge 4(e) 0 0 0.387 100

I[sotypic compounds:

RMn,Gey: R=Y, La~Sm, Gd-Yb
RFe,Gey: R=Y, La-Sm, Gd-Lu
RCOzGezi R:Y, La-Yb
RNi,Gey: R=Y, La-Lu
RCu2G622 R:Y, La-Yb
RRu,Ge,: R=Y, La-Lu
RRh,Gey: R=Y, La—-Lu
RPd,Ge,: R=Y, La-Lu
RAngCzZ R=La-Gd

RPt,Ge,: R=Y, La—Dy, Er
RAu,Gey: R=Ce, Nd

For neodymium atoms, polyhedra with 22 apexes are typical (fig. 19a). The cobalt
atom polyhedra are distorted cubo-octahedra (fig. 19b). Tetragonal antiprisms with one
additional atom are typical for germanium atoms (fig. 19c).

Fig. 19. Projection of the NdCo,Ge, unit céll and coordination polyhedra of the atoms: (a) Nd, (b) Co, (c) Ge.
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SG P4/mmm, Z=2, a=0.4246, ¢=1.0098 for Celr,Ge, (Mathur and Frost 1994)

Atom  Wyckoff notation x/a y/b zle G (%)
Ce 2(c) 1/4 1/4 0.749 100
Irl 2(c) 1/4 1/4 0.368 100
Ir2 2(a) 3/4 1/4 0 100
Gel 2(c) 1/4 1/4 0.108 100
Ge2 2(b) 3/4 1/4 172 100

Isotypic compounds:
RIIQGCQZ R=La-Tb

For the cerium atoms, coordination polyhedra have 22 apexes (fig. 20a). Iridium and
germanium atoms have an environment in the form of distorted cubo-octahedra and
tetragonal antiprisms with one additional atom (fig. 20b—e).

Fig. 20. Projection of the Celr,Ge, unit cell and coordination polyhedra of the atoms: (a) Ce, (b—) Ir and Ge.



254 PS. SALAMAKHA

3.11.3. LaPt,Ge, structure type
SG P2y, Z=2, a=0.4404, b=0.4421, ¢=0.9851, $=90.50° (Venturini et al. 1989a)

Atom  Wyckoff notation  x/a /b z/c G (%)
La 2(a) 0.2631 0.0151 0.7449 100
Pt1 2(a) 0..2559 0.0483 0.3790 100
Pt2 2(a) 0.2680 0.4650 0.0016 100
Gel 2(a) 0.2647 0.0000 0.1267 100
Ge2 2(a) 0.2727 0.5687 0.5049 100

Isotypic compounds:
RPt;Ge,: R=La-Dy

The coordination polyhedra of the lanthanum atoms have 22 apexes (fig. 21a). Those of
platinum and germanium are tetragonal antiprisms with one additional atom and distorted
cubo-octahedra (fig. 21b—e).

Fig. 21. Projection of the LaPt,Ge, unit cell and coordination polyhedra of the atoms: (a) Ce, (b—¢) Ir and Ge.

3.11.4. Cadl,Si; structure type
SG P3ml, Z=1, a=0.4271, ¢=0.6947 for CeAl,Ge; (Zarechnyuk et al. 1970). See fig.
22.

Atom  Wyckoff notation  x/a /b zlc G (%)

Ce 1(a) 0 0 0 100
Al 2(d) 1/3 2/3 0.63 100
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Ge  2(d) 1/3 2/3 0.26 100

Isotypic compounds:
RALGey: R=Y, La-Lu

Ce
Al

Ge Fig. 22. Projection of the CeAl,Ge,
unit cell and coordination polyhedra
of the atoms: (a) Ce, (b) Al, () Ge.

3.11.5. U>Co;Sis structure type

SG Tbam, Z=4, a=0.9783, b=1.1896, ¢=0.5831 for Pr,Co3Ges (Fedyna et al. 1987).
See fig. 23.

Atom  Wyckoff notation  x/a yib z/c G (%)
Pr 8(1) 0.2726 0.3602 0 100
Col 8(1) 0.114 0.120 0 100
Co2 4(b) 1/2 0 1/4 100
Gel 8(J) 0.3467 0.096 0 100
Ge2 8(g) 0 0.250 1/4 100
Ge3 4(a) 0 0 1/4 100

Isotypic compounds:
R2C03Ge5: R:YY, Ce—Nd, Tb
RzNi3G65I RZCG, Pr
RyRu3Ges: R=La-Sm, Gd-Tm
R,;Rh;Ges: R=La-Pr

RyIrsGes: R=La—Sm, Gd-Dy
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Fig. 23. Projection of the Pr,Co;Ges unit cell and coordination polyhedra of the atoms: (a) Pr, (b,¢) Co,
(d—f) Ge.

3.11.6. Lu,Co;Sis structure type

SG C2/c, Z=4, a=1.1353, b=1.1976, ¢ =0.5813 5=119.05° for Ho,Rh3Ges (Venturini
et al. 1986). See fig. 24.

Atom  Wyckoff notation  x/a /b zle G (%)
Ho 8(f) 0.2695 0.1370 0.2664 100
Rhl 8(f) 0.1001 0.3576 0.1172 100
Rh2  4(¢) 0 0.0013 1/4 100
Gel 8(f) 0.3313 0.4041 0.3319 100
Ge2  4(e) 0 0.2114 1/4 100
Ge3 4(e) 0 0.5071 1/4 100
Ged  4(e) 0 0.7796 1/4 100

Isotypic compounds:
R,Co3Ges: R=Pr-Sm, Gd—Er
Rthg,GCsZ R=Nd—Sm, Gd-Tm
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Fig. 24. Projection of the Ho,Rh;Ge; unit cell and coordination polyhedra of the atoms: (a) Ho, (b,c) Rh,

3.11.7. SmNiGe;s structure type
SG Cmmm, Z=4, a=0.4102, $=2.1657, ¢=0.4092 (Bodak et al. 1985)

(d-g) Ge.

Atom  Wyckoff notation x/a y/b z/c G (%)
Sm 4(3) 0 0.3318 1/2 100
Ni 4() 0 0.1092 0 100
Gel 4(j) 0 0.0568 172 100
Ge2 4(i) 0 0.2164 0 100
Ge3 4(i) 0 0.4433 0 100

Isotypic compounds:
RNiGe;: R=Y, Ce-Sm, Gd-Tm
RGaGes: R=Y, Gd

The coordination polyhedra with 20 apexes are typical for samarium atoms (fig. 25a).
Those for nickel atoms are tetragonal antiprisms (fig. 25b). The germanium coordination

polyhedra are trigonal prisms (fig. 25¢—¢).
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Fig. 25. Projection of the SmNiGe; unit cell and coordination polyhedra of the atoms: (a) Sm, (b) Ni, (c—¢) Ge.

3.11.8. BaNiSn3 structure type
SG I4mm, Z=2, a=0.4350, ¢ =0.9865 for LaCoGe; (Venturini et al. 1985)

Atom  Wyckoff notation  x/a /b zlc G (%)
La 2(a) 0 0 0.5759 100
Co 2(a) 0 0 0.2313 100
Gel 2(a) 0 0 0.0000 100
Ge2 4(b) 0 172 0.3253 100

Isotypic compounds:
RCoGe;: R=Ce-Eu, Yb
RRhGes: R=La-Pr, Eu
RIrGes;: R=La, Eu
RRuGes: R=La
ROsGe;: R=La
The coordination number of lanthanum atoms is 21 (fig. 26a). Cobalt atoms have the
coordination polyhedra in a form of tetragonal antiprisms (fig. 26b). Germanium atoms
are situated inside the tetragonal antiprisms and distorted cubo-octahedra (fig. 26¢,d).

3.12. Ry(M, Ge); compounds
3.12.1. Ba,;Cd;Bi, structure type

SG Cmca, Z=4, a=0.6143, b=1.5193, ¢=0.8035 for La;Al;Ges (Zhao and Parthé
1991c¢). See fig. 27.

Atom  Wyckoff notation  x/a yib z/c G (%)

La 8(f) 0 0.11389  0.4170 100
All 8 1/4 0.2842 1/4 100
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Fig. 27. Projection of the La,Al;Ge, unit cell and coordination polyhedra of the atoms: (a) La, (b,c) Al,

(d,e) Ge.
A2 4(a) 0 0 0 100
Gel 8(f) 0 0.1873 0.0531 100
Ge2  8(c) 1/4 0.4512 1/4 100

Isotypic compounds:
RyAl3Gey: R=Ce-Sm, Gd-Er
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3.12.2. CeySc3Siy structure type
SG Pnma, Z=4, a=0.7188, =1.339, ¢=0.7416 Ce; 22Sc;3Ge4 (Shpyrka 1990)

Atom  Wyckoff notation x/a /b z/c G (%)
Ce 8(d) 0.0039 0.5949 0.1767 61
Scl 8(d) 0.157 0.3757 0.333 100
Sc2 4(c) 0.183 3/4 0.499 100
Gel 8(d) 0.3153 0.4593 0.0395 100
Ge2 4(c) 0.9556 3/4 0.8754 100
Ge3 4(c) 0310 3/4 0.139 100

Isotypic compounds:

Ry _,Sc3Gey: R=La-Sm
RyNb;Gey: R=Sc, Y, Gd-Lu
R;Mo3Ges: R=Sc, Y, Tb—Tm, Lu
SC2V3GC4

3.12.3. Ce;CuGeg structure type
SG Amm2, Z=2, a=0.40756, b=0.42152, ¢=2.15408 (Konyk et al. 1988)

Atom  Wyckoff notation  x/a yib zlc G (%)
Cel 2(b) 1/2 0 0.218 100
Ce2  2(b) 12 0 0.885 100
Cu 2(a) 0 0 0.451 100
Gel 2(b) 1/2 0 0.498 100
Ge2 2(b) 1/2 0 0.610 100
Ge3 2(a) 0 0 0.000 100
Ged  2(a) 0 0 0.115 100
Ges 2(a) 0 0 0.344 100
Geb6 2(a) 0 0 0.772 100

Isotypic compounds:
R;CoGeg: R=Y, Gd-Tm, Lu
R;NiGeg: R=Y, Ce-Sm, Gd-Lu
R,PdGes: R=Y, La~Sm, Gd-Yb
RoPtGes: R=Y, La—-Sm, Gd-Yb
R,CuGeg: R=Ce-Sm, Gd-Yb
R,AgGes: R=La—Sm, Gd
RoAuGes: R=Ce-Sm, Gd-Dy
Polyhedra with 16 and 20 apexes are typical for the cerium atoms (fig. 28a,b). Atoms
of cooper are situated inside the tetragonal antiprisms, formed by the atoms of cerium and
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germanium (fig. 28c). The germanium coordination polyhedra are trigonal prisms with
two and three additional atoms, tetragonal antiprisms with additional atoms, distorted
cubo-octahedra and polyhedra with 7 apexes (fig. 28d—i).

(d-i) Ge.

Fig. 29. Projection of the Pr,LiGeg unit cell and coordination polyhedra of the atoms: (a) Pr, (b) Li, (c—) Ge.

3.12.4. Pr;LiGeg structure type
SG Cmmm, Z=2, a=0.41268, b=2.10520, ¢=0.43455 (Paviyuk et al. 1988a). See fig.
29.

Atom  Wyckoff notation  x/a ylb z/c G (%)

Pr 4() 0 0.1657 0 100
Li 2(a) 0 0 0 100
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Gel  4(j) 0 0.0579 1/2 100
Ge2  4(j) 0 0.2861 12 100
Ge3 4 0 0.4431 0 100

Isotypic compounds:
Ce;LiGes, Y225Gag.67Ge6 0

3.12.5. Cey(Ga, Ge); structure type

SG Cmca, Z=8, a=0.86373, 5=0.82697, c=2.1451 for Ce,Gay 7Geg 3 (Yarmolyuk et al.
1989). See fig. 30.

Atom  Wyckoff notation x/a vib zle G (%)
Ce 16(g) 0.2511 0.3780 0.08185 100
X1 16(g) 0.2843 0.1240 0.19385 100
X2 8(f) 0 0.1186 0.4591 100
X3 8(f) 0 0.1231 0.1478 100
X4 8(f) 0 0.1309 0.0298 100
X5 8(f) 0 0.3357 0.3057 100
X6 8(f) 0 0.4123 0.1935 100

X =0.1Ga+0.9Ge

Isotypic compound: Nd(Ga, Ge);

Z
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Fig. 30. Projection of the Ce,Ga,,Ge,; unit cell and coordination polyhedra of the atoms: (a) Ce, (b-g) X.
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Fig. 31. Projection of the La,AlGe, unit cell and coordination polyhedra of the atoms: (a) La, (b) Al, (¢-g) X1,
X2, X3, Gel and Ge2.

3.12.6. LayAlGes structure type
SG C2/m, Z=4, a=0.8373, b=0.8833, c=1.0887, f=101.34° (Zhao et al. 1991). See
fig. 31.

Atom  Wyckoff notation  x/a y/b z/c G (%)
La 8(3) 0.08527 0.24828 0.33612 100
Al 4(3i) 0.8006 0 0.1952 100
X1 4(i) 0.0694 0 0.1123 100
X2 8(1) 0.2783 0.2131 0.1125 100
X3 4(i) 0.4869 0 0.1133 100
Gel 4(1) 0.1460 0 0.5640 100
Ge2 4(1) 0.3597 0 0.4195 100

X1=0.23A1+0.77Ge; X2=0.09A1+0.91Ge; X3=0.19A1+0.81Ge
Isotypic compounds:

R;AlGeg: R=Ce—Sm, Gd

R,(Ga,Ge);: R=Y, Gd
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3.13. R3(M, Ge)yg and Ry(M, Ge) 3 compounds

3.13.1. Ce3Pt,Gey structure type
SG Cmem, Z=2, a=0.4419, b=2.6222, ¢=0.4422 (Gribanov et al. 1992b)

Atom  Wyckoff notation x/a yib zlc G (%)
Cel 4(c) 0 0.1575 1/4 100
Ce2 4(c) 0 0.5292 1/4 50

Ptl 4(c) 0 0.29577 1/4 100
P2 4(c) 0 0.93714 1/4 100
Gel 8(g) 0.201 0.0356 1/4 50
Ge2 4(c) 0 0.3898 1/4 100
Ge3 4(c) 0 0.7505 1/4 100

Isotypic compound: Sm3PtsGeg

For the cerium atoms, polyhedra with 21 and 19 apexes are typical (fig. 32a,b).
The polyhedra for platinum atoms are trigonal prisms with four additional atoms and
tetragonal antiprisms with two additional atoms (fig. 32¢,d). The germanium coordination
polyhedra are deformed cubooctahedra and trigonal prisms with three additional atoms
(fig. 32e—-g).

Fig. 32. Projection of the Ce;Pt,Ges unit cell and coordination polyhedra of the atoms: (a,b) Ce, (c,d) Pt,
(e-g) Ge.
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Fig. 33. Projection of the Y;Pt,Ge, unit cell and coordination polyhedra of the atoms: (a—c) Y, (d-g) Pt,
(h—m) Ge.

3.13.2. Y;Pt,Geg stucture type
SG P2y/m, Z=2, a=0.86922, b=0.43062, c=1.31615, $=99.45° (Venturini and Mala-
man 1990). See fig. 33.

Atom  Wyckoff notation x/a yib z/c G (%)
Y1 2(e) 0.0673 1/4 0.8128 100
Y2 2(e) 0.5889 1/4 0.8135 100
Y3 2(e) 0.7653 1/4 0.5604 100
Ptl 2(e) 0.1496 1/4 0.0883 100
Pt2 2(e) 0.4672 1/4 0.3751 100
Pt3 2(e) 0.6473 1/4 0.1008 100
Pt4 2(e) 0.9703 1/4 0.3747 100
Gel 2(e) 0.1191 1/4 0.5685 100
Ge2 2(e) 0.1945 1/4 0.2782 100

Ge3 2(e) 0.3777 1/4 0.9999 100
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Ged  2(e) 0.4145 1/4 0.5691 100
Ges  2(e) 0.6957 1/4 0.2823 100
Ge6  2(e) 0.8738 1/4 0.0042 100

No isotypic compounds have been observed.

3.13.3. U,Re;Sig structure type
SG Im3m, Z=2, a=0.81255 for Sc;Rh;Ges (Engel et al. 1984). See fig. 34.

Atom  Wyckoff notation  x/a vib z/c G (%)
Sc 8(c) 1/4 1/4 1/4 100
Rhi 12(d) 1/4 0 172 100
R2  2(a) 0 0 0 100
Ge 12(e) 03128 0 0 100

Isotypic compounds:
ScsM7Geg: M=Co, Ru, Ir, Os
R4Rh;Geg: R=Y, Dy-Lu
R4lr,Geg: R=Y, Tb-Lu
R40s;Geg: R=Y, Er-Lu

Fig. 34. Projection of the Sc,Rh,Ge, umit
cell and coordination polyhedra of the
atoms: (a) Sc, (b,c) Rh, (d) Ge.
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3.14. R(M, Ge); compounds

3.14.1. YPd,Si structure type

Fig. 35. Projection of the HoPd,Ge unit cell and
coordination polyhedra of the atoms: (a) Ho, (b)
Pd, (c) Ge.

SG Pnma, Z=4, a=0.7321, b=0.7045, ¢=0.5563 for HoPd,Ge (Sologub 1995). See

fig. 35.

Atom  Wyckoff notation x/a yib z/c G (%)
Ho 4(c) 0.6472 1/4 0.0324 100
Pd 8(d) 0.0948 0.0537 0.1789 100
Ge 4(c) 0.3560 1/4 0.3646 100

Isotypic compounds:

RPd;Ge: R=Y, La-Sm, Gd-Tm, Lu

3.14.2. AlCr,C structure type

SG P6s/mme, Z=2, a=0.4537, ¢=0.7568 for CeLi,Ge (Pavlyuk 1993)

Atom  Wryckoff notation x/a yib z/e G (%)
Ce 2(a) 0 0 0 100
Li 4(f) 1/3 2/3 0.625 100
Ge 2(c) 1/3 2/3 1/4 100

Isotypic compounds:
RLi;Ge: R=La-Nd
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Fig. 36. Projection of the CeSn;_, Ge unit cell
and coordination polyhedra of the atoms: (a)
Ce, (b) Sn, (¢) X, (d) Ge.

3.14.3. ZrAl; structure type
SG I4/mmm, Z=4, a=0.4014, ¢ =1.7320 for CeSn;_,Ge, (Stetskiv 1999). See fig. 36.

Atom  Wyckoff notation  x/a yib zlc G (%)
Ce 4(e) 0 0 0.1284 100
Sn 4(d) 0 12 172 100
X 4(c) 0 12 0 100
Ge 4(e) 0 0 0.3695 100

X=0.90Sn+0.10Ge
Isotypic compounds:

RSn; _,Ge,: R=La, Pr, Sm
CeBizGe

3.14.4. TiAl; structure type

SG I4/mmm, Z=2, a=0.4619, ¢=0.9233 for PrSn;_,Ge, (HT modification) (Stetskiv
1999)
Atomic coordinates have not been determined for this germanide.

3.14.5. Ce;Cu3Ge; structure type
SG Cm2m, Z=2, a=0.41680, b=1.7409, ¢ =0.42108 (Konyk 1988). See fig. 37.

Atom  Wyckoff notation  x/a /b z/c G (%)
Cel 2(a) 0 0.000 0 100
Ce2 2(b) 0 0.779 12 100
Cul 2(a) 0 0.618 0 100
Cu2 2(a) 0 0.212 0 100
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Fig. 37. Projection of the Ce,Cu;Ge, unit cell and coordination polyhedra of the atoms: (a,b) Ce, (c—e) Cu,

(£-h) Ge.

Cu3  2(b) 0 0.420 12
Gel  2(a) 0 0.361 0
Ge2  2(b) 0 0.129 12
Ge3  2(b) 0 0.563 12

100
100
100
100

Isotypic compounds:
R,Cu3;Ges: R=Pr, Nd

3.14.6. CeNiSi; structure type

SG Cmem, Z=4, a=0.4199, 5=1.6765, ¢=0.4174 for NdNiGe, (Salamakha 1989)

Atom  Wyckoff notation x/a /b z/e G (%)
Nd 4(c) 0 0.397 1/4 100
Ni 4(c) 0 0.100 1/4 100
Gel 4(c) 0 0.034 1/4 100
Ge2  4(c) 0 0.751 1/4 100