Nt
Handbook on the Physics and
Chemistry of Rare Earths, volume 27

Elsevier, 1999

Edited by: Karl A. Gschneidner, Jr. and LeRoy Eyring
ISBN: 978-0-444-50342-8



SCANDIUM ALLOY SYSTEMS AND INTERMETALLICS 449

Fe ScFe, sc,Fe, S

Fig. 83. Sc-Fe—Ge, isothermal section at 600°C. Ternary compounds: (1) ScFe,Geg; (2) ScFe,Ges; (3) ScFe,Ge,;
(4) ScFeGe,; (5) ScyFe,Gegg; (6) Sci_y 17Fe 941.70GC005-0305 (7) ScFe, sGegs; (8) ScFeGe.

Co ScCo, ScCo Sc,Co Sc,Co Se

Fig. 84. Sc—Co-Ge, isothermal section at 600°C. Ternary compounds: (1) ScCosGeg; (2) ~Sc,Coy; Ges; (3)
Sc,Co,Geg; (4) ScCoGey; (5) ScyCo,Geg; (6) ScCoGe; (7) Sc,CoGe,.
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five of them for the first time (table 20). Single crystals of a new ternary compound,
Sc3Co,Ges were extracted from the alloy cooled at a rate of 10-20°C/min (Kotur and
Andrusyak). Maybe this germanide exists over a narrow temperature range, which was not
determined. The binary compounds ScCo;, ScGe,, Scq1Geyg, ScsGey, ScsGe; dissolve
11.5at.% Ge, and 6, 4, 4, and 3 at.% Co, respectively. The lattice parameter a of the solid
solution S¢Cosy_165Gep_g35 varies linearly from 6.902 to 6.984 A (Kotur and Andrusyak
1991). The lattice spacings of the ScCoy_g13Ges-1.82 solid solution also obey Vegard’s
rule.

3.7.21. Sc—Ni—-Ge

The phase equilibria in the Sc—Ni—Ge system at 600°C have been investigated by Kotur
and Andrusyak (1991) (see fig. 85). Eight ternary compounds occur at that temperature
(table 20). From the as-cast samples single crystals of two other ternary compounds
ScaNiyGeg, and ScoNisGeg have been extracted and their crystal structures have been
determined by Andrusyak and Kotur (1989) and Kotur et al. (1989d), respectively
(table 20). The binary scandium germanides dissolve from 2 to 8 at.% Ni, ScNi, dissolves
about 3.5 at.% Ge.

Ni ScNi, Sc,Ni, ScNi, SeNi SeNi Sc
Fig. 85. Sc-Ni-Ge, isothermal section at 600°C. Ternary compounds: (1) SeNigGeg; (2) Scy,3Niy,Gesi; (3)
Sc;Niy Gey; (4) ScgNijsGeys; (5) SceNijgGes; (6) ScsNiyGey; (7) ScNiGe; (8) ~Scy3NigGe,s.

3.7.22. Sc-Ru(Rh, Pd, Os, Ir)-Ge
There are no literature data concerning the phase diagrams of Sc-M—-Ge for M=Ru, Rh,
Pd, Os, or Ir. From one to three ternary compounds have been synthesized in each of these
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systems. Their crystal structure data are presented in table 20. The ScRhGe compound,
possibly, occurs in two polymorphic modifications. The temperature of the phase transition
is unknown.

3.7.23. Sc—-Cu—Ge

Kotur and Andrusyak (1984b) investigated the Sc—Cu—Ge isothermal section at 600°C;
the figure is also shown in the review of Gladyshevsky et al. (1990). Two ternary
compounds have been found (table 20). Dwight (1968) was the first to report on the
ScCuGe compound. Another germanide, Sc;CusGes was synthesized independently by
Thirion et al. (1983) and Kotur and Andrusyak (1984b). The data on the lattice spacings
of these ternaries obtained by different authors are in good agreement (table 20).

3.7.24. Sc-Ag-Ge

One ternary compound, ScAgGe, exists at 600°C according to the data of Kotur and
Boichuk (1988) (fig. 86, table 20). The mutual solubility of the components in Sc—-Ag
and Sc—Ge binary compounds is practically zero.

Ag ScAg, ScAg, ScAg Sc
Fig. 86. Sc—Ag—Ge, isothermal section at 600°C. Ternary compound: (1) ScAgGe.

3.8. Sc—M-Sn ternary systems

3.8.1. Sc—Li-Sn

The data published by Grund (1985) about the ternary compound, ScLiSn, which is
isotypic with MgAgAs (table 21) are the only data known for the Sc-Li-Sn system.
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Table 21
Intermetallic compounds in the Sc—M-Sn ternary systems
Compound Structure type Lattice parameters Reference
or symmetry a( A) b ( A) e A)
ScLiSn MgAgAs 6.748 Grund (1985)
ScMn,Sn, HfFe,Ge, 5.474 8.973 Malaman et al. (1988)
ScFe,Sng HfFe,Ge, 5.330 8.845 Malaman et al. (1988)
ScCo4Sng YCoyGeg 5.3048 42734 Derkach and Kotur (1996)
ScCoy Sn, ¢ tetr (7) 13.324* Espinosa et al. (1982)
ScCo,Sn MnCu,Al 6.188 Kotur and Klyuchka (1989)
6.187 Dwight and Kimball (1987)
ScCoSn TiNiSi 6.773 4.402 7.339  Kotur and Klyuchka (1989)
ScNi Sn MgCu,Sn 6.897 Kotur and Klyuchka (1989)
ScNi, Sn MnCu, Al 6.228 Kotur and Klyuchka (1989)
6.214 Dwight and Kimball (1987)
SceNiSn TiNiSi 6.625 4.333 7.536  Kotur and Klyuchka (1989)
Sc,Ni,Sn Mo,FeB, 7.0928 3.3800 Derkach and Kotur (1994)
ScRu, ;Sn; ¢ tetr (7) 13.567* Espinosa et al. (1982)
ScRh, ;Sn; ¢ tetr (7) 13.567° Espinosa et al. (1982),
Cooper (1980)
ScPd,Sn MnCu, Al 6.509 Johnson and Shelton (1984)
6.503 Malik et al. (1985)
ScPdSn (I) ZrNiAl 7471 3.537 Dwight et al. (1973)
ScPdSn (1) TiNiSi 6.543 4.069 7.396 Hovestreydt et al. (1982)
ScOs; | Sny 4 cub 13.606 Espinosa et al. (1982)
Sclr, | Sny ¢ tetr (?) 13.575% Espinosa et al. (1982),
Cooper (1980)
ScPt,Sn MnCu, Al 6.514 Dwight and Kimball (1987)
ScPtSn (I) ZrNiAl 741 3.62  Dwight et al. (1973)
ScPtSn (II) AILiSi 6.352 Eberz et al. (1980)
ScPtSn (III) TiNiSi 6.566 4.130 7.275 Hovestreydt et al. (1982)
ScCu, Sn MgCu,Sn 6.997 Kotur and Klyuchka (1989),
Kotur and Derkach (1994)
ScCuSn Caln, 4384 6.827  Kotur and Klyuchka (1989),
Kotur and Derkach (1994)
4.39 6.82  Dwight (1976)
~ScsCuSn, ? Kotur and Derkach (1994)
ScAuSn () MgAgAs 6.422 Dwight (1976)
ScAuSn (IT) AlLiSi 6.422 Eberz et al. (1980)

® lattice parameter of pseudocubic cell.
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3.8.2. Sc—Mn—Sn

The Sc—Mn—Sn phase diagram is unknown, but one ternary compound, ScMngSng has
been synthesized and its crystal structure determined (Malaman et al. 1988) (table 21).

3.8.3. Sc—Fe—Sn

Kotur and Klyuchka (1989) investigated alloys of the compositions ScFeSn, ScFe;Sn and
ScFe4Sn, but no ternary compounds of such stoichiometries were found. Malaman et al.
(1988) reported the existence and the crystal structure of the ternary compound ScFegSng
(table 21). There are no data in the literature about the phase equilibria in this system.

3.8.4. Sc—Co-Sn

There are data in the literature about four ternary Sc—Co—Sn compounds (see table 21).
Espinosa et al. (1982) reported the lattice parameter of a pseudocubic unit cell for
a compound with the tentative composition ScCoj Sns¢. Rare earths form numerous
groups of closely related ternary compounds of such a stoichiometry which crystallize in
different cubic and tetragonal structure types. A single-crystal investigation is necessary
to determine the actual crystal structure of ScCoj 1Sn3 6. The data of Kotur and Klyuchka
(1989) and Dwight and Kimball (1987) concerning ScCo,Sn are in good agreement with
each other (table 21). According to the data of Kotur and Klyuchka this ternary compound
is in equilibrium with Co at 400°C.

3.8.5. Sc—-Ni-Sn

Four ternary compounds in the Sc—Ni—Sn system have been synthesized and structurally
investigated (table 21). However, there are only few data known about the phase equilibria.
Kotur and Klyuchka (1989) reported that at 400°C the ScNiySn stannide is in equilibria
with Ni and ScNi,;Sn. The latter compound is also in equilibrium with ScNiSn. Derkach
and Kotur (1994) also found that at 400°C the Sc,Ni; Sn ternary compound is in equilibria
with the ternary phase ScNiSn and also with the binary phases ScNi,, ScNi and ScsSn;.

3.8.6. Sc—Ru(Rh, Pd, Os, Ir, Pt)-Sn

The phase equilibria of the Sc-M—Sn (where M=Ru, Rh, Pd, Os, Ir, or Pt) systems are
not known. One or two ternary compounds have been synthesized in each of the systems.
These data are shown in table 21. Espinosa et al. (1982) reported on the tetragonal
ternary compounds of a tentative composition ScM; ;Sn; s (M=Ru, Rh, Ir) giving their
pseudocubic cell parameters (table 21). Probably, these compounds are isotypic with
Ers _yRhgSnyg . found by Hodeau and Marezio (1984), however, additional investigations
are necessary to determine the proper composition and structure of these stannides. Two
and three different crystal structure types have been reported for ScPdSn and ScPtSn,
respectively (see table 21). This might be an indication for a polymophism of these
compounds.
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Sn

400°C

Cu,Sn(e)
Cu,,Sn,(8)

Cu ScCu,  ScCu, ScCu

Fig. 87. Sc—Cu-Sn, isothermal section at 400°C. Ternary compounds: (1) ScCu,Sn; (2) ScCuSn; (3) ~ScsCuSn,.

3.8.7. Sc—Cu-Sn
The Sc—Cu-Sn system is the only one of the Sc—M—Sn series for which an isothermal
section at 400°C has been reported (fig. 87, Kotur and Derkach 1994). Three ternary

compounds occur, and for two of the compounds the crystal structure is known (table
21).

3.8.8. Sc—Au—Sn
The existence of a cubic ternary compound of equiatomic composition (ScAuSn) has
been reported by Dwight (1976) and by Eberz et al. (1980). In both publications the

same lattice parameter a=6.422 A is mentioned, however for different structure types,
MgAgAs (Dwight) and AILiSi (Eberz et al.) (table 21).

3.9. Sc—-M—-P(As, Sb, Bi) ternary systems

3.9.1. Sc-Gd-P

Jansen and Sperlich (1975) reported about a continuous series of solid solutions between
isotypic binary phosphides ScP and GdP, these are the only data known about this
system.

3.9.2. Sc-Mn(Fe, Co)-P
No data exist for the Sc-M-P (M=Mn, Fe and Co) phase equilibria. Jeitschko et al.
(1993, 1990), Reinbold and Jeitschko (1987) and Jeitschko and Reinbold (1985) reported
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Table 22
Intermetallic compounds in the Sc—M-P(As, Sb, Bi) ternary systems

Compound Structure type Lattice parameters Reference
or symmetry a(A) b (A) ¢ (A)

Sc,Mn,,P; Z1,Fe ,P; 9.392 3.562  Jeitschko et al. (1993)
ScFe, P, ZrFe,Si, 6.962 3.622  Jeitschko et al. (1990)
Sc,Fe , P, Zr,Fe ,P; ? ? Reinbold and Jeitschko (1987)
ScFe,P, YCosP, ? ? ? Reinbold and Jeitschko (1987)
Sc,Coy, P, Zr,Fe, P, 8.973 3.531 Jeitschko and Reinbold (1985)
ScCosP, YCosP, 11.691 3.583 10.206  Jeitschko and Reinbold (1985)
Sc;CoyoP, ScsCoyoPy, 12.124 3.633  Jeitschko and Reinbold (1985)
ScCoP TiNiSi 6.268 3.750 7.050  Jeitschko and Reinbold (1985)
Sc,Ruy,P; Zr,Fe,,P, 9.318 3.87 Ghetta et al. (1986)
ScRuP Z1iNiAl 6.524 3.610  Ghetta et al. (1986)
ScNi,As, ZrFe,Si, 7.077 3.738  Jeitschko et al. (1990)
ScNiSb MgAgAs 6.062 Dwight (1974)

6.055 Pecharsky et al. (1983)
ScPtSb MgAgAs 6.312 Dwight (1974)
ScNiBi MgAgAs 6.191 Dwight (1974)
ScPdBi MgAgAs 6.4353 Block et al. (1990)

on one, three and four ternary compounds and their crystal structures in the Mn, Fe and
Co systems, respectively. These data are shown in table 22.

3.9.3. Sc—Ru—-P

Ghetta et al. (1986) synthesized two ternary compounds, Sc;Ru;;P7; and ScRuP, and
established their crystal structure (table 22). The phase equilibria for Sc—Ru-P alloys
are unknown.

3.9.4. Sc-Ni—As

One ternary compound ScNisAs; has been synthesized by Jeitschko et al. (1990) (table
22). This paper is the only one about ternary alloys with scandium and arsenic.

3.9.5. Sc-Ni(Pt, Au)-Sb

Isothermal sections of the Sc—-M-Sb (M=Ni, Pt and Au) systems have not been
investigated. Only a few alloys were examined, among them the compounds ScNiSb and
ScPtSb have been synthesized by Dwight (1974) and Pecharsky et al. (1983) (table 22).
Later Dwight (1977) reported that no compound of Sc;Au;Sb, composition exists.



456 B.Ya. KOTUR and E. GRATZ

3.9.6. Sc-Ni(Pd)-Bi

In both the Sc—Ni-Bi and Sc-Pd-Bi systems the compounds with the equiatomic
composition have been obtained by Dwight (1974) and Block et al. (1990). Their crystal
structure data are given in table 22. There are no literature data for the phase equilibria
in any of the Sc-M-Bi ternary system.

3.10. Sc—-M-Se ternary systems

3.10.1. Sc—Mg(Eu, Mn, Cu, Ag, Cd)-Se

None of the Sc-M—-Se (M =Mg, Eu, Mn, Cu, Ag and Cd) ternary systems was investigated
systematically. Only separate alloys have been examined with respect to the occurrence
of ternary compounds known to exist in other related ternary systems. As a result one
ternary compound in the six systems has been reported. These data are given in table 23.

Table 23
Intermetallic compounds in the Sc—M-Se ternary systems
Compound Structure type Lattice parameters Reference
or symmetry a (A) b (A) c (A)
Sc,MgSe, AlLMgO, 11.12 Guittard et al. (1964)
Sc,EuSe, Fe,Ca0, 12.128 14.243 3.932  Hulliger and Vogt (1966)
Sc,MnSe, Al,MgO, 11.11 Guittard et al. (1964)
Sei_06,Cuy_,Se, ErCuSe, 3.889— 6.265— Julien-Pouzol et al. (1968)
3.898 6.267
ScAgSe, ErAgSe, 4.25 6.73 13.52 Julien-Pouzol and Guittard (1969)
Sc,CdSe, ALMgO, 11.208 Pawlak et al. (1981)

3.11. Sc-X-X' ternary systems

3.11.1. Sc—Ga-Al

Markiv et al. (1987) reported about a part of the Sc—Ga—Al isothermal section at 900°C
(25-100at.% Sc), which is depicted in fig. 88. Four ternary compounds were observed
and for two of them (Nos. 1 and 4 in fig. 88) the crystal structure has been determined
(table 24). The binary compound ScGa, (ST KHg,) dissolves 22 at.% Al. The lattice
spacings of the solid solution ScGa, _,Aly increase from a=4.140, b=6.614, c=7.914 to
a=4.143, b=6.618, c=7.922 A. Another binary gallide, ScsGay (ST Ho{Gejg) dissolves
about 12at.% Al. The lattice parameters a and ¢ vary within the limits 10.366—10.395
and 15.305-15.305 A. ScsGas (ST MnsSis) dissolves about 20 at.% Al: a=8.07-8.162,
¢=5.951-5.923 A, respectively. The solubility of Al in Sc;Ga, (ST Gd;Ga,) is about
13 at.%, the lattice parameters of the solid solution vary from a=10.767, ¢ =14.045 to
a=10.781, c=14.131 A. A large amount of Ga (about 15 at.%) can be dissolved by ScAl,
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Al

900°C

A\é\/
>/

l l__—_v_'
Ga ScGa, ScGa, \  ScGa /Sc,Ga,\Sc,Ga Sc

Sc,Ga; Sc,Ga, Sc,Ga,

Fig. 88. Sc—Ga-Al, part of the isothermal section at 900°C (25-100at.% Si). Ternary compounds:
(1) ScGagzs.1 33Al1 25 0975 (2) ~Sc,GayAlL; (3) ~ScGag g g.6sAlnaa o365 (4) ScGagAlgg.

(ST MgCu,): a=7.580-7.552A. A compound of the approximate ScAl composition
(55 at.% Al) dissolves up to 7 at.% Ga. The isotypic binary compounds ScGas and ScAls
(ST AuCus) are completely miscible.

3.11.2. Se—C-B(A4l)

No data are known about phase equilibria in the Sc-C—B and Sc—C-Al systems. However,
three and two ternary compounds have been synthesized and structurally investigated in
the boron and aluminium systems, respectively. These data are presented in table 24.
Bauer (1982) observed also a solid solution of C in ScBj: ScBy 19Cp1.

3.11.3. Se—In(Tl, Sn, Pb)-B

Holleck (1977) reported the existence of a ternary compound of the tentative composition
Sc3XBj _x of the perovskite type structure in the Sc—X-B (X=1In, T1, Sn and Pb) systems
(table 24). The actual composition, however, is unknown due to the evaporation of the
components during the synthesis procedure. The alloys were homogenized at 800°C.

3.11.4. Sc—In(Tl, Sn, Pb)-C

Holleck (1977) synthesized the ternary Sc3; XC, (X=In, T, Sn and Pb) compounds which
are isotypic with CaTiO; (table 24). However, the exact content of carbon in these
compounds is unknown.
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Table 24
Intermetallic compounds in the Sc—X—X' ternary systems

Compound Structure type Lattice parameters Reference

orsymmetry  ad)  b@A) @
ScGag s 23AL 25077 AlB, 4.362- 3.230- Markiv et al. (1987)

4.396 3.256

~Sc,Ga, Al ? Markiv et al. (1987)
~S¢Gayg 5606421040036 7 Markiv et al. (1987)
ScGay 4Alye DyAl 5.494 10.674 5343  Markiv et al. (1987)
ScB,C, ScB,C, 5.175 10.075 3.440  Smith et al. (1965)
Sc¢B,C YB,C 6.651 6.673  Bauer (1982)
Sc,BC, Sc,BC, 3.300 10.691  Halet et al. (1990)
ScALC, ScAlL;C, 3.355 16.766  Tsokol’ et al. (1986b)
Sc;AlC CaTiO, 4.48 Rosen and Sprang (1965)
Sc,InB, _, CaTiO, 4.560 Holleck (1977)
ScyTIB, _, CaTiO, 4.520 Holleck (1977)
Sc;SnB, _, CaTiO, 4.571 Holleck (1977)
Sc;PbB, _, CaTiO, 4.528 Holleck (1977)
Sc;InC, CaTiO, 4.533 Holleck (1977)
Se,TIC, CaTiO, 4.517 Holleck (1977)
Sc;8nC, CaTiO, 4.516 Holleck (1977)
Sc,PbC, CaTiO, 4.528 Holleck (1977)
Sc, AlSi, Mo, FeB, 6.597 3.994 Tyvanchuk et al. (1988)
Sc, Al Geg Sc, Al Geg 10.419 14.974  Zhao and Parthé (1991)
3.11.5. Se-Si-C

Kotroczo and McColm (1987) investigated solubility of carbon in ScsSiz (ST MnsSis)
and observed a solid solution, ScsSi3Cy_g 5. The lattice parameters vary nonlinearly within
the homogeneity range: a=7.876-7.877, ¢=5.821-5.902 A.

3.11.6. Sc—A-Si

Toropova et al. (1985) established part of the polythermal section of the Sc—Al-Si
system at a constant content of 2at.% Al. They observed a ternary phase of unknown
composition. Its crystal structure was determined in a detailed structural investigation
which showed that it had the Sc,AlSi, composition (Tyvanchuk et al. 1988) (table 24).
These authors published also the isothermal section at 500°C, which is shown in fig. 89.

3.11.7. Sc—Ge-Si

Muratova (1978) studied the Sc—Ge—Si isothermal section at 600°C, however, no figure
was presented in her paper. A continuous series of solid solutions exist between pairs of
isotypic binary compounds ScsGes and ScsSis, ScGe and ScSi. The scandium germanide
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sit sc

ScSi Sc,Si;
Fig. 89. Sc—Al-8Si, isothermal section at 500°C. Ternary compound: (1) Sc,AlSi,.

with the highest Ge content, ScGe;,, dissolves 35 at.% Si. The lattice spacings of these
solid solutions vary linearly within their homogeneity ranges. Ternary compounds have
not been observed.

3.11.8. Sc-Al-Ge

The ternary compound Sc;; Al,Ges with one of the superstructures of the Hoy; Geqg type
has been synthesized and investigated by Zhao and Parthé (1991). The lattice parameters
are given in table 24. Phase equilibria are unknown.

3.11.9. Sc-As—P

Yim et al. (1972) found a continuous series of solid solutions between the isotypic binary
compounds ScP and AsP. These are the only data known about this system.

3.11.10. Sc—-Te-Se

Dismukes and White (1965) obtained the alloy Sc;Teq33Se;¢7at 950-1000°C with the
structure of Sc,Se; and the lattice parameters ¢ =10.915, 5=7.729 and ¢=23.12 A. These
data indicate the occurrence of a solid solution Sc, Te,Se; —, (0 < x < 0.33). A substitution
of Te for Se leads to an increase of the lattice constants.
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3.12. Sc-M—M ternary systems

3.12.1. Sc-Mg—-Mn

Drits et al. (1977) reported on the isothermal sections at 500 and 300°C in the magnesium
corner of this system. The solubility of Sc and Mn decrease as a result of their alloying
with Mg. Four phases in a peritectic nonvariant equilibrium L +f3 < a+Mn (3: solid
solution of Mg in [3Sc) at 700°C have been detected.

3.12.2. Se-Y-Gd

A single crystal with the composition Scgg75Y¢,175Gdg 75 with the hep structure has been
prepared and ifs magnetic properties investigated by Ito et al. {1988), however, no data
about the lattice parameters were presented in this paper. These data indicate a complete
miscibility of the components in the ternary system, similar to what occurs in the binary
Sc—Y and Sc-Gd systems (see sect. 2.3).

3.12.3. Sc-Th-Mn

Lelievre-Berna et al. (1993) prepared two alloys of the solid solution Tb;.,Sc,Mn;
(x=0.00, 0.01 and 0.03) (ST MgCu,) and investigated their magnetic structures. The
alloys, annealed at 730°C, were essentially single phase according to the X-ray powder
diffraction analysis, however, a small amount of pure Tb metal was detected by neutron
scattering. These data indicate the occurrence of a limited solid solution of Sc in TbMnj.
No data about variation of lattice parameter are available.

3.12.4. Sc—Y-Fe

The isothermal section of the Sc~Y-Fe system at 600°C, which is presented in fig. 90,
has been established by Koshel’ et al. (1984). The phase equilibria at 800°C are the same.
Ternary compounds were not observed. The highest solubility of Sc, 30 at.%, occurs in
the binary YFe, (ST MgCu,) compound. The lattice parameter a changes within the limits
7.358-7.037 A. Other Y~Fe binary compounds do not dissolve more than 5 at.% Sc.

3.12.5. Sc—Ce-Fe

Figure 91 displays the Sc—Ce-Fe isothermal section at 600°C, which was investigated
by Koshel’ et al. (1984). This system is similar to the previous Y-based one. CeFe;
(ST MgCu,) dissolves about 22 at.% Sc. The lattice parameter a of the solid solution
Ce_0.33S¢o-0.67Fe; changes within the limits 7.272-7.159 A. ScFe, dissolves less than
5 at.% Ce. Ternary compounds have not been reported. The same phase equilibria were
observed at 800°C.

3.12.6. Sce-U-Pd

Maple et al. (1996) reported about a solid solution of Sc in the binary compound UPd; (ST
AuCus), U; _,Sc,Pd;s (0 < x <£0.5). Data concerning the variation of the lattice parameter
with the composition were not presented. Dhar et al. (1996) reported about an alloy



SCANDIUM ALLOY SYSTEMS AND INTERMETALLICS 461

600°C
Y
Fig. 90. Sc—Y—Fe, isothermal section at 600°C.
Fe
CefFe,
600°C
CeFe, ScFe,
Sc,Fe,
Ce Sc

Fig. 91. Sc—Ce-Fe, isothermal section at 600°C.

with the composition ScggUg,Pd; crystallizing in the cubic AuCu; type structure with
the lattice parameter a=3.980 A. These data support the occurrence of the Sc;.,U,Pd;
(0 £x <7 solid solution.
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3.12.7. Sc-Ti-Fe

Nishihara and Yamaguchi (1985, 1986) reported the occurrence of the complete
miscibility of the isotypic binary compounds ScFe, and TiFe, (ST MgZn;). However,
no data about lattice parameters of the solid solution were presented. The ScFe,—TiFe,
magnetic phase diagram has been studied in detail, see sect. 6.

3.12.8. Sc-Ti-Ni

The melting diagram of the Sc-Ti—Ni system in the range of 50100 at.% Ni has been
investigated by Semenova et al. (1996b). Two ternary eutectics and two ternary peritectics
occur at 1110 and 980°C, and 1210 and 1130°C, respectively. Semenova et al. (1996a)
investigated the system for the same concentration range at the subsolidus temperatures.
No ternary compounds were observed. The solid solubility limits of the phases based on
the binary compounds were determined. The polythermal section TiNi—ScNi was shown
to be quasibinary.

3.12.9. Sc-Ti-Pt

Dwight (1961b) investigated the alloys of the section ScPt;—TiPt; at 900°C. The isotypic
binary compounds of the AuCujs structure type are completely miscible. Other regions of
the diagram were not investigated.

3.12.10. Sc-Hf-Ir

Dwight et al. (1963b) synthesized one ternary compound, Scq,Hfg gIr and showed that it
crystallizes in the yTiCu type structure (table 25). These are the only data known about
this system.

Table 25

Intermetallic compounds in the Sc-M-M’ ternary systems

Compound Structure type Lattice parameters Reference
or symmetry a (A) ¢ (A)

Sco, Hfy 5Ir vyTiCu 3.32 6.22 Dwight et al. (1963b)
ScNijAu MgCu,Sn 6.828 Dwight (1975)
ScCuZn (I) MgZn, 5.164 8.364 Dwight (1968)
ScCuZn (II) Caln, 4.39 6.82  Dwight (1968)

3.12.11. Sc—V-Nb

According to the investigations of Savitskii et al. (1975) ternary compounds do not exist
in this system. A narrow region of continuous series of solid solutions adjoining the V-Nb
binary system was observed in the ternary system. The solubility of scandium in V(Nb)
solid solution decrease from 2 at.% in binary Sc—V alloys to 0.1at.% in binary Sc-Nb
alloys. The lowest solubility of scandium occurs in the VNbgg alloy.
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3.12.12. S¢—Cr-Ni

Maslenkov and Braslavskaya (1986a) reported on the Sc—Cr—Ni phase diagram in the
temperature range 1100-1860°C. The quasibinary sections Cr—ScNi, and Cr—Sc;Niy
are of eutectic type. The isothermal section at 1300°C and the projection of a part of
the liquidus surface (Ni-Cr—ScNi,) are presented in the paper too. The lowest ternary
eutectic L < yYni + (ScNis) + (Sc,Niz) occurs at 1125°C. The same authors (Maslenkov
and Braslavskaya 1986b) presented parts (Ni-Cr—ScNiy) of isothermal sections at 800
and 1050°C. The figure of the latter is shown in the review of Gladyshevsky et al.
(1990). These isothermal sections differ from one another due to the rapid decrease of
the solubility of scandium in the Ni(Cr) solid solution (yy; phase), which is 0.27 and
0.1 at.% at 1050 and 800°C, respectively. Ternary compounds were not observed. Part of
the alloys of the three-phase region ScNis—Ni—Cr were inhomogeneous.

3.12.13. Sc—Mn—Fe

Kyrchiv (1983) reported about an investigation of part of the Sc-Mn-Fe isothermal
section at 600°C (0-33.3at.% Sc), however, no figure was presented. Isotypic binary
compounds ScMn, and ScFe, (ST MgZn,) are completely miscible. No ternary
compounds were observed.

3.12.14. Sc—Re-Ni

Part of the Sc—Re-Ni isothermal section at 1000°C (Ni corner) has been studied by
Arskaya et al. (1970) and Savitskii et al. (1972). Ternary compounds do not occur. The
solubility of Sc in Ni is about 0.2 wt.%, and it decreases rapidly with increasing rhenium
content. Nickel dissolves up to 40 wt.% Re.

3.12.15. Sc-Ru—Rh

Khorujaya and Korniyenko (1996, 1997) reported on part of the projection of the liquidus
surface (0-50at.% Sc). The projection of the solidus surfaces in the same concentration
region has been determined by Eremenko et al. (1996). Ternary compounds do not exist.
The liquidus surface consists of five surfaces of primary crystallization of Ru and Rh solid
solutions as well as of the phases based on ScRu,, ScRh; and on a continuous series of
solid solutions between the isotypic compounds ScRu and ScRh (6 phase). The highest
temperature on the surface is 2334°C (Ru melting point) and the lowest one is 1520°C
(ternary eutectic L(E;) <> 8+ (ScRh;) + (Ru)).

3.12.16. Sc—Ni—Au

One ternary compound ScNigAu has been synthesized and structurally investigated by
Dwight (1975) (table 25). These are the only data reported about this system.
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3.12.17. Sc—-Cu—Zn

Dwight (1968) reported that the ternary compound ScCuZn exists in two polymorphic
modifications. Their crystal structure data are presented in table 25. Phase equilibria have
not been investigated.

4. Multicomponent systems containing scandium

Little information has been published in the literature concerning four-component systems
containing scandium. The starting material for the preparation of multicomponent (four-
component) alloys is normally a pair of ternary compounds. Multicomponent systems are
frequently prepared if one (or both) ternary system show outstanding physical properties,
such as superconductivity with high transition temperatures, a possible coexistence of
superconductivity and magnetism, or if the multicomponent system can be used for
hard magnetic materials. In that cases the effect of alloying on the properties of ternary
compound is examined in a four-component system. Data about five-component systems
containing scandium are even more rare.

4.1. Sc-Mg-Mn—Li(Ca, Y, Ce, Nd, Zv, Ni, Cd, Zn, Al, In, Si, Ge, Sn)

Drits et al. (1971) investigated the effect of alloying on the properties (tensile and yield
strengths, elongation and hardness) at ambient and elevated (300-350°C) temperatures of
multiphase Mg-based ternary alloys Mg+ 11%Sc +1.0%Mn and Mg+ 11%Sc +0.6%Mn
(composition in wt.%). The quantities of the alloyed elements did not exceed 2 wt.%.
Additions of 0.5-1.0% Ca, Cd, Si, Y and Zn increase the strength of Mg+ 11%Sc+
0.6%Mn alloy at ambient temperature. Additions of 0.5-1.0% rare earths, Zn and Sn had
the same effect on the strength at 350°C. Additions of Li, Al and Sn (in larger amounts)
have a negative influence. This improvement in the mechanical properties is attributed
to the appearance of noticeable amounts of second phase intermetallic compounds,
especially in the case of Al. Additions of Zr, Ni, In and Ge practically do not have an
effect on the strength of these ternary Mg—Sc—Mn alloys.

4.2. Sc—Ca—Rh-B

Matthias et al. (1978) obtained the compound Scy3Cag7RhyB4 occurring in two
polymophic modifications. However, their structures and lattice spacings were not
reported. One of the phases, probably HT, is of CeCo4B,4 type structure (Vandenberg
and Matthias 1977).

4.3. Sc—Ce(Pr, Nd, Sm, Gd, Th, Dy, Ho, Ev, Tm)-Rh—B

Matthias et al. (1978) prepared the alloys with the compositions Sc;R;_RhyBy (x=
0.2, 0.3, 0.4). Compositions of single phases alloys for different R are presented in
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Table 26
Compositions of single phase alloys prepared in the Sc—R-Rh-B systems (R=Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, Tm)*
Composition of alloy Modification Composition of alloy Modification
Scq3Ceq;R0,B, HT Scg3Dy,;RhB,y HT
Scy4Pry,Rh,B, HT Sc,3Hog;Rh, B, LT
Sc,sNdy,Rh, B, HT Scy4Hoy ¢Rh,B, HT
Scy3Smy,Rh,B, HT+LT Sco,ErgsRh,B, HT
Scg3Gd ;R B, LT Scg3Er,Rh,B, ?
Scg3Tbg;Rh,B, HT Sco; Tmy ;Rh, B, HT

* Source: Matthias et al. (1978).

table 26. One of the two modifications of compounds is tetragonal. However, the original
paper does not indicate which of them, and neither gives the data about their lattice
spacings. Taking into account the data of Vandenberg and Matthias (1977) about the
occurrence of ternary compounds RRhyBs (R=Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm)
with the tetragonal structure of the CeCoyB4 type (SG P4,/nmc), it is possible to
state that the formation of solid solutions occur when R is substituted for Sc in these
ternary compounds, Sc;R;_RhyB4. These solutions are metastable (Matthias et al. 1978).
Additional investigation is necessary to establish their homogeneity regions. Possibly,
Scg3Cep 7RhyBy4 and Scqg 3Prg;RhyBy are individual quaternary compounds; however there
is no data about the occurrence of ternary compounds CeRhyB4 and PrRhyB,.

4.4. Sc—Y(Nd, Dy, Er, Lu)—Fe—B

Chen and Duh (1988) reported the occurrence of the solid solution (Sco.g2R1-gg)2Fe14B at
1000°C and variations of the lattice spacings within its homogeneity range (see table 27).
The alloys are ferromagnetic. The Curie temperature of the alloys monotonically decrease
with the increasing scandium content (see table 27).

Table 27
Variations of lattice parameters and Curie temperature (7') within the homogeneity ranges of the solid solutions
(Sco 2R 08):Fe,B (R=Y, Nd, Dy, Er, Lu) which are isotypic with Nd,Fe,,B

Solid solution Lattice parameters (A) Tc

a c
(Scg_9>Y 1 gg),Fe,,B 8.767-8.750 12.037-11.988 564-557
(Scy_,Nd_gg),Fe;4B 8.792-8.769 12.190-12.186 589-585
(S¢4-02D¥1_05),Fe14B 8.762-8.756 12.022-11.977 592-583
(Scgg,Er,_5),Fe;,B 8.738-8.730 11.964-11.917 553-544

(Scy_g,Luy_gg),Fe 4B 8.703-8.656 11.876-11.893 535-528
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4.5. Sc—Lu—Ru-B

The as-cast and homogenized at 1150°C Sc-Lu—Ru-B alloys of the section “ScRusB,”—
LuRuyB4 have been examined by Ku et al. (1979). The boundary ternary compound
LuRuyBs (ST LuRwB4, SG 74;/acd) is thermodynamically stable while the com-
pound “ScRuyB4” is metastable and decomposes after homogenization at 800-1300°C.
A metastable continuous series of solid solutions Sco_jLu;_oRusB4 occur. The lattice
parameters vary within the limits a="7.419-7.346 and ¢ =14.955-14.895 A. All the alloys
are superconducting. More details are given in sect. 6.

4.6. Sc-U-Pd-B

Five alloys ScggUp2PdsB, (x=0, 0.1, 0.2, 0.3, 0.5) have been prepared by Dhar et
al. (1996). An X-ray phase examination shows the occurrence of the ScqgUg,Pd3B,
(0 <x < 0.3) solid solution of AuCuj type structure with the lattice constants 3.980, 3.999
and 4.017 A for x=0, 0.1 and 0.3, respectively. The non-Fermi liquid behaviour reported
in the literature for x=0 alloy (Gajewski et al. 1994) persists in x=0.1, but is absent in
x=0.2 and 0.3 alloys at least down to 1.4K.

4.7. Sc-Th-Rh—B

Vandenberg and Matthias (1977) presented the crystal structure data of two alloys:
Sco.sThgsRhyBy (ST CeCosBs, SG P4y/nme), lattice parameters a=5.322, c=7.453 A,
and Scge5Thy3sRhaBs (ST CeCo4By), a=5.317, ¢c=7.422 A. These data indicate the
existence of the limited solid solution of substitution of Sc for Th in the ternary compound
ThRhyB;.

4.8. Sc-Y(Lu)-Ir-Si

Venturini et al. (1989) reported about the occurrence of continuous series of solid
solutions between the isotypic ternary compounds ScslrsSig-LuslraSijg (ST ScsCosSitg)
at 900°C. They investigated the variation of the lattice parameters with composition
and the distribution of Sc and Lu atoms in the structure using four single crystals
obtained from the solid solution region. The tetragonal lattice spacings of the solid
solution Scs_qLug.sIrsSijg change within the limits a=12.314-12.475 and c=4.076—
4.171 A. A negative deviation from Vegard’s rule is observed. An isotypic single crystal
Scy.5Y, 5IrsSijg with the lattice parameters a =12.3926, ¢c=4.1292 A has been investigated
too. These data indicate the formation of a solid solution Scs_, Y, Ir4Sijo (0 <x < 7). The
alloys of the both four component systems are superconducting.

4.9. Sc—-Dy—-Ir-Si

Another pseudobinary section ScsIrySijp—DysIraSije has been investigated by Ramakr-
ishnan et al. (1992). These isotypic ternaries form a solid solution Scs_,Dy,lrsSiio
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(0 < x < 5) with the linear dependence of both tetragonal lattice parameters a and ¢ with x.
Within this series superconductivity has been found for 0 < x < 1.5 and antiferromagnetic
ordering for x > 1.5. The coexistence of superconductivity and magnetism is reported for
x=1.5. The superconducting transition temperature decreases rapidly with increasing x
from 7' =8.45K for x=0 down to about 4K for the x = 1.5 sample where the coexistence
of superconductivity and magnetic order is observed. The magnetic ordering temperature
Tx increases linearly from 3.5 to 5.0K in the concentration range 2 <x<5. The
temperature dependence of the resistivity of alloys is typical for a metal in the investigated
temperature range up to 300K.

4.10. Sc—Ni—C-B, Sc—Lu-Ni—C-B

A superconducting transition was reported for metastable as-cast alloy of composition
ScNizB,C by Ku et al. (1994). The major phase has been indexed as the tetragonal
LuNi,B,C-type structure (SG [4/mmm) with the lattice parameters a=3.34, c=10.2 A.
Annealing of the alloy at 1050°C for 24 h led to the disappearance of the tetragonal phase
and superconductivity.

The same authors reported on the pseudoquaternary system (Lu; _,Sc,)Ni;B,C. The
unstable boundary is near the Sc-rich region (x > 0.5). All the alloys are superconducting,

4.11. Sc-Y-Ge-Si

Three alloys with the compositions Scg 4gY4.50Geg 2951271, Sco.72Y4.28Geg 43815 57 and
Sca.25Y0.75Geo.455812.55 with the MnsSi3 type structure (SG P63/mcm) have been prepared
and examined by McColm and Kotroczo (1987). Taking into account the existence of
isotypic binary compounds ScsSis, ScsGes, YsSi; and YsGes it is possible to forecast
the occurrence of continuous series of solid solutions between these binary phases with
complete mutual substitution of Sc and Y and Si and Ge as well. Hydrogenation of the
above mentioned alloys has been investigated.

4.12. Sc—Rh—Os-Si

Braun and Segre (1980) investigated the phase composition at 1000°C of alloys within the
section Sc;30s,Sis—"Sc3Rh,Sig”. One of the components of this section, the compound
of the tentative composition, Sc3Os,Sis, is orthorhombic (see table 19, above). The
second component, “Sc3Rh,Sis”, is a two-phase alloy containing the ternary compounds
ScsRhySig (ST ScsCo4Sijg, see table 19) and ~ScyRhSig (structure unknown, see
table 19). The silicide Sc30s,Si¢ dissolves about 5.5 at.% Rh as deducted from the data
presented in the table of the original paper. However, this value is not in agreement
with the value given in the text, where a solubility of about 30at.% Rh is mentioned.
Variation of the lattice parameters vs. composition of the solid solution is not presented.
Judging from the phase composition of the section, the Sc3Rh,Os; _,Si¢ solid solution is
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in two-phase equilibrium with ScsRhySi¢ and in three-phase equilibrium with the phases
ScsRhySiyg and ~ScyRhSig. The alloys of the section are superconducting.

4.13. Sc—Re—Ni—Si

Zhao and Parth¢ (1989a) obtained a single crystal Sc;(Nig.gsReq 04)2Si4 and investigated
its crystal structure: ST Sc3NiySiy, SG Pnma, a=11.679, b=3.985, c=11.991 A. These
data are indicative of the formation of a limited solid solution of the substitution of Re
for Ni in the ternary compound Sc3Ni,Sis. However, these data are not complete and an
additional investigation is necessary to define the limits of the solid solution.

4,14, Sc—Ca—Pt-P

The only data about the Sc—Ca—Pt-P system concerns the ScCa,Pt;P.; quaternary
compound, which has been reported by Lux et al. (1991). It is isotypic with Eu,Pt;AlP.;,
SG I4/mmm, a=4.038, ¢=27.027.

4.15. Se-Y-Ti—Co

The alloy with the composition Scg4Y4Tip2Co; is a single phase. It crystallizes in the
cubic MgCu,-type structure, a=6.962 A. It was established by Burnashova et al. (1981)
who also investigated the hydrogenation of the alloy. These data and the data about the
binary compounds ScCo,, YCo, and TiCo, which also crystallize with the same structure
indicate that there is possibly a complete solubility of these binary compounds, or a
limited solubility of Ti in (Y;_,Sc,;)Cos.

5. Generalisation of the data on scandium metal systems and intermetallics

Phase diagrams give a fundamental insight into how two or more elements behave when
they are combined in a system. An understanding of the interaction mechanism between
the elements which results in different types of phase diagrams is one of the aims
of physical and chemical investigations. The responsible physical parameters (factors)
which determine this interaction are: the size, electrochemical, valence-electron, cohesive-
energy and atomic number factors (Villars 1995). A review of the methods (usually
semiempirical) proposed for the explanation and prediction of the constitution of phase
diagrams, and the occurrence and crystal structure of intermediate compounds in the
systems has been written by Villars (1995). The best semiempirical method for the
calculation of the enthalpy of binary alloys based on the first three of the above-mentioned
factors has been deducted by Miedema (1976). The prediction based on Miedema’s model
is in agreement with many experimental data. However, the attempts to apply this model
to ternary systems failed. Villars (1995) introduced a new model using two additional
factors {cohesive energy and atomic number) in order to explain the stability of ternary
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compounds of proper structure types. Of course, each of these five factors used in Villars’s
model is related to the position of the corresponding element in the periodic table;
howeyver, it is impossible to replace them by only one.

Besides these semiempirical models, successful attempts have recently been undertaken
in order to calculate the stability of binary, and in some cases ternary, compounds from
first-principle band-structure calculations. As an example we want to mention the Vienna
ab-initio simulation package VASP (see Kresse and Hafner 1993, 1994a and Kresse and
Furthmueller 1996a,b). It performs an iterative solution of the Kohn—Sham equations
of the local-density-functional (LDF) theory and allows one to use generalised gradient
corrections. The electronic states are expanded in terms of plane waves, the electron—ion
interaction is described in terms of ultrasoft pseudopotentials (see Vanderbilt 1990 and
Kresse and Hafner 1994b). VASP allows for the calculations of the Hellmann—Feynman
forces acting on the atoms and of the stresses on the unit cell. Hence the total energy may
be optimised with respect to the volume and shape of the unit cell and of the positions of
the atoms within the cell, with no other restrictions than those imposed by space-group
symmetry. If such calculations are performed for several structure types it is possible to
predict that structure which has the lowest equilibrium total energy, i.e. which is the stable
one. Furthermore, it is possible to calculate the structural parameters (lattice parameters,
atomic positions within the unit cell) from first principles, i.e. with no fitted parameters.

In any case a systematic analysis and generalisation of the available experimental data
on the phase diagrams and compounds can contribute to improve the existing empirical or
theoretical concepts. These regularities can also be used to predict the structure type and
the properties of system not yet investigated. Below, some regularities and peculiarities
of scandium metal systems and intermetallics found as a result of an analysis of the
experimental data presented in sects. 2—4 are summarised.

5.1. Regularities found in binary scandium phase diagrams

All 65 investigated Sc—E binary phase diagrams can be divided into four types:

(1) Systems with complete mutual solubility of components in liquid and solid (in at
least one phase). Binary compounds do not occur. (E=3A (except Eu, Yb, U), or 4A
element).

(2) Systems with immiscibility gap in liquid (monotectic). Binary compounds do not
occur (E=2A element or 3A element Eu, Yb, or U).

(3) Systems with low or no mutual solubility of the components in solid (eutectic). Binary
compounds do not occur (E=5A, 6A element).

(4) Systems with one or more binary compounds. Limited mutual solubility of the
components in solid. (E=2A, 7A-8A, 1B—6B element).

There are only two exceptions: the systems with U and Pu. Pu forms one binary
compound with Sc, and in the Sc—U system appreciable limited mutual solubility of
components in solid occurs. All rare earths (except Eu and Yb) and the 4A elements
(Ti, Zr and Hf) are completely miscible with Sc in liquid and solid. It is necessary to
indicate that Sc is the only element among the rare earths which forms continuous series
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of solid solutions with other rare earths and with 4A elements. Zr and Hf, which have
nearly the same atomic radius as Sc (1.602, 1.580 and 1.641 A, respectively), usually
form binary systems of the eutectic type with other rare earths, e.g. Zr-Y, Zr—-Gd, Zr-Dy,
Zr-Er, Hf-Y, Hf-Er (Massalski 1990).

Only Eu and Yb, among the rare earths, form immiscibility gaps with Sc in the liquid
and solid. The difference in valence of these two rare earths and Sc is, perhaps, the
main reason of this difference of interaction. The divalent state is more typical for Eu
and Yb, whereas the other rare earths are usually trivalent. The same divalent state is
characteristic for alkaline earths which are immiscible with Sc in the liquid and solid
too. Therefore, it is possible to predict the same type of binary phase diagrams of Sc
with alkaline metals. These elements are even more different from Sc in the valence
state and other characteristics (melting temperature, electronegativity, etc.) than are the
alkaline-earth metals.

All 5A—6A elements form eutectic-type binary systems with Sc with a low mutual solid
solubility. With increasing melting temperature of the transition element the eutectic point
shifts towards scandium.

The elements of all other groups form binary compounds with scandium. The number
of binary compounds in each system is indicated in table 1 (above). Within each large
period Sc forms the largest number of binary compounds with 8A and 3B elements. In the
rows of the p-elements the number of binary compounds decreases with the increase of the
group number of the element. The number of binary compounds changes inconsiderably
with the increase of the period’s number.

In the Sc-M (M=d element) binary systems, binary compounds of equiatomic
composition ScM usually have the highest absolute values of enthalpy (Colinet and
Pasturel 1994) and the highest melting temperature in the system. In the systems
of scandium with p-elements the richest in scandium compound usually is the most
thermodynamically stable one, Its composition is ScsE3 (E=Ga, Si, Ge, Sn, Pb), or ScE;
(E=B), or ScE; _, (E=C). As was stated by Lukashenko et al. (1990a,b, 1991) scandium
silicides and germanides are much more thermodynamically stable in comparison to
silicides and germanides of other 3d elements. The thermodynamic properties are closer
to those of the silicides and germanides of the lanthanides, than the 3d elements.

114 binary intermetallic compounds of scandium with definite crystal structure crystal-
lize in 29 different compositions and belong to 56 structure types (table 28). The majority
of them occur at constant compositions. In the cases when compounds have a variable
composition their homogeneity ranges usually do not exceed 1 to 5 at.%. The compounds
ScMg(B") and ScC;_, are the only two exceptions. The most common compositions of
the scandium intermetallics occur at the stoichiometries ScE (30 compounds), ScE, (20
compounds), ScE; (9 compounds), Sc;E (8 compounds) and ScsE3 (8 compounds). Thus,
more than 55% of binary scandium intermetallics (75 compounds among 134 known
today) occur only at five simple stoichiometries out of 29 known to date. At these
stoichiometries the compounds crystallize in different structure types depending on the
position of element in the periodic table, as seen in table 23.
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Table 28
Stoichiometries and structure types of binary scandium intermetallics
Formula Sc content  Structure type Pearson’s Element (E) which forms the
(at.%) symbol compound
ScE,; 7.14 NaZn; cF112 Be
ScEy, 7.69 ThMn,, tI26 Zn
UB,, cF52 B
ScE; 12.50 oMn cI58 Tc
ScCd, 0832 Cd
Sc,E 5 15.00 Ru;Be; cI160 Zn
ScEs 16.67 CaCu, hP6 Be, Ni
ScsE,y 17.24 oMn cl56 Re
Scy3Esg 18.31 Gd,5Cdsg hP142 Zn
ScE, 20.00 MoNi, tI10 Ag, Au
Sc,E, 2222 Ce,Ni, hP36 Ni
ScE, 25.00 AuCu; cP4 Rh, Pd, Ir, Pt, Al, Ga, In
SnNi, hP8 Cd, Hg
ScE, 33.33 MgZn, hP12 Mn, Tc, Re, Fe, Ru, Os
MgCu, cF24 Co, Ni, Ir, Al
MgNi, hP24 Fe
MoSi, tI6 Cu, Ag, Au
AIB, hP3 Zn, B
KHg, ol12 Ga
ZrGa, oS12 In
ZrSi, 0S12 Ge
ScSn, 124 Sn
ScE, 14 36.50 MgCu, cF24 Fe
Sc;Es 37.50 Tm;Gas oP32 Ga
Pu,Pd; 0832 Tl
Sc,E, 40.00 AlB, hP3 Si
Sc,S; oF80 Se
Ti;S;, hR8 Te
Sc;E, 42.86 Se,Cy tP70 C
ScE 50.00 CsCl cP2 Mg, Co, Ni, Ru, Rh, Pd, Ir, Pt, Cu,
Ag, Au, Zn, Cd, Hg, Sn
CrB 0S8 Al, Ga, Si, Ge
AuCu tP4 In
NaCl cF8 C, P, As, Sb, Bi, Se
NiAs hP4 Te, Po
Sc Eyy 52.38 Ho,,Geyq tI84 Ge
SceE; 54.55 TigGes ol44 Sn, Pb

continued on next page
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Table 28, continued

Formula Sc content  Structure type Pearson’s Element (E) which forms the
(at.%) symbol compound
Sc,E, 55.56 Ho,;Gey, tI84 Ga
CsCl cP2 In
Ti;Ga, hP18 Tl
Sm;Ge, oP36 Ge
Sc,E, 57.14 Th,P, cl28 C
ScyE, 60.00 Gd;Ga, tI80 Ga
Cr,C, oP20 P, As
S,Sb, oP20 P, As
V;As, tP32 As
Sc;E, 62.50 Mnj,Si, hP16 Ga, Tl, Si, Ge, Sn, Pb
BYbsSb, oP32 As, Sb
Sc,E 66.67 Al,Cu 112 Co
Ti,Ni cF96 Ni, Pd, Ir
Co,Si oP12 Pt
Ni,In hP6 In, T1
Cu,Sb tP6 Sb
Sc;E, 70.00 Th,Fe, hP10 P
Sc,As; ti80 As
Sci,Ey 73.33 Sey;Ir, cF120 Ru, Os, I
Sc,E 75.00 Sc;Co opP32 Co
Ni;Sn hp8 In
Fe,C oP16 P
ScsyE 3 81.43 Ses;Rhy; cP140 Ru, Rh, Ir, Pt
ScyeEy 82.86 Sc,oFeg cP140 Fe
Scy,E; 86.27 Mg, Rh, cF408 Os, Ir

Some binary compounds occur in two (ScFe,, ScNis, Sc4Cs, ScSiy 5, ScsP2) or in three
(Sc3As;y) polymorphic modifications. The crystal structures of polymorphic forms are
structurally related.

There is also a relation between the interval of stoichiometries (i.e. the composition
range where the intermetallic phases are formed in the binary Sc—E system, see fig. 92)
of binary compounds and the position of element in the periodic table. The widest
intervals of compositions of the binary compounds with Sc display 8A and 3B elements
(fig. 92). These are the elements which form the largest number of binary compounds with
scandium. In the rows of d elements the least scandium content in compounds increases
from 7A to 1B element and then sharply decreases for the 2B elements. A similar relation
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is observed in the rows of p elements. The least scandium content sharply increases from
3B to 5B clement and then decreases.

5.2. Regularities found in ternary scandium phase diagrams

Assuming that the data concerning a certain ternary system are complete if at least one
isothermal section of the system has been investigated for % of the concentration region.
There are about 70 such Sc—M-X ternary systems preferably with M=d, f element and
X=B, Al, Ga, C, Si, Ge (table 13, above). The corresponding data are summarised in
the tables 29 and 30. However, in such ternary systems additional ternary compounds
which are stable over a limited temperature range may also exist. They, of course, will
not be observed in investigation of the system at one temperature only, or if only a part
of the system has been studied. In total, 420 ternary scandium intermetallic compounds
have been synthesized. For 348 compounds (82.9%) the crystal structure was defined, and
these compounds belong to 111 structure types.

The crystal structures have been investigated most completely for ternary compounds of
the Sc-M—X systems with M =3d, 4d, 5d, 4f element: with X=B, Al, Ga 102 compounds
are known and with X=C, Si, Ge 178 compounds are known. Their compositions are
given in figs. 93 and 94. Similarly as in the case of the binary systems, within the sequence
of these ternary systems Sc-M-B, Sc-M—Al and Sc-M—QGa etc., within each period of the
periodic table the number of ternary compounds usually increases with increasing atomic
number of component M. The 8A-group elements therefore form the largest number of
ternary compounds. Among the systems with 3B and 4B elements the ternary systems
with boron differ considerably from those with aluminium and gallium. Also, the carbon
systems behave different when compared with the Si and Ge systems. These systems
differ by the number of ternary compounds occurring and by their compositions (tables 29
and 30, figs. 93 and 94). The ternary compounds ScMB; and ScMC, are exceptions in
this sense. However, even in these cases the crystal structures of the ScMB, and ScMC,
compounds are different from those of the ScMAl,, ScMSi, or ScMGe, compounds. In
all other cases the stoichiometries of the ternary borides and carbides are different from
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Table 29
Summary of information known about the Sc-M-B(Al, Ga) and Sc—X-B(Al, Ga) ternary systems
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the stojchiometries of ternary compounds of their neighbours among 3B and 4B elements,
respectively.

In inorganic chemistry it is known that within each group of the periodic table
the elements of the second period differ considerably in their properties from those
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Table 30
Summary of information known about the Sc-M—C(Si, Ge) and Sc-X—C(Si, Ge) ternary systems
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OR0

Number of ternary compounds

of their neighbours in the group. This difference exists also among their intermetallic
compounds.

Intermetallic compounds of scandium with the 6B elements Se, Te and Po are different
compared to all of the previously described scandium compounds. They crystallize in
structures typical for oxides, sulphides and other ionic compounds (Al;MgO,, Fe,CaOy,
ErCuS,, ErAgAs, NaCl structure types). In these structure types each atom is coordinated
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X

M 12 1:1=ScM Se

Fig. 93. Compositions of ternary compounds with established crystal structure in the systems Sc-M-X
(M=3d, 4d, 5d, 4f element; solid circles: X=B; open circles: X=Al Ga). (1) Scys.955Moss 0454l
(2 compounds); (2) Scy,Hfy5Gas; (3) Sc,Co,Bg; (4) SeM; 1 40Xu050 (6 compounds); (5) ScyNiyBig;
(6) Scoz-00HIyg01Ga; (7) Sc; 4Nigg_19Bg; (8) ScCoysGayy; (9) Sc,Fegs3Gag s (10) ScM,B, (2 compounds);
(11) Sclr;B,; (12) ScCuy,Gays; (13) ScNiy3cGag g (14) ScM,Ga, (2 compounds); (15) Sc,Co,Ga,;
(16) ScMGa; (3 compounds); (17) Scy, 472155 ¢5Gajy; (18) Sc,Co,Ga,; (19) Se,Ni;_ssGa, ss; (20) ScM,;B,
(2 compounds); (21) ScMB, (5 compounds); (22) Sc,M;B, (2 compounds); (23) S¢,MGa, (2 compounds);
(24) ScM;B (2 compounds); (25) ScsM,X s (12 compounds); (26) Sc,,Cu,;,Gay,; (27) Sc,ReBg; (28) ScM,X
(8 compounds); (29) ScM, ,Ga,; (2 compounds); (30) ScMX, (2 compounds); (31) Sc;M,Gag (2 compounds);
(32) Sc5.04My516Gayy (2 compounds); (33) ScFey g 144Xo 15056 (2 compounds); (34) SeM 37 430Xo063-170
(15 compounds); (35) ScMGa (2 compounds); (36) ScM,sGa;s (2 compounds); (37) ScMy;sGags
(2 compounds); (38) ScM,,Ga;, (2 compounds); (39) Sc;M,_.Ga;_, (2 compounds); (40) Scy M,,Ga
(2 compounds).

by the atoms of the other elements, e.g. Sc atoms are surrounded by 6B atoms and vice
versa. The coordination about a given atom is preferably octahedral and/or tetrahedral. At
the same time these compounds show a metallic glide and a semimetal type of electrical
conductivity (White and Dismukes 1965, Guittard et al. 1964, Hulliger and Vogt 1966,
Julien-Pouzol et al. 1968, Julien-Pouzol and Guittard 1969). These compounds represent
borderline cases between metallic and semimetal behaviours. On the other hand the atoms
in the structures of typical intermetallic compounds are surrounded by both different
atoms and identical atoms. The coordination number of atoms in intermetallics is rather
high, from 6 to 20. The majority of scandium-containing phosphides and arsenides belong
to the structure types which are typical for intermetallics, e.g. TiNiSi, ZrFe4Si,, Zr,Fe;,P,
etc.
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X

M Sc

1:2 1:1=8¢:M
Fig. 94. Compositions of ternary compounds with established crystal structure in the systems Sc-M-X
(M =3d, 4d, 5d, 4f element; solid circles: X=C; open circles: X=Si,Ge). (1) Scg135M,5Si; (2 compounds);
(2) ScFeSiy; (3) ScMGe; (5 compounds); (4) Sc,,Fe Sigs; (5) ScFesGes; (6) ScMgGey (2 compounds);
(7) Sc;15Vs_42Xs (2 compounds); (8) ScM;Si; (2 compounds); (9) Scyz04SMgs6SE; (10) Sce3M,;Si,
(2 compounds); (11) ScgCo3o8i1e; (12) Sey6Prs57451s; (13) ScFe,Siy; (14) Seyp3Nigg,Gesy; (15) Sey35Y 365G
(16) Sc;Ni;; X, (2 compounds); (17) SeNi,Sis; (18) ScgNig X, (2 compounds); (19) S¢,Cr,X; (2 compounds);
(20) Scos.:Mpss_»Siig; (4 compounds); (21) SeM;C (3 compounds); (22) ScM,X, (9 compounds);
(23) Sc.sDy,,Ge,; (24) ScsRegSip; (25) Se,M;Sis (2 compounds); (26) ScNiSiy; (27) ScgMgX,
(3 compounds); (28) Sc,, M;_, X, (11 compounds); (29) Sc,M,;X; (6 compounds); (30) Sc,V;Si;; (31) ScMX,
(16 compounds); (32) S¢,M,X; (5 compounds); (33) ScsM,Siy, (3 compounds); (34) Se;M, X, (4 compounds);
(35) Scs YbsGe,p; (36) Sc(Fe, X), (2 compounds); (37) SeM, 5X, 5 (4 compounds); (38) ScMX (34 compounds);
39) Se;M,,.Xj,_, (4 compounds); (40) Sc;M,Si, (6 compounds); (41) Sc,CrC;; (42) ScMy ;551 45
(4 compounds); (43) ScsRe,C;; (44) Sc;M, ,Ge, (5 compounds); (45) Sc;M,X; (4 compounds); (46) Sc;MC,
(3 compounds); (47) S¢,MX, (3 compounds); (48) Sc,NisGeg; (49) Sc;NiSiy; (50) Sc,NdSiy; (51) Sc,My45Sig s
(2 compounds).

A large number of ternary Sc-M—X compounds occur at stoichiometries which lie on
three cross sections of a ternary phase diagram with the atomic ratios Sc: X=1:1, Sc-M=
1:1,and M: X =1:1, and on the section with Sc content of 33.3 at.% (see figs. 93 and 94).
55 ternary compounds with X=B, Al, Ga and 111 compounds with X=C, Si, Ge occur
on these sections. Thus, more than half of the ternary compounds of 3B and 4B elements
with known crystal structures lies on these four characteristic cross sections.

The analysis of the stoichiometries of 68 ternary scandium intermetallics determined in
other systems (Sc-M-X, X =3B, 6B element; Sc-X—X'; Sc-M-M’) shows that 48 of them
(~71%) also belong to these four sections. This means that about % of all scandium ternary
intermetallics known today crystallize only on four appointed sections of phase diagrams
and generally have simple stoichiometries.
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This regularity had been discovered by Kotur and Bodak (1981) in a limited series of
Sc—M-Si (M =3d element) systems. However, it seems to be characteristic for all ternary
systems of scandium. As was mentioned by Villars (1995), simple stoichiometric ratios
are in general preferred by intermetallic compounds.

A summary of the crystal structure data of the 463 (114 binary, 348 ternary and 1
quaternary) intermetallic compounds of scandium reviewed in this chapter are presented
in Appendix A. They belong to 155 structure types, which are arranged in decreasing
order according to the number of existing compounds. Structure types with the same
number of representatives are arranged according to increasing number of atoms per unit
cell. The number of the binary and ternary compounds representing each structure type
is also given. Generalised data about the occurrence of ternary compounds of the various
structure types in each group of systems is indicated too. The corresponding data for the
binary systems are shown in table 28.

The largest number of ternary compounds are those with the simplest compositions:
ScMX (a total of 61 compounds); ScMX; (19), ScM;X (18), ScM, X, (10), ScsMX (9).
A similar regularity has been found for binary scandium intermetallics (see sect. 5.1).

As one can see from figs. 93 and 94 more than 90% of all the intermetallic Sc
compounds occur in the region of ternary system where the scandium content is less
than ~50 at.% and which is limited by the sections Sc:M=1:1 with X content from
0 to 33.3at.% and Sc:X=1:1 with the M content from 0 to 33.3 at.%.

A comparison of the investigated ternary systems of scandium with the related ternary
systems of other rare-earth elements, which was presented in a Handbook by Bodak
and Gladyshevsky (1985), reveals that especially for the light rare earths the ternary
compounds often occur at larger RE content (>>50at.%). In this regard the scandium
systems are closer to the systems of the d elements, especially those of the 4A group, Ti,
Zr and Hf.

The majority of the scandium intermetallic structure types can also be found among
intermetallic compounds of other rare earths as well as among intermetallics of the 4A
elements (Villars and Calvert 1991). However, taking into consideration all 155 structure
types of scandium intermetallics, from a crystal-chemical point of view, scandium appears
to be closer to 4A elements, especially to Zr and Hf, rather than to the other rare earths.

The compounds of equiatomic composition ScMX, which occur frequently in ternary
systems, belong to TiNiSi structure type and rarely to the ZrNiAl type structure.
These two structure types are characteristic for intermetallics of d transition elements.
The compounds of the other rare-earth elements prefer FCIPb, ZrNiAl and AlB,
structure types (Villars and Calvert 1991). The RM,X, compounds belong to one
of the most frequently occurring structure types, namely CeGaAl, (or ThCr;Siy)
and Lay0,S. We note that among ScM,X, compounds only three representatives are
known with the CeGayAl, type structure, but none with the Lay0,S type structure.
The ScFe,Si; compound is isotypic with HfFe,Si;, which does not occur among
other rare-earth intermetallics. Another typical stoichiometric ratio of the rare-earth
compounds is RMX;,, however, scandium is the only rare-earth element which does
not form phases with CeNiSi, structure type, but instead forms compounds of the
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ZrCrSiy (or TiMnSiy) type. Scandium is the only rare earth which forms compounds
with ZrSiy, Zr4Co4Ges, Zr,CrySis structure types, which are frequently observed among
intermetallics of d elements. There are no d-element compounds of the ScNiSis,
ScyFesSis, ScyCosSis, ScyNipg Sig structure types, however, a lot of them are found among
rare-earth intermetallics. These are examples confirming the unique position of scandium
within the family of rare-earth elements. To some extent Sc is the linking element between
the rare earths and the d elements.

5.3. Atomic size factor and its influence on the nature of scandium intermetallics

The constant compositions of ternary compounds and the absence of solid solutions on the
basis of binary compounds are other characteristic features of scandium systems (with the
exception of the systems Sc—-M—Ga with M =rare earth or 4A element). However, in some
systems solid solutions of phases with narrow homogeneity regions occur. Sometimes a
substitution of Sc and M atoms occurs and sometimes the M and the X atoms are mutually
substituted. There is no doubt that the atomic size factor has a dominating influence on the
formation of solid solutions and their nature (solid solutions of substitution, of inclusion
or of subtraction of atoms). Examples of solid solutions of substitution are presented
in table 31. It is interesting to note that all ternary compounds which form such solid
solutions crystallize in structures characteristic for binary compounds.

Julien-Pouzol et al. (1968) found that in the Sc—Cu—Se ternary system a solid solution
with the limit compositions ScCuSe,—Scq¢7Cu,Se, exists due to the subtraction of a

Table 31
Mutually substituted atoms in the structures of ternary compounds of the Sc-M-X systems
Mutually substituted atoms Ratio of atomic radii Structure type of ternary
Se-M X-M FaolPa Pty compound
X M
Y, Nd, Sm, Dy 0.91-0.93 aThSi,, AlB,
Y, Tb 0.91; 0.92 TiNi,
v 1.22 TigGes
Nb, Mo 1.13; 1.18 Mn,Si;; Hoy Gey
Y, Ta, Mo, W 0.91-1.18 Sm;,Ge,
Ti, Zr 1.12; 1.03 Ho,, Ge,,
Al- Ni, Fe, Ru, Pd 1.12-1.04 MgZn,
Fe, Cu 1.10; 1.09 MgZn,, MgCu,
Ga— Fe, Co, Ni 1.10-1.12 MgZn,, MgCu,
Ni, Cu 1.12; 1.09 Caln,
Si— Mn, Fe, Co, Ni 1.03-1.08 MgZn,

Ge-  Cr, Mn 1.03; 1.06  Ho,,Gey
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Fig. 95. Projection of the structure Mn;Si,
along 001. CP of atoms: (a) M1 occupying
6(g) site with CN=15; (b) M2 occupying
4(f) site with CN=14; (c) Si occupying
another 6(g) site with CN=11. Empty
octahedra [M1,] are labelled (d).

fraction of Sc atoms and the addition of Cu atoms in different atomic sites. Other examples
of solid solutions of addition or subtraction are observed in other ternary systems, such as
Sc-M—-X and Sc—X'-X (X =B, C) where small boron or carbon atoms are added into the
octahedral cavities of the AuCus type structure, revealing the formation of perovskite-type
ternary compounds ScM3;Bj _,, S¢3X'B; _, ScM3C, and Sc;X'C, (Holleck 1977).

The binary compounds ScsSi; and ScsGe; can be distinguished among other
binary scandium intermetallics. Both crystallize in the MnsSi; structure type (hP16;
SG P63/mcm), which is a common structure type of intermetallics. Its projection along
the 001 direction is presented in fig. 95. The AsB; compounds with the MnsSis structure
type are formed by 3A-8A elements as the A constituent with the 3B—5B elements as
the B constituent (Villars and Calvert 1991). The ratios of atomic radii (ra/rg) for these
compounds are observed over a wide interval, from 0.83 for TisPbs to 1.35 for Y5Sis.
This is, perhaps, the main reason for the existence of substitutional solid sotutions of
Sc and the majority of d and f elements in ScsSi; and ScsGes over wide compositional
intervals up to formation of continuous series of solid solutions.

Usually the lattice parameters of these solid solutions display a nonlinear dependence
on the composition. These data are available in numerous papers, see e.g. Kotur and
Parasiuk (1994), Kotur (1986, 1991), Kotur and Mokra (1994). The nature of mutual
substitution of Sc and other atoms has been investigated by Kotur and Parasiuk (1994)
for the Sc,Er;Sis and SciEr,Siz continuous series of solid solutions, i.e. SciErs ,Sis.
Scandium and erbium atoms substitute for each other statistically in two crystallographic
sites 6(g) and 4(f) of the structure within the solid solution. Contrary to these data the
investigation of the ScV4Si; single crystal revealed a partial ordering of Sc and V atoms
in the structure (Kotur et al. 1983a). V atoms occupy the 4(f) site with CN=14, and the
rest of the V atoms together with Sc atoms occupy the 6(g) site with the higher CN = 15.
The solubility of V in ScsSiz at 800°C does not exceed 1at.%. The ternary compound
Sc, V3 Sis with practically a constant composition at 800°C isotypic with MnsSi3 has been
found in the system. The reason seems to be the considerably large difference in the
atomic sizes of Sc and V in comparison to the sizes of Sc and Er atoms.
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The MnsSi; structure type can be also stabilized in systems by the inclusion of small
C, N, O or B atoms into the empty octahedra [[IM1¢]. Columns of these octahedra are
stretched along 63 axes in the structure (fig. 95). Kotroczo and McColm (1987) and
McColm and Kotroczo (1987) investigated hydrogen sorption into the [[1R¢] octahedra
of ScsSis, SesGes binary compounds and of three- and four-component alloys of solid
solutions based on these binary phases. As a result the hydrides of the Ys_,Sc,SizHy 5,
Ys_4ScaSisH s, Ys5_,Sc,Sis_pGepyHys and Ys_,Sc,Siz_,GepH; s compositions have
been obtained.

Venturini et al. (1989) investigated the nature of solid solutions (Luy _Scy)sIrsSiig
and (Y1 -.Scy)sIrsSije which occur between isotypic ternary compounds RslrsSijo (ST
ScsCo48iyg). The lattice parameters of the (Lu; —,Scy)sIrsSijo solution exhibit a negative
deviation from Vegard’s rule within its homogeneity range. Single-crystal investigations
reveal that the Lu and Sc atoms statistically occupy three R atomic sites in this structure.
A statistical substitution of Sc by the heavy R atoms is commonly observed in the systems,
however, such admixture is rare in ternaries with light R elements. As a result, ternary
compounds with ordered or partially ordered structures in the rare-earth sites occur. This
is also the result of the influence of the atomic size factor. The number of compounds
in the Sc-R-Si systems decreases remarkably when passing from systems with light rare
earths (Sc—Ce-Si, eight ternary compounds; Sc—Nd-Si, five compounds) towards heavy
rare-earth systems (Sc—Dy—Si, two compounds; Sc—Lu—Si, no compounds known) (Kotur
1995), however, simultaneously the possibility for a mutual substitution of Sc and R atoms
increases. For example, the highest solubility of Sc and R at 600°C in the binary phases
in the Sc—R-Si systems is as follows: 6 at.% (R=Ce), 13 at.% (R =Sm), continuous solid
solution (R =Dy, Lu). The main reason for this is the decrease of the R atomic radius
from Ce towards Lu due to the lanthanide contraction.

Among the d elements only Ti, Zr and Hf can form solid solutions of substitution
with Sc up to continuous series of solid solutions. Such solid solutions are observed in
binary as well as in ternary systems. The atomic size factor is the main reason for these
phenomena.

However, the influence of other factors (beside the atomic size factor) on the interaction
of the elements is obvious when comparing the ternary systems R—Sc—Si and R-Zr(Hf)-
Si. These data are presented in table 32. Although the atomic sizes of Sc, Zr and Hf
are nearly the same the interaction of 4A elements with the rare earths in binary and
ternary systems is different from that in the corresponding systems of scandium with
the rare earths. It does not depend on whether R is a light or heavy rare earth. Sc is
completely miscible with Ce and Y in binary systems while Y—Zr and Y—Hf systems are
of eutectic type with low mutual solubility of the components in the solid. In the Ce-Hf
system an immiscibility gap in the liquid and solid occurs (Massalski 1990). The same
type of behaviour is predicted for the Ce—Zr binary system.

Thus, the position of scandium among the family of rare earths is to some extent unique.
Sometimes it behaves as a typical R element (e.g. showing a complete miscibility, except
with Eu and Yb), however in other cases it exhibits a behaviour more similar to the
d elements (e.g. displaying complete miscibility with them too, namely with Zr and Hf).



482 B.Ya. KOTUR and E. GRATZ

Table 32
Comparison of characteristics of R-M-Si (M =S¢, Zr, Hf) ternary systems

Characteristic Systems
Y-M-Si Ce-M-Si

Sc Zr Hf Sc Zr Hf
Number of ternary compounds 1 1 0 8 3 0
Occurrence of continuous series of + - - - - -
solid solutions
Average mutual solubility of R and 30 10 <5 <5 <2 <2
M in solid solutions at 600°C (at.%)
Maximum mutual sofubility of R 100 3 1 100 5 1

and M in solid in binary R-M
systems (Massalski 1990)

References 1 2 2 2 2 2
References
1. Kotur and Mokra (1994) 2. Bodak and Gladyshevsky (1985)

This peculiarity of scandium is also observed in ternary systems. It is a linking element
between the rare earth and the d transition elements. Zr, IIf and the heavy rare earths are
the elements with which scandium forms statistical mixtures of atoms, up to a complete
mutual substitution in the structures. With other elements scandium occupies regular
atomic positions in the structures and forms, as usual, ternary compounds of constant
composition,

5.4. Relations between compositions and crystal structures of scandium intermetallics

There are 155 known structure types of scandium intermetallics having a different number
of representatives from only 1 up to 20 (see Appendix A). More than half of the
ternary compounds studied up to now (207, ~60%) belong to only 25 structure types
with representatives from 5 to 20. Of these 25, 21 structure types also occur in binary
compounds or are superstructures to corresponding binary prototypes. In the group of 27
most frequently occurring structure types of scandium intermetallics there are 9 structure
types, namely MgZn,, CsCl, AlB,, MgCu,, MnsSi;, AuCus, CrB, ZrSi,, Ti;Ni, observed
for 52 binary scandium intermetallics (46%) of 5 stoichiometric compositions (see
sect. 5.1). As is seen from Pearson’s symbol, the compounds with simple structures and
small numbers of atoms in the unit cell (from 2 up to 20) and with high symmetry
(not lower than orthorhombic) occur most frequently. Only 5 structure types among
155 types are monoclinic. 28 and 77 structure types have, respectively, only two or one
representatives among scandium intermetallics. Their compositions and crystal structures
usually are not simple. The highest number of atoms (408) in a unit cell has Mgy Rl
type structure.

The formation of comparatively simple, highly symmetrical crystal structures is not
only characteristic for scandium intermetallics, but is typical for intermetallics in general,
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Table 33
Types of relations between structure types of scandium intermetallics

Type of relation Operation of transition from Examples of structure types
initial to resulting type Initial Resulting
L. Positions of all atoms are the 1. Ordered substitution of atomic ~ Sm;Ge, Ce,Sc,Si,
same positions by different atoms (—  La,Sb Mo, FeB,
superstructure) Caln, ScAuSi
II. Positions of all atoms are I1. Distortion (internal and/or Caln, KHg,
roughly the same external) CeCo;B, Ei1lr,B,
IIIL. Positions of part of atoms [ITa. Multiple substitution of FCIPb ScCoC,
are the same atoms (1 — 2) CaCus ThMn,,
IIIb. Addition (subtraction) of AuCu, CaTiO,
atoms NaCl Se, S,
IIlc. Redistribution of part of MgAgAs MgLiAl
atoms and cavities
IId. Redistribution of atoms Th,Zn,, Th,Ni,;
IV. Fragments of both structures 1V. Different stacking types of MgZn, MgCu,
are the same fragments (homeotypic rows or AlB, oThSi,
structures) TiNiSi ZrNiAl
V. Roughly the same fragments, Va. One-dimensional stacking of  (CaCus, Zr,Al;) HfFe,Geg
but different ratios of them fragments (CeGa,Al,, aPo)  ScNi,Si,
Vb. Two-dimensional stacking of  (CrB, TiNiSi) Sc,CoSi,,
fragments Sc;NiSi,
Ve. Three-dimensional stacking (oFe, AlB,, FeB) Ce,Sc;Si,
of fragments (aFe, AlB,) Th,Fe,

as was stated by Villars (1995). This is due to the metallic bonding prevailing in
intermetallics. Structures of higher complexity appear frequently in compounds with
covalent-type bonding.

Different relations within the various structure types are known to exist in intermetallic
compounds in general, and this is also valid in the case of scandium intermetallics.
These relations are summarised in table 33 and illustrated using examples of scandium
structure types. The relations between structure types of intermetallic compounds were
treated in more details by Kripyakevich (1977). He proposed systematics of the structure
types of intermetallic and other related compounds, which is based on the analysis of the
coordination surroundings (CN and shape of CP) of the smallest atoms in the structure.

As already mentioned, ternary scandium intermetallics often crystallize in structure
types which are superstructures to binary prototypes (table 33, Appendix A). It seems
convenient to us to select structure types among them which occur in large groups of
elements and their combinations, sece table 34. These structure types as well as their
binary prototypes are frequently observed among all intermetallics having up to hundreds
of known representatives. The atomic size factor has a dominant influence on distribution
of atoms in ternary phases. The largest atoms in the structure normally occupy atomic
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Table 35
Atomic distribution in the structure of U,Si, and in ternary compounds with a superstructure to U,;Si, (SG
P4/mbm)
Atomic position Site CN U,Si; Mo,FeB, Sc, AlSi, Sc,Ni, Sn ScCe, Si,
M1 2a) 14 U Fe Al Sn Sc
M2 4(h) 17 U Mo Sc Sc Ce
X 4(g) 9 Si B Si Ni Si
Reference 1 2 3 4 5
References
(1) Gladyshevsky (1971); (4) Derkach and Kotur (1994)
(2) Kuz’'ma (1983); (5) Mokra (1979)

(3) Tyvanchuk et al. (1988);

sites with the largest CN and the smallest atoms occupy positions with the smallest
CN. Scandium atoms are often the largest ones in the structures, with the exception of
other R elements. In those cases scandium atoms occupy atomic sites with a medium
value of CN. Ternary aluminides, gallides, silicides and germanides sometimes form
isotypic compounds which belong to the same superstructure types, for e.g. ZrNiAl,
MggCuySi7 (see Appendix A). The Al and Ga atoms in these structures are usually
larger than transition element atoms. Therefore they occupy opposite sites in comparison
with the isotypic ternary scandium transition element silicides and germanides in which
Si and Ge atoms are usually the smallest ones. Some examples are presented in
table 35. Sometimes it causes the change of stoichiometry of compounds: ScsCo16517 —
SCGCO7G316, CeZSC3Ge4 — V3SCzGC4, SCC03C — SIlSC3B.

Ho;1Geyy is the binary prototype of differently ordered or partially ordered ternary
structures (superstructures) Sc;Crs4»Sijo—» (Kotur et al. 1985a), ScyRes _,Sijg 4, (Zhao
et al. 1988) and Sci;Al,Geg (Zhao and Parthé 1991) and SceYbsGejo (Kotur et al.
1996b). A detailed analysis of these structures has been reported in the latter paper. The
stoichiometries of these phases vary in wide limits as the result of substitution of different
R and X atomic sites by d elements (Cr, Mn), and by statistical mixtures of d and p
elements (Re, Si). Other ternary substitution variants of the Ho;;Gejo binary prototype
are also possible. It can be expected that in the near future the Ho;;Geip structure type
may belong to the group of most frequently occurring structure types of intermetallic
compounds.

The structures of many binary and ternary scandium borides and carbides may be
deducted from other structure types by a multiple substitution of larger atoms by B-B
or C-C pairs or by the inclusion of B or C atoms into the cavities of the parent
structure types. The same is valid for the structures of scandium intermetallics with the
6B clements. The Ti;S;2, NiAs, ErAgSe; and Al,MgQy4 structure types can be obtained
by an inclusion of cations of metals into the octahedral and tetrahedral cavities of different
packings (usually close ones) of 6B anions. Frequently the inclusion of atoms causes a
distortion of the parent close-packed structure.
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A large group of scandium intermetallics contain fragments of simpler structure types
connected in different manners. Some of these hybrid structures contain fragments of
two, three or even more structure types. Usually the initial fragments are distorted
during their connection in the hybrid structure. Such distortions are minimal in linear
hybrid structures. The dimensions of initial fragments, their number and the manner of
mutual connection determine the dimensions and the symmetry of the resulting hybrid
structure. Often fragments of the following structure types: aPo (empty cube), aFe (body-
centered cube), AIB; (body-centered trigonal prism) and BaAls (body-centered tetragonal
antiprism), are observed as the initial fragments for hybrid structures. Besides these,
atomic groups (clusters) such as octahedron- and icosahedron-shaped are found as the
structure fragments. The initial fragments can be eliminated from the parent structures
along the axes of the unit cells or eliminated randomly in comparison to these axes.
Substitutions of atomic positions of the same structure fragments by different atoms
with different sizes cause distortions of the same fragments in different structures. In
the following discussion possible distortions of structure fragments will not be taken into
consideration and we will use the names of ideal clusters.

While analysing the compositions of scandium intermetallic compounds we hinted
at the regularity of occurrence of large numbers of compounds on some characteristic
cross sections of phase diagrams (see figs. 93 and 94). The crystal structures of these
compounds which are in two-phase equilibrium with each other are related and contain
one or more mutual fragments, but in different ratios. For example, on the cross-
section Sc:X=1:1 of the ternary systems Sc-M-X (M=Fe, Co, Ni; X=85i, Ge) the
following ternary compounds occur: ScMX (ST TiNiSi), ScsM,Xs3 (ST Hf3Ni;Siz),
Sc;MX; (ST ScyCoSiy), ScsMX;3 (ST ScsNiSis), and ScX (ST CrB). These compounds
form an interesting series of structures ScMX — Sc;MpX; — ScoMX; — ScsMX; —
ScX (Gladyshevsky and Kotur 1978, Kotur and Gladyshevsky 1983). As can be seen
from fig. 96 three intermediate members of this series contain fragments of the outer
two, ScMX and ScX. In this series the Sc:X ratio remains the same, 1: 1, however, the
decrease of the number of the M atoms cause the decrease and finally the disappearing
of the TiNiSi-type fragments. The number of CrB-type fragments increases from the
ScsM, X5 structure towards ScX. Thus, TiNiSi and CrB are the parent structure types of
the homological series of structures with three known members. It is possible to predict
the existence of other members in this series and construct their hypothetical structures.
In particular, if we add one unit cell of ScSi along the ¢ direction in the Sc3NiSiz (T)
structure, we obtain a structure of the same symmetry (SG C2/m) represented by the
formula Sc4NiSis (II). The monoclinic unit cell of this hypothetical structure will have
the following dimensions: a(Il) ~ a(I) ~ 10 A, b(II) ~b(I)~ 4 A, e(Il) = c(I) + c(ScSi) ~
16.5A, f~95-98° (Kotur and Gladyshevsky 1983). Taking into account that the CrB-
type structure is the linear hybrid structure of AlB; and aFe types, the structures of above
discussed homological series are thus two-dimensional hybrids of three structure types,
namely aFe, AlB; and TiNiSi.

The germanide ScoNisGes occurs very close to the Sc:X=1:1 cross-section. Its
structure has been determined by Andrusyak et al. (1989), and appeared to be a more
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Sc,NiSi, ScSi (ST CrB)

Fig. 96. Relations between the structure types TiNiSi (ScCoSi), Hf;Ni,Si, (Sc;Co,Si3), Sc,CoSi,, Sc;NiSi; and
CrB (ScSi). The structures are presented in the projections along 010 or 100. Unit cells and structure fragments
are indicated by dashed and solid lines respectively.

complicated two-dimensional hybrid of four structure types, namely aFe, AlB,, TiNiSi
and Mo, NiB; (fig. 97).

The structure of ScNiSi of the TiNiSi type can be presented as consisting of infinite zig-
zag walls of trigonal prisms [XM4X;] (see Kotur and Sikirica 1982b). Also the structure
of Se3NiySiy (ST GdgCusGes) contains trigonal prisms and is in equilibrium with ScNiSi.
In the Sc—~Cu—Si ternary system the compound ScsCusSis (ST GdgCugGeg) is in equilibria
with ScCuSi (r) (ST TiNiSi) and ScCuSi (h) (ST ZrNiAl). The structure of the latter
compound is also built of trigonal prisms. As is seen from the stoichiometries of the
ternary compounds presented, they occur on the cross-sections M: X =1:1 and therefore
their crystal structures are related and contain mutual fragments.

In the numerous ternary R—-M-X systems on the cross-sections R:M=1:1 there are
ternary compounds of the compositions RMX,; and RMXj, which belong to the structure
types of CeNiSi, and ScNiSis (Gladyshevsky and Bodak 1982). As follows from fig. 98,
the structures of these compounds are related and contain mutual fragments of AlB, and
CeGayAl, (superstructure to BaAly) types. Although there are no data to date for any
scandium compound of CeNiSi, type, the silicide ScNiSiz contains its fragments in its
structure. There are relations between the structures of compounds occurring on other
cross-sections, e.g. Sc:M=1:2. The compounds ScNi,Si; (ST ScNi,Siz) and ScNi,Si,
(ST CeGayAly) are in equilibrium with each other and contain a mutual structure fragment
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Sc Ni Ge

Mo,NiB, ScCoSi (ST TiNiS) Sc,NiGe,

Fig. 97. Connection of fragments (indicated by solid lines) of a-Fe, AlB,, Mo,NiB, and TiNiSi structure types
in the structure of ScyNi;Ge,. Unit cells are indicated by dashed lines. The structures are presented in the
projections along 001 or 010.

(fig. 98). The structures ScNiSis, ScNiySis and CeNiSi; presented in fig. 98 are linear
hybrid structures.

The linear hybrids of two structure types, CeGayAl, and aFe, are ternary carbides
Sc3CoCy4 and ScCoC,, which are in equilibrium with each other and occur on the
isoconcentrate of 50at.% C in the Sc—Co—C system.

The examples, discussed above, show that ternary compounds which are in equilibrium
with each other are related with respect to their crystal structure. These compounds
contain at least one mutual fragment or atomic cluster. Sometimes they form homologous
series of structures. This fact can be used for the investigation of compounds with
unknown crystal structure. However, to date there are a number of powerful program
packages available for the determination of crystal structures by direct methods. However,
the application of direct methods for structure determination using powder X-ray data is
sometimes not successful, especially for complex structures. In such cases the knowledge
of structure relations between compounds which are in equilibria becomes very useful if
the structures of some of them are known.

We used such an approach for determination of the crystal structure of ScFegGes
(Kotur 1995). In the ternary systems Sc-Mn—Ge and Sc—Fe—Ge on the cross-sections
Sc:Mn(Fe)=1:6 the compounds ScMsGes (M=Mn, Fe), ScFesGes and ScMgGes
(M =Mn, Fe) exist. The germanides ScMgGes and ScMgGey belong to the structure types
HfFesGeg (Olenych et al. 1981) and ZrFesGe4 (Olenych 1989), respectively. The structure
of the HfFesGeg type can be deducted from the CaCus type by a multiple substitution of
the pair of X—X atoms for the M atoms in every second layer (fig. 99). The structure of
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Fig. 98. Relations between structures ScNiSi;, CeNiSi, occurring on the cross-sections R:M=1:1 and

ScNi, Siy, SeNi, Si, (ST CeGa,Al,) occurring on the cross-sections R:M=1:2. The structures are presented in

the projections along 100 or 010. Unit cells are indicated by dashed lines. Fragments of the structures: (I} aPo,
(1) CeGa,Al,, (IIT) AlB,, (IV) CeNiSi,.

HfFesGeg (IV) is also a linear hybrid of the CaCus (I) and the Zrs Als (1) types (fig. 99),
whereas the structure of the ZrFesGes (V) type is a linear hybrid of the CaCus (I) and
FesSn, (1) types (fig. 99). The ZrFesGe, type structure can also be treated as resulting
from an inclusion of R(Sc) atoms into the Fe3Sn; structure (fig. 99).

Expecting genetic relations between the structures of ScFegGes and ScFegGeg (IV)
and ScFegGey (V), with which the first one are in equilibria, Kotur (1995) deducted a
theoretical model for the crystal structure of ScFegGes as a linear hybrid of the fragments
IV and V. This model, containing 72 atoms in the unit cell, is presented in fig. 99. The
dimensions of the fragments IV and V, their quantities, 3 + 3, and symmetry allowed one to
determine roughly the unit cell dimensions and the symmetry: SG R3m, a~5 A, c ~44 A.
This theoretically predicted structure has been confirmed experimentally by X-ray powder
diffraction data; the refined lattice parameters are: a=5.063(1)A, ¢=44.11(1) A (Kotur
1995).
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Fe,Sn, ScFe,Ge, (ST ZFe,Ge,) ScFeGe;

Fig. 99. Relations of the structures CaCus, ScFeqGeg (ST HfFesGey), Zr,Aly, Fe;Sn,, ScFegGe, (ST ZrFe,Ge,)

and ScFe,;Ges. The structures are presented in the projections on the plane of the large diagonal of the hexagonal

basis. Unit cells are indicated by dashed lines. Fragments of the structures: (I) CaCus, (I1) Zr,Al;, (II1) Fe,Sn,,
(IV) ScFesGeg, (V) ScFesGe,.

The change of compositions of compounds is connected with the changes of
coordination surroundings of atoms. Kotur (1995) performed a crystal structure analysis
of all known structure types of scandium intermetallics based on the classification
presented by Kripyakevich (1977). The structure types have been classified on the basis
of the CN and the shape of the CP of the smallest atoms in the structure. In some cases
the X atoms are the smallest in the structure but sometimes the M atoms are the smallest,
especially if M is a d element. It was found that the compounds with a high M content
(>50at.%) and a low X content (<30at.%) frequently have the CN 12 and the CP of
icosahedra and cubooctahedra for the smallest atoms. The compounds of the central part
of ternary systems with Sc content 15 up to 30 at.% and the X content between 30 and
50 at.% have CN 8 (+1 or 2) and a CP of tetragonal antiprism for the smallest atoms.
For high X (>50at.%) and Sc (>30at.%) content the compounds are characterised by
a trigonal prismatic coordination of the smallest atoms [CN 6 (+1, 2 or 3)]. At high
Sc content binary compounds have icosahedral coordination of the smallest atoms. These
regularities are invalid in the systems of X elements (B, C, As), with a pronounced
nonmetal character. Scandium intermetallics with these elements have, as usual, trigonal
prismatic, octahedral (CN 6) and tetrahedral (CN 4) coordination of the X atoms.
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Fig. 100. Coordination polyhedra of atoms: (a) cubooctahedron; (b) icosahedron with two tetrangular planes;
(c,d) normal icosahedron in two projections; () trigonal prism with three additional atoms; (f) tetragonal
antiprism with one additional atom; (g,i,k) octahedron in different projections; (h) trigonal prism with one
additional atom. The arrows near atoms show the approximate direction of their shifts, which cause the
transformation of this CP into the neighbouring one, indicated by a long arrow (for additional explanation

see text).

Figure 100 represents the transformations of the CP of atoms observed in the structures:
cubooctahedron (CN 12) — icosahedron with two quadrangular planes (CN 12) —
normal icosahedron (CN 12) — trigonal prism with additional atoms [CN 6 (+3)] —
tetragonal antiprism with additional atom [CN 8 (+1)] — octahedron (CN 6) and also
the transformation of trigonal prism with additional atom [CN 6 (+1)] — octahedron
(CN 6). Numerous examples of these CP can be found in the original papers for the
structures of intermetallics. Namely, CP (a) from fig. 100 is observed for the atoms
of the AuCujs ST, [AuCu;,] and [CuAuyCug] (Kripyakevich 1977). Slightly distorted
cubooctahedrons [ScRhgGeg] exist in the ScsRh;Geg structure (ST UyRe;Sig, Engel et
al. 1984). CP (b) and (c) have Cu atoms in the CaCus type structure (Kripyakevich
1977). Upon formation of the superstructure of the CeCo3;B; type to this prototype the
c/a ratio (=0.600) decreases remarkably in comparison to the binary RM;s structures
(c/a=0.774-0.822). This is caused by the substitution of two boron atoms for two cobalt
atoms in the unit cell. The CP of boron atoms changes from icosahedra to trigonal prism
with three additional atoms (Kuz’'ma 1983). This example shows the mechanism of the
transformation of the (d)-type CP into the (e)-type CP. A classical representative of the
(e)-type CP is the AlB,-type structure (Kripyakevich 1977). A CP of the (f) type is
found in the BaAls or the CeGayAl, ST (Kripyakevich 1977) or the Sc4Rh,Geg (ST
U4Re7Sig, Engel et al. 1984) type structure. An intermediate position between the CP of
the (d) and (e) types is occupied by Co atoms in the structure of ScsCo4Sijy (Braun
et al. 1980). This structure is a two-dimensional hybrid of the following four types:
AlB; (trigonal prisms [SiSce]), CsCl (empty tetrahedra (Sc,Si,]), AuCus (cubooctahedra
[ScSij2]) and CeGay Al (tetragonal antiprisms [CoSc4Sis]) (fig. 101). A CP intermediate
between (f) and (g) and between (h) and (i) [or (i) and (k)] contains the structure of
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AlB,

Fig. 101. Connections of fragments of AlB,,
ﬁ CeGahl,  (5Cl, AuCu, and CeGa,Al, types in the struc-

ture of Sc;Co,Si;o. The structure is presented in
Se,CogSiy o the projection along 001,

V3As;-type (Berger 1977). Transformation of CP of atoms can also occur in the opposite
direction, from CP 6 to CP 12. It is caused by a change of the dimensions of different
atoms and their content in the structures. Other types of coordination surroundings of the
smallest atoms in the structures of intermetallics are observed rarely.

Figure 102 represents generalised relations between the majority of the structure
types of scandium intermetallics. Some of these relations have been established by
Gladyshevsky and Bodak (1982). Relations between other structure types, published
after 1980, have been established by Kotur (1995). Analysis of the structure types of
intermetallic compounds leads to an enrichment and a broadening of our knowledge about
relationships between structure types. These investigations are basic for the illumination
of the nature of intermetallics and the functional relations between the compositions and
structures of compounds and the factors which govern these changes.

6. Physical properties of scandium based intermetallics

Among scandium compounds and in compounds where scandium replaces other rare-
earth elements, magnetic and nonmagnetic intermetallics exist, however, there are also
scandium compounds showing superconductivity, although the scandium metal is neither
magnetic nor shows superconductivity at atmospheric pressure. An extensive part of this
section deals with interesting magnetic phenomena observed in the ScM; (M=Mn, Fe,
Co, Ni) Laves phases. In the Mn- and Co-containing Laves phases the influence of spin
fluctuations on the various physical properties is demonstrated.

Since scandium is one of the nonmagnetic elements among the rare-earth series one
might expect that the physical properties of compounds with scandium and the other
nonmagnetic rare-earth elements (Y, La or Lu) are the same or at least very similar. This
supposition is true in principle, however because of the much smaller atomic size of
scandium compared with yttrium and also lutetium a deviating physical behaviour of the
corresponding scandium compounds is frequently observable.
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6.1. Compounds with non-magnetic and non-superconducting ground state

6.1.1. RAuGe (R=Sc, Y and Lu)

The ternary RAuGe series of compounds exhibits interesting physical properties, as shown
by Rossi et al. (1992) and Pottgen et al. (1996). Details of the crystal structure, the
magnetic susceptibility, the electrical resistivity, the specific heat and the electronic band
structure of the four isostructural nonmagnetic RAuGe compounds (R=Sc, Y, La, Lu)
have been studied recently by Schnelle et al. (1997). These four compounds are weak
diamagnets. The Sc-based compound has been included in this investigation because of
the small atomic size of scandium. As will be shown, the variation of the rare-earth ionic
radius among this series improves our general understanding of the physical properties
in this family of rare-earth intermetallics.

The structures of these compounds are derived from the Caln,-type structure by an
ordered arrangement of the gold and germanium atoms on the indium position. The
gold and germanium atoms form two-dimensional Au-Ge polyanions. However a three-
dimensional network of elongated tetrahedra is present in ScAuGe (Pdttgen et al. 1996).

The degree of puckering of the Au—Ge hexagons is strongly dependent on the size
of the rare-carth atoms. While the layers are almost flat in the La compound, strong
puckering is observed in the other germanides. In LaAuGe and YAuGe the interlayer
Au-Ge distance is 3.858 A and 3.106 A, respectively; the Au—Ge polyanions are two-
dimensional and separated from each other. In LuAuGe the interlayer Au—Ge distance
amounts to 2.927 A, indicating a weak coupling between the layers. The transition from
Au-Ge layers to a three-dimensional network of elongated tetrahedra occurs for ScAuGe.
The structure of LaAuGe and YAuGe may therefore be described as being of the NdPtSb
type, whereas the structures of ScAuGe and LuAuGe (with the smaller rare-earth ionjc
sizes) are closer to that of LiGaGe (Péttgen et al. 1996).

The use of rare-earth atoms with different radii among this series reveals a remarkable
variation of the c/a ratio (ScAuGe: c/a=1.589, LaAuGe: c¢/a=1.830) which leads to a
flattening of the three-dimensional Au—Ge network of elongated tetrahedra (in ScAuGe)
towards LaAuGe accompanied by an increasing of the coupling between the Au-Ge layers
in the c-direction. The electronic band structure and the density of states deduced from
this calculation is in general similar for the compounds with Sc, Y and Lu. Only LaAuGe
shows some small but important differences. In fig. 103 the calculated densities of states
of the four compounds are shown and can be compared. The Ge s bands are around
11 eV below &5, except for LaAuGe where the Ge s bands are about 1 eV higher in energy.
The Au d bands are situated at around —6 ¢V and again these bands are 1eV higher in
LaAuGe. For LuAuGe the Lu f bands coincide with the d bands. The lowest unoccupied
bands are the Sc,Y, La or Lu d bands. The densities of states at the Fermi level Ny are:
ScAuGe, 1.4, YAuGe, 0.6, LaAuGe, 2.1, LuAuGe, 0.4 in units of eV™! for two spins
and one RAuGe formula unit. The higher density of states of the LaAuGe compound
explains its exceptional behaviour among the four compounds in this series. This will
be seen from the discussion of other physical properties. The magnetic susceptibility (x)
of the RAuGe compounds in a field of 4T is shown in fig. 104. An attempt to fit their
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Fermi level (Schnelle et al. 1997).

x(T) behaviour has been undertaken using the following formula: x(7)=C/T + yo+aT.
The upturn in the region below 50K described by the Curie-term (C/T) is thought to
be due to magnetic impurities. The temperature-independent part o is the sum of the
diamagnetic susceptibility of the closed shell and conduction-electron contributions. The
linear decrease in case of ScAuGe, LaAuGe and LuAuGe towards room temperature is
taken into account by the a7 term and has been attributed to a temperature dependence
of the conduction-electron susceptibility.

The specific heat data have been analysed in a cp/T vs. T? representation. From
the respective intercepts and the slopes of the straight lines fitted to the data the
electronic specific heat coefficient y and the Debye temperature ©p at lowest tem-
perature are obtained. While the ScAuGe, YAuGe, and LuAuGe compound exhibit
v values below 1 mJmol™! K2, LaAuGe has a markedly larger electronic specific term
of 2.5mJmol™ K2, The so-called Wilson ratio xp/y (where xp denotes the Pauli
susceptibility of the conduction electrons) is similar for YAuGe, LaAuGe, and LuAuGe,
however the values are enhanced over the value of unity expected for a Fermi—Sommerfeld
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free electron gas. Values between 3.6 and 3.8 are found for the Y, La and Lu compound,
while for ScAuGe 6.4 has been obtained (the possible reasons for this high value have
been discussed by Schnelle et al. 1997).

LaAuGe exhibits the highest values of y and xp among the four compounds. This
correlates well with the larger density of states obtained in the band-structure calculations.
Similar observations have been made in other series, namely LaAl,, YAl, and LuAl,
(Hungsberg and Gschneidner 1972, Bauer et al. 1985), and LaAg, YAg and LuAg
(Bauer et al. 1986) for the corresponding La compounds. In this latter cases the
La compounds show superconductivity below 4.2 K. Thus it might be that also in LaAuGe
a superconducting transition exists at temperatures below 4.2K. The much stronger
curvature of the p(T) curves of LaAuGe (shown in figure 7 of Schnelle et al. 1997) is
obviously a further indication for the possibility of superconductivity in this compound.

6.1.2. Crystal field parameters of lanthanides diluted in ScAl,, YAl; and LuAl,

An example where a Sc compound is included in a systematic investigation (because
of its small lattice parameter) is described as follows. A systematic inelastic neutron
scattering experiment has been performed by Frick and Loewenhaupt (1985) on diluted
lanthanide elements in the nonmagnetic matrix of ScAl,, YAl, and LaAl,. The aim was
to obtain information about the origin of the crystal field (CF) in metals in general and
especially to determine a set of CF parameters for the lanthanides when diluted in different
nonmagnetic matrices of cubic Laves phases.

The concentration of the lanthanide elements in the hosts ScAl,, YAl, and LaAl, was
chosen to be between 0.3 and 3 at%. The time-of-flight experiment was performed at an
elevated temperature where the neutrons can gain energy from the system. The intensity
caused by magnetic scattering was limited to the energy range below 10meV, and it is
well separated from the phonon intensity which is typically in the range of about 10 to
30meV. The scattering data was then fitted to a theoretical model given in Becker et al.
(1977) yielding the temperature-independent CF parameters x and ¥ in the Lea—Leask—
Wolf notation (Lea et al. 1962). From x and W the parameters 44(+*) and A44(r°) and
finally 44 and A¢ were calculated using (#") from Freeman and Desclaux (1979). The
resultant crystal field parameters 44 and A in the hosts (ScAl,, YAl and LaAly) are
plotted as a function of the atomic number of the lanthanide element in fig. 105. (There
are no data for the CF levels of the elements Pm, Sm, Eu and Gd because Pm does not
exist naturally, the CF of Sm, Eu show the influence of higher multiplets, and the CF
influence is zero in Gd). As can be seen the A4 values are all positive whereas all the
Ag values are negative. The values of A4 and Ag increase from ScAl, to YAl to LaAl,.
The variation of A4 and 4¢ with the atomic number shows a similar behaviour for the
three matrices. A calculation of the electronic potential of the point charges surrounding
the 4f ions leads to negative A4 and A¢ values, assuming positive charges of the same
order for Sc, Y, La and Al. Taking into account the difference in the lattice constant of
ScAly, YAL, and LaAl, and the difference in the electronegativity of Sc, Y and La, the
relative distance between the 44 and A levels from in experiment and those calculated
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are in agreement. However the more surprising observation was the positive sign of the
A4 CF parameters which should be negative as are the A values according to the simple
point-charge calculation. In the paper of Frick and Loewenhaupt (1985) it is argued that
not well-screened effective point charges on the neighbouring atoms of the 4f ions and
the nonspherical conduction electrons are responsible for the shape of the CF potential
in RAl, and especially for the deviation of the experiment from the calculation based on
a simple point-charge model.

6.1.3. Spin fluctuations in RCo; compounds (R =Sc, Y, Lu)

ScCo, crystallises in the cubic Laves phase type structure. It belongs to the family of
the rare-earth—transition metal compounds with 1:2 stoichiometry where the magnetic
state of the Co sublattice is strongly influenced by the magnetic partner elements. In
compounds with magnetic rare-earth atoms as partner elements, induced moments appear
on the Co sites in the magnetically ordered state. These induced 3d moments exist only in
the presence of a magnetic surroundings and range from 1.05up in GdCo, down to Oug
in ScCoz, YCo, and LuCo;. Due to the variability of the Co moments in combination
with the stable permanent moments on the lanthanide atoms in the magnetically ordered
RCoj compounds Bloch and Lemaire (1970) used the concept of the exchange-enhanced
paramagnetism for the Co sublattice and developed a phenomenological model to decribe
the exchange-induced moment on Co. From this model it was deduced that the R-Co
interaction is about twice as strong as the Co—Co interaction, which is in agreement
with investigations of the magnetoelastic properties first performed by Lee and Pourarian
(1976). The magnetic fields available nowadays in some laboratories are high enough
to exit the critical field for induced Co moments in YCo, which is about 70 T (Goto
et al. 1990). These three Co-based Laves phases to which ScCo, belongs are enhanced
paramagnets. The temperature variation of the susceptibility shows maxima at elevated
temperatures (YCoy: 260K, LuCo,: 370K, ScCo,: 550K, see fig. 106) whereas in the
low-temperature region an increase of x(T) proportional to 72 has been found (Burzo
et al. 1993). The y-values at 0K as given by Ikeda et al. (1991) are: y(YCo,)=6.0,
x(LuCo)=3.96, x(ScCo,)=3.67 in units of 10~* emu/(g-atom). The values for YCo,
and LuCo, are not in complete agreement with the data shown in fig. 106 at the lowest
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temperatures. This is however not surprising, since the y-values are strongly influenced
by the quality of the sample material (Steiner and Ortbauer 1974 found that grinding of
the sample material can cause a rise in susceptibility by a factor of three).

There is also an enhancement of the electronic specific heat coefficients y (y(YCoy)=
33.1, y(LuCoy)=26.6, and y(ScCo,)=18.4 in units of mJ (mol-Co)™! K~2) (Ikeda et al.
1991), which in the case of ScCo; is larger by a factor of three than that of ScNi,.

The concept of spin fluctuations (details are given in the book by Moriya 1985) has
been successfully used to describe the enhanced y-value and the temperature variation of
the susceptibility. The influence of spin fluctuations on the transport phenomena in these
RCo, compounds (R=Sc, Y, Lu) has been investigated recently by Gratz (1997).

Spin fluctuations contribute to the transport phenomena since they scatter conduction
electrons through the exchange interaction. This problem has been treated using a two-
band model where the electrons in the conduction band carry charge or heat while those
in the narrow d band contribute to the spin fluctuations which scatter the conduction
electrons through the s—d exchange interaction. The first publications dealing with this
problem date back to the late 1960s (Mills and Lederer 1966, Schindler and Rice 1967,
Mathon 1968). These calculations were later continued by Cogblin et al. (1978).

The results can be summarised as follows:

Electrical resistivity: p < T?, with the tendency to saturate at elevated temperatures;
Thermal resistivity: W «x T at low temperatures, followed by a maximum.
Magnetoresistance: (Ap/p) is negative and proportional to the square of the applied field.

The temperature dependence of the electrical resistivity p of ScCo;, YCo; and LuCo,
is shown in fig. 107. To illustrate the influence of the spin fluctuation scattering in these
Co-based compounds, the p(7') dependence of the two isostructural non-spin-fluctuation
compounds YAl, and LuNi, is given in this figure too. Both phonon scattering and
spin-fluctuation scattering cause a change of p with temperature. For the spin-fluctuation
contribution to p(7) the curvature at elevated temperatures and the T2 increase at low
temperatures is confirmed by the experiment. A quantitative analysis of p(T') —pg versus
T? is depicted in the inset of fig. 107. The low-temperature resistivity is dominated by
the quadratic increase due to the spin-fluctuation scattering giving rise to the enhanced
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factor A. According to the theory of spin fluctuations (Cogblin et al. 1978) the factor 4 is
related to the corresponding spin-fluctuation temperatures by the relation 4 oc 7,7. This
factor has the following values: A(YCo,)=16, 4(LuCo,)=12 and A(ScCo,)=4.3 in units
of nQ cm K 2. The thermal conductivity A of these spin-fluctuation systems is shown in
fig. 108 (again the A(T") curve for YAl is included). In the spin-fluctuation compounds
one observes a pronounced curvature in A(7) in the region 20K < 7 < 60 K which is not
observable in YAl,. For temperatures higher than about 50 K A(T) is nearly constant and
decreases from ScCo, towards YCo,. Since the analysis of thermal conductivity data is
not frequently shown in the literature it should be outlined here in more detail. Using the
theoretically obtained A(T) dependencies for the different scattering processes (see also
Ziman 1960), one can account for the variation of A(T) at low temperatures:

1
MD)=Ae+ A = + A
( ) ¢ 1 We,0+ We,ph + We,sf :

where A, and A; denote the electronic and the lattice thermal conductivity, respectively,
and Weo, Wepn and W .4 are the thermal resistivities due to impurity-, phonon- and spin-
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fluctuation-scattering processes, respectively). With Weoo< 1/T, Wepn o T 2 West ox T
and A; o< T? we finally obtain

- 1 2
MO =y rer T
Using the Wiedemann—Franz law, the coefficient a can be determined from the residual
electrical resistivity pg. Least-squares fits to the experimental data up to 75K are given
by the solid lines in the inset of fig. 108. Interestingly the fit procedure shows that
the Wepn term is much smaller compared to Wy in these RCo, series. The linear
W e st term is dominating and responsible for the pronounced curvature in A vs. T between
20K and 60K. The c-values (Wg =cT") are related to the spin-fluctuation temperatures
coc T (Cogblin et al. 1978). The c-values are: ¢(YC0,)=23x107, c(LuCo,)=21x1075,
and ¢(ScCo)=11x107 in units of cm/mW. Note that, from the tendency of the
c-values as well as from the 4 coefficients in py(T)=AT?, it follows that Ts(YCoy) <
Tsr(LuCoy) < Ts(ScCoy).

In fig. 109 the temperature dependence of the thermopower S of the RCo, compounds
is depicted and compared with YAl,. Note that in the Co compounds the minima in §
vs. T at low temperature are much more pronounced than in the non-spin-fluctuation
system YAl,. The tiny minimum at low temperature, existing also in YAl,, has been
referred to as ‘phonon drag’ effect (Gratz and Nowotny 1985). In general such a ‘drag
effect’ is thought to be caused by the situation that, in addition to the conduction electron
system, other subsystems (phonons or magnons) are thermally in non-equilibrium and
may cause an additional contribution to the total thermopower. This is usually taken into
account by putting Sioe = Sdifr +Sdrag> Where Sqisr and Sgrag are the diffusion and drag terms
(Ziman 1960). Although no theoretical confirmation for such a ‘paramagnon drag effect’
yet exists, experimentally minima (or sometimes maxima, depending on the slope of the
density-of-states function at £r) have been observed in many paramagnetic spin fluctuation
systems near their spin fluctuation temperatures, e.g. in UAl, (Cogblin et al. 1978). The
broad minima at elevated temperatures are intimately correlated to changes of dN(¢g)/de
at ep with temperature (Gratz et al. 1995). Density-of-states properties at the Fermi level
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[N(er) and dN(g)/de at er] are much more important for the diffusion thermopower at
high temperature than for any of the other transport phenomena (Ziman 1960, Gratz et
al. 1995). A correlation between the position of the high-temperature minima 7, in
S(T) and the y-value of the specific heat has been found by Gratz et al. (1995) and
is shown in the inset of fig. 109. As has been shown by Kadowaki and Woods (1986)
there exists an important relation between 4 (the prefactor in p=A47?) and the coefficient
of the electronic specific heat y for all strongly correlated electron systems. As such a
Kadowaki—Woods plot (fig. 110) shows, the positions of the three RCo, spin-fluctuation
systems fall in the range where many of the other known spin-fluctuation systems, such
as SczIn, YMn; (under pressure in the paramagnetic state) UPt, or UAL, lie.

It follows from these data that spin fluctuations significantly influence transport
phenomena. The question of whether these kinds of excitations (such as spin fluctuations)
can be observed in an experiment depends on their characteristic time scale and the time
window of the experiment used. An estimation of the characteristic time window of the
transport phenomena gives about 1071# s, which is of the same order of magnitude as the
time scale of spin fluctuations in the d-electron subsystem.

6.2. Compounds with magnetic ground state

6.2.1. Sciln

ScsIn crystallises in the NizSn-type structure (SG: P63/mmc) and has been classified as
a weak ferromagnetic material. The onset of long-range ferromagnetic order as reported
in the literature is between 5.5 K and 6 K depending on the stoichiometry of the sample
(see Ikeda and Gschneidner 1981). The itinerant character of a ferromagnetic compound
can best be seen from a so-called Rhodes—~Wohlfarth plot (Rhodes and Wohlfarth 1963,
Wohlfarth 1978) where p; is the saturation moment per magnetic atom and p, the effective
moment per magnetic atom deduced from the Curie constant. Figure 111 shows the
location of Sci3In within a Rhodes~Wohlfarth plot. The p./p; ratio for Sc3ln is 6.1
(Matthias et al. 1961), which is remarkably beyond the local moment limit of p./ps=1
for a strongly localised magnetically ordered material such as, e.g., Gd. In the local
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moment limit p/ps=1, and in the opposite weakly ferromagnetic limit theory predicts
the divergence of this ratio as p; — 0 or T'¢ — 0, since the Curie constant in this case
is independent of p; or Tc.

The effect of spin fluctuations in ferromagnetic and nearly ferromagnetic metals has
been the subject of considerable interest for a long time. First Moriya and Kawabata
(1973a,b) have developed a theory which considers the effect of spin fluctuations in a self-
consistent way, thus taking account of the interaction among the spin-fluctuation modes.
For the description of the magnetic properties of Sc;In the concept of spin fluctuations
is used. Tkeda and Gschneidner (1981) performed measurements of the specific heat and
resistivity (Tkeda et al. 1984) in external fields with the aim to show that in materials
with large spin-fluctuation enhancement, it is possible that a field of 10T is sufficient
to produce a measurable change in the magnetic specific heat and the low-temperature
resistivity behaviour. Some of these results are given in the following figures. Figure 112
shows the temperature dependence of the elecirical resistivity in different magnetic
fields. The zero-field measurement clearly shows a kink in p(7) indicating the Curie
temperature at about 6 K. The inset shows a T plot of the electrical resistivity at 0T,
1T, 2.5T, ST and 7.5T. As can be seen there is a 72 dependence up to about 4K.
The prefactor 4 in the p=AT? relation strongly decreases with increasing field and
becomes constant roughly above 5 T. The strong decrease of 4 with the magnetic field has
been referred to as quenching of spin fluctuations. It should be noted however, that one
always observes a negative magnetoresistance Ap/py = [p(B)—p(B = 0)I/p(B = 0) in
ferromagnets around T'¢ with a minimum in Ap/pg vs. T at T¢ (Fournier and Gratz 1993).
The minimum at 7'¢ in Ap/py vs. T is more pronounced the lower the ferromagnetic
transition takes place. If this is taken into account the question arises whether this
experiment can be considered as a test for the suppression of spin fluctuations in ScsIn.
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Specific-heat experiments in magnetic fields performed by lkeda and Gschneidner
(1981) are presented in fig. 113, showing the magnetic contribution to the specific heat
determined from the analysis of the experimental data by c, = ¢ — yT — BT, As can be
seen from this figure, ¢, becomes smaller with increasing magnetic field, and in fields
of about 10T the height of its peak around T'¢ is only about % of the zero-field value.
Moreover, another peak around §-9K is found to be more pronounced at 5.4 T than in
the highest field of 10 T. This new peak is thought to be due to the induced magnetisation
of ScsIn by the magnetic field.

6.2.2. ScFe; and related compounds

Among the RFe; series only ScFe; crystallises in a hexagonal Laves phase (MgZn, type
structure) whereas all the remaining compounds have the cubic Laves phase (MgCu,
type structure). All these RFe, Laves phases (ScFe; included) form ferromagnets with
the nonmagnetic lanthanides and co-linear ferromagnets with the light lanthanides, or
a ferrimagnetic structure with the heavy lanthanides with comparatively high Curie
temperatures (>500K). The high T values are primarily caused by the strong Fe—Fe
exchange interaction. The ferromagnetic transition temperature of a ScFe, sample with
the exact 1:2 stoichiometry is close to 540K (see below). The magnetic moments per
Fe atom vary roughly from 1.4up in case of Sc, Y and Lu to 1.8up for the compounds
with the magnetic lanthanides as partner elements, thus proving that the Fe sublattice
does not reach the saturated state in ScFe,, YFe, and LuFe, (Rhyne 1987, Franse and
Radwanski 1993). Band-structure calculations in the paramagnetic state of ScFe, by
Ishida and Asano (1985) revealed that there is a peak in the density of states (DOS)
due to the 3d bands of iron at the Fermi level on both Fe sites (2a and 6h). However,
there is a small difference found in the DOS between Fe(2a) and Fe(6h) revealing
different magnetic moments of 1.4up/Fe(2a) and 1.464p/Fe(6h). This bandstructure
calculation also reveals an induced magnetic moment on the Sc sites of 0.27un/Sc
with the direction opposite to the moments on the Fe sites. However, these induced
Sc-moments have not yet been observed experimentally. The calculated value of the
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magnetic moments per formula unit is within the range of experimental values obtained
by magnetic measurements; 2.9up/ScFe; (Sankar and Wallace 1976), 2.23ugp/ScFe 96 and
2.75up/ScFe; 45 (Grossinger et al. 1980). All these experimental values were obtained
neglecting the existence of an induced Sc—moment as predicted by the theory. The
slightly different values for the magnetic moments on the Fe(2a) and Fe(6h) sites are
confirmed by differences in the hyperfine field observed in the Mdssbauer effect which
are 170kOe for Fe(2a) sites and 176 kOe for Fe(6h) (Grossinger et al. (1980)). These
authors investigated the influence of the stoichiometry on the bulk magnetisation and the
hyperfine interaction by studying a second sample with a different Fe content: ScFe; ¢s.
They showed that the magnetocrystalline anisotropy differs considerably in magnitude
depending on the composition. The average hyperfine field at 4.2K increases from
176 kOe for the sample ScFej g6 up to 201 kOe in the sample ScFe;¢s5. The conclusion
drawn by Grossinger et al. (1980) is that the magnetic behavior of ScFe; is obviously very
sensitive to the average dr.r. value. These arguments are further supported by the study
of a hydrogenised ScFe, sample (ScFe,H;) (Smit and Buschow 1980) where the lattice
constants are a=5.279 A, ¢=8.507 A (to be compared with a=4.977 A, ¢=8.146 A for
ScFe,). By means of magnetic measurements an increase of the moment per Fe from
1.4pp in ScFe, to 2.2up in ScFeyH, has been found. Using >’Fe Mdssbauer spectroscopy
an increase of the hyperfine splitting by about 60% was observed, whereas, on the other
hand, only a rather small change in the isomer shift was observed in ScFe,H,. Arguments
are given in Smit and Buschow (1980) that it is difficult to explain the moment change
in terms of a single 3d band picture and charge-transfer effect.

The dependence of the Curie temperature on the composition in ScFe, has been
studied by the authors (Kotur et al. 1998). This investigation showed that a sample with
the composition 1:1.92 exhibits an increase of the Curie temperature by about 100K
compared to the sample with the 1:2 stoichiometry with T¢ =540 K. This sensitivity of
the magnetic properties to the composition has been suggested to be due to the chemical
pressure the Fe atoms experience in this Sc-based hexagonal Laves phase. As noted above
the ScFe, compound does not crystallize in the cubic MgCu,-type structure, which is
obviously due to the much smaller atomic radius of Sc. Furthermore, a change in the
structural surroundings also influences the magnetic properties. Xia et al. (1996) have
shown that a partial chemical disorder produced by ball milling leads to an increase of
the Fe moment. Finally, amorphisation due to a long-lasting ball milling reduces the Curie
temperature from 540 K down to 250 K (Xia et al. 1996).

For purpose of comparison the magnetic susceptibilities (or the magnetisations) of
ScNip, ScCo, and ScFe,, respectively, are shown in fig. 114. This picture clearly shows
that among the ScM, (M=Ni, Co, Fe) there is one weak paramagnet (ScNi,), one
enhanced paramagnet (ScCoy, see also sect. 6.1.3) and the ferromagnetic compound
ScFe,, with a long-range ferromagnetic order, caused by the 3d exchange interaction.

Another comparison has been made in fig. 115, where the temperature dependence of
the electrical resistivity of these three compounds is depicted. It is interesting to note that
although ScCo, does not show a long-range magnetic order, there is a huge magnetic
contribution to the total resistivity, Pmag(T) = Pees —Po — Pph, Which is of the same
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order of magnitude (about 100 w2 cm) as in the ferromagnetic ScFe, compound, with
a paramagnetic moment of the order of 1.4up/Fe (see above). (The phonon resistivity ppn
for all three compounds is roughly given by the p(7") data of ScNiy, the residual resistivity
Po has been subtracted from the data in this presentation). This picture underlines the
statement in sect. 6.1.3 that the electrical resistivity (transport phenomena in general) is
very sensitive to scattering processes of the conduction electrons with spin fluctuations. In
sect. 6.1.3 it has been shown that there is a 72 dependence of Py, (7)) at low temperatures
due to the spin-fluctuation scattering of the conduction electrons. Note that there is also
a p(T)=AT? dependence in ScFe,, caused by the spin-wave (magnon) scattering of the
conduction electrons (Gratz et al. 1989). However A for ScFe; is roughly one order of
magnitude smaller than the A-values found in the RCo, spin-fluctuation systems. The
inset in fig. 115 shows the 72 dependence of the resistivity for the three ferromagnetic
RFe; (R=Sc, Y, Lu) compounds.

6.2.2.1. Sc(M;_,8i.), (M=Fe, Co, Ni). As discussed in sect. 3.6, the substitution of
Fe by Si in ScFe; reveals a change of the structure from the hexagonal MgZn,-type
structure (ScFe,) to the cubic MgCu, type structure, if about 6 at% of Fe are substituted
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by Si. The MgZn,-type structure reappears around a substitution of 16at% Fe by Si
(Gladyshevsky et al. 1977). The influence of the Si substitution on the physical properties
in the series of the Sc(Fe;. ,Siy); has been investigated by Kotur et al. (1998). In
this investigation the Co- and Ni-based Sc(M;_,Siy), compounds are included. Starting
with ScFe;, two other samples, Sc(Fego4Sigos)2 with the MgCu,-type structure and
Sc(Fe,75Sig25)2 with the MgZn,-type structure have been investigated in order to study
the change of the magnetic properties due to the Fe substitution. For this study a number
of measuring methods, namely magnetisation, specific heat, thermal expansion, resistivity
and Mossbauer spectroscopy have been utilized by Kotur et al. (1998). The cubic sample
Sc(Fep.94Sig.06)2 shows a small decrease of T'¢ whereas all the other physical properties are
similar to those of ScFe;. These investigations however revealed that there is a dramatic
lowering of the onset of the magnetic order in the sample Sc(Feg 75Sig25)2 (T'c=145K) in
combination with a decrease of the averaged Fe moment (0.67up/Fe). The M? vs. B/IM
plot (Arrott plot) of the sample Sc(Feo75Sig2s)2 is given in fig. 116. The curvature of
the M? vs. B/M curves in the ordered state was thought to be due to the local character
of the Fe moments in these compound. The inset in fig. 116 shows the low-temperature
magnetisation in a M vs. 7> representation. From this an estimation of the spin-wave
stiffness constant has been obtained. The value for Sc(Feq 75Sig25)2 is 66 meV A3, which
is distinctly reduced when compared to ScFe, (465 meV Ad).

The resistivity behaviour for the sample with Sc(Feq 75Sig.25); is remarkable, since there
is a negative slope in the temperature range from 4 K up to room temperature. The nor-
malised resistivity curves (p(T)/p(295K) vs. T') for the Sc(Feq 75Si25), sample, together
with the resistivity of the isostructural Co- and Ni-based compounds Sc(Cog.75S10.25)2,
and Sc(Nig 75Sig.25), are given in fig. 117. The residual resistivity for these compounds is
of the order of 300-400 nQ cm. This has been interpreted as a sign for a charge transfer
from the silicon p bands to the 3d band of Fe, Co or Ni and the begin of a gap-opening.

There is an increase of the electronic specific heat coefficient y from y(ScFe;)=
10mImol ' K2 to y(Sc(Fep75Si0.25)2)=38 mImol™ K2, Sc(Feg75Sin25); has a small
thermal expansion coefficient (&= 12x107% K1) without any anomaly at 7c=145K.
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These investigations also revealed that an annealing procedure as well as a change of
the 1:2 stoichiometry within the corresponding homogeneity range changes the physical
properties considerably.

6.2.2.2. (Sc;_.Ti,)Fe,. ScFe, is a ferromagnet (as shown above) whereas TiFe, shows
antiferromagnetism with 7Ty =270K (Nakamichi 1968). Both compounds crystallise
in the hexagonal MgZn, Laves phase structure. Thus in the pseudobinary system
(Scy _,Ti,)Fe, the magnetic properties change from ferromagnetism to antiferromag-
netism as the Sc:Ti ratio changes. The system shows the MgZn; type structure over the
whole concentration range. Along this pseudobinary the Curie temperature on the Sc-rich
side (up to x=0.2) is nearly constant with a saturation magnetisation for ScFe; ¢5 of about
81 emw/g (Nishihara and Yamaguchi 1986). However, with increasing Ti concentration
the saturation magnetisation increases up to about 94 emu/g for x =0.65 and a decreasing
saturation field. This tendency however changes abruptly at about x=0.7, the saturation
magnetisation for this sample is about half (48 emu/g) of that for the sample with x=0.65.
A small discontinuity at 150K in the temperature dependence of the magnetisation for
x=0.7 has been interpreted as the onset of antiferromagnetism in the low-temperature
region causing the decrease of the saturation magnetisation (Nishihara and Yamaguchi
1985, 1986). Interestingly, in the temperature dependence of the magnetisation for
x=0.65 to x=0.4 there is a step-like increase of the ferromagnetic magnetisation at the
corresponding transition temperature (for x=0.65 at 80 K) due to a temperature-induced
increase of the ferromagnetic Fe moments. The saturation magnetisation at 0 K is 1.3ug/Fe
and about 0.9up/Fe just above the transition temperature for the sample x=0.65. This
difference in the saturation moment between both ferromagnetic states become smaller as
the Ti content is further decreased. No such a transition has been found for 0 < x < 0.2.
Investigations of the paramagnetic susceptibility exhibit that for all the samples the
Curie-Weiss law is fulfilled however the Curie constants are larger for the sample with
x >0.75 than for that with x < 0.5. Interestingly the x ! vs. T plots for 0.5 <x < 0.75 show
kinks at temperatures about 100 K higher than the corresponding Curie temperatures. The



508 B.Ya. KOTUR and E. GRATZ

change in the effective moment, deduced from the Curie constant, is 2.5up/Fe above the
kink in ¥~! vs. T and about 1.6up/Fe below the kink.

It seems that this finding is a confirmation that the change in the chemical pressure the
Fe atoms experience within this pseudobinary caused by the small atomic diameter (of
both Sc and Ti) destabilises the magnetic moments of the Fe atoms. This is, for example,
quite in contrast to YFe; with stable moments on the iron sites.

6.2.3. Sc substitution in YMn;,

Rare-earth Laves phases with 3d transition metals as a partner element are interesting
mainly because of the great variety of magnetic phenomena observed in this family of
intermetallics. The intercorrelation between the two types of Laves phases C15 (cubic)
and C14 (hexagonal) is similar to that between the fcc and hep, i.e., a different order
of packing of atomic layers. Therefore, the coordination number is the same for both
structures. One of the characteristics of this structure is that the nearest neighbour of a
transition-metal atom is also a transition-metal atom. The atomic distances between the
transition metals in RMj is similar to that in the pure 3d metals. Comparing the density of
states of the elementary “heavy” 3d elements (Mn, Fe, Co, Ni) shows that the 3d density of
states is similar to that of the Laves phases RMn,, RFe;, RCo; and RNi;. However within
one such a series the position of the Fermi level can be shifted by selecting RE elements
with different atomic diameter. This is why Sc with its small atomic size is frequently
used as an alloying element.

In the following a well-known example, Y(Sc)Mn,, will be discussed. In a number of
investigations it has been shown that the magnetic state of Mn in these Laves phases
depends sensitively on the Mn~Mn distance (dyavm) (Shiga 1988). Above a critical
value of dymn=2.7 A there exist spontaneous Mn moments which in general are
antiferromagnetically ordered at low enough temperatures. Below this critical dyp-pm
value the spontaneous Mn moments are zero, however, induced Mn moments can appear
in RMn, compounds with magnetic rare-earth elements as partner elements (for a review
see Hauser et al. 1994). The sensitivity of the magnetic ground state to dym mn 1S
why in YMn; a relatively small pressure of about 3kbar is enough to suppress the
antiferromagnetic order (Oomi et al. 1987). However, what is interesting for the subject
under consideration, is that a substitution of a smail amount of Sc in YMn; causes also
a nonmagnetic ground state, due to the negative chemical pressure. In the ¥ vs. T curves
of the pseudobinary (Y;-,Sc,)Mn, system the discontinuity at 7 shifts below 4.2K
for x >0.02, indicating the collapse of the antiferromagnetic state (Nakamura et al.
1988). Another indication for the suppression of the antiferromagnetic state within
this pseudobinary system is the vanishing zero-field NMR spectrum with increasing
Sc concentration (Yoshimura et al. 1987). However the collapse of the antiferromagnetic
order in (Y1-,Sc,)Mn; can most clearly be seen in the temperature dependence of the
lattice parameter within this pseudobinary system. These measurements are given in
fig. 118 (Shiga 1988). The sharp decrease of the lattice constant at 7 is due to the
partial collapse of the Mn moments from 2.7up/Mn (estimated from neutron diffraction
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Fig. 118. The temperature dependence of
the cubic lattice parameters of (Y, _,Sc,)Mn,.
The step-like increase of a(7') indicates the
onset of long-range antiferromagnetic order
in YMn,. This transition is of first-order type
7.50 ' ) : : : with a huge hysteresis (the arrows indicate the

0 0 100 150 200 230 300 measurements on heating and cooling) (Shiga

T[K] 1988).

lattice constant [A]

experiments, Nakamura et al. 1989) to about 1.7u5/Mn just above T'n. The huge hysteresis
is an indication that the magnetic transition is of first-order type. Interestingly the very
large thermal expansion coefficient o measured in pure YMn, in the paramagnetic
temperature range (a=50x10°K™!) is still observable in the compounds with the
Sc substitution. This large a-value has been attributed to the existence of strong spin
fluctuations in YMn, by Shiga (1988). Recently it has been proposed that the large
coefficient a observed in nearly all the Mn intermetallics in their paramagnetic state (e.g.
in YMny, YMny;, YeMnys and also in the Mn metal) might be due to different valence
states of the Mn atoms. The assumption is made that this multi-valence state changes as
a function of temperature, pressure or composition (Gratz et al. 1997).

6.3. Compounds with superconducting ground state

6.3.1. Sc;_xM, alloys (M =Co, Rh, Ir, Pd, Pt)

The appearance of superconductivity in Sc-based binary alloys with Co, Rh, Ir, Pd and
Pt has been investigated by Geballe et al. (1965). Superconductivity with transition
temperatures above 0.35K (the lowest available temperature of the experiments in this
investigation) has been found in the Sc,Co;_, system in the range x=0.28-0.32. It
was however reported by Geballe et al. (1965) that it was not possible to isolate the
superconducting phase. Indications for superconductivity occur at 0.8 K in a Sc—Rh alloy
in the Sc-rich concentration region, however as it was expressed there, only about zli of the
sample was superconducting as deduced from the smaller signal obtained for a powder.
In the Sc-Ir system only one superconducting phase has been identified, namely that with
the MgCuy-type structure Sclr, which has a transition temperature of 2.07 K according
to Geballe et al. (1965). The maximum transition temperature for the C15-type alloys
is 2.46 K which occurs in Sclr, 5, however after powdering the sample two transitions
exist, one at 2.13K (which is that of the C15 type) and one that begins at 0.42 K. The
lower temperature has been ascribed to the transition of a nonstoichiometric Sclr, alloy.
According to Geballe et al. (1965) there is no superconducting phase in the Sc—Pd and
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Sc—Pt system. This has been ascribed to the lack of favourable intermediate phases in
these systems.

Alloys of Y and Lu with Co, Rh, Ir, Pd and Pt have been studied and compared. This
comparison shows that in the alloys with Sc the smallest number of superconducting com-
pounds exist. Interestingly, in none of these series based on Sc, Y or Lu superconductivity
has been observed in compounds with Pd.

6.3.2. ScsMySijg (M =Co, Rh, Ir) and RyFe3Sis (R=Sc, ¥, Lu)

Among the Sc-containing superconductors the most interesting are the superconducting
ternary iron and cobalt silicides. The discovery of ScsCo4Sijy with a superconducting
transition temperature of 7's =4.9 K demonstrated that relatively high transition temper-
atures may be found among compounds containing 3d transition elements as intrinsic
constituents (Braun and Segre 1980). In this paper a class of ternary compounds with
the general formula RsMyXjg, (where R=Sc or Y, M=Co, Rh, Ir, and X=Si or Ge)
has been described the first time. These RsM4X;9 compounds crystallise in a primitive
tetragonal lattice with SG P4/mbm. The superconducting transition temperatures of the
Sc-containing samples are: 4.9K for Sc;Co4S8iyg, 8.5K for ScsRhySiyg, and 8.4K for
ScsIrySijg. The occurrence of superconductivity at temperatures up to 8.4K in the
ScsMySijg phases is remarkable since elements like Sc and Si become superconducting
only under pressure. Ir is superconducting below 0.66 K and Rh and Co are not
superconducting at all. The comparatively high Ts of ScsCo4Siyy indicates that the
magnetic character of the Co atoms is either lost in these phases or does not interfere
significantly with the BCS pairing. This behaviour is intriguing in view of the existence
of “isolated” transition-metal atoms in these compounds.

Later it has been shown that there are other ternary superconducting compounds
containing iron as the transition metal (Vining et al. 1983). The ternary iron silicides
R;Fe;Sis (R=Lu, S¢, Y) were first reported to become superconducting by Braun (1980).
The crystal structure of ScyFe;Sis which belongs to the SG P4/mnc has been solved by
Bodak et al. (1977). The superconducting transition temperatures for the three compounds
are not very sharp and are given by Braun (1980) as: Ts=4.52-4.25K for Sc;Fe;Sis,
Ts=2.4-2.0K for Y,Fe;Sis, and Ts=6.1-5.8K for Lu,Fe;Sis. >’Fe Mosshauer effect
measurements of these Fe-based series in magnetic fields show quadrupole-splitted spectra
with small positive values of the isomer shift, indicating the absence of magnetic moments
at the iron sites (Braun et al. 1981). An estimation of the upper limit of the magnetic
moments on the two iron sites at 4.2K with a magnetic field (5.6T) and without a
magnetic field has been given in Cashion et al. (1980, 1981). These measurements
revealed . < 0.03p5. To explain the nonmagnetic ground state of Fe in these compounds
two models have been discussed earlier in the literature. One model is based on the
assumption that a charge transfer from Si to Fe takes place in these compounds. The
other concept assumes an influence of the crystal field on the 3d orbital. The charge
transfer model requires a rather unrealistic large charge transfer from the d® configuration
of Fe into a d¥ configuration. However, the very small Fe-Si interatomic distances
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in this compound (see table 2 in Braun 1981) might support this explanation. The
assumption that the crystal field in a transition metal compound is strong enough to
cause a zero Fe moment seems questionably too. We feel that as yet the question of
why Fe is nonmagnetic in such systems is unsolved. The low-temperature heat capacity
measurements performed on the three R;Fe;Sis (R=Lu, Sc¢, Y) compounds by Vining
et al. (1983) revealed several anomalous properties in their superconducting state. Most
remarkable in these heat-capacity results are the large linear term in the superconducting
state and a reduced normalised jump in the specific heat at 7's. These measurements are
shown in figs. 119, 120 and 121 in ¢/T vs. T? representations. The respective ¢/T vs. T?
plots around 7'g are shown in the insets. The superconducting transition temperatures as
obtained from these specific-heat measurements are 6.3 K, 4.4K and 1.7 K for Lu,Fe;Sis,
ScyFe;Sis and Y,FesSis, respectively. Deviations from linearity above T's especially in
Lu,Fe;Sis are apparent. A fit of these data in the temperature range from above T's to
about 18 K with ¢=y, T+ B,T>+ a,T° (the subscript n denotes the non-superconducting
state) with a root mean square deviation of about 1% revealed that in each case the lattice
contribution 3,7° + @, T° to the total specific heat represents less than 20% of the total
heat capacity at T's. The prefactor ¢, is smallest in the Sc compound. The jump at Ty is



512 B.Ya. KOTUR and E. GRATZ

250

200

—_
th
()

/T [mI mol 'K %]
=
o
T
»
»
»
1

L5 Y e

h
(=3
T

»
»

Fig. 121. The temperature variation of the
specific heat of Y,Fe;Si; in a ¢/T vs. T?
presentation. Inset: the coefficient of the linear
term in the heat capacity for the normal
7* K" state (¥,) in mJ mol™ K2 (Vining et al. 1983).

0 I 1 1 1 i I L
0 100 200 300 400 500 600 700 800

sharp for LuyFe;Sis and ScyFesSis whereas it is broad in Y,Fe;Sis; this is ascribed to a
somewhat lower quality of the latter sample. The normalised jump Ac/(y,Ts) in the heat
capacity at T's in ScyFesSi; and Y,Fe;Sis is less than 60% of the BCS value of 1.43.
Below T's the heat capacity of LuyFesSis and Sc,Fes;Sis has been fitted to the expression
c=7v,T +BsT? (the subscript s denotes the superconducting state). The measured Y,Fe3Sis
data do not permit an estimation of y;. An extrapolation towards lowest temperatures
reveals ys=13.6mJmol™' K2 for Sc,FesSis and 10.1 mJ mol™! K2 for Lu,Fe;Sis. The
reduced normalised jump at 7's and the large linear y, values have been explained by
Vining et al. (1983) assuming a two-band model in which one band remains in the normal
state. These can be understood in terms of a topological complex Fermi surface in which
pockets of electrons remain.

6.3.3. RRu4By

Within the RRuyBy series of compounds the body-centred tetragonal (bet) structure occurs
for all members except for La, the largest of the rare-earth elements (Johnston 1977).
Similarly, within the set of primitive tetragonal RRhsB4 compounds NdRhsB4, which
contains the largest rare-carth ion which forms this structure, has been found to be
metastable (Johnston 1977). A structural instability of the various RM4B, structure classes
also occurs with decreasing size of the rare-earth ions; the smallest rare-earth atom which
has been reported to form any of these phases is Lu. Ku et al. (1979) reported that Sc,
with a much smaller ionic radius, does form ScRuy4Bj4, however it was found that this
compound is metastable. Surprisingly however, ScRusB,4 becomes superconducting at a
temperature of about 7.2 K, much higher than the T's of the other two superconducting
members of the body-centred tetragonal RRusB, series, namely 1.8K for LuRu;B, and
1.4K for YRuyB,. Since the ScRuyB4 sample, where the superconductivity has been
found, was a multi-phase sample, a comprehensive investigation around the ScRuyBy
composition in the Sc—Ru-B ternary phase diagram has been undertaken. However, no
single-phase ScRuyB4 sample could be obtained. The effect of annealing was that the
superconductivity disappeared in these ternary body-centred tetragonal phases.
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6.3.4. SCNiZBZC

Superconductivity with relatively high transition temperatures up to 23K has been
reported in R-M-B—C systems (R=Y and M= Ni, Pd or Pt) (see e.g. Ku et al. 1994).
In the Ni-based system superconductivity was first observed in the compound with
R=Lu with the tetragonal LuNi,B,C-type structure (SG /4/mmm). Among the RNi,B,C
the highest T's (16.6K) has been reported for LuNi;B,C followed by YNi,B,C with
15.6K (Nagarajan et al. 1994, Cava et al. 1994, Siegrist et al. 1994). For magnetic
rare-carth compounds lower superconducting transition temperatures (due to the pair-
breaking effect) have been observed. Superconductivity has been observed in ScNi,B,C
by Ku et al. (1994), however, only in an as-cast multi-phase sample. As in the other
RNi;B,C systems the superconducting phase in ScNi; B,C is found only in those phases
with the tetragonal LuNi;B,C-type structure. Obviously because of the much smaller
ionic radius of Sc** this superconducting phase is metastable in ScNi,B,C and vanishes
(together with the superconductivity) after the sample has been annealed at 1050°C for
24 h. The superconducting transition temperature for this metastable ScNiyB;C compound
is between 15 and 16 K, thus only slightly lower than 16.7 K for the LuNi;B,C compound
and almost equal to 15.6K for YNi;B,C, which indicates that the superconducting
properties of these systems are essentially independent of the relative size of the
nonmagnetic R>* ions (R=Sc, Y or Lu).
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Appendix 1. Structure types of intermetallic compounds of scandium

Table 36 collects the structure types of intermetallic compounds of scandium.
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Sc-Hf-Si 426 — ScgCuye Al 390

— isothermal section 426 — ScFegao135AL 70065 389
Sc-Hg 364 — ScPeyp71Algp 49 389
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Sc—M-B ternary systems 379-386
Sc-M~C compounds 412

SUBJECT INDEX

ScCoC, 412
ScCo,C 412
Sc,CoC, 412
ScCrC, (o) 412
ScCrC, (B) 412
Sc,CrC; 412
ScFeC, 412
Sc,FeC, 412
Sclr,C, _, 412
SeNiC, 412
Sc,NiC, 412
Sc,Re,C, 412
ScRu,C 412

Sc-M-C (M =Ru, Rh, Pd) 414

— isothermal sections 414

— ternary compound 414

Se-M-C (M =W, Re, Tc) 411

— hypothetical phase diagram 411

— ternary compound 411

Se-M-C (M =Zr, Hf, V, Nb, Ta) 410
— hypothetical phase diagram 410
Sc-M—C ternary systems 409415
Sc-M—Ga compounds 397

ScCoy1,Ga g 398
ScCoy45Ga, ¢ 398
ScCoysGa; s 398
ScCoGa; 398
ScCo,,Ga; 3 398
ScCo,;Ga,; 398
ScCos3Ga,, 397
Sc,Co,Gag 398
Sc,Co,Ga, 398
ScsCoggpsGaggys 398
ScsC07263Ga55.167 398
~8¢;C0p_Gayo 5, 398
~8¢,C053_49Gays 59 398
~86;Cog3_0Gays s 398
~8c,,Co;,Gayy 398
SCy9-34C045.24G9 4, 398
Sc,CoGag 398
~Sc,Cr,Ga, 397
ScCug 77 026G 23174 399
ScCuy 40 056Gag 60114 399
ScCu,Ga 399
~ScCu,y,Ga; ¢ 399
~ScCu,Ga,, 399
ScCu,,Ga,; 399
ScCls g9 455Gag 51715 399
Sc,Cu,,Gay, 399
ScFey1,Ga; g6 397
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Sc-M-Ga compounds (cont d) — ternary compounds 438
— ScFey33Ga, ¢, 397 Sc~M-Ge compounds  39-52, 438-441
— ScFeGa; 397 — ScAgGe 48, 441

— ScFe, 37.011Gag 63120 397 — ScCeGe 197, 438

— ScFe g 144Gy 15956 397 — ~Sc,CesGeg 197, 438
— ScFe,;Ga,;,; 397 — Sc,Cey,,Ge, 197, 438
— ScFeg 4 13Gag_7,; 397 — ~Sc, sCeysGe, 438

— Sc,Feq4,Gag ;397 — ~ScsCeysGeys 197

— ScyFe,Gag 397 — ScCoGe 44, 440

— ScgsFe,,Ga 397 — ScCoGe, 44, 440

— ScoogoHfys 01 Ga 397 — ScCocGe, 44, 439

— Scy,Hfy;Ga; 397 — Sc;Co,Ge; 440

— Scglr,Ga;; 399 — S¢,Co,Geg 440

— ScMng,;Ga, ¢; 397 — S¢,Co,Ge, 44

— Sc;Mn,Gag 397 — Sc,Co,Geg 44, 439

— ScgsMn;,Ga 397 — ~Sc,Co,,Ge; 44, 439
— ~ScNbGa, 397 —~ Sc,CoGe, 44, 440

— Scg494Nbyg 1 cGay, 397 — ScCrGe, 40, 439

— ScNiy ,Ga; g6 399 — ScCryGeg 40, 438

— ScNig;5Ga g5 399 — Sc,Cr,Ge; 40, 438

— ScNiGa 399 — Sc,Crs,Gegs 40, 439
— ScNiGa, 399 — ScCuGe 46, 441

— ScNiGa; 398 — Sc;Cu,Ge, 46, 441

— ScNi, ,Ga; 3 398 — ~Scy3Dy,,Ge, 438

— ScNi,Ga 398 — Sc,gDy,;,Ge, 199, 438
— ScNi,36Gaze, 398 — Sc,;Dy,,Ge, 199, 438
— ScNij_g6Gay 133 399 — ScEuGe 199, 438

— Sc,Ni55Ga, 55 398 — ScFeGe 42, 439

— SesNipe;Gagegy 399 — ScFeGe, 42,439

— ~Sc¢;;Nig,50Gajg 54 398 — ScFe,Geys 42, 439

— ~Scy,NisgGayy 398 — ScFe;Ge, 42, 439

— ~ScyNig;Gayg 398 — ScFesGes 42, 439

— Sc30.36Niss_30Gars,5 399 ~ ScFe,Ge, 42, 439

— Sc,NiGag; 398 — Sc,Fe,Gegs 42, 439

- 8¢40s,Gays 399 — Sci117Fe104170GC00s 030 42, 439
— ScPdGa 399 — SclrGe 51, 441

— ScPd,Ga 399 — Se,Ir,Geg 51, 441

— ScPtGa 399 — ScLaGe 196, 197, 438
— ScgRh,Ga;, 399 — Sc;La;,,Ge, 196, 438
— Sc¢Ru,Ga;, 399 — ScLiGe 8, 438

— ScTi,Ga, 397 — ScMnGe 41, 439

— Scgg94Tls, 15Gayy 397 — ScMnGe, 41, 439

- Scy4Ti, Ga; 397 — ScMnGe, 41, 439

— ScV,Ga, 397 — ScMn,Ge, 41, 439

— Scia6-3.82 Y30a-118G8, 397 — ScsMn, Gey 41

— Scy3.4771,4.6,Gayy 397 — ~ScsMn,Gey, 439
Sc-M-Ga (M =Ru, Rh, Pd, Os, Ir, Pt) 407 — Sc,Mns,Geg, 41, 439
— ternary compounds 407 — Sc, ;Mo, Ge, 47, 439
Sc-M—QGa ternary systems 396—408 — Sc,Nb;Ge, 46, 438

Sc-M—-Ge 441 — ScNdGe 198, 438



SUBJECT INDEX

— ~Sc,Nd;Ge, 198, 438

— Sc;Nd,,,Ge, 198, 438

— ScNiGe 45, 440

— ScNigGegs 45, 440

— Sc;Ni,Ge, 45, 440

— Sc;Ni; Ge, 45, 440

— Sc,Ni,Ge,, 45, 440

— ScgNij;Ge, 45,440

— ScgNij3Ge;; 45, 440

— ScgNisGey, 440

— Scy53Nigg,Gey, 45, 440

— ~Sc;3NigGeys 45, 440

— ScOsGe 51, 440

— ScOsGe, 51, 440

— Sc,0s,Geg 51, 440

— ScPdGe 48, 440

— ScPrGe 198, 438

— Sc,Pr,,Ge, 198, 438

— ScReGe, 50, 439

— ScRhGe, 48, 440

— Sc,Rh,Ge, 48, 440

— ScRhGe (I) 48, 440

— ScRhGe (II) 48, 440

— ScRuGe 47, 440

— ScRuGe, 47, 440

— Sc,Ru,Geg 47, 440

— ScSmGe 199, 438

— Sc;Sm,,Ge, 199, 438

— Sc, 3Ta; ,Ge, 50, 438

— Sc,V;Ge, 40, 438

— Sci_15Vs4,Ges 40, 438

— ~8c¢43Y,,Ge, 196, 438

— Sc35Y;6:Ge, 196, 438

— Sc,,Y,;,Ge, 196, 438

— ~Sco3Yb,,Ge, 438

-~ ScsYbsGey, 438

Sc-M-Ge ternary compounds 200

Sc—M-Ge ternary systems 8, 23, 39-52, 196-199,
437451

Sc-M-In compounds 409

— ScAg,In 409

— ScAu,In 409

— ScCu,In 409

— ScNi,In 409

— ScNiyIn 409

— Sc,Ni,In 409

= Scyz61.44PdoIny 54 556 409

— ScPt,In 409

Sc-M-In (M =Cu, Ag, Au) 409

— ternary compound 409

Sc-M-In ternary systems 408, 409
Sc-M-M’ compounds 380, 462
ScCuZn (I) 462

— ScCuZn (II) 462

— Scg, Hfyglr 462

— ScNijAu 462

Sc-M-M' ternary systems 460-464
Sc-M-P(As, Sb, Bi) compounds 455
— ScCoP 455

— ScCosP, 455

— Sc,Co,,P; 455

— Sc;CopPy, 455

~ ScFe,P, 455

— ScFesP; 455

— Sc,Fe,P, 455

— Sc,Mn,,P, 455

— ScNiyAs, 455

— ScNiBi 455

— ScNiSb 455

— ScPdBi 455

— ScPtSb 455

— ScRuP 455

— Sc,Ru,P, 455

Sc-M-P(As, Sb, Bi) ternary systems 454-456
Sc-M-Se compounds 456

— ScAgSe, 456

— Sc,CdSe, 456

— Sci_46Cuy_,8e, 456

— Sc,EuSe, 456

— Sc,MgSe, 456

— Sc,MnSe, 456

Sc-M-Se ternary systems 456
Sc-M-Si compounds 417

— ScAuSi 421

— ScCeSi 417

- ScCe,Si, 417

— Sc;Ce,Si, 417

— ~Sc;CeqSiy 417

— ~8c;Cey;Sig 417

— ~8c,Ce,Si; 417

— ~Sc;CegSiy, 417

— ~Sc,Ce;Si;,, 417

— ScCoy,5S1; 55 420

— ScCoSi 420

— ScCoy521.4650045-054 420

— ScCo,Si, 419

— Sc,CoggsSig s 420

— Sc,Co,Sis 419

— Sc;Co,Si; 420

— ~Sc¢,Coy,Si; 419

|
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Sc-M-Si compounds (contd)

— Sc;Co,Si;,, 419

ScgCosSi; 419
ScsCo40S8i;y 419
Sc,CoSi, 420
Sc,Cr;Si, 418
Sc,Cr,Si; 418
Sc,Cr,4Si,, 418
ScCu,Si, 421
Sc,CuySiy, 421
Sc,Cu,Si, 421
ScCuSi (h) 421
ScCuSi (r) 421
Sco;Dy,,Si, 418
S€04-07DY0s-035115; 418
ScossFeqaesSi; 418
ScFey,sSi .5 419
ScFeSi 419

ScFe; 5148105058 419
ScFe,Si, 419
ScFe,Si, 419
~ScFesSi; 419
ScFe,Si, 419
Sc,,Fe,Sigy 419
Sc,Fe;Sis 419
Sc,yFe,Si; 419
Sc,Fe,Si; 419
Scy_yoFei o182 Sloos 012 419
ScFeSi, (I) 419
ScFeSi, (I) 419
Sc,FeSi, 419
SclrSi 421

Sclr; Si; 421
Sc,Ir;Sig 421
Scslr, Siy, 421
ScLaSi 417
ScLa,Si, 417
ScMny,Si; ;5 418
ScMnSi 418
ScMnSi, 418
Sc,Mn,Si; 418
Sc,Mo,Si, 418
Sco4Nby¢Si; 418
Sc,Nb;Si, 418
Scoss-09sNdo 15 00551167 417
ScNdSi 417
ScNd,Si, 417
~ScNd,Si; 417
Sc,NdSi, 417

— ScNiy,58i .5 420

SUBJECT INDEX

ScNiSi 420
ScNiSi; 420
ScNi, 55 1.49Sigag0s 420
ScNi, Si, 420
ScNi,Si; 420
~Sc,NisSi; 420
~S¢,Ni Si, 420
Sc;Ni, Si; 420
Sc;Ni,Si, 420
Sc,Ni, Si, 420
Sc,;Niy, Si, 420
SceNijSi; - 420
SceNigSi;, 420
ScyNiSi; 421
~Sc;0s,8ig 421
ScPdSi 421
ScogeProy Siyss 417
ScPrSi 417
ScPr,Si, 417
~ScPr,Si; 417
Sc;6Pr; 7,81, 417
~Sc,Pr,Si, 417
~Sc,PrsSi; 417
Sc;Pr,Si, 417
ScPtSi 421
~ScReSi, 418
Sc,Re,;Si, 418
Sc;Re,Si, 418
Sc;RegSij, 418
ScoRes 558106 418
ScRhSi 421
ScRhSi, 421
ScRh,Si, 421
~Sc,Rh;Si, 421
~Sc,Rh,Si, 421
~Sc;Rh,Si; 421
~ScsRh, Sty 421
ScsRh,Siy, 421
~ScRh,Si; 421
~Sc,RhSi; 421
ScRuSi 421
~Sc;Ru,Sig 421
Sc2-045myg o6S1 417
Scg3Smy,Si, 418
ScSmSi 418
ScSm, Si, 418
Sc;Sm,Si, 418
ScV Si; 418
Sc,V3S8i; 418
Sc,V;Si, 418



SUBJECT INDEX

- Sc, sW,,81, 418

— Sco95-052Y005-0485t67 417
Sc-M-Si ternary systems 416-436
Sc-M-Sn compounds 452
— ScAuSn (I) 452

— ScAuSn (II) 452

— ScCoSn 452

— ScCo;;Sn, 452

— ScCo,Sn 452

— ScCo¢Sng 452

- ScCuSn 452

- ScCu,Sn 452

— ~SccCuSn, 452

— ScFesSng 452

— Sclr;Sny 452

— ScLiSn 452

— ScMngSn, 452

— ScNiSn 452

— ScNi,Sn 452

— ScNi,Sn 452

~ Sc,Ni,Sn 452

— ScOs;;Snys 452

— ScPd,Sn 452

— ScPdSn (I) 452

— ScPdSn (II) 452

— ScPt,Sn 452

— ScPtSn (I) 452

— ScPtSn (I) 452

— ScPtSn (II) 452

— ScRh;,Sn,¢ 452

— ScRu;,Sn; s 452
Sc-M-Sn ternary systems 451454
Sc-M-X 480

Sc-M—X compounds 380

Sc-M compounds 345, 351, 353, 355, 358, 362,

365
— ScAg 362
— ScAg, 362
— ScAg, 362
— ScAu 362
— ScAu, 362
— ScAu, 362
— Sc,Au 362
— ScBes 345
— ScBe;; 345
— Sc,Be; 345
— ScCd 365
— ScCd; 365
— ScCd, 365
— ScCo 355

ScCo, 355
Sc,Co 355
Sc;Co 355
ScCu 362
ScCu, 362
ScCu, 362
ScyFes 355
ScFe, ,,(A,) 355
ScFe,(h,) 355
ScFe,(hy) 355
ScHg 365
ScHg, 365
Sclr 359

Sclr, 359
Sclr; 358
Sc,Ir 359
ScyIr, 359
Scylr; 359
Scy;Ir; 359
ScMg() 345
ScMn, 353
ScNi 355
ScNi, 355
Sc,Ni 355
Sc,Ni; 355
ScNi;(HT) 355
ScNi;(LT) 355
ScOs, 358
Sc;;0s, 358
Sc,,0s; 358
ScPd 358
ScPd, 358
ScPd, 358
Sc,Pd 358
~Sc,Pd 358
ScPt 359
ScPt, 359
Sc,Pt 359
Scs,Pt;; 359
~Sc,Pu, 351
ScRe, 353
ScsRe,, 353
ScRh 358
ScRh; 358
Sc,Rh 358
Sc;Rh 358
Scs;Rh;; 358
ScRu 358
ScRu, 358
Scy Ru, 358
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Sc—M compounds (cont d)
— Scs;Ru;; 358

— ScTc, 353
— ~ScTe; 353
— ScTe, 353
— ~Sc;Te, 353
- ~Sc,Tc 353
— ScZn 365
- Sc¢Zn, 365
— Sc¢Zny, 365
— Sc;Zny;, 365

— Sci3Znsg 365

Sc—M systems

— M =5A, 6A eclement 351
— M=1A clement 345

— M =2A clement 345

— M =4A clement 351

— M=1B element 361

—~ M=2B clement 363

— M = actinide element 349
~ M=Fe, Co, Ni 354

— M=Mn, Tc, Re 353

— M =platinum group element 357
Sc-Mg 345, 346

— compound 346

— phase diagram 345
Sc-Mg—-Al 386

— isothermal section 386
Sc—Mg—Mn 460

— isothermal sections 460
Sc-Mg—Mn—

Li(Ca, Y, Ce, Nd, Zr, Ni, Cd, Zn, Al, In,

Si, Ge, Sn) 464
Sc-Mg(Eu, Mn, Cu, Ag, Cd)-Se 456
— ternary compound 456
Sc-Mn 353
— compound 353
— phase diagram 353
Sc-Mn-Al 392
Sc-Mn-B 382
— ternary compound 382
Sc-Mn-Fe 463
Sc-Mn-Ga 402
— isothermal section 402, 403
— ternary compounds 402
Sc-Mn-Ge 41, 447, 448
— jisothermal section 41, 447, 448
— ternary compounds 41, 447
Sc-Mn-Si 430
— isothermal section 430

SUBJECT INDEX

— ternary compounds 430
Sc-Mn-Sn 453

— ternary compound 453
Sc-Mn(Fe, Co)-P

— ternary compounds 455
Sc-Mn(Fe, Co)}-P 454

Sc-Mo 352

— phase diagram 352

Sc—Mo-Al 391

Sc-Mo-C 411

— hypothetical phase diagram 411
— phase equilibria 411

— projection of solidus surface 411
Sc-Mo—-Ge 46, 47, 446, 447

— isothermal section 47, 446

— ternary compound 47, 447
Sc-Mo-Si 428

— isothermal section 428, 429

— ternary compound 428

Sc-Nb 352

— phase diagram 352
Sc-Nb-Al 391

— phase equilibria 391
Sc-Nb-Ga 402

— isothermal section 402, 403
— ternary compounds 402
Sc-Nb—Ge 46, 445

— isothermal section 46, 445
— ternary compound 46, 445
Sc-Nb-Si 426

— isothermal section 426, 427
Sc-Nd 348

Sc-Nd-Ge 198, 442

— isothermal section 198, 442
— ternary compounds 198, 442
Sc-Nd-Si 422

— isothermal section 422

— ternary compounds 422
Sc-Ni 356

— compounds 356

— phase diagram 356, 357
Sc-Ni—Al 393

- isothermal sections 393

— ternary compounds 393
Sc-Ni-As 455

— ternary compound 455
Sc-Ni—Au 463

— ternary compound 463
Sc-Ni-B 384

— isothermal section 385



— ternary compounds 384
Sc-Ni-C 414

— isothermal section 414

— ternary compounds 414
Sc-Ni-C-B 467

Sc-Ni—Ga 406

— isothermal section 406, 407
— ternary compounds 406
Sc-Ni—Ge 44, 45, 450

— isothermal section 44, 450

— ternary compounds 44, 45, 450

Sc-Ni-In 408

— ternary compounds 408
Sc-Ni-Si 432

— isothermal section 432, 434
— ternary compounds 432
Sc-Ni—-Sn 453

— phase equilibria 453

— ternary compounds 453
Sc-Ni(Pd)}-Bi 456

— ternary compounds 456
Sc-Ni(Pt, Au)}-Sb

— ternary compounds 455
Sc-Ni(Pt, Au}-Sb 455
Sc-Os 359

— compounds 359
Sc-0s-B 386

Se-0s—-Ge 51, 450

— ternary compounds 51, 450
Sc-Pb 376

— compounds 376

— phase diagram 376, 377
Sc-Pd 357

— compounds 359

— phase diagram 357
Sc-Pd-Al 394

— isothermal section 394
— ternary compounds 394

Sc—Pd-C, isothermal section 415

Sc-Pd-Ge 48, 450
Sc—Pd-In 408

— ternary compound 409
Sc—Pd(Os, Ir, Pt)-Si 434
— ternary compounds 434
Sc—Pm 348

Sc-Po 379

Sc—Pr 348

Sc-Pr—Si 422

— ternary compounds 422
ScPr(Sm)y-Ge 197-199, 441

SUBJECT INDEX

— ternary compounds 198, 199, 441

Sc-Pt 359

— compounds 361

— phase diagram 359
Sc-Pt-Ge 51, 52
Sc—Pt-In 409

— ternary compound 409
Sc—Pu 350

— compound 351

— phase diagram 350
Sc-R 347-349

Sc-R—-Al 387, 388

— phase equilibria 388

— ternary compounds 388
Sc—R-Rh-B alloys 465
- Scg;Ceo,Rh,B, 465

— Sco3Dye,RIuB, 465

— Scy,Er gRhB, 465

— Scg3Er ,;Rh,B, 465

— Scy3Gdg,Rh,B, 465
— Scg;Hog,RH,B, 465
— Scy4HoggRHB, 465
— Sco3Ndy;Rh, B, 465
— ScgsPrg,R,B, 465

— Scy3Smy,Rh,B, 465
— Scy;Tby,RH,B, 465

— Scy3Tmy,Rh,B, 465
Sc—Re 353

— compounds 353

— phase diagram 353
Sc-Re-B 382

— isothermal section 383
— ternary compound 382
Sc—Re-Ge 50, 51, 448

— isothermal section 51
— ternary compounds 50, 448
Sc—Re-Ni 463
Sc—Re-Ni-Si 468
Sc—Re-Si 430

— isothermal section 430, 431
— ternary compounds 430
Sc-Rh 357

— compounds 357

— phase diagram 357, 360
Sc-Rh-B 385

Sc—Rh-C, isothermal section 415

Sc-Rh—Ge 47, 48, 450, 451
Sc-Rh-Os-Si 467
Sc-Rh-Si 433

— isothermal section 433
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Sc—Rh—Si (cont d)

— ternary compounds 433
Sc-Ru 357

— compounds 357

— phase diagram 357
Sc-Ru-Al 393

— isothermal section 393

— ternary compound 393
Sc—Ru-B 385

— metastable equilibria 385
— ternary compounds 385
Sc—Ru—C, isothermal section 415
Sc—Ru-Ge 47, 450
Sc—Ru-P 455

— ternary compounds 455
Sc-Ru—Rh 463

Sc-Ru—-Si 433

— ternary compounds 433
Sc—Ru(Rh, Pd, Os, Ir, Pt)-Sn
— ternary compounds 453
Sc—Ru(Rh, Pd, Os, Ir)-Ge

— ternary compounds 450
Sc—Ru(Rh, Pd, Os, Ir, Pt)-Sn 453
Sc—Ru(Rh, Pd, Os, I)-Ge 450
Sc-Se 377

Sc-Si 372

— compounds 372-375

— phase diagram 372-375
Sc-Si-C 458

Sc—Sm—Ge 438, 441

— ternary compounds 438
Sc-Sm-Si 423

— isothermal section 423

— ternary compounds 423
Sc-Sn 376

— compounds 376

— phase diagram 376

Sc—Sr

— phase diagram 346, 347
Sc—-Sr—Al 387

— isothermal section 387
Sc-Ta 352

— phase diagram 352
Sc-Ta-Ge 49, 50, 445

— isothermal section 49, 445
— ternary compounds 50, 445
Sc-Ta-Si 428

— isothermal section 428
Sc-Tb 348

Sc-Tbh-Ge 199

SUBJECT INDEX

Sc-Th-Mn 460

Sc-Tc 353

— compounds 353

Sc-Te-Se 459

Sc-Th 349

- phase diagram 349, 350
Sc-Th—-C 409

Sc-Th-Rh-B 466

Sc-Ti 351

— phase diagram 351
Sc-Ti—Al

— isothermal section 390
Sc-Ti-C 410

— hypothetical phase diagram 410
— phase equilibria 410
Sc-Ti-Fe 462

Sc-Ti-Ga 400

— isothermal section 400

— ternary compounds 400
Sc-Ti-Ni 462

Sc-Ti-Pt 462

Sc-Ti-Si 425

— isothermal section 425
Sc-T1 370

— compounds 370

— phase diagram 370, 371
Sc-Tm 349

Sc-U 349

— phase diagram 349, 350
Sc-U-Pd 460

Sc-U-Pd-B 466

SV 352

— phase diagram 352
Sc-V-Ga 401

— isothermal section 401

— ternary compound 401
Sc-V—-Ge 39, 40, 444

— isothermal section 39, 444
— ternary compounds 40, 444
Sc-V-Nb 462

Sc-V-Si 426

— isothermal section 426, 427
— ternary compounds 426
Sc-W 353

— phase diagram 353
Sc-W-B 382

- isothermal section 382
Sc-W-Ge 50, 447

— isothermal section 50, 447
Sc-W-Si 428



— isothermal section 428, 430
— ternary compound 429
Sc—X-X' compounds 380, 458
— ScAl;C; 458

— Sc,;AlLGey 458

— Sc;AIC 458

— Sc,AlSi, 458

— ScB,C 458

- ScB,C, 458

— Sc,BC, 458

— ScGay Al 458

— ~ScGagseoaAloasozs 458
~ ScGagrs_y3Al) 55077 458
— ~Sc,Ga,Al 458

-~ Sc;InB, _, 458

~ Sc;InC, 458

— Sc;PbB, _, 458

— Sc,PbC, 458

— Sc;SnB; _, 458

— Sc,SnC, 458

- Sc;TIB, _, 458

- Sc;TIC, 458

Sc~-X-X' ternary systems 456459

Se-X'-X (X=B,C) 480

Sc—X compounds 367, 373, 378

— ScAl 367

— ScAl, 367

— ScAl; 367

— Sc,Al 367

— ScAs 378

— ScsAs; 378

— Sc,As; 378

— Sc;As, () 378
— ScyAs, (II) 378
— Sc,As,(IIT) 378
— ScB, 367

— ScBy, 367

— ScBi 378

- ScC,_, 373
- Sc¢;C, 373

— S¢;5Cyy 373

- Sc,Cy (@) 373
- S¢,C; (B) 373
— ScGa 367

— ScGa, 367

— ScGa, 367

— Sc,Ga 367

— Sc;Ga, 367

— Sc;Gas; 367

— Sc;Gay 367

SUBJECT INDEX

- ScsGa, 367

- ScGe 373

— ScGe, 373

— ScsGe, 373

— Sc;Ge, 373

— Sc;;Ge,, 373
— ScIn, . 368

— Scln 368

— Scln, 367

— ScIn, 367

— Sc,In 368

- Sc;In 368

— ScP 378

— Sc,P 378

— Sc,P, 378

— Sc;P, () 378
~ Sc;P, (I) 378
— Sc;Pb; 374

— ScePbs 374

— ScPo 378

— ScSb 378

— Sc,Sb 378

— Sc;Sb; 378

— ScSe 378

— Sc,Se; 378

— ScSi 373

— ScsSiy; 373

— ScSi, _ (o) 373
— ScSi, _,(B) 373
— SeSn 373

— ScSn, 373

— ScsSn, 374

— SceSn; 373

— ScTe 378

— Sc,Te; 378

— ScTl 368

— ~ScTl, 368

— Sc,T1 368

— ~8c;T1 368

— Sc;Tl; 368

— ScsTl, 368

— ScsTly 355 368
Sc-X (X =3B eclement) systems
Sc—X (X = 4B element) systems
Sc-X (X =P, As, Sb, Bi)
- compounds 377

Sc-X (X =P, As, Sb, Bi) systems

Sc—X (X = Se, Te, Po) systems
— compounds 377
Sc-Y 347

365
371

376
377
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Sc—Y (contd)

— phase diagram 347
Sc-Y-Fe 460

— isothermal section 460, 461
Se-Y-Ga 396

— isothermal section 396

— ternary compound 396
Sce-Y-Gd 460

Se-Y-Ge 196, 437

— isothermal section 196, 437
— ternary compounds 196, 437
Se-Y—-Ge-Si 467

Sc-Y-Si 416

— isothermal section 416
Sc-Y-Ti-Co 468
Se-Y(Lu)-Ir-Si 466
Sc-Y(Nd, Dy, Er, Lu)-Fe-B 465
Se-Yb 349

— phase diagram 349
Sc-Yb-Ge 442

— isothermal section 442, 443
— ternary compounds 444
Sc—Zn 363

— compounds 363

— phase diagram 363, 364
Se—Zr 351

- phase diagram 351
Sc—Zr-Al

— isothermal section 390
Se—Zr-Ga 400

— isothermal section 400, 401
— ternary compound 400
Sc-Zr-Si 425

— isothermal section 425
ScAg, 361

ScAl 366

ScAl, 497

— dilution of lanthanides 496
— lanthanides diluted 496
ScyAs, 377

— polymorphic modifications, 377

ScAuGe 495

— density of states 495

ScB, 365

ScB;, 365

Sc,C, 372

Sc,C; 372

— polymorphic modifications 372
ScisCyy 372

ScCd 364

SUBJECT INDEX

ScCd, 364

ScCd, 364

ScCo 355

ScCo, 355, 505

- dc susceptibility 505

Se,Co 355

Se,Co 355

ScCoB, 384

ScCo,B, 384

ScCrB, 381

ScCu 361

ScCu, 361

ScCu, 361

ScCuZn, polymorphic modifications
Ses _ Dy, I, Sij, 466

— magnetic ordering 467
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