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Fig. 83. Sc-Fe-Ge, isothermal section at 600°C. Ternary compounds: (1) ScFe6Ge6; (2) ScFe6Ges; (3) ScFe6Ge4; 

(4) ScFeGe2; (5) Sc4Fe4Ge6.6; (6) SCl_l.17Fel.94_l.7oGeo.o6 o.3o; (7) ScFel.sGeo.5; (8) ScFeGe. 
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Fig. 84. Sc-Co-Ge, isothermal section at 600°C. Ternapy compounds: (1) ScCo6Ge6; (2) ~Sc4Co11Ges; (3) 

Sc4Co7Ge6; (4) ScCoGe2; (5) Sc4C04Ge6; (6) ScCoGe; (7) Sc2CoGe z. 
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five of them for the first time (table 20). Single crystals of a new ternary compound, 
Sc3Co2Ge3 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 ScC02, ScGe2, SCllGelo, ScsGe4, ScsGe3 dissolve 
11.5 at.% Ge, and 6, 4, 4, and 3 at.% Co, respectively. The lattice parameter a of the solid 
solution ScC02-1.65Ge0-0.35 varies linearly from 6.902 to 6.984 i t  (Kotur and Andrusyak 
1991). The lattice spacings of the ScCoo 0.18Ge2-1.82 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 
Sc4Ni4Ge6.2 and ScgNisGe8 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, ScNi2 dissolves 
about 3.5 at.% Ge. 
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\ Sc e, 

NiG f S~GeG% 
Ni,Ge, ~ : ~ .  ~ Sc,Ge, Ni,~G%~//~/~ ~ ~  NI~Ge3 /)~-/-~/1J4 - 

• 7 

Ni SoNi, Sc=Ni~ ScNi~ S~i Sc2Ni Sc 
Fig. 85. Sc Ni-Ge, isothermal section at 600°C. Ternary compounds: (1) ScNi6Ge6; (2) Sc12.3Ni40.TGe31; (3) 

Sc3NillGe4; (4) SceNilsGel~; (5) Sc6Nil6Gev; (6) Sc3Ni4Ge4; (7) ScNiGe; (8) ~Scx3Ni6Gels. 

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, Sc3Cu4Ge4 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 Komr and 
Boichuk (1988) (fig. 86, table 20). The mutual solubility of the components in Sc-Ag 
and Sc-Ge binary compounds is practically zero. 

Ge 

600°C 

Ag ScAg~ ScAg2 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) c (it) 

ScLiSn MgAgAs 6.748 

ScMn6Sn 6 HfFe6Ge 6 5.474 

ScFe 6sn 6 HfFe 6Ge 6 5.330 

ScCo 6Sn 6 YCo 6Ge 6 5.3048 

ScCo M Sn3. 6 tetr (?) 13.324" 

ScCo2 Sn MnCuzAI 6.188 

6.187 

ScCoSn TiNiSi 6.773 

ScNi4Sn MgCu4Sn 6.897 

ScNi2Sn MnCuzA1 6.228 

6.214 

ScNiSn TiNiSi 6.625 

Sc2Ni 2sn Mo2FeB 2 7.0928 

ScRul.1 Sn3.6 tetr (?) 13.567" 

SCRhl. 1Sn3. 6 tetr (?) 13.567 a 

ScPd2Sn MnCu2A1 6.509 

6.503 

ScPdSn (I) ZrNiA1 7.471 

ScPdSn (II) TiNiSi 6.543 

ScOsl 1 Sn3.6 cub 13.606 

SCIrl. 1Sn3. 6 tetr (?) 13.575 a 

ScPt~ Sn MnCu2A1 6.514 

ScPtSn (I) ZrNiA1 7.41 

ScPtSn (II) A1LiSi 6.352 

ScPtSn (III) TiNiSi 6.566 

ScCn 4 Sn MgCu 4 Sn 6.997 

ScCuSn Cain 2 4.384 

4.39 

-Sc6CuSn 2 ? 
ScAuSn (I) MgAgAs 6.422 

ScAuSn (II) A1LiSi 6.422 

4.402 

4.333 

4.069 

4.130 

Grund (1985) 

8.973 Malaman et al. (1988) 

8.845 Malaman et al. (1988) 

4.2734 Derkach and Kotur (1996) 

Espinosa et al. (1982) 

Kotur and Klyuchka (1989) 

Dwight and Kimball (1987) 

7.339 Komr and Klyuchka (1989) 

Kotur and Klyuchka (1989) 

Kotur and Klyuchka (1989) 

Dwight and Kimball (1987) 

7.536 Kotur and Klyuchka (1989) 

3.3800 Derkach and Kotur (1994) 

Espinosa et al. (1982) 

Espinosa et al. (t982), 
Cooper (1980) 

Johnson and Shelton (1984) 

Malik et al. (1985) 

3.537 Dwight et al. (1973) 

7.396 Hovestreydt et al. (1982) 

Espinosa et al. (1982) 

Espinosa et al. (1982), 
Cooper (1980) 

Dwight and Kimball (1987) 

3.62 Dwight et al. (1973) 

Eberz et al. (1980) 

7.275 Hovestreydt et al. (1982) 

Kotur and Klyuchka (1989), 
Kotur and Derkaeh (1994) 

6.827 Komr and Klyuchka (1989), 
Komr and Derkach (1994) 

6.82 Dwight (1976) 

Komr and Derkach (1994) 

Dwight (1976) 

Eberz et al. (1980) 

a 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, ScMn6Sn6 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, ScFe2Sn 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 ScFe6 Sn6 
(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 ScCoklSn3.6. 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 ScCo1.1 Sn3.6. The data of Kotur and Klyuchka 
(1989) and Dwight and Kimball (1987) concerning ScCozSn 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 ScNi4Sn stannide is in equilibria 
with Ni and ScNizSn. The latter compound is also in equilibrium with ScNiSn. Derkach 
and Kotur (1994) also found that at 400°C the Sc2Ni2Sn ternary compound is in equilibria 
with the ternary phase ScNiSn and also with the binary phases ScNi2, ScNi and ScsSn3. 

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, It, 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 ScMH Sn3.6 (M=Ru, Rh, Ir) giving their 
pseudocubic cell parameters (table 21). Probably, these compounds are isotypic with 
Er5 _ xRh6 Sn18 +x 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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Fig. 87. Sc-Cu-Sn, isothermal section at 400°C. Ternary compounds: (1) ScCu4Sn; (2) ScCuSn; (3) ~Sc6CuSn 2. 

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 A1LiSi (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 

455 

Compound Structure type Lattice parameters Reference 
or symmetry a (A) b (A) c (~.) 

Sc2Mn~2P 7 Zr2Fel2P 7 9.392 3.562 Jeitschko et al. (1993) 
ScFe4P 2 ZrFe4Si2 6.962 3.622 Jeitschko et al. (1990) 

Sc2Fe12P 7 ZrzFet2P 7 ? ? Reinbold and Jeitschko (1987) 
ScFesP 3 YCosP 3 ? ? ? Reinbold and Jeitschko (1987) 
Sc2COl2P 7 Zr2Fel2P 7 8.973 3.531 Jeitschko and Reinbold (1985) 
ScC%P 3 YCosP 3 11.691 3.583 10.206 Jeitschko and Reinbold (1985) 
8c5C019P12 8c5C019Pi2 12.124 3.633 Jeitschko and Reinbold (1985) 
ScCoP TiNiSi 6.268 3.750 7.050 Jeitschko and Reinbold (1985) 
Sc2RuI2P 7 Zr2Fe12P 7 9.318 3.87 Ghetta et al. (1986) 

ScRuP ZrNiA1 6.524 3.610 Ghetta et al. (1986) 

ScNi4As 2 ZrFe4Si 2 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. S c - R u - P  

Ghetta et al. (1986) synthesized two ternary compounds, Sc2Ru12P7 and ScRuP, and 
established their crystal structure (table 22). The phase equilibria for S c - R u - P  alloys 
are unknown. 

3.9.4. S c - N i - A s  

One ternary compound ScNi4As2 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 -N i (P t ,  A u ) - S b  

Isothermal sections o f  the S c - M - S b  (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  Sc3Au3Sb4 composition exists. 
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3.9.6. Sc-Ni(Pd)-Bi 
In both the S c - N i - B i  and S c - P d - B i  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 o f  the S c - M - B i  ternary system. 

3.10. Sc-M-Se ternary systems 

3.10.1. Sc-Mg(Eu, Mn, Cu, Ag, Cd)-Se 
None of  the S c - M - S e  (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) 

Sc2MgSe 4 A12MgO 4 11.12 
Sc2EuSe4 Fe2CaO 4 12.128 14.243 3.932 
SczMnSe 4 A12MgO 4 11.11 
Sc 1-(i.67 CUl~ S e 2 ErCuSe 2 3.889- 6.265- 

3.898 6.267 
ScAgSe 2 ErAgSe2 4.25 6.73 13.52 
Sc2CdSe 2 A12MgO 4 11.208 

Guittard et al. (1964) 
Hulliger and Vogt (1966) 
Guittard et al. (1964) 
Julien-Pouzol et al. (1968) 

Julien-Pouzol and Guittard (1969) 
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-A1 isothermal section at 900°C 
(25-100 at.% Sc), which is depicted in fig. 88. Four ternary compounds were observed 
and for two o f  them (Nos. 1 and 4 in fig. 88) the crystal structure has been determined 
(table 24). The binary compound ScGa2 (ST KHg2) dissolves 22 at.% A1. The lattice 
spacings o f  the solid solution ScGa2_ xAlx increase from a = 4.140, b = 6.614, c = 7.914 to 
a = 4.143, b = 6.618, e = 7.922 A. Another binary gallide, Sc5 Ga4 (ST HOll Gel 0) dissolves 
about 12 at.% A1. The lattice parameters a and e vary within the limits 10.366-10.395 
and 15.305-15.305A. ScsGa3 (ST MnsSi3) dissolves about 20at .% AI: a=8 .07-8 .162 ,  
c = 5 . 9 5 1 - 5 . 9 2 3 A ,  respectively. The solubility of  A1 in Sc3Ga2 (ST Gd3Ga2) is about 
13 at.%, the lattice parameters of  the solid solution vary from a = 10.767, c = 14.045 to 
a = 10.781, c = 14.131 A. A large amount of  Ga (about 15 at.%) can be dissolved by ScA12 
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Fig. 88. 

AI 

900°C ~ScAI3 
/ 

8a ScGa3 $cGa2\ ScGa/Sc3Ga~c~Ga 8c 
Sc3Ga~ Sc~Ga4 Sc~Ga3 

Sc-Ga-A1, part of the isothermal section at 900°C (25 100at.% Si). Ternary compounds: 
(1) ScGa0.7s_la3All.254.77; (2) ~Sc4Ga4A1; (3) ~ScGa0.56 0.64A10.44_0.36; (4) ScGa0.4A106. 

(ST MgCu2): a=  7.580-7.552 A. A compound of the approximate ScA1 composition 
(55 at.% A1) dissolves up to 7 at.% Ga. The isotypic binary compounds ScGa3 and ScA13 
(ST AuCu3) are completely miscible. 

3.11.2. Sc-C-N(AI) 
No data are known about phase equilibria in the Sc-C-B and Sc-C-A1 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 ScB2: SCB2-1.9C0-0.1. 

3.11.3. Sc-In(Tl, Sn, Pb)-B 
Holleck (1977) reported the existence of a ternary compound of the tentative composition 
Sc3XB1-x of the perovskite type structure in the Sc-X-B (X=In, 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 Sc3XCx (X = In, T1, Sn and Pb) compounds which 
are isotypic with CaTiO 3 (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 

or symmetry a (A) b (k,) c (A) 

ScGa075 1.23AI1.25_0.77 A1B 2 4.362- 3.230- Markiv et al. (1987) 
4.396 3.256 

~Sc4Ga4A1 ? Markiv et al. (1987) 

-ScGa0.56_0.64A10.44_0.36 ? Markiv et al. (1987) 

ScGa0.4A10. 6 DyAt 5.494 10.674 5.343 Markiv et al. (1987) 

ScB2C 2 ScB2C 2 5.175 10.075 3.440 Smith et al. (1965) 

ScB2C YB2C 6.651 6.673 Bauer (1982) 

Sc2BC 2 Sc2BC2 3.300 10.691 Halet et al. (1990) 

ScA13C 3 ScA13C 3 3.355 16.766 Tsokol" et al. (1986b) 

Sc3A1C CaTiO 3 4.48 Rosen and Sprang (1965) 

Sc3InB1 x CaTiO3 4.560 Holleck (1977) 

Sc3T1BI_ x CaTiO 3 4.520 Holleck (1977) 

Sc3SnBl_ x CaTiO 3 4.571 Holleck (1977) 

Sc3PbB~ x CaTiO3 4.528 Holleck (1977) 

Sc3InC x CaTiO 3 4.533 Holleck (1977) 

Sc3T1C x CaTiO 3 4.517 Holleck (1977) 

3c3 S n C  x CaTiO 3 4.516 Holleck (1977) 

Sc3PbC x CaTiO 3 4.528 Holleck (1977) 

Sc2A1Si 2 Mo2FeB 2 6.597 3.994 Tyvanchuk et al. (1988) 

Sc11AlaG % Sc11Al~Ge8 10.419 14.974 Zhao and Parth~ (1991) 

3.11.5. Sc-Si-C 
Kotroczo and McColm (1987) investigated solubility of carbon in Sc5Si  3 (ST MnsSi3) 
and observed a solid solution, Scs Si3 C0-0.8. The lattice parameters vary nonlinearly within 
the homogeneity range: a = 7.876-7.877, c = 5.821-5.902 A. 

3.11.6. Sc-Al-Si 
Toropova et al. (1985) established part of the polythermal section of the Sc-A1-Si 
system at a constant content of 2 at.% A1. They observed a ternary phase of unknown 
composition. Its crystal structure was determined in a detailed structural investigation 
which showed that it had the Sc2A1Si2 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 ScsGe3 and Sc5Si3,  ScGe and ScSi. The scandium germanide 
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AI 

500°C "~ ,  
j ~ScAI3 

1 
r l l  

H 

r ~ f  

Si ScSi Sc~Si3 Sc 

Fig. 89. Sc-AI-Si, isothermal section at 500°C. Ternary compound: (1) SczAISi 2. 

with the highest Ge content, ScGe2, 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-AI-Ge 

The ternary compound Sc11A12Ge8 with one of the superstructures of the Hoa 1Gel0 type 
has been synthesized and investigated by Zhao and Parth~ (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 AsR These are the only data known about this system. 

3.11.10. Sc Te-Se 

Dismukes and White (1965) obtained the alloy Sc2Te0.33Se2.67at 950-1000°C with the 
structure of Sc2 Se3 and the lattice parameters a = 10.915, b = 7.729 and c = 23.12 A. These 
data indicate the occurrence of a solid solution Sc2TexSe2_x (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 + ~ +-+ ct+Mn (~: solid 
solution of Mg in ~Sc) at 700°C have been detected. 

3.12.2. Sc-Y-Gd 

A single crystal with the composition Sco.075Y0.175Gd0.75 with the hcp structure has been 
prepared and its 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-Tb-Mn 

Lelievre-Berna et al. (1993) prepared two alloys of the solid solution Tbl_xScxMn2 
(x=0.00, 0.01 and 0.03) (ST MgCu2) 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 TbMn2. 
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 YFe2 (ST MgCu2) 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. CeFe2 
(ST MgCu2) dissolves about 22 at.% Sc. The lattice parameter a of the solid solution 
Ce1-0.33Sc0-o.67Fe2 changes within the limits 7.272-7.159A. ScFe2 dissolves less than 
5 at.% Ce. Ternary compounds have not been reported. The same phase equilibria were 
observed at 800°C. 

3.12.6. Sc-U-Pd 
Maple et al. (1996) reported about a solid solution of Sc in the binary compound UPd3 (ST 
AuCu3), U1-xScxPd3 (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 
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Fig. 90. Sc-Y-Fe, isothermal section at 600°C. 
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Fig. 91. Sc-Ce-Fe, isothermal section at 600°C. 

with the composition Sc0.sU0.2Pd3 crystallizing in the cubic AuCu3 type structure with 
the lattice parameter a = 3.980 A. These data support the occurrence of the Sc]-xUxPd3 
(0 ~< x ~< ?) 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 ScFe2 and TiFe2 (ST MgZn2). However, 
no data about lattice parameters of  the solid solution were presented. The ScFe2-TiFe2 
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 50-100 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 ScPt3-TiPt3 at 900°C. The isotypic 
binary compounds of the AuCu3 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, Sco.2Hf0.sIr and showed that it 
crystallizes in the ?TiCu 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) c (A) 

Sc0.2Hf08Ir yTiCu 3.32 6.22 Dwight et al. (1963b) 
SeNi4Au MgCu4Sn 6.828 Dwight (1975) 
ScCuZn (I) MgZn 2 5.164 8.364 Dwight (1968) 
ScCuZn (II) Cain 2 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 0.1 at.% in binary Sc-Nb 
alloys. The lowest solubility of scandium occurs in the V20Nbs0 alloy. 
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3.12.12. Sc-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-ScNi2 and Cr-Sc2Ni7 
are of eutectic type. The isothermal section at 1300°C and the projection of a part of 
the liquidus surface (Ni-Cr-ScNi2) are presented in the paper too. The lowest ternary 
eutectic L+~yNi + (ScNis)+ (SczNi7) occurs at 1125°C. The same authors (Maslenkov 
and Braslavskaya 1986b) presented parts (Ni-Cr-ScNi2) 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 (YNi 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 in_homogeneous. 

3.12.13. Sc-Mn-Fe 

Kyrchiv (1983) reported about an investigation of part of the Sc-Mn-Fe isothermal 
section at 600°C (0-33.3 at.% Sc), however, no figure was presented. Isotypic binary 
compounds ScMn2 and ScFe2 (ST MgZn2) 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 (0-50 at.% 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 ScRu2, ScRh3 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(E1) ~ 6 + (ScRh3) + (Ru}). 

3.12.16. Sc-Ni-Au 

One ternary compound ScNi4Au 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, Zr, 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, A1 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 A1. 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 Sc0.3Ca0.7Rh4B4 occurring in two 
polymophic modifications. However, their structures and lattice spacings were not 
reported. One of the phases, probably HT, is of CeCo4B4 type structure (Vandenberg 
and Matthias 1977). 

4.3. Sc-Ce(Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm)-Rh-B 

Matthias et al. (1978) prepared the alloys with the compositions ScxR1 xRh4B4 (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) a 

Composition of alloy Modification Composition of alloy Modification 

Sc0.3 Ceo 7Rh4B 4 HT 

Sco. 3 Pro.7Rh4B 4 HT 

Sco.3Ndo 7Rl14B4 HT 

Sco. 3 Smo.7Rh4B 4 HT+LT 

S%.3 Gdo.7Rh4B 4 LT 

Sco. 3 Tbo.7eh4B4 HT 

8c0.3 Dyo.7Rh4B4 HT 

S%.3Hoo.7Rh4B4 LT 

Seo.4Hoo.6Rh4B 4 HT 

Sco.2Ero.sRh4B4 HT 

Sco. 3 Ero.TRh4B4 .9 

Sco. 3 Tmo.7Rh4B 4 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 RRh4B4 (R=Nd, Sin, Gd, Tb, Dy, Ho, Er, Tin) 
with the tetragonal structure of the CeCo4B4 type (SG P42/nmc), it is possible to 
state that the formation of solid solutions occur when R is substituted for Sc in these 
ternary compounds, ScxR1-xRh4B4. These solutions are metastable (Matthias et al. 1978). 
Additional investigation is necessary to establish their homogeneity regions. Possibly, 
Sc0.3Ce0.7Rh4B4 and Sc0.3Pr0.7Rh4B4 are individual quaternary compounds; however there 
is no data about the occurrence of ternary compounds CeRh4B4 and PrRh4B4. 

4.4. Sc-Y~d, Dy, Er, Lu)-Fe-B 

Chen and Duh (1988) reported the occurrence of the solid solution (Sco-0.2RI-o. 8)2Fe 14B 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 (Tc) within the homogeneity ranges of the solid solutions 

(Sc0_o.2R>0.8)2Fei4B (R=Y, Nd, Dy, Er, Lu) which are isotypic with Nd2Fe~4 B 

Solid solution Lattice parameters (A) Tc 

a c 

(Sco_o.2Y 1 o s)2Fe14B 8.767-8.750 12.037-11.988 564-557 

(Sc o o.2Ndi_o.8)2F%4 B 8.792-8.769 12.191~12.186 589-585 

(Sco_o.2Dy>o.8)2F%gB 8.762-8.756 12.022-11.977 592-583 

(Sco_o 2Er>o.8)2F%4B 8.738 8.730 11.964-11.917 553-544 

(Sc 0 0.2Lul 0.8)2F%4 B 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 "ScRthB4"- 
LuRu4B4 have been examined by Ku et al. (1979). The boundary ternary compound 
LuRu4B4 (ST LuRu4B4, SG I41/acd) is thermodynamically stable while the com- 
pound "ScRu4B4" is metastable and decomposes after homogenization at 800-1300°C. 
A metastable continuous series of solid solutions Sc0_lLul_0Ru4B4 occur. The lattice 
parameters vary within the limits a = 7.419-7.346 and c = 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 Sc0.sU0.2Pd3Bx (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 Sc0.sU02Pd3Bx 
(0 ~< x ~< 0.3) solid solution of AuCu3 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 1.4 K. 

4.7. Sc-Th-Rh-B 

Vandenberg and Matthias (1977) presented the crystal structure data of two alloys: 
Sc0.5Th0.sRh4B4 (ST CeCo4B4, SG P42/nmc), lattice parameters a=  5.322, c = 7.453 * ,  
and Sc0.65Th0.35Rh4B4 (ST CeCo4B4), a=5.317, c=7.422A. These data indicate the 
existence of the limited solid solution of substitution of Sc for Th in the ternary compound 
ThRheB4. 

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 Scslr4Si10-LusIrgSil0 (ST ScsCo4Sil0) 
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-0Lu0-sIr4Sil0 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 
Sc2.5YzsIr4Sil0 with the lattice parameters a = 12.3926, c = 4.1292 A has been investigated 
too. These data indicate the formation of a solid solution Sc5 xYxIr4Sil0 (0 ~<x ~< ?). The 
alloys of the both four component systems are superconducting. 

4.9. Sc-Dy-Ir-Si 

Another pseudobinary section ScsIr4Sil0-DysIr4Sil0 has been investigated by Ramakr- 
ishnan et al. (1992). These isotypic ternaries form a solid solution Sc5_xDyxIr4Sil0 
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(0 ~< x ~< 5) with the linear dependence of both tetragonal lattice parameters a and c 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 Tc = 8.45 K for x = 0 down to about 4 K for the x = 1.5 sample where the coexistence 
of superconductivity and magnetic order is observed. The magnetic ordering temperature 
TN 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 300 K. 

4.10. Sc-Ni-C-B, Sc-Lu-Ni-C-B 

A superconducting transition was reported for metastable as-cast alloy of composition 
ScNizB2C by Ku et al. (1994). The major phase has been indexed as the tetragonal 
LuNizBzC-type structure (SG I4/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 (Lul-xSc,)NizB2C. 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 Sco.48Y4.52Geo.298i2.71, Sco.72Y4.28Geo.438i2.57 and 
Sc4.25Y0.75Ge0.45Si2.55 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 Sc5Si3, ScsGe3, YsSi3 and YsGe3 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 Sc3Os2Si6-"Sc3Rh~Si6". One of the components of this section, the compound 
of the tentative composition, Sc3Os2Si6, is orthorhombic (see table 19, above). The 
second component, "Sc3Rh2Si6", is a two-phase alloy containing the ternary compounds 
ScsRh4Silo (ST Sc5C04Si10, see table 19) and -Sc4RhSi8 (structure unknown, see 
table 19). The silicide Sc3OszSi 6 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 30 at.% 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 Sc3RhxOs2_xSi6 solid solution is 
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in two-phase equilibrium with ScsRh4Si6 and in three-phase equilibrium with the phases 
ScsRh4Silo and ~Sc4RhSis. The alloys of the section are superconducting. 

4.13. Sc-Re-Ni-Si  

Zhao and Parth6 (1989a) obtained a single crystal Sc3(Ni0.96Re0.04)28i4 and investigated 
its crystal structure: ST Sc3Ni2Si4, 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 Sc3Ni2Si4. 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 ScCa2Pt7P~3 quaternary 
compound, which has been reported by Lux et al. (1991). It is isotypic with Eu2PtvA1P~3, 
SG [4/mmm, a=4.038, c=27.027. 

4.15. Sc-Y-Ti-Co 

The alloy with the composition Sc0,4Y0.4Ti0.2Co2 is a single phase. It crystallizes in the 
cubic MgCu2-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 ScCo2, YCo2 and TiCo2 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 (Y1-xScx)Co2 • 

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 



SCANDIUM ALLOY SYSTEMS AND INTERMETALLICS 469 

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; 
however, 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-fimctional (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 HI) 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 entectic-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 Sc5E3 (E = Ga, Si, Ge, Sn, Pb), or ScE2 

(E=B), or ScE1-x (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([3 I) and ScC1 x are the only two exceptions. The most common compositions of 
the scandium intermetallics occur at the stoichiometries ScE (30 compounds), ScE2 (20 
compounds), ScE3 (9 compounds), Sc2E (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 28. 
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Table 28 
Stoichiometries and structure types of  binary scandium intermetallics 

Formula Sc content S~ucmre type Pearson's Element (E) which forms the 
(at.%) symbol compound 

acE13 7.14 NaZn13 cF l l2  Be 

ScE~2 7.69 ThMnla ti26 Zn 

UB12 cF52 B 

ScE 7 12.50 c~Mn ci58 Tc 

ScCd 7 oS32 Cd 

8c3E17 15.00 RuaBe17 cI160 Zn 

ScE s 16.67 CaCu 5 hP6 Be, Ni 

S%E24 17.24 (xMn ci56 Re 

Sc13E58 18.31 Gdx3Cd58 hP142 Zn 

ScE 4 20.00 MoNi 4 tI10 Ag, Au 

Sc2E 7 22.22 Ce2Ni 7 hP36 Ni 

acE 3 25.00 AuCu 3 cP4 Rh, Pd, Ir, Pt, A1, Ga, In 

SnNi 3 hP8 Cd, Hg 

ScE 2 33.33 MgZn 2 hP12 Mn, Tc, Re, Fe, Ru, Os 

MgCu2 cF24 Co, Ni, Ir, A1 

MgNi 2 hP24 Fe 

MoSi 2 tI6 Cu, Ag, Au 

A1B 2 hP3 Zn, B 

KHg 2 oI 12 Ga 

ZrGa 2 oS12 In 

ZrSi 2 oS 12 Ge 

ScSn 2 ti24 Sn 

SCE1.74 36.50 MgCu z cF24 Fe 

Sc3E 5 37.50 Tm3Ga ~ oP32 Ga 

Pu3Pd 5 oS32 T1 

Sc2E 3 40.00 A1B 2 hP3 Si 

Sc2S 3 oF80 Se 

Ti7S12 hR8 Te 

Sc3E 4 42.86 Sc3C 4 tP70 C 

ScE 50.00 CsC1 cP2 Mg, Co, Ni, Ru, Rh, Pd, Ir, Pt, Cu, 
Ag, Au, Zn, Cd, Hg, Sn 

CrB oS8 A1, Ga, Si, Ge 

AuCu tP4 In 

NaC1 cF8 C, P, As, Sb, Bi, Se 

NiAs hP4 Te, Po 

ScliE10 52.38 HonGel0 ti84 Ge 

Sc6E 5 54.55 Ti6Ge 5 oi44 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 

S%Ea 55.56 HollGelo ti84 Ga 

CsC1 cP2 Ill 

Ti 5 Ga 4 laP 18 T1 
SmsGe 4 oP36 Ge 

ScaE 3 57.14 Th3P 4 ci28 C 

Sc3E 2 60.00 GdgGa 2 tI80 Ga 
Cr3C 2 oP20 P, As 

S 3 Sb 2 oP20 P, As 

V3As 2 tP32 As 
ScsE 3 62.50 MnsSi 3 hP16 Ga, T1, Si, Ge, Sn, Pb 

~Yt05 Sb 3 oP32 As, Sb 
Sc2E 66.67 A12Cu tI12 Co 

Ti2Ni cF96 Ni, Pd, Ir 
Co2Si oP12 Pt 

Ni2In hP6 In, T1 
Cu2Sb tP6 Sb 

Sc7E 3 70.00 ThTFe 3 hP10 P 

Sc7As 3 t][80 As 
ScI1E 4 73.33 ScHIr 4 cF120 Ru, Os, Ir 

Sc3E 75.00 S%Co oP32 Co 

Ni 3 Sn hP8 In 

Fe3C oP16 P 

Sc57E13 81.43 Sc57Rhi3 cP140 Ru, Rh, Ir, Pt 
Sc29E 6 82.86 Sc29Fe 6 cP140 Fe 

8c44E 7 86.27 Mg44Rh 7 cF408 Os, Ir 

Some  binary  compounds  occur  in two (ScFe2, ScNis,  8c4C3, ScSil.5, Sc3P2) or  in three 

(Sc3As2) po lymorph ic  modifications.  The crystal  structures o f  po lymorph ic  forms are 

structurally related. 

There  is also a relat ion be tween the interval o f  s toichiometr ies  (i.e. the composi t ion  

range where  the intermetal l ic  phases are fo rmed  in the binary S c - E  system, see fig. 92) 

o f  b inary  compounds  and the posi t ion o f  e lement  in the per iodic  table. The  wides t  

intervals o f  composi t ions  o f  the binary compounds  wi th  Sc display 8A and 3B elements  

(fig. 92). These  are the e lements  which  fo rm the largest number  o f  b inary  compounds  with  

scandium. In the rows o f  d e lements  the least scandium content  in compounds  increases 
f rom 7A to 1B e lement  and then sharply decreases for the 2B elements.  A similar  relat ion 
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Group of element E 

Fig. 92. Intervals of stoichiometries of Sc-E 
binary compounds depending on the position 
of the E element in the periodic table. 

is observed in the rows o fp  elements. The least scandium content sharply increases from 
3B to 5B element 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 
3 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, A1, 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, A1, 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-A1 and Sc-M-Ga 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 ScMB2 and ScMC2 are exceptions in 
this sense. However, even in these cases the crystal structures of the ScMB2 and ScMC2 
compounds are different from those of the ScMA12, ScMSi2 or ScMGe2 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(A1, Ga) and Sc-X-B(A1, Ga) ternary systems 

11 2A 31[ 411511 17A 8A I1BI 2B 3B 4B 5B 6B 
Li Be B C 

2 D 0 

Na Mg A1 Si P 
3 m0 

r4 
K Ca Sc Ti V Cr Mn 

m l  m l  
D o  m o  m o m o  

m3 ml ml m3 
Rb Sr Y Zr N b M o  Tc 

=Olllm_o l O = O  

Cs Ba La H f  ITa W Re 
D 0 El 2 m-'m 2i 

momomo UI 1 El 1 
m 2  r n l n l  

Fr R a A c  Ku Ns  

Fe Co Ni Cu Zn Ga G e  As  Se 
mim4m5 m [] 3m 4mio 
m m17 m14 • 9 
Ru)Rh  Pd A g C d  In Sn Sb Te 
1-13 r l  1 D  1 
m 6 n l m m 5 m l  
u I I D 1  

Os Ir Pt Au Hg T1 Pb Bi Po 
n 2 r l  3 U] 1 U I  1 
El 1 El 1 r ' l l  
D 1 r l l  r l l  

Ce Pr Nd Pm Sm Eu Gd Tb DymHo Er l'm] Yb Lu 

D O  l 0  m 0 m  1 m 0 m 0 m 0 m 0 f f l 0 m 0  

Th Pa U Np Pu A m C m B k  Cf Es F m M d N o  Lr 

One or more selected alloys were investigated. - -  

Phase equilibria were established for the whole J I 
concentration range or for part of it. [ 

Lack of the symbol means the system has not been investigated. 

System Sc-M-B 
System Se-M-AI 

- -  System Sc-M-Ga 

N u m b e r  of ternary compounds 

the stoichiometries 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 

S u m m a r y  o f  informat ion  k n o w n  about  the S c - M - C ( S i ,  Ge) and  Sc-X~C(Si ,  Ge) te rnary  sys tems 

1A 21 3114A[ 51 6A 17A I 8a I1B 12B 3B 4B 5B 
Li Be B C 

1-13 

Na  Mg A1 Si P 
3 r n 2 = 0  

m l  
[ ]  1 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Z n l G a  Ge As Se 
4 o o  1 2  m 2 B 3 1 2  

• oin 3 • 31m 4 m16 m121m15 • s • o 
i m2m4m6m8 •8mlom2 

Rb Sr Y Zr N b M o  Tc Ru Rh Pd A g C d  In Sn Sb Te 
5 mo mlmommo m l  

mlmom2ml r-1 2n10 rl 1 m 0 
m3 mlml U I 3 D 3 D l m l  

CS Ba  L a ] H f  Ta W Re Os Ir Pt A u H g  T1 Pb Bi Po 
6 r l  1 r l  1 I l  1 

o 2mmo m 0m ~ m 5 o ~ r n 4 o ~ ! n  ~ 
[::12mlomm I mop lim3 o2 

)Fr Ra Ac Ku Ns 

Ce Pr  Nd Pm Sm Eu]Gd  Tb Dy Ho Er Tn~ Yb Lu 

6 " s , = s m s  ms m2 mm0 - o  
I 4 r 1 2 1 3  v-I 2 D I I 3 m 2 

Th Pa U Np Pu A m C m B k  Cf  Es F m M d N o  Lr  
7 t o o  

One or more selected alloys were investigated. - -  

Phase equilibria were established for the whole .J 
concentration range or for part of it. [ 

Lack of the symbol means the system has not been investigated. I 

System Sc-M-C 
- -  System Sc-M-Si 
- -  System Sc-M-Ge 

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 (A12MgO4, Fe2CaO4, 
ErCuS2, ErAgAs, NaC1 structure types). In these structure types each atom is coordinated 
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M:X=I:I 
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/ "2 :  % u  \ 
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M 1:2 I:I=Sc:M Sc 

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=A1,Ga). (1) Sc0.15_0.ssM0.ss_0.4sA13 
(2 compounds); (2) Sc0.2Hf0.sGa3; (3) Sc2CozaB6; (4) ScM7.1_4.0X4. 9 8.0 (6 compounds); (5) ScgNi29B10; 
(6) Sc0.2_o.9Hf08_o.lGa; (7) Sc3mNi2o_19B6; (8) ScCo4.sGa4.~; (9) ScaFes.s3Gas.17; (10) ScMgB 4 (2 compounds); 
(11) Sclr3B4; (12) ScCu3.7Gaz3; (13) ScNi2.36Ga3.64; (14) ScM2Ga 4 (2 compounds); (15) Sc2Co3Ga9; 
(16) ScMGa 5 (3 compounds); (17) Sc3. 2 4.7Zr7.8 6.3Ga10; (18) Sc2Co7Ga4; (19) Sc2NiT_s.sGa 4 5.s; (20) ScM3B2 
(2 compounds); (21) ScMB4 (5 compounds); (22) Sc2MsB 4 (2 compounds); (23) Sc2MGa 8 (2 compounds); 
(24) ScM3B (2 compounds); (25) Sc6M7X16 (12 compounds); (26) SClaCU37Ga14; (27) Sc2ReB6; (28) ScM2X 
(8 compounds); (29) ScM1.2Gal. ~ (2 compounds); (30) ScMX:z (2 compounds); (31) Sc3M2Ga 6 (2 compounds); 
(32) Sc6.8_9.4M4.2_l.6Ga10 (2 compounds); (33) ScFei.82_i.44XoAs_0.s6 (2 compounds); (34) SCMI.37 0.30X0.63 1.70 
(15 compounds); (35) ScMGa (2 compounds); (36) ScMo.sGat. 5 (2 compounds); (37) ScMo.3sGa16s 
(2 compounds); (38) SeM0.1Gal. 9 (2 compounds); (39) S%MI_.,Gax_~: (2 compounds); (40) Scs.sMl.zGa 

(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, ZrFe4Si2, Zr2Fel2PT, 
etc. 
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33 M:X=I:I / 9 1 ~ 7  253~3°3 41~ 
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M 1:2 I:I=Sc:M Sc 

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) Sc0.35M4.65Si 3 (2 compounds); 
(2) ScFel0Si2; (3) ScM6G % (5 compounds); (4) Scl.2Fe4Si9.8; (5) ScFe6G%; (6) ScM6Ge 4 (2 compounds); 
(7) Sc 1 I.sVs_4.2X5 (2 compounds); (8) ScM3Si 7 (2 compounds); (9) Sc0.2_0.4Sm0. 8 0.6Si; (10) Sc0.3M0.7Si 2 
(2 compounds); (11) Sc6C%0Si19; (12) Scl.26Pr3.74Si4; (13) ScFe4Si2; (14) SCl2.3Ni40.7Ge3i ; (15) SCl.35Y3.65Ge4; 
(16) Sc3NiHX4 (2 compounds); (17) ScNi2Si3; (18) Sc6NiIsXll (2 compounds); (19) Sc2Cr4X5 (2 compounds); 
(20) Sc0.52+xM0.4s xSil.67 (4 compounds); (21) ScM3C (3 compounds); (22) ScM2X 2 (9 compounds); 
(23) Scl.sDy3.2Ge4; (24) ScsResSia2; (25) Sc2M3Si 5 (2 compounds); (26) ScNiSi3; (27) Sc6M~6X 7 
(3 compounds); (28) SC2+xM3_xX 4 (11 compounds); (29) Sc4MTX6 (6 compounds); (30) 8c273Si3; (31) ScMX 2 
(16 compounds); (32) Sc4M4X7 (5 compounds); (33) S%M4Sil0 (3 compounds); (34) ScsM4X 4 (4 compounds); 
(35) Sc6YbsGel0; (36) Sc(Fe, X)2 (2 compounds); (37) ScM1.sX0. 5 (4 compounds); (38) ScMX (34 compounds); 
(39) Sc7M4+xX10 x (4 compounds); (40) Sc3M2Si 4 (6 compounds); (41) SczCrC3; (42) ScM0.25Sil.75 
(4 compounds); (43) Sc5Re2C7; (44) Sc3M1.22Ge 4 (5 compounds); (45) S%M2X 3 (4 compounds); (46) Sc3MC 4 
(3 compounds); (47) Sc2MX 2 (3 compounds); (48) Sc9NisGe8; (49) Sc3NiSi3; (50) Sc4NdSi4; (51) Sc2M0.85Si0.15 

(2 compounds). 

A large number of  ternary S c - M - X  compounds occur at stoichiometries which lie on 
three cross sections o f  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, A1, Ga and 111 compounds with X =  C, Si, Ge occur 
on these sections. Thus, more than half  o f  the ternary compounds o f  3B and 4B elements 
with known crystal structures lies on these four characteristic cross sections. 

The analysis of  the stoichiometries o f  68 ternary scandium intermetallics determined in 
other systems ( S c - M - X ,  X = 5B, 6B element; Sc -X-Xt ;  S c - M - M  t) shows that 48 o f  them 
( -71%)  also belong to these four sections. This means that about 2 of  all scandium ternary 
intermetallics known today crystallize only on four appointed sections o f  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); NcMX2 (19), ScM2X (18), ScM2X 2 (10), Nc3MX (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 33.3 at.% 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 (~>50 at.%). 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 ZrNiA1 type structure. 
These two structure types are characteristic for intermetallics of d transition elements. 
The compounds of the other rare-earth elements prefer FC1Pb, ZrNiA1 and AIB2 
structure types (Villars and Calvert 1991). The RM2X2 compounds belong to one 
of the most frequently occurring structure types, namely CeGa2A12 (or ThCr2Sia) 
and La202S. We note that among ScM2X2 compounds only three representatives are 
known with the CeGa2A12 type structure, but none with the La2QS type structure. 
The ScFe2Si2 compound is isotypic with HfFe2Si2, which does not occur among 
other rare-earth intermetallics. Another typical stoichiometric ratio of the rare-earth 
compounds is RMX2, however, scandium is the only rare-earth element which does 
not form phases with CeNiSi2 structure type, but instead forms compounds of the 
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ZrCrSi2 (or TiMnSi2) type. Scandium is the only rare earth which forms compounds 
with ZrSi2, Zr4Co4Ge7, Zr2Cr4Si5 structure types, which are frequently observed among 
intermetallics o f  d elements. There are no d-element compounds of  the ScNiSi3, 
Sc2Fe3 Sis, Sc2C03 Sis, Sc3Ni11Si4 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 o f  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, o f  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 ScCuSe2-Sc0.67Cu2Se2 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 

Sc-M X-M rsc/r M r x / r  M 
X M 

Structure type of ternary 
compound 

Y, Nd, Sm, Dy 

Y, Tb 

V 

Nb, Mo 

Y, Ta, Mo, W 

Ti, Zr 

A1- Ni, Fe, Ru, Pd 

Fe, Cu 

Ga- Fe, Co, Ni 

Ni, Cu 

Si-  Mn, Fe, Co, Ni 

Ge- Cr, Mn 

0.91-0.93 ctThSi2, A1B 2 

0.91; 0.92 TiNi 3 

1.22 Ti6Ge 5 

1.13; 1.18 MnsSi3; Ho11Ge~0 

0.91-1.18 SmsGe 4 

1.12; 1.03 HoH Ge~o 

1.12-1.04 MgZn 2 

1.10; 1.09 MgZn2, MgCu 2 

1.10-1.12 MgZn2, MgCu 2 

1.12; 1.09 Cain 2 

1.03-1.08 MgZn 2 

1.03; 1.06 HollGelo 
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Fig. 95. Projection of the structure MnsSi 3 
along 001. CP of atoms: (a) M1 occupying 
6(g) site with CN-15; (b) M2 occupying 
4(f) site with CN T M  14; (c) Si occupying 
another 6(g) site with CN = 11. Empty 
octahedra [M16] 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 AuCu3 type structure, revealing the formation ofperovskite-type 
ternary compounds ScM3BI_x, Sc3XIBI_x, ScM3Cx and Sc3X~Cx (Holleck 1977). 

The binary compounds Sc5Si3 and ScsGe3 can be distinguished among other 
binary scandium intermetallics. Both crystallize in the MnsSi3 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 AsB3 compounds with the MnsSi3 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/rB) for these 
compounds are observed over a wide interval, from 0.83 for TisPb3 to 1.35 for YsSi3. 
This is, perhaps, the main reason for the existence of substitutional solid solutions of 
Sc and the majority of d and f elements in ScsSis and ScsGe3 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 Sc2Er3Si3 and Sc3Er2Si3 continuous series of solid solutions, i.e. ScxEr5 xSi3. 
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 ScV4Si3 single crystal revealed a partial ordering of Sc and V atoms 
in the structure (Komr 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 Sc5Si3 at 800°C does not exceed 1 at.%. The ternary compound 
Sc2V3 Si3 with practically a constant composition at 800°C isotypic with Mn5 Si3 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 Mn5 Si3 structure type can be also stabilized in systems by the inclusion of small 
C, N, O or B atoms into the empty octahedra [[~M16]. 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 [DR6] octahedra 
of Sc5Si3, ScsGe3 binary compounds and of three- and four-component alloys of solid 
solutions based on these binary phases. As a result the hydrides of  the Y5 aScaSi3H2.5, 
Ys-aScaSi3H1.5, Ys-aScaSi3 bGebH2.5 and Ys-aScaSi3 bGebH1.5 compositions have 
been obtained. 

Venturini et al. (1989) investigated the nature of  solid solutions (Lul_xScx)sIr4Sil0 
and (Yl-xScx)sIr4Sil0 which occur between isotypic ternary compounds RsIr4Sil0 (ST 
Sc5Co4Sil0). The lattice parameters of the (LUl-xScx)sIr4Sil0 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) (Komr 
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 - H f  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 HI). 
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Table 32 
Comparison of characteristics of R-M-Si  (M = Sc, Zr, HI) ternary systems 

Characteristic Systems 

Y-M-Si  Ce-M-Si  
Sc Zr Hf  Sc Zr Hf  

Number of ternary compounds 1 1 

Occurrence of continuous series of  + - 
solid solutions 

Average mutual solubility of  R and 30 10 
M in solid solutions at 600°C (at.%) 

Maximum mutual solubility of  R 100 3 
and M in solid in binary R-M 
systems (Massalski 1990) 

References 1 2 

0 8 3 0 

<5 <5 <2 <2 

1 100 5 1 

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, Hf  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 MgZn2, CsC1, A1B2, MgCu2, MnsSi3, AuCn3, CrB, ZrSi2, Ti2Ni, 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 M g 4 4 R h  7 

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, 



SCANDIUM ALLOY SYSTEMS AND INTERMETALLICS 

Table 33 
Types of relations between structure types of scandium intermetallics 

483 

Type of relation Operation of transition from Examples of structure types 
initial to resulting type Initial Resulting 

I. Positions of all atoms are the 
same 

II. Positions of all atoms are 
roughly the same 
III. Positions of part of atoms 
are the same 

IV. Fragments of both structures 
are the same 

V. Roughly the same fragments, 
but different ratios of them 

I. Ordered substitution of atomic Sm5 Ge4 Ce2 Sc3 Si4 
positions by different atoms ( ~  La2Sb Mo2FeB2 
superstructure) Cain 2 ScAuSi 
II. Distortion (internal and/or Cain 2 KHg 2 
external) CeCo 3 B2 ErIr3 B2 
IIIa. Multiple substitution of FC1Pb ScCoC 2 
atoms (1 --+ 2) CaCu5 ThMn~2 
IIIb. Addition (subtraction) of AuCu 3 CaTiO3 
atoms NaC1 Sc2S 3 
IIIc. Redistribution of part of MgAgAs MgLiA1 
atoms and cavities 
IIId. Redistribution of atoms Th2Zn17 Th2Ni~7 
IV. Different stacking types of MgZn 2 MgCu 2 
fragments (homeotypic rows or A1B 2 aThSi2 
structures) TiNiSi ZrNiA1 
Va. One-dimensional stacking of (CaCu 5, Zr4A13) HtFe6Ge 6 
fragments (CeGa2A12, ~Po) ScNi2 Si 3 
Vb. Two-dimensional stacking of (CrB, TiNiSi) Sc2CoSi2, 
fragments Sc3NiSi 3 
Vc. Three-dimensional stacking (otFe, A1Bz, FeB ) Ce2Sc3Si 4 
of fragments (aFe, A1B2) Th7Fe 3 

as was stated by  Villars (1995). This is due to the metall ic bonding  prevail ing in  
intermetall ics.  Structures of  higher complexi ty  appear frequently in compounds  with 

covalent-type bonding.  
Different relations wi th in  the various structure types are known  to exist in intermetall ic  

compounds  in general,  and this is also valid in the case o f  scandium intermetallics.  
These relations are summarised  in table 33 and illustrated us ing examples o f  scandium 
structure types. The relations be tween structure types o f  intermetal l ic  compounds  were 
treated in  more  details by  Kripyakevich (1977). He proposed systematics o f  the structure 
types of  intermetal l ic  and other related compounds,  which is based on  the analysis o f  the 
coordinat ion surroundings  (CN and shape o f  CP) of  the smallest  atoms in the structure. 

As already ment ioned,  ternary  scandium intermetal l ics  often crystall ize in structure 

types which are superstructures to b inary  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 combinat ions,  see table 34. These structure types as well  as their 
b inary  prototypes are frequently observed among all intermetal l ics  having up to hundreds  
of  known  representatives. The atomic size factor has a dominan t  influence on distr ibution 
of  atoms in ternary  phases. The largest atoms in the structure normal ly  occupy atomic 
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Table 35 
Atomic distribution in the s~uctme of U3Si 2 and in ternary compounds with a superstructure to U3Si 2 (SG 

P4/mbm) 

Atomic position Site CN U3Si 2 MozFeB 2 Sc2AISi2 Sc2Ni2Sn ScCe2Si2 

M1 2(a) 14 U Fe A1 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); 
(2) Kuz 'ma (1983); 
(3) Tyvanchuk et al. (1988); 

(4) Derkach and Komr (1994) 
(5) Mokra (1979) 

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. ZrNiA1, 
Mg6Cul6Si7 (see Appendix A). The A1 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: Sc6C016Si7 
Sc6Co7Gal6, Ce2Sc3Ge4 --+ V3Sc2Ge4, ScCo3C --+ SnSc3B. 

HollGe10 is the binary prototype of differently ordered or partially ordered ternary 
structures (superstructures) ScTCr4+xSil0_x (Kotur et al. 1985a), ScTRe4 xSil0+x (Zhao 
et al. 1988) and Sc11A12Ge8 (Zhao and Parth~ 1991) and Sc6YbsGel0 (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 HollGe10 binary prototype 
are also possible. It can be expected that in the near future the HollGe10 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 elements. The Ti7St2, NiAs, ErAgSe2 and A12MgO4 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: ctPo (empty cube), ctFe (body- 
centered cube), A1B2 (body-centered trigonal prism) and BaA14 (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 componnds 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 = Si, Ge) the 
following ternary compounds occur: ScMX (ST TiNiSi), Sc3M2X3 (ST Hf3Ni2Si3), 
Sc2MX2 (ST Sc2CoSi2), Sc3MX3 (ST Sc3NiSi3), and ScX (ST CrB). These compounds 
form an interesting series of  structures ScMX --+ Sc3M2X3 ~ Sc2MX2 --+ Sc3MX3 ---+ 

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 
Sc3M2X3 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 c direction in the Sc3NiSi3 (I) 
structure, we obtain a structure of the same symmetry (SG C2/m) represented by the 
formula Sc4NiSi4 (II). The monoclinic unit cell of this hypothetical structure will have 
the following dimensions: a(II) ~ a(I) ~ 10 A, b(II) ~ b(I) ~ 4 A, c(II) ~ c(I) + c(ScSi) 
16.5 A,/3 ~ 95-98 ° (Kotur and Gladyshevsky 1983). Taking into account that the CrB- 
type structure is the linear hybrid structure of A1B2 and c~Fe types, the structures of above 
discussed homological series are thus two-dimensional hybrids of three structure types, 
namely c~Fe, A1B2 and TiNiSi. 

The germanide Sc9NisGe8 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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Fig. 96. Relations between the structure types TiNiSi (ScCoSi), Hf3Ni2Si 3 (Sc3C02Si3) , Sc2CoSiz, Sc3NiSi 3 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 c~Fe, A1B2, TiNiSi 
and Mo2NiB2 (fig. 97). 

The structure of ScNiSi of the TiNiSi type can be presented as consisting of infinite zig- 
zag walls of trigonal prisms [XM4X2] (see Kotur and Sikirica 1982b). Also the structure 
of Sc3Ni4Si4 (ST  Gd6CusGes) contains trigonal prisms and is in equilibrium with ScNiSi. 
In the Sc-Cu-Si ternary system the compound Sc3Cu4Si4 (ST Gd6CusGes) is in equilibria 
with ScCuSi (r) (ST TiNiSi) and ScCuSi (h) (ST ZrNiA1). 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 RMX2 and RMX3, which belong to the structure 
types of CeNiSi2 and ScNiSi3 (Gladyshevsky and Bodak 1982). As follows from fig. 98, 
the structures of these compounds are related and contain mutual fragments of A1B2 and 
CeGa2A12 (superstructure to BaA14) types. Although there are no data to date for any 
scandium compound of CeNiSi2 type, the silicide ScNiSi3 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 ScNi2Si3 (ST ScNi2Si3) and ScNi2Si2 
(ST CeGa2A12) are in equilibrium with each other and contain a mutual structure fragment 
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Fig. 97. Connection of fragments (indicated by solid lines) of a-Fe, A1B2, Mo2NiB 2 and TiNiSi structure types 
in the structure of ScgNisGe 8. Unit cells are indicated by dashed lines. The structures are presented in the 

projections along 001 or 010. 

(fig. 98). The structures ScNiSi3, ScNi2Si3 and CeNiSi2 presented in fig. 98 are linear 
hybrid structures. 

The linear hybrids of  two structure types, CeGa2A12 and c~Fe, are ternary carbides 
Sc3CoC4 and ScCoC2, which are in equilibrium with each other and occur on the 
isoconcentrate of 50 at.% 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 ScFe6Ges 
(Kotur 1995). In the ternary systems Sc-Mn-Ge and Sc-Fe-Ge on the cross-sections 
Sc :Mn(Fe )= l :6  the compounds ScM6Ge6 (M=Mn, Fe), ScFe6Ge5 and ScM6Ge4 
(M = Mn, Fe) exist. The germanides ScM6Ge6 and ScM6Ge4 belong to the structure types 
HfFe6Ge6 (Olenych et al. 1981) and ZrFe6Ge4 (Otenych 1989), respectively. The structure 
of the HfFe6Ge6 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 ScNiSi3, CeNiSi 2 occurring on the cross-sections R : M = I :  1 and 
ScNizSi3, ScNizSi 2 (ST CeGa2A12) 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) c~Po, 

(II) CeGa2A12, (III) A1B2, (IV) CeNiSi 2. 

HfFe6Ge6 (IV) is also a linear hybrid of the CaCu5 (I) and the Zr4A13 (II) types (fig. 99), 
whereas the structure of the ZrFe6Ge4 (V) type is a linear hybrid of the CaCu5 (I) and 
Fe3Sn2 (III) types (fig. 99). The ZrFe6Ge4 type structure can also be treated as resulting 
from an inclusion of  R(Sc) atoms into the Fe3 Sn2 structure (fig. 99). 

Expecting genetic relations between the structures of ScFe6Ge5 and ScFe6Ge6 (IV) 
and ScFe6Ge4 (V), with which the first one are in equilibria, Kotur (t995) deducted a 
theoretical model for the crystal structure of ScFe6Ge5 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 syrrmaetry allowed one to 
determine roughly the unit cell dimensions and the symmetry: SG R3rn, 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, c =44.11(1)]~ (Kotur 
1995). 
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Fig. 99. Relations of the structures CaCus, ScFe6Qe 6 (ST I-IfFe6Qe6) , Zr4A13, Fe 3 an2, ScFe6Ge 4 (ST ZrFe6Ge4) 
and ScFe6Ge 5. 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) CaCu 5, (II) Zr4A13, (III) Fe3Sn2, 

(IV) ScFe6Ge6, (V) ScFe6Ge 4. 

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 (>50 at.%) and Sc (>30 at.%) 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. 



SCANDIUM ALLOY SYSTEMS AND INTERMETALLICS 491 

(c) (b) (a) 

(d) (e) (f) (g) 

(h) (i) (j) (k) 

Fig. 100. Coordination polyhedra of atoms: (a) cubooctahedron; (b) icosahedron with two tetrangular planes; 
(c, d) normal icosahedron in two projections; (e) 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 AuCu3 ST, [AuCu12] and [CuAu4Cu8]  (Kripyakevich 1977). Slightly distorted 
cubooctahedrons [ScRh6Ge6] exist in the Sc4Rh7Ge6 structure (ST U4Re7Si6, Engel et 
al. 1984). CP (b) and (c) have Cu atoms in the CaCu5 type structure (Kripyakevich 
1977). Upon formation of the superstructure of the CeCo3B2 type to this prototype the 
c/a ratio (=0.600) decreases remarkably in comparison to the binary RM5 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 A1B2-type structure (Kripyakevich 1977). A CP of the (f) type is 
found in the BaA14 or the CeGa2A12 ST (Kripyakevich 1977) or the Sc4Rh7Ge6 (ST 
U4Re7Si6, 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 ScsCo4Sil0 (Braun 
et al. 1980). This structure is a two-dimensional hybrid of the following four types: 
A1B2 (trigonal prisms [SiSc6]), CsC1 (empty tetrahedra (Sc2Si2]), AuCu3 (cubooctahedra 
[ScSi12]) and CeGa2A12 (tetragonal antiprisms [CoSc4Si4 ] )  (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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Fig. 101. Connections of fragments of  A1B2, 
CsC1, AuCu 3 and CeGa~A12 types in the struc- 
ture of  ScsCo4Sil0. The structure is presented in 
the projection along 001. 

V3As2-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 S c M 2  ( 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 nomnagnetic 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 P6ttgen 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 CaIn2-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 (P6ttgen et al. 1996). 

The degree of puckering of the Au-Ge hexagons is strongly dependent on the size 
of the rare-earth 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 3.106A, 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 ionic 
sizes) are closer to that of LiGaGe (P6ttgen et al. 1996). 

The use of  rare-earth atoms with different radii anaong 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 er, except for LaAuGe where the Ge s bands are about 1 eV higher in energy. 
The Au d bands are situated at around -6  eV and again these bands are 1 eV 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 NF are: 
ScAuGe, 1.4, YAuGe, 0.6, LaAuGe, 2.1, LuAuGe, 0.4 in units of eV -1 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 (Y) 
of the RAuGe compounds in a field of  4 T is shown in fig. 104. An attempt to fit their 
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x(T) behaviour has been undertaken using the following formula: x(T)= C/T +Xo + aT. 
The upturn in the region below 50 K described by the Curie-term (C/T) is thought to 
be due to magnetic impurities. The temperature-independent part X0 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 aT term and has been attributed to a temperature dependence 
of the conduction-electron susceptibility. 

The specific heat data have been analysed in a cv/T v s .  T 2 representation. From 
the respective intercepts and the slopes of the straight lines fitted to the data the 
electronic specific heat coefficient g and the Debye temperature OD at lowest tem- 
perature are obtained. While the ScAuGe, YAuGe, and LuAuGe compound exhibit 
y values below 1 mJ mo1-1 K 2, LaAuGe has a markedly larger electronic specific term 
of 2.5mJmo1-1K -2. 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 Xe 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 LaAI2, YAI2 and LuAI2 
(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 ScAle, YAl2 and LuAl2 
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 ScA12, YAI2 and LaAI2. 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 SEA12, YAI2 and LaA12 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 
30 meV. The scattering data was then fitted to a theoretical model given in Becket et al. 
(1977) yielding the temperature-independent CF parameters x and W in the Lea-Leask- 
Wolf notation (Lea et al. 1962). From x and W the parameters A4(r 4) and A6(r 6) and 
finally A4 and A6 were calculated using (r n) from Freeman and Deselaux (1979). The 
resultant crystal field parameters A4 and A6 in the hosts (ScA12, YAt2 and LaAI2) 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, Sin, Eu and Gd because Pm does not 
exist naturally, the CF of Sin, 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 
A6 values are negative. The values of A4 and A6 increase from ScA12 to YA12 to LaAt2. 
The variation of A4 and A6 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 A6 values, assuming positive charges of the same 
order for Sc, Y, La and A1. Taldng into account the difference in the lattice constant of 
SeAI2, YAI2 and LaA12 and the difference in the electronegativity of Sc, Y and La, the 
relative distance between the A4 and A6 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 A6 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 RA12 and especially for the deviation of the experiment from the calculation based on 
a simple point-charge model. 

6.1.3. Spin fluctuations in RCo2 compounds (R =Sc, Y, Lu) 
ScCo2 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 1.05/~B in GdCo2 down to 0#B 
in ScCo2, YCo2 and L u C o 2 .  Due to the variability of the Co moments in combination 
with the stable permanent moments on the lanthanide atoms in the magnetically ordered 
R C o 2  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 YCo2 which is about 70 T (Goto 
et al. 1990). These three Co-based Laves phases to which ScCo2 belongs are enhanced 
paramagnets. The temperature variation of the susceptibility shows maxima at elevated 
temperatures (YCo2: 260K, LuCo2: 370K, ScCo2: 550K, see fig. 106) whereas in the 
low-temperature region an increase of z(T) proportional to T 2 has been found (Burzo 
et al. 1993). The H-values at OK as given by Ikeda et al. (1991) are: z(YCo2)=6.0, 
x(LuCo2)=3.96, z(ScCo2)=3.67 in units of 10-4 emu/(g-atom). The values for YCo2 
a n d  LuCo2 are not in complete agreement with the data shown in fig. 106 at the lowest 
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1993). 

temperatures. This is however not surprising, since the z-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 (7(YCo2)= 
33.1, y(LuCo2)=26.6, and 7(ScCo2)= 18.4 in units of mJ (mol-Co) -1 K -2) (Ikeda et al. 
1991), which in the case of ScCo2 is larger by a factor of three than that of ScNi2. 

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 
RCo2 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 Coqblin et al. (1978). 

The results can be summarised as follows: 
Electrical resistivity: p (x T 2, with the tendency to saturate at elevated temperatures; 
Thermal resistivity: W oc 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 ScCo2, YCo2 and LuCo2 

is shown in fig. 107. To illustrate the influence of the spin fluctuation scattering in these 
Co-based compounds, the p(T) dependence of the two isostructural non-spin-fluctuation 
compounds YAle and LuNi2 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(T) the curvature at elevated temperatures and the T 2 increase at low 
temperatures is confirmed by the experiment. A quantitative analysis o f p ( T ) - P 0  versus 
T 2 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 (Coqblin et al. 1978) the factor A is 
related to the corresponding spin-fluctuation temperatures by the relation A ec T~ g. This 
factor has the following values: A(YCo2) = 16, A(LuCo2)= 12 and A(ScCo2)= 4.3 in units 
of nf2 cm K 2. The thermal conductivity tt of these spin-fluctuation systems is shown in 
fig. 108 (again the )~(T) curve for YA12 is included). In the spin-fluctuation compounds 
one observes a pronounced curvature in ,~(T) in the region 20 K ~< T ~< 60 K which is not 
observable in YA12. For temperatures higher than about 50 K X(T) is nearly constant and 
decreases from ScCo2 towards YCo2. 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 X(T) dependencies for the different scattering processes (see also 
Ziman 1960), one can account for the variation of )~(T) at low temperatures: 

1 
)~(T) = ;~e + ;~1 = + ,~i, 

We,0 + me,ph + me,sf 

where )~¢ and ,~1 denote the electronic and the lattice thermal conductivity, respectively, 
and We,0, We,ph and We,sf are the thermal resistivities due to impurity-, phonon- and spin- 
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fluctuation-scattering processes, respectively). With W~,o cx 1/T, We,ph O( T 2, We,sf o( T 
and ,~1 cx T 2 we finally obtain 

1 
)L( T) = +dT  2. 

a(1/T) + bT 2 + cT 

Using the Wiedemann-Franz law, the coefficient a can be determined from the residual 
electrical resistivity P0. Least-squares fits to the experimental data up to 75 K are given 
by the solid lines in the inset of  fig. 108. Interestingly the fit procedure shows that 
the We,ph term is much smaller compared to We,~f in these RCo2 series. The linear 
We,sf term is dominating and responsible for the pronounced curvature in ~ vs. T between 
20 K and 60 K. The c-values (We,sf = cT) are related to the spin-fluctuation temperatures 
c c< Tsf 1 (Coqblin et al. 1978). The c-values are: c(YCo2)= 23 × 10 -5, c(LuCo2)= 21 x 10 -5, 
and c(ScCo2)=11×10 -5 in units of  crn/mW Note that, from the tendency of the 
c-values as well as from the A coefficients in psf(T)=AT 2, it follows that Tsf(YCo2) < 
Tsf(LuCo2) < Tsf(ScCo2). 

In fig. 109 the temperature dependence of the thermopower S of the RCo2 compounds 
is depicted and compared with YA12. Note that in the Co compounds the minima in S 
vs. T at low temperature are much more pronounced than in the non-spin-fluctuation 
system YA12. The tiny minimum at low temperature, existing also in YA12, 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 Stot = Sdiff + Sdrag, where Sdiff and Sdrag a re  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 ev) have been observed in many paramagnetic spin fluctuation 
systems near their spin fluctuation temperatures, e.g. in UA12 (Coqblin et al. 1978). The 
broad minima at elevated temperatures are intimately correlated to changes of dN(e)/de 
at ev with temperature (Gratz et al. 1995). Density-of-states properties at the Fermi level 
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[N(eF) and dN(e)/de at eF] 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 Tmin 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 A (the prefactor in p =AT 2) 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 RCo2 spin-fluctuation 
systems fall in the range where many of the other known spin-fluctuation systems, such 
as Sc3In, YMn2 (under pressure in the paramagnetic state) UPt2 or UA12, 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 10 -14 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. Sc3In 
Sc3In crystallises in the Ni3Sn-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) whereps is the saturation moment per magnetic atom andpc the effective 
moment per magnetic atom deduced from the Curie constant. Figure 111 shows the 
location of Sc3In within a Rhodes-Wohlfarth plot. The Pc/Ps ratio for Sc3In is 6.1 
(Matthias et al. 1961), which is remarkably beyond the local moment limit ofpc/ps = 1 
for a strongly localised magnetically ordered material such as, e.g., Gd. In the local 
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Fig. 112. The temperature dependence of the electrical 
resistivity of Sc3In in different external magnetic fields. 
Inset: the T 2 dependence of the resistivity under the 
influence of the magnetic fields (Ikeda et al. 1984). 

moment limit Pc/P~ = 1, and in the opposite weakly ferromagnetic limit theory predicts 
the divergence of  this ratio as Ps --+ 0 or Tc ---+ 0, since the Curie constant in this case 
is independent ofps  or Tc. 

The effect of  spin fluctuations in ferromagnetic and nearly ferromagnetic metals has 
been the subject o f  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 o f  the interaction among the spin-fluctuation modes. 
For the description of  the magnetic properties of  Sc3In the concept of  spin fluctuations 
is used. Ikeda and Gschneidner (1981) performed measurements o f  the specific heat and 
resistivity (Ikeda 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 electrical resistivity in different magnetic 
fields. The zero-field measurement clearly shows a kink in p(T) indicating the Curie 
temperature at about 6 K. The inset shows a T 2 plot of  the electrical resistivity at 0 T, 
1 T, 2.5 T, 5 T and 7.5 T. As can be seen there is a T 2 dependence up to about 4K.  
The prefactor A in the p = A T  2 relation strongly decreases with increasing field and 
becomes constant roughly above 5 T. The strong decrease o f  A 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/po - [ p ( B ) -  p(B = 0)]/p(B = 0) in 
ferromagnets around Tc with a minimum in Ap/po vs. T at Tc (Fournier and Gratz 1993). 
The m i n i m u m  at Tc in Ap/po vs. T is more pronounced the lower the ferromagnetic  
transit ion takes place. I f  this is taken into account the question arises whether this 
experiment can be considered as a test for the suppression of  spin fluctuations in Sc3In. 
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Fig. 113. The temperature dependence of the 
magnetic contribution to the specific heat Cm, in 
different magnetic fields (Ikeda and Gschneidner 
1981). 

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 Cm = c - y T - / 3 T  3. As can be 
seen from this figure, Cm becomes smaller with increasing magnetic field, and in fields 
of about 10 T the height of its peak around Tc is only about ¼ of the zero-field value. 
Moreover, another peak around 8-9 K 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 Sc3In by the magnetic field. 

6.2.2. ScFe2 and related compounds 
Among the RFe2 series only ScFe 2 crystallises in a hexagonal Laves phase (MgZn2 type 
structure) whereas all the remaining compounds have the cubic Laves phase (MgCu2 
type structure). All these RFe2 Laves phases (ScFe2 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 (>500 K). The high Tc values are primarily caused by the strong Fe-Fe 
exchange interaction. The ferromagnetic transition temperature of a ScFe2 sample with 
the exact 1:2 stoichiometry is close to 540 K (see below). The magnetic moments per 
Fe atom vary roughly from 1.4/~B in case of Sc, Y and Lu to 1.8/~B for the compounds 
with the magnetic lanthanides as partner elements, thus proving that the Fe sublattice 
does not reach the saturated state in ScFe2, YFe2 and LuFe2 (Rhyne 1987, Franse and 
Radwanski 1993). Band-structure calculations in the paramagnetic state of ScFe2 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 1.4/~B/Fe(2a) and 1.46/~B/Fe(6h). This bandstructure 
calculation also reveals an induced magnetic moment on the Sc sites of 0.27/~B/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; 2.9/~B/ScFe2 (Sankar and Wallace 1976), 2.23/~B/ScFel.96 and 
2.75/~B/ScFe2.05 (Gr6ssinger 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 M6ssbauer effect which 
are 170kOe for Fe(2a) sites and 176kOe for Fe(6h) (Gr6ssinger 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: ScFe2.05. 
They showed that the magnetocrystalline anisotropy differs considerably in magnitude 
depending on the composition. The average hyperfine field at 4.2K increases from 
176kOe for the sample ScFel.96 up to 201 kOe in the sample ScFe2.05. The conclusion 
drawn by Gr6ssinger et al. (1980) is that the magnetic behavior of ScFe2 is obviously very 
sensitive to the average dFe Fe value. These arguments are further supported by the study 
of a hydrogenised ScFe2 sample (ScFe2H2) (Smit and Buschow 1980) where the lattice 
constants are a=5.279]~, c=8.507A (to be compared with a=4.977A, c=8.146A for 
ScFe2). By means of magnetic measurements an increase of the moment per Fe from 
1.4/~B in ScFe2 to 2.2#B in ScFe2H2 has been found, Using 57Fe M6ssbauer 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 ScFe2H2. 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 ScFe2 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 100 K 
compared to the sample with the 1:2 stoichiometry with Tc = 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 ScFe2 compound does not crystallize in the cubic MgCu2-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 longqasting ball milling reduces the Curie 
temperature from 540K down to 250K (Xia et al. 1996). 

For purpose of comparison the magnetic susceptibilities (or the magnetisations) of 
ScNi2, ScCo2 and ScFe2, respectively, are shown in fig. 114. This picture clearly shows 
that among the ScM2 (M=Ni, Co, Fe) there is one weak paramagnet (ScNi2), one 
enhanced paramagnet (ScCo2, see also sect. 6.1,3) and the ferromagnetic compound 
ScFe2, 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 ScCo2 does not show a long-range magnetic order, there is a huge magnetic 
contribution to the total resistivity, Pmag(T)= Pges-P0--/3ph, which is of the same 
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1998). 

order of magnitude (about 100 ~tf2cm) as in the ferromagnetic ScFe2 compound, with 
a paramagnetic moment of the order of 1.4#B/Fe (see above). (The phonon resistivity Pph 
for all three compounds is roughly given by the p(T) data of ScNi2, the residual resistivity 
P0 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 T e dependence of Pmag(T) at low temperatures 
due to the spin-fluctuation scattering of the conduction electrons. Note that there is also 
a p(T) =AT 2 dependence in ScFe2, caused by the spin-wave (magnon) scattering of the 
conduction electrons (Gratz et al. 1989). However A for ScFe2 is roughly one order of 
magnitude smaller than the A-values found in the RCo2 spin-fluctuation systems. The 
inset in fig. 115 shows the T 2 dependence of the resistivity for the three ferromagnetic 
RFe2 (R= Sc, Y, Lu) compounds. 

6.2,2.1. Sc(Ml-xSix)2 (M=Fe, Co, Ni). As discussed in sect. 3.6, the substitution of 
Fe by Si in ScFe2 reveals a change of the structure from the hexagonal MgZn2-type 
structure (ScFe2) to the cubic MgCu2 type structure, if about 6 at% of Fe are substituted 
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by Si. The MgZn2-type structure reappears around a substitution of 16 at% Fe by Si 
(Gladyshevsky et al. 1977). The influence of the Si substitution on the physical properties 
in the series of the Sc(Fe]_xSix)2 has been investigated by Kotur et al. (1998). In 
this investigation the Co- and Ni-based Sc(M1-xSix)2 compounds are included. Starting 
with ScFe2, two other samples, Sc(Fe0.948i0.06)2 with the MgCu2-type structure and 
Sc(Fe0.75Si0.25)2 with the MgZn2-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 M6ssbauer spectroscopy have been utilized by Kotur et al. (1998). The cubic sample 
Sc(Fe0.94Si0.06)2 shows a small decrease of Tc whereas all the other physical properties are 
similar to those of ScFe2. These investigations however revealed that there is a dramatic 
lowering of the onset of the magnetic order in the sample Sc(Feo 75Si0.25)2 (Tc = 145 K) in 
combination with a decrease of the averaged Fe moment (0.67#B/Fe). The M 2 vs. B/M 

plot (Arrott plot) of the sample Sc(Fe0.75Si0.25)2 is given in fig. 116. The curvature of 
the M 2 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. T 3/2 representation. From this an estimation of the spin-wave 
stiffness constant has been obtained. The value for Sc(Fe0.75Si0.25)2 is 66meVA 3, which 
is distinctly reduced when compared to ScFe2 (465 meV ~3). 

The resistivity behaviour for the sample with Sc(Feo.75Sio.2s)2 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(295 K) vs. T) for the Sc(Fe0.75Si0.25)2 sample, together 
with the resistivity of the isostructural Co- and Ni-based compounds Sc(Co0.75Si0.25)2, 
and Sc(Ni0.75Si0.25)2 are given in fig. 117. The residual resistivity for these compounds is 
of the order of 300-400 ~tf2 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 g from y(ScFe2) = 
10 mJmo1-1 K -a to y(Sc(Fe0.75Sio.25)2) = 38 mJmo1-1 K -2. Sc(Feo.75Si0.25)2 has a small 
thermal expansion coefficient (a = 12x 10 -6 K -1) without any anomaly at Tc = 145 K. 
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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~_xTix)Fe2. ScFe2 is a ferromagnet (as shown above) whereas TiFe2 shows 
antiferromagnetism with TN ~ 2 7 0 K  (Nakamichi 1968). Both compounds crystallise 
in the hexagonal MgZn2 Laves phase structure. Thus in the pseudobinary system 
(Scl_xTix)Fe2 the magnetic properties change from ferromagnetism to antiferromag- 
netism as the Sc : Ti ratio changes. The system shows the MgZn2 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 ScFel.95 of about 
81 emu/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 1.3/~B/Fe 
and about 0.9/tB/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 Z -1 vs. T plots for 0.5 ~< x ~< 0.75 show 
kinks at temperatures about 100 K higher than the corresponding Curie temperatures. The 
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change in the effective moment, deduced from the Curie constant, is 2.5/~B/Fe above the 
kink in X q vs. T and about 1.6#B/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 YFe2 with stable moments on the iron sites. 

6.2.3. Sc substitution in YMn2 

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 hcp, 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 RM2 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 RMn2, RFe2, RCo2 and RNi2. 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)Mn2, 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 (dMn_Mn) (Shiga 1988). Above a critical 
value of dMn_Mn=2.7fi~ there exist spontaneous Mn moments which in general are 
antiferromagnetically ordered at low enough temperatures. Below this critical dMn-M~ 
value the spontaneous Mn moments are zero, however, induced Mn moments can appear 
in RMn2 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 dM~-Mn is 
why in YMn2 a relatively small pressure of about 3 kbar 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 small amount of Sc in YMn2 causes also 
a nonmagnetic ground state, due to the negative chemical pressure. In the X vs. T curves 
of the pseudobinary (Yl-xScx)Mn2 system the discontinuity at TN 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 (Yl-xScx)Mn2 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 T~ is due to the 
partial collapse of the Mn moments from 2.7#B/Mn (estimated from neutron diffraction 
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The step-like increase of a(T) indicates the 
onset of  long-range antiferromagnetic order 
in YMn 2. This transition is of  first-order type 
with a huge hysteresis (the arrows indicate the 
measurements on heating and cooling) (Shiga 
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experiments, Nakamura et al. 1989) to about 1.7/ZB/Mnjust above TN. The huge hysteresis 
is an indication that the magnetic transition is of first-order type. Interestingly the very 
large thermal expansion coefficient a measured in pure YMn2 in the paramagnetic 
temperature range ( a = 5 0 x 1 0  6K-I) 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 YMn2 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 YMn2, YMn12, Y6Mn23 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. Scl-xMx 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 0.35 K (the lowest available temperature of the experiments in this 
investigation) has been found in the ScxCOl x 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 ¼ 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 MgCu2-type structure ScIr2 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 ScIr2.5, however after powdering the sample two transitions 
exist, one at 2.13 K (which is that of the C15 type) and one that begins at 0.42K. The 
lower temperature has been ascribed to the transition of a nonstoichiometric ScIr2 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. ScsM4Silo (M = Co, Rh, Ir) and R2Fe3S i5  (R - S¢, Y, Lu) 

Among the Sc-containing superconductors the most interesting are the superconducting 
ternary iron and cobalt silicides. The discovery of ScsCo4Sil0 with a superconducting 
transition temperature of Ts = 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 R5M4X10, (where R = Sc or Y, M = Co, Rh, Ir, and X = Si or Ge) 
has been described the first time. These R5M4Xlo compounds crystallise in a primitive 
tetragonal lattice with SG P4/mbm. The superconducting transition temperatures of the 
Sc-containing samples are: 4.9K for ScsCo4Sil0, 8.5 K for ScsRh4Sil0, and 8.4K for 
ScsIr4Sil0. The occurrence of superconductivity at temperatures up to 8.4K in the 
ScsM4Sil0 phases is remarkable since elements like Sc and Si become superconducting 
only under pressure. Ir is superconducting below 0.66K and Rh and Co are not 
superconducting at all. The comparatively high Ts of Sc5Co4Si10 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 
R2Fe3 Sis (R = Lu, Sc, Y) were first reported to become superconducting by Braun (1980). 
The crystal structure of Sc2Fe3 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 Sc2Fe3Sis, 
Ts--2.4-2.0 K for Y2Fe3Sis, and Ts = 6.1-5.8 K for Lu2Fe3Sis. 57Fe M6ssbauer 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 (5.6 T) and without a 
magnetic field has been given in Cashion et al. (1980, 1981). These measurements 
revealed #Ve <~ 0.03/~B. 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 6 configuration 
of Fe into a d 1° configuration. However, the very small Fe-Si interatomic distances 
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in this compound  (see table 2 in Braun 198l )  migh t  support  this explanation.  The 

assumpt ion that the crystal  field in a transit ion meta l  compound  is s trong enough to 

cause a zero Fe m o m e n t  seems quest ionably too. We feel  that as yet  the quest ion o f  

why  Fe is nonmagne t ic  in such systems is unsolved.  The low-temperature  heat  capaci ty 

measurements  pe r fo rmed  on the three R;Fe3Si5 ( R = L u ,  Sc, Y) compounds  by Vining 

et al. (1983) revealed several  anomalous  propert ies  in their  superconduct ing state. Mos t  

remarkable  in these heat-capaci ty  results are the large l inear te rm in the superconduct ing 

state and a reduced  normal i sed  j u m p  in the specific heat  at Ts.  These  measurements  are 

shown in figs. 119, 120 and 121 in c / T  vs. T 2 representations.  The  respect ive c / T  vs. T 2 

plots around Ts are shown in the insets. The superconduct ing transit ion temperatures  as 

obtained f rom these specif ic-heat  measurements  are 6.3 K, 4.4 K and 1.7 K for Lu;Fe3Sis ,  

Sc2Fe3Sis and Y2Fe3Si5, respectively. Deviat ions  f rom lineari ty above Ts especial ly  in 

LuzFe3Si5 are apparent. A fit o f  these data in the temperature  range f rom above Ts to 

about  18 K with  c = Yn T + 1311T 3 + an T 5 (the subscript n denotes the non-superconduct ing  

state) wi th  a root  m e a n  square deviat ion o f  about  1% revealed  that in each case the lattice 

contr ibution t inT 3 + a n T  5 to the total specific heat  represents  less than 20% o f  the total 

heat  capaci ty  at Ts.  The prefactor  an is smallest  in the Sc compound.  The j u m p  at Ts is 
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state (y~) in m J m o k  1 K -2 (Vining et al. 1983). 

sharp for Lu2Fe3Si5 and Sc2Fe3Si5 whereas it is broad in Y2Fe3Sis; this is ascribed to a 
somewhat lower quality of the latter sample. The normalised jump Ac/(ynTs ) in the heat 
capacity at Ts in Sc2Fe3Si5 and Y2Fe3Si5 is less than 60% of the BCS value of 1.43. 
Below Ts the heat capacity of Lu2Fe3Si5 and Sc2Fe3Si5 has been fitted to the expression 
c = gs T +/3s T 3 (the subscript s denotes the superconducting state). The measured Y2Fe3 Si5 
data do not permit an estimation of 7s. An extrapolation towards lowest temperatures 
reveals 7s = 13.6mJmol q K 2 for Sc2Fe3Si5 and 10.1mJmol q K 2 for Lu2Fe3Sis. The 
reduced normalised jump at Ts and the large linear Ys 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. RRu4B4 
Within the RRu4B4 series of compounds the body-centred tetragonal (bct) structure occurs 
for all members except for La, the largest of the rare-earth elements (Johnston 1977). 
Similarly, within the set of primitive tetragonal RRh4B4 compounds NdRh4B4, which 
contains the largest rare-earth ion which forms this structure, has been found to be 
metastable (Johnston 1977). A structural instability of the various ~ 4 B 4  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 ScRu4B4, however it was found that this 
compound is metastable. Surprisingly however, ScRu4B4 becomes superconducting at a 
temperature of about 7.2 K, much higher than the Ts of the other two superconducting 
members of the body-centred tetragonal RRu4B4 series, namely 1.8 K for LuRu4B4 and 
1.4 K for YRu4B4. Since the ScRu4B4 sample, where the superconductivity has been 
found, was a multi-phase sample, a comprehensive investigation around the ScRu4B4 
composition in the Sc-Ru-B ternary phase diagram has been undertaken. However, no 
single-phase ScRu4B4 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. ScNi:B:C 
Superconductivity with relatively high transition temperatures up to 23 K 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 LuNi2B2C-type structure (SG [4/mmm). Among the RNi2B2C 
the highest Ts (16.6K) has been reported for LuNi2B2C followed by YNi2BzC with 
15.6K (Nagarajan et al. 1994, Cava et al. 1994, Siegrist et al. 1994). For magnetic 
rare-earth compounds lower superconducting transition temperatures (due to the pair- 
breaking effect) have been observed. Superconductivity has been observed in ScNi2BzC 
by Ku et al. (1994), however, only in an as-cast multi-phase sample. As in the other 
RNizB2C systems the superconducting phase in ScNi2BzC is found only in those phases 
with the tetragonal LuNi2BzC-type structure. Obviously because of the much smaller 
ionic radius of Sc 3+ this superconducting phase is metastable in ScNi2BzC 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 ScNi2BzC compound 
is between 15 and 16 K, thus only slightly lower than 16.7 K for the LuNi2B2C compound 
and almost equal to 15.6K for YNizB2C, which indicates that the superconducting 
properties of these systems are essentially independent of the relative size of the 
nonmagnetic R 3+ 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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- Yb-Rh-Ge 187 

- Yb-Ru-Ge 186 

R-M-Si  (M = Sc, Zr, Hf) systems 482 

- characteristics 482 
RAuGe (R = Sc, Y, La, Lu) 494, 495 

- density of states 494 
- magnetic susceptibility 494, 495 

- specific heat 495 

- structures 494 
RAuGe (R = Sc, Y, Lu), physical properties 

494 

RCo 2 (R = So, Y, Lu) 
- electrical resistivity 498, 499 

- electronic specific heat 498 

- magnetic susceptibility 497, 498 

- spin fluctuations 497-501 

- thermal conductivity 499 

- thermopower 500 
- transport phenomena 498-501 

RFe 2 (R = Sc, Y, Lu) 505 

- electrical resistivity 505 

RFe 2 series 503 
- magnetic properties 503 

- structure 503 

RzFe3Si 5 (R = So, Y, Lu) 510 
- M6ssbauer measurements 510 

- specific heat 511 
- superconductivity 510 

RRu 4 B 4 512 
- superconductivity 512 

redistribution of atoms 483 
Rhodes-Wohlfarth plot 501,502 

(Sc0_0.2R 1 0.8)2Fe14B solid solutions 465 
- Curie temperature 465 

- lattice parameters 465 

Sc-Ag 361 
- compounds 361 

- phase diagram 361,363 

S c - A ~ G e  48, 451 

- isothermal section 48, 451 

- ternary compound 48, 451 

Sc-Ag-Si 436 

- isothermal section 436 

Sc-A1 366 
- compounds 366 

- phase diagram 366 

Sc-A~Ge 23, 459 

- ternary compound 23, 458, 459 

Sc-A1-Si 458 
- isothermal section 459 

- ternary compound 458 

Sc-As-P 459 

Sc-Au 363 
- compounds 363 

- phase diagram 363 

Sc-Au-Ge 52 
- compound 52 

Sc-Au Si 436 

- ternary compound 436 

Sc-Au-Sn 454 
ternary compound 454 

Sc-B 365 

compounds 365 
- phase diagram 365, 366 

Sc-Ba 347 

- phase diagram 347 

Sc-Ba-A1 387 
- isothermal section 387, 388 

Sc-Be 345 
- compounds 345 

Sc-C 371 
- compounds 371 
- phase diagram 371,412, 414 

Sc-C-B(A1) 457 
- ternary compounds 457 

Sc-Ca 347 
- phase diagram 346, 347 

Sc-Ca A1 387 

Sc-Ca-Pt-P 468 
- quaternary compound 468 

Sc-Ca-Rh-B 464 

- compound 464 

Sc-Cd 363 
compounds 364 
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- phase diagram 363, 364 
Sc-Ce 348 

- phase diagram 348 
S c ~ e - F e  460 

- isothermal section 460, 461 
Sc~Ce-Ge 197, 437, 438, 441 

- isothermal section 197, 437, 441 
- ternary compounds 197, 437, 438 
Sc~Ce-Si 416 

- isothermal section 416 
- ternary compounds 416 
Sc-Ce(Pr, Nd, Sin, Gd, Tb, Dy, Ho, Er, Tm)-Rh-B 

464 
Sc-Co 355 
- compounds 355 
- phase diagram 355, 356 
Sc-Co-AI 393 
- ternary compounds 393 
S c ~ o - B  384 

- isothermal sections 384 
- ternary compounds 384 
Sc-Co-C 412 

isothermal section 412, 413 
- ternary compounds 412 
Sc~Co-Ga 405 

- isothermal section 405 
- ternary compounds 405 
Sc-Co-Ge 43, 44, 4 4 8 4 5 0  

isothermal section 43, 448, 449 
- ternary compounds 43, 44, 448 
Sc-Co-Si 432 

- isothermal section 432, 433 
- ternary compounds 432 
Sc-Co-Sn 453 
- ternary compounds 453 
Sc-Cr 352 

phase diagram 352 
Sc-Cr-A1 391 

- isothermal section 391,392 
Sc-Cr-B 379 

- ternary compound 381 
Sc-Cr-C 410 

hypothetical phase diagram 410 
- phase equilibria 410 
- projection of  solidus surface 411 
- ternary compound 410 
Sc-Cr-Ga 402 

- isothermal section 402 
- ternary compound 402 
Sc-Cr-Ge 40, 445 

- isothermal section 40, 445, 446 
- ternary compounds 40, 445 
Sc-Cr-Ni 463 

- isothermal sections 463 
Sc-Cr-Si 428 

- isothermal section 428, 429 
- ternary compounds 428 
Sc-Cu 361 
- compounds 361 
- phase diagram 361,362 
Sc-Cu-AI 395 

- isothermal section 395 
- ternary compounds 395 
Sc~Cu-Ga 407 

- isothermal section 407, 408 
- ternary compounds 407 
S c - C ~ G e  45, 46, 441,451 

- isothermal section 45, 451 
- ternary compounds 46, 441,451 
Sc Cu-Si 434 

- isothermal section 434, 435 
ternary compounds 436 

Sc-Cu-Sn 454 
- isothermal section 454 
- ternary compounds 454 
Sc-Cu-Zn 464 

- ternary compound 464 
Sc-Dy 348 
Sc-Dy-Ge 199, 200, 438, 442, 443 
- isothermal section 199, 200, 442, 443 
- ternary compounds 199, 200, 438, 442 
Sc-Dy-Ir -Si 466 
Sc-Dy-Si 423 

- isothermal section 423, 424 
- ternary compounds 423 
Sc-Er 349 

- phase diagram 349 
Sc-Er-Si 423 

- isothermal section 423, 424 
Sc-Eu 348 

- phase diagram 348 
Sc Eu-Ge 199, 442 

- ternary compound 199, 442 
Sc-Fe 354 
- compounds 354 

phase diagram 354 
Sc-Fe-A1 392 

- isothermal section 392 
- ternary compounds 392 
Sc-Fe-B 383 
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Sc-Fe-B (cont'd) 
- isothermal sections 383 
- ternary compound 384 
Sc-Fe-C 412 

- isothermal section 412, 413 
- ternary compounds 412 
Sc-Fe-Ga 404 

- isothermal section 404 
- ternary compounds 404 
Sc-Fe-Ge 42, 43, 448, 449 

- isothermal section 42, 448, 449 
- ternary compounds 42, 448 
Sc-Fe-Si 431 

- isothermal section 431,432 
ternary compounds 431 

Sc Fe-Sn 453 
- ternary compound 453 
Sc-Ga 366 

- compounds 368 
- phase diagram 366-369 
Sc-Ga-A1 456 

- isothermal section 456, 457 
- ternary compounds 456 
Sc-Gd 348 
Sc-Gd-Ge 199 
Sc-Gd-P 454 
Sc-Ge 375 
- compounds 375 
- phase diagram 375 
Sc-Ge-Si 458 

- isothermal section 458 
Sc Hf 351 

- phase diagram 351 
Sc-Hf-A1 

- isothermal section 390 
Sc-Hf-Ga 401 

- isothermal section 401,402 
- ternary compounds 401 
Sc-Hf-Ge 49, 444 

- isothermal section 49, 444 
Sc-Hf-Ir 462 

- ternary compound 462 
Sc-Hf-Si 426 

- isothermal section 426 
Sc-Hg 364 
- compounds 364 
Sc-Ho 349 
Sc-In 369 
- compounds 370 
- phase diagram 369, 370 

Sc-In(T1, Sn, Pb)-B 457 
- ternary compounds 457 
Sc-In(T1, Sn, Pb)-C 457 
- ternary compounds 457 
Sc-Ir 359 
- compounds 359 
- phase diagram 359, 360 
Sc-Ir-B 386 
Sc-Ir-C 415 
- ternary compound 415 
Sc-Ir-Ge 51,450 

- ternary compounds 51 
Sc-La 347 

- phase diagram 347 
Sc-La-B 379 
Sc-La-Ge 196, 197, 437 

- ternary compounds 196, 437, 438 
Sc-La-Si 416 

- ternary compounds 416 
Sc-Li-A1 386 
Sc-Li-Ge 8, 437, 438 
Sc-Li-Sn 451 

- ternary compound 451 
Sc-Lu 349 
Sc-Lu-Ni-C-B 467 
Sc-Lu-Ru-B 466 
Sc-Lu-Si 424 

- isothermal section 424, 425 
Sc-M-A1 compounds 389 
- ScAg2A1 390 
- ScAu2A1 390 
- ScCoA1 389 
- Sc2C%A19 389 
- ~Sc6Co8Al15 389 
- ScCu0.6All. 4 390 
- ScCuA1 390 

- ~ScCuL4A10.6 390 
- ScCu2A1 390 

ScCu2A12 390 
- ~ScCu4A13 390 

- ScCu4.0 6.15A18.0 s.85 390 
- Sc3CugA17 390 

-- Sc6CUl6AAll3.9 390 
ScFeo.3o_i 35 All.7O4.65 389 

- ScFe4,o-7.1A18.o 4.9 389 
- Sc6IrTA116 390 
- -ScNiA12 389 

~ScNiA14 389 
- ScNiaA1 389 

ScNil~.6All_I. 4 389 
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-- ~Sc6NiTAll6 389 

- Sc6Os7All6 390  

- ScPdo.3o~o.57All.7O 1.43 389 
~ScPdA13 389 

- ~ScPdl.73A16.36 389 
- ScPd2A1 389 

- Sc6PdTA116 389 

-- Sc6Rh7All6 389 

- ScRuo.68_o.26Ali.32_l.T4 389 

- ~ScRu0.8A137 389 

- ~ScRuo.9_0.sAll.t_I. 2 389 
- ~ScRuA12 389 

- ~ScRul.I 1.o4Alo.9 0.96 389 
- ~ScRu2.3A13. 9 389 

- Sc6RUTA116 389 

- 8%.15 o.45Tbo.854.55A13 389 

- Sco.18_o.soYo.82_o.soAl 3 389 
S c - M - A 1  ( M -  Ag,  Au)  396 

- te rnary  compounds  396 

S c - M - A 1  ( M -  Rh,  Os,  Ir, Pt) 394 

- te rnary  compounds  394 

S e - M - A 1  (M = Ti, Zr, Hf)  390 

- i sothermal  sections 390 

S c - M - A 1  te rnary  sys tems 3 8 6 3 9 6  

S c - M - B  compounds  381 

-- ScCoB 4 381 

ScCo3B 2 381 

- ScCo4B 4 381 

- Sc2Co21B 6 381 

- ScCrB 4 381 

- ScFeB 4 381 

- ScIr3B1 x 381 

- ScIr3B 2 381 

- Sclr3B 4 381 

-- ScMnB 4 381 

- ScNiB 4 381 

- ScNi3B 381 

~Sc4Ni15B 6 381 

- Sc4Ni29B10 381 

- Sc3_4Ni2o<gB6 381 
- ScOsB 2 381 

- Sc2OssB 4 381 

Sc2ReB 6 381 

- ScRuB 4 381 

- ScRu4B 4 381 

SczRusB 4 381 
S c - M - B  ( M -  Os, Ir) 386 

- t e rnary  compounds  386 

S c - M - B  te rnary  sys tems 3 7 9 - 3 8 6  

S c - M - C  compotmds  412 

ScCoC 2 412 

- ScCo3C 412 

-- S c 3 C o C  4 412 

ScCrC 2 (12) 412 

- ScCrC2 (f3) 412  

- Sc2CrC 3 412 

- ScFeC 2 412 

-- S c 3 F e C  4 412 

- ScIr3Cl_ x 412 

- ScNiC2 412 

- Nc3NiC 4 412 

- ScsRe2C 7 412 

- ScRu3C 412 

S c - M - C  (M = Ru,  Rh,  Pd) 414 

- i sothermal  sections 414  

- t e rnary  c o m p o u n d  414  

S c - M - C  (M = W, Re, Tc) 411 

- hypothet ical  phase  d i ag ram 411 

- t e rnary  c o m p o u n d  411 

S c - M - C  (M = Zr, Hf, V, Nb,  Ta) 410 

- hypothet ical  phase  d i ag ram 410  

S c - M - C  te rnary  systems 4 0 9 - 4 1 5  

S c - M - G a  compounds  397 

- ScCoo.14Ga1.86 398 

- ScCoo.3sGal.6s 398 

- ScCoo.sGal. s 398 

- ScCoGa  5 398 

- SCCOl.2Gal. 8 398 

- Seeo4.sGa4.1 398 

- ScCo5.8Ga6.2 397 

- S % C % G a  9 398 

- Sc2Co7Ga 4 398 

- Sc5Co0.925Ga0.925 398 

-- Sc6C07 .2 -6 .3Ga15 .8  16.7 398 

- ~Sc17Co64_62Gai9_21 398 

- ~gc22Co53-49Ga25 29 398 

- ~Sc22Co63_6oGa15_18 398 

- -  ~Sc37C014Ga49 398 

- Sc29 34C048_24Ga2942 398 
- Sc2CoGa 8 398 

- ~SceCr4Ga 3 397 

-- 8cCl10 .774 .26Gal .23_1 .74  399 

- ScCul.40 o.86Gao.60_1.i4 399 
- S c e u 2 G a  399 

- ~ScCu3.2Gal. 6 399 

~ScCu3.6Gal. 4 399 

ScCn3.7Ga2. 3 399 

-- ScCu5.494 .85Ga6 .51_7 .15  399 
S c 1 4 C u 3 7 G a i 4  3 9 9  

- ScFe0.14Gal.86 397 
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S c - M - G a  c o m p o u n d s  (cont'd) 
- ScFeo.33Gal.67 397 
- ScFeGa  5 397 

- SCFel.37 o.71Gao.63_1.29 397 

- ScF%.s2 1.44Gao.18_o.56 397 

-- ScFea.73GaT.27 397 

- ScFe6~.73Ga6_7.27 397 

Sc2Fes.83Ga8.i7 397 

- Sc3Fe2Ga 6 397 

Scs.sFeL2Ga 397 

- Sco.2_o.9Hfo.8_o.lGa 397 

- Sco2Hfo.sGa 3 397 

- Sc6IrTGa16 399 

- ScMno.33GaL67 397 

- S % M n z G a  6 397 

- Sc85Mnl.2Ga 397 

- ~ S c N b G a  4 397 

- ScsA_9.4Nb2.6_l.6Galo 397 

- ScNio.14Ga1.86 399 

- ScNio.35Gal.65 399 

- S c N i G a  399 

- S c N i G a  2 399 

- S c N i G a  5 398 

- ScNil.2Gal. s 398 

- ScNi2Ga  398 

- ScNi2.36Ga3.6g 398 

- ScNi>o.67GaM.33 399 

- S%NiT_s.sGa4_5. 5 398 

Sc5Nio.963 Gao.963 399 

~Sc17Ni64-59Ga19 24 398 

- ~Sc22NissGa2o 398 

- ~Sc23Ni61Ga16 398 

- Sc3o-36Niss-39Ga15 25 399 

- Se2NiGa  8 398 

- Sc6OsvGa16 399 

- S c P d G a  399 

- ScPd2Ga 399 

ScP tGa  399 

- Sc6Rh7Gal6 399 

- Sc6Ru7Gal6 399 

- ScTi2Ga 4 397 

- Sc6.8_9.4Ti4.~18Galo 397 

- S%_4Ti4qGa 3 397 

- ScV2Ga  4 397 

SCl.26 3.8273.74_l.18Ga4 397 

-- Sc3.24.7Zr7.8_6.3Galo 397 
S c - M - G a  ( M  - Ru,  Rh,  Pd, Os, Ir, Pt) 407 

- t e rna ry  c o m p o u n d s  407 

S c - M - G a  t e rna ry  sys tems  3 9 6 - 4 0 8  

S c - M - G e  441 

- t e rna ry  c o m p o u n d s  438 

S c - M - G e  c o m p o u n d s  3 9 - 5 2 ,  4 3 8 - 4 4 1  

- S c A g G e  48, 441 

- S c C e G e  197, 438 

- ~ S c 2 C % G e  6 197, 438 

-- Sc3Cei.22Ge 4 197, 438 

- ~Sc4.sCeo.sGe 4 438 

- -ScsCeo.sGe4. 5 197 

- S c C o G e  44,  440 

- S c C o G e  2 44,  440 

- ScCo6Ge 6 44, 439 

- Sc3Co2Ge 3 440 

- Sc4Co4Ge 6 440 

- Sc4Co4Ge 7 44  

- ScgCo7Ge 6 44,  439  

- ~ S c 4 C % l G e  s 44,  439 

- Sc2CoGe 2 44, 440  

- S c C r G e  2 40, 439 

- ScCr6Ge  6 40,  438 

- Sc2Cr4Ge s 40, 438 

- SCTCrs.2Ges. 8 40,  439 

- S c C u G e  46, 441 

- Sc3Cu4Ge 4 46,  441 

- ~Sco.3Dyo.TGe 2 438 

- ScLsDy3.2Ge 4 199, 438 

- SC2.TDy2.3Ge 4 199, 438 

- S c E u G e  199, 438 

- ScFeGe  42, 439  

- ScFeG% 42,  439 

- ScF%~Geo. 5 42, 439  

- ScFe6Ge 4 42,  439  

- ScFe6Ge 5 42,  439  

- ScFe6Ge 6 42,  439 

- Sc4Fe4Ge6. 6 42,  439  

Scl-MTFel.94-1.7oGeo.o6 0.30 42,  439 
- ScI rGe  5 1 , 4 4 1  

- Sc4Ir7Ge6 5 1 , 4 4 1  

- S c L a G e  196, 197, 438 

- S%LaL22Ge 4 196, 438 

- S c L i G e  8, 438 

- S c M n G e  4 1 , 4 3 9  

S c M n G e  2 4 1 , 4 3 9  

- ScMn6Ge  4 4 1 , 4 3 9  

- ScMn6Ge  6 4 1 , 4 3 9  

- Sc3Mn7Ge 8 41 

- ~ S % M n T G e  8 439 

- ScTMns.3Ges. 7 4 1 , 4 3 9  

- Sc 2 4M% iGe4 47, 439 

- Sc2Nb3Ge 4 46,  438 

S c N d G e  198, 438 
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- - S c 2 N d s G e  6 198, 438 

- Sc3Ndl.22Ge 4 198, 438 

- ScNiGe 45, 440  

- ScNi6Ge 6 45, 440  

- S%Ni4Ge 4 45, 440  

- S%Ni11Ge 4 45, 440 

- Sc4NigGe6. a 45, 440  

- Sc6Nil6Ge 7 45, 440 

- Sc6NilsGe n 45, 440  

- ScgNisGe 8 440  

- Sc]2.3Ni4o.7Ge31 45, 440  

- ~S%3Ni6GeI5 45, 440 

- ScOsGe  5 1 , 4 4 0  

- ScOsGe  2 5 1 , 4 4 0  

- Sc4Os7Ge 6 5 1 , 4 4 0  

- ScPdGe 48, 440 

- ScPrGe 198, 438 

- Sc3Prl.a2Ge 4 198, 438 

- ScReG% 50, 439 

- ScRhGe 2 48, 440  

- Sc4Rh7Ge 6 48, 440 
- ScRhGe (I) 48, 440 

- ScRhGe (II) 48, 440 

ScRuGe 47, 440  

- ScRuGe 2 47, 440  

- ScgRu7Ge 6 47, 440 

- ScSmGe 199, 438 

- S%Sm1.22Ge 4 199, 438 

Sc~3ra 3 2Ge4 50, 438 

SczV3Ge 4 40,  438 

- Sc>l.sVs_~.aGe 5 40, 438 

- ~Sco.3Yo.7Ge 2 196, 438 

- Sct.3sY3.65Ge 4 196, 438 

SCz.7Y2.3Ge 4 196, 438 

- ~Sco.3Ybo.vGe 2 438 

- Sc6YbsGelo 438 
S c - M - G e  te rna ry  compounds  200 

S c - M - G e  te rnary  sys tems 8, 23, 39 -52 ,  196-199,  

437 -451  

S c - M - I n  compounds  409 

- ScAg2In 409 

- ScAuzln 409 

- ScCu2In 409 

- ScNi2In 409 

- ScNi4In 409  

- S%Ni2In 409 

- -  Sco.76 1.44Pd2Inl.24_o.56 409 
- ScPt2In 409  

S c - M - I n  (M - Cu, Ag,  Au)  409 

- t e rnary  c o m p o u n d  409  

S c - M - I n  te rnary  sys tems 408,  409 

S c - M - M '  compounds  380, 462 

- ScCuZn  (I) 462  

ScCuZn  (II) 462  

- ScoaHfo.sIr 462 
- ScNiaAu 462 

S c - M - M '  te rnary  systems 4 6 0 - 4 6 4  

S c - M - P ( A s ,  Sb, Bi) compounds  455 

- ScCoP 455 

- S c C % P  3 455 

- Sc2COl2P 7 455 

- -  5c5Co19P12 455 

- ScFe4P z 455 

- ScFesP 3 455 

- Sc2Fe]zP 7 455 

-- Sc2MllI2P 7 455 

- ScNi4As 2 455 

- ScNiBi 455 

- ScNiSb 455 

- ScPdBi 455 

- ScPtSb 455 

- ScRuP 455 

- Sc2Rui2P 7 455 
S c - M - P ( A s ,  Sb, Bi) t e rnary  sys tems 4 5 4 - 4 5 6  

Sc M - S e  compounds  456 

ScAgSe  2 456  

- Sc2CdSe 2 456  

-- SC I 0.67Cu]_2Sez 456 

- Sc2EuSe 4 456  

- Sc2MgSe 4 456  

-- Sc2MllSe 4 456 

S c - M - S e  te rnary  systems 456 

S c - M - S i  compounds  417  

ScAuSi  421 

- ScCeSi  417 

- ScCezSi 2 417 

- Sc3Ce2Si 4 417 

- ~Sc3CesSi 9 417 

- ~Sc3CeHSi 6 417 

- ~Sc4Ce7Si 9 417 

- ~ScsCe6Si 9 417 

- ~SCTCe3Silo 417 

ScCoo.25 Sil.75 420  
- ScCoSi  420 

SCCOl.52_1.468i0.48_0.54 420  
- ScCo2Si 2 419 

- SczCo0.85Sio.]s 420  

- Sc2C%Si s 419 

Sc3Co2Si 3 420 

- -  ~Sc4Coi4Si 9 419  
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S c - M - S i  c o m p o u n d s  (cont'd) 
- ScsCo4Silo 419  

- S % C o l 6 S i  7 419  

- -  Sc6Co3oSi19 419  

- Sc2CoSi  2 420  

- Sc2Cr3Si  4 418  

- Sc2Cr4Si  5 418  

- Sc7Cr4.8Si9. 2 418  

- ScCuzS i  2 421 

- Sc2Cuo.sSio. 2 421 

- S % C u 4 S i  4 421 

- S c C u S i  (h) 421 

- S c C u S i  (r) 421 

- Sco.3Dyo.7Si 2 418  

-- SC0. 4 0.TDyo.6 o.38il.67 418  

- Sco.35Fe4.65Si 3 418  

- ScFeo.25Sil.75 419  

- ScFeSi  419  

- SCFel. 5 1.428io.54.58 419  

- ScFe2Si  2 419  

- ScFe4Si  2 419  

- ~ S c F e s S i  3 419  

- ScFeloSi  2 419  

- Scl.2Fe4Sig. 8 419  

- Sc2Fe3Si 5 419  

Sc3Fe2Si 3 419  

- Sc4Fe4Si 7 419  

- -  8c1_1.o9Fel.97_1.82 8io.o6_o.12 419  

- ScFeS i  2 (I) 419  

- ScFeS i  2 (II)  419  

- Sc2FeSi  2 4 t 9  

- ScI rS i  421 

- ScIr3Si  7 421 

- Sc4Ir7Si 6 421 

- Scslr4Silo 421 

- S c L a S i  417  

- ScLa2Si2 417  

- ScMno.2sSiL7 s 418  

- S c M n S i  418  

- S c M n S i  2 418  

- Sc4Mn4Si  7 418  

- Sc2Mo3Si  4 418  

- Sco.4Nb4.6Si3 418  

- Sc2Nb3Si  4 418  

Sco.85_o.95Ndo.15 o.o5Sil.67 417  

- S c N d S i  417  

- ScNd2Si  2 417  

- ~ S c N d 4 S i  3 417  

- Sc4NdSi4 417  

- ScNio.25SiL75 420  

- S c N i S i  420  

- S c N i S i  3 420  

- ScNil.52_149Sio.48_o.51 420  

- ScNi2Si  2 420  

- ScNizS i  3 420  

- ~ S c 2 N i s S i  3 420  

- ~Sc2Ni9Si  9 420  

- Sc3Ni2Si  3 420  

- Sc3NizSi  4 420  

- Sc3Ni4Si  4 420  

- Sc3Ni11Si 4 420  

- Sc6Ni16SJ 7 _ 420  

- Sc6Ni18Sill 420  

- S % N i S i  3 421 

- NSc30szSi6  421 

- S c P d S i  421 

- Sco.89Pro.HSi~.53 417  

- ScPrS i  417  

- SePrzSi  2 417  

- ~ScPr4S i  3 417  

- -  8ci.26Pr3.74Si 4 417  

- ~Sc2Pr3Si  4 417  

- ~Sc2PrsS i  3 417  

- ScaPr2Si  4 417  

- ScP tS i  421 

- ~ScReSi~  418 

- NczRe3Si 4 418  

- Sc3Re2Si  4 418  

- S%Re8Si12 418  

Sc7Re3.35 Silo.65 418  

- S c R h S i  421 

- S c R h S i  2 421 

- S c e h 3 S i  7 421 

- ~Sc2Rh3 Si 4 421 

- ~Sc3Rh2Si  4 421 

- ~Sc3Rh2Si9 421 

- ~ S c  3Rh 3Si 5 421 

-- Scseh4Si lo  421 

- ~Sc6Rh4Si  9 421 

- ~Sc4RhSi  8 421 

- S c R u S i  421 

~Sc3Ru2Si  6 421 

- -  S c o .  2 o.4Smo.8 o.6Si 417  

- Sco.3Smo.7Si 2 418  

- S c S m S i  418  

- ScSm2Si  2 418  

- S % S m z S i  4 418  

- S c V s S i  5 418  

- -  Sc2V3Si 3 418 

-- Sc2V3Si 4 418 
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- -  SC 2 3W3 2Si4 418  

- Sco.95_o.52Yo.os_o.48Sil.67 417  

S e - M - S i  t e rna ry  s y s t e m s  4 1 6 - 4 3 6  

S e - M - S n  c o m p o u n d s  452  

- S c A u S n  (I) 452  

S c A u S n  (I I )  452  

- S c C o S n  452  

- SCfOl.lSn3. 6 452  

S c C o z S n  452  

ScCo6Srt  6 452  

- S c C u S n  452  

- ScCu4Srt  452  

- ~ S c 6 C u S n  2 452  

- ScFe6Sn 6 452  

- ScIrMSn3. 6 452  

- S c L i S n  452  

- -  ScMa~-6Sn 6 452  

- S c N i S n  452  

- ScNi2Sn  452  

- ScNi4Sn  452  

- Sc2Ni2Sn 452  

- -  ScOsl. iSn3.  6 452  

- ScP daS n  452  

- S c P d S n  (I)  452  

- S c P d S n  (I I )  452  

- ScPt2Sn 452  

- S c P t S n  (I)  452  

- S c P t S n  (II)  452  

- S c P t S n  (III)  452  

- ScRhl.lSn3. 6 452  

- SCRUL1Sn3. 6 452  

S c - M - S n  t e rna ry  s y s t e m s  4 5 1 - 4 5 4  

S c - M - X  480  

Sc M - X  c o m p o u n d s  380 

S c - M  c o m p o u n d s  345,  3 5 1 , 3 5 3 , 3 5 5 ,  358,  362,  

365 

- S c A g  362  

- S t A g  2 362 

- ScAg4  362  

- S c A u  362 

- S c A u  2 362  

- S c A u  4 362  

- Sc2Au 362 

- S c B e  5 345 

- ScB%3 345 

- Sc2Bel7 345 

- S c C d  365 

- S c C d  3 365 

-- S c C d  7 365 

- S c C o  355 

--  S c C o  2 3 5 5  

- Sc2Co 355 

- S % C o  355 

- S c C u  362  

- S c C u  2 362  

- S c C u  4 362 

--  S c 2 9 F e  6 355 

- SCFel.74(L2) 355 

- ScFe2(k  0 355 

- ScFe2@3) 355 

- S c H g  365 

- S c H g  3 365 

- S c l r  359  

- Sc l r  z 359 

- S c I r  3 358 

- Sc2Ir  359 

- S c u I r  4 359 

- Sc4~Ir 7 359 

- Sc57Ir13 359  

- ScMg([5 ')  345 

- S c M n  z 353 

- S c N i  355 

- S c N i  2 355 

- Sc2Ni  355 

- Sc2Ni  7 355 

S e N i s ( H T  ) 355 

- S e N i s ( L T  ) 355 

- S c O s  2 358 

--  S C l l O S  4 358 

- Sc44Os 7 358 

- S c P d  358 

S c P d  2 358 

- S c P d  3 358 

- SczPd  358 

- - S c 4 P d  358 

- S c P t  359 

- S c P t  3 359  

- Sc2Pt 359  

--  Sc57Pt13  359 

- - S c 2 P u  3 351 

- S c R e  2 353 

- Sc5Re24 353 

- S c R h  358 

- S c R h  3 358 

- SczRh  358 

- Sc3Rh 358 

--  S c 5 7 R h 1 3  358 

- S c R u  358 

- S c R u  2 358 

--  S C l l R U  4 358 
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Sc-M compounds (cont'd) 
- Sc57Rn13 358 
- ScTc 2 353 
- -ScTc 3 353 
- ScTc 7 353 
- ~Sc3Tc 2 353 
- ~Sc4Tc 353 
- ScZn 365 
- ScZn 2 365 
- ScZn12 365 

Sc3Znl7 365 
- -  8c13Zn58 365 
Sc M systems 

- M = 5A, 6A element 351 
- M =  1A element 345 
- M = 2A element 345 
- M =4A element 351 
- M =  1B element 361 
- M = 2 B  element 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-A1 386 

- isothermal section 386 
Sc-Mg-Mn 460 

- isothermal sections 460 
Sc-Mg-Mn- 

Li(Ca, Y, Ce, Nd, Zr, Ni, Cd, Zn, A1, 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-A1 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 

- isothermal section 41,447, 448 
- ternary compounds 41,447 
Sc-Mn-Si 430 

- isothermal section 430 

- 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-A1 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-A1 391 
- phase equilibria 391 
Sc-Nb-Ga 402 

- isothermal section 402, 403 
- ternary compounds 402 
Sc-Nb~3e 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-A1 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 



SUBJECT INDEX 567 

- 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-Os-B 386 
Sc-Os-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-A1 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, I1, Pt)-Si 434 

- ternary compounds 434 
Sc-Pm 348 
Sc Po 379 
Sc-Pr 348 
Sc-Pr-Si 422 
- ternary compounds 422 
Sc-Pr(Sm)-Ge 197-199, 441 

- 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-A1 387, 388 
- phase equilibria 388 

ternary compounds 388 
Sc-R Rh B alloys 465 

- S%.3Ce0.7eheB4 465 
Sc0.3Dy0.7Rh4B4 465 
S%2Er0.sRh4B4 465 

- Sc0.3Er0.7Rh4B4 465 
- Sc0.3Gd0.7Rh4B4 465 
- Sc0.3Ho0.7Rh4B4 465 
- Se0.4Ho0.6eh4B4 465 
- Sc0.3Nd0.7Rh4B4 465 

Sc0.3Pr0.TRh4B4 465 
So0. 3 Sm0.7RhgB4 465 

- Sc03Tb0.7ehgB4 465 
- Sc0.3ZIn0.7eh4g4 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-A1 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, It, 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, Ir)-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-A1 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-Tb-Ge 199 

Sc-Tb-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-A1 

- 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 
Sc-V 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 
S e 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 
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- i s o t h e r m a l  sec t ion  428,  430  

- t e r na r y  c o m p o u n d  429  

S c - X - X '  c o m p o u n d s  380,  458  

- ScA13C 3 458 

- Sc11A12Ge 8 458  

- Se3A1C 458 

- SczA1Si 2 458  

- ScBzC 458  

- S c B z C  ~ 458 

--  S C z B C  2 458 

- ScGao.4Alo. 6 458  

~ScGao.s6_o.64Alo.44_o.36 458  

- ScGao.75_~.23All.25_o.77 458  

- ~Sc4Ga4A1 458  

- Sc3InB ~ _x 458 

- Sc3InC x 458  

- S c 3 P b B I _  x 458 

- S % P b C  x 458  

- Sc3SnB1 x 458 

S% SnC x 458  

- S%T1B 1_~ 458  

- Sc3T1C ~ 458  

S c - X - X '  t e rna ry  s y s t e m s  4 5 6 - 4 5 9  

S c - X ' - X  ( X  - B, C)  480  

S c - X  c o m p o u n d s  367,  3 7 3 , 3 7 8  

- SeA1 367 

- SeA12 367  

- ScA13 367  

- Sc2A1 367  

- S e A s  378 

- S % A s  3 378 

-- S C v A S  3 378 

- Sc3As  2 (I) 378 

- Se3As 2 (][I) 378 

- S % A s 2 ( I I I  ) 378 

- S c B  z 367 

- ScB12 367 

- ScBi  378 

- S c C x - x  373 

- S%C4 373 

-- Se15C19 373 

- Sc4C 3 (c 0 373 

- S c a C  3 ([3) 373 

- S c G a  367  

- S c G a  2 367 

- S c G a  3 367 

- Sc2Ga  367  

Sc3Ga  2 367  

- Sc3Ga  5 367  

- S % G a  3 367 

- S c s G a  4 367 

- S c G e  373 

- S c G e  2 373 

- S c s G e  3 373 

- S e s G e  4 373 

- Sc~lGelo 373 

- ScIn l  x 368 

- S c I n  368 

- Sc In  2 367  

- Sc In  3 367 

- Sc2In 368 

- S % I n  368 

ScP 378 

- S % P  378 

-- SeTP 3 378 

Sc3P 2 (I) 378 

- Sc3P 2 ( I I )  378 

- S % P b  3 374 

- Sc6Pb s 374  

- ScPo 378 

- S c S b  378 

- SczSb  378 

ScsSb  3 378 

- ScSe  378 

Sc2Se 3 378 

ScS i  373 

- ScsS i  3 373 

- ScS i  2 _ x ( a )  373 

- ScS i  2_x([3) 373 

- S c S n  373 

- S c S n  2 373 

- S % S n  3 374 

- Sc6Sn 5 373 

- ScTe 378 

- Sc2T % 378 

- ScT1 368 

- ~ScT12 368 

- Sc2T1 368 

- ~Sc3T1 368 

- Sc3T15 368 

- ScsT14 368  

- Sc5T13_3.85 368 

S c - X  ( X  = 3B e l emen t )  s y s t e m s  365 

S c - X  (X  = 4B  e l emen t )  s y s t e m s  371 

S c - X  ( X  = P, As ,  Sb,  B i )  

- c o m p o u n d s  377 

S c - X  ( X  = P, As ,  Sb,  B i )  s y s t e m s  376 

S c - X  ( X  - Se,  Te, Po)  s y s t e m s  377 

- c o m p o u n d s  377 

S c - Y  347  
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S ~ Y  (cont'd) 
- phase diagram 347 
Sc-Y-Fe 460 

- isothermal section 460, 461 
Sc-Y~Ga 396 

- isothermal section 396 
- ternary compound 396 
Sc-Y-Gd 460 
Sc-Y-Ge 196, 437 

isothermal section 196, 437 
- ternary compounds 196, 437 
Sc-Y-Ge-Si  467 
Sc-Y-Si 416 

- isothermal section 416 
Sc-Y-Ti-Co 468 
Sc-Y(Lu)-Ir-Si 466 
Sc-Y(Nd, Dy, Er, Lu)-Fe-B 465 
Sc-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 
Sc-Zr 351 

- phase diagram 351 
Sc-Zr-A1 

- isothermal section 390 
Sc-Zr-Ga 400 

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

- isothermal section 425 
ScAg 4 361 
ScA1 366 
ScA12 497 

- dilution of lanthanides 496 
- lanthanides diluted 496 
Sc3As 2 377 

polymorphic modifications, 377 
ScAuGe 495 

- density of  states 495 
ScB 2 365 
ScBi2 365 
Sc3C 4 372 
Sc4C 3 372 
- polymorphic modifications 372 

Sc15C19 372 
ScCd 364 

ScCdz 364 
ScCd7 364 
ScCo 355 
S c C o  2 355, 505 

- d c  susceptibility 505 
Sc2Co 355 
S%Co 355 
ScCoB 4 384 
ScCo4B 4 384 
ScCrB 4 381 
ScCu 361 
ScCua 361 
ScCu 4 361 
ScCuZn, polymorphic modifications 464 
S%_~Dy~Ir4Sil0 466 

- magnetic ordering 467 
- solid solution 466 
- superconductivity 467 
ScFe1.74 354 
ScFe 2 354, 503, 505 

- band-strncture calculations 503 
- hydrogenised 504 

magnetic properties 503 
magnetization 505 

- polymorphic modifications 354 

Sc29Fe 6 354 
Sc(Feo.75 Sio.25)2 506 

- Arrott plot 506 
low-temperature magnetization 506 

Sc 2Fe 3 Si 5 511 
- specific heat 511 
ScGe 375 
ScGe 2 375 
S%Ge 3 375 
S%Ge 4 375 
Sc11Gelo 375 
ScHg 364 
ScHg 3 364 
Sclnl -x  370 
ScIn 370 
ScIn2 370 
ScIn 3 370 
SczIn 370 
Sc3In 370, 502 

- electrical resistivity 502 
- ferromagnetic order 501 
- specific heat 503 
- spin fluctuations 502 
ScIr 3 359 
Sc2Ir 359 
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Sc11Ir4 359 
ScsIr4 Silo-Lu5 It4 Sil0 466 

- solid solutions 466 
ScLiGe 
- ternary compound 437 

Sc(M0.75Si0.25)2 (M = Fe, Co, Ni) 506, 507 
- resistivity 506, 507 
Sc(M 1 xSix)2 (M = Fe, Co, Ni) 505 

- physical properties 506 
- structure 505 
Sc 1 xM x ( M -  Co, Rh, Ir, Pd, Pt) 509 

- superconductivity 509 
ScM 2 (M = Ni, Co, Fe) 504 

- electrical resistivity 504, 505 
magnetic susceptibility 504 

ScsM4Si~0 (M=Co,  Rh, Ir) 510 
- superconductivity 510 
ScMg 346 
ScMn 2 353 
ScMnB 4 382 
ScNi 356 
ScNi 2 356, 505 

dc susceptibility 505 
ScNi 5 356 
- polymorphism 356 
Sc2Ni 356 
Sc2Ni 7 356 
ScNi2BzC 513 

- superconductivity 513 
ScOs2 359 
ScP 377 
Sc3P 2 377 
- polymorphic modifications 377 
ScsPb 3 376 
ScPd 3 357 
Sc2Pd 357 
ScPt 361 
ScPt 3 361 
Sc2Pu 3 351 
Sc2ReB 6 382 
ScRh 357 
ScRh 3 357 
Sc2Rh 357 
S%Rh 357 

8c57Rh13 357 
ScRu 357 
ScRu 2 357 
ScnRu 4 357 
Scs7Ru13 357 
ScSi 372 

ScSil. s 372 
polymorphism 372 

Sc3Si 5 372 
ScsSi 3 372 
ScSn 2 376 
S%Sn 3 376 
Sc6Sn 5 376 
ScTc 2 353 

8c5Tc24 353 
ScTe 378 
Sc2Te 3 377 
(Scl _ xTix)Fe2 507 

- magnetic properties 507 
ScT12 370 
Sc3T1 370 

Sc5T13 3.85 370 
Sc3Znl7 363 
Sc13Zn58 363 
scandium alloys 339-520 

binary 343-379 
physical properties of 492-513 
quaternary and higher-order 464-468 

- ternary 379-464 
scandium intermetallics 339-520 

- magnetic 501-509 
- non-magnetic 494-501 
- non-superconducting 494-501 
- physical properties 492-513 
- relations 482-492 
- ScMX compounds 478 
- ScMzX 2 compounds 478 
- structure types 482, 514~520 
- superconducting 509-513 
solid solutions 479 

- addition 480 
- continuous 480, 481 
- (Lul _xSc~)sIr4Sil0 481 
- Sc~Ers_xSi 3 480 
- substitution 479, 481 
structure fragments 486, 488, 489, 492 

- connections 486, 488, 492 
- dimensions symmetry 486 
- distortion 486 
structure types 227-327, 471,472, 483, 487, 489, 

490, 493, 513-520 
- A1B2 287, 514 
- A1CrzC 267 

A12Cu 518 
- A1LiSi 516 
- A12MgO 4 516 



572 S U B J E C T  I N D E X  

smacture types (cont'd) 
- ot-GdSi 2 298 

ctMn 517 

- ct-ThSi 2 298 

- a T h S i  2 516 

- c t -YbAuGe 295 

- A u C u  517 

- A u C u  3 514 

- Ba2Cd3Bi 4 258 

- B a N i S n  3 258 

- ~ - Y b A u G e  296 

- [SYb 5Sb 3 516 

- CaAlzS i  z 254 

CaBezGe  2 253 

- C a C u  5 247, 516 

- C a C u G e  295 

- C a i n  2 288, 514 

- C a L i S i  2 273 

- CaTiO 3 484,  514 

- CezA12Co15 236 

- CeCo3B 2 517 

- CeCo4B4 518 

- Ce2Cu3Ge 3 268 

- Ce2CuGe  6 260 

- Ce2(Ga , Ge)7 262 

- CeGazA12 252,  515 

- CezLi2Ge 3 281 

- Ce26LisGez3 y 318 

- C e 2 M n G e  5 276 

- Ce2Ni 7 519 

- C e N i S i  2 269 

- CeNis.sSi4. 5 230 

- C e s N i G e  2 324 

- Ce3PdzoGe6 235 

- Ce7Pd4Ge 2 319 

- Ce2PtTGe 4 244 

- Ce3Pt4Ge 6 264 

- Ce3Pt23Gelz 234  

- C e R h  I xGe2+x 274 

- CeScS i  287 

- Ce2Sc3Si 4 260,  484,  514 

- C e S i l _ y G e l _ ~  298 

- Co2Si  517 

- CrB 313, 514 

- CrsB 3 325 

Cr3C 2 516 

-- Cr23C 6 331 

- CsC1 514 

- Cu2Sb 517 

- DyA1 518 

- DyA1Ge 293 

- ErAgSe2 518 

- ErCo3Ge z 250 

- E r C u S  2 517 

- Er26Ge23 x 331 

ErIr  3 B 2 517 

- ErNi3Ge 2 248 

E u A u G e  294  

- E u M g 3 G e  3 241 

- E u N i G e  292 

- Eu2Pt7A1P3 519 

- FeB 313 

- Fe3C 518 

- Fe2Ca Q 519 

- yCuTi  517 

- Gd~4Ag51 519 

- Gd13Cd58 520 

- Gd3Cu4Ge 4 279 

- G d 6 C u s G e  8 515 

- GdFe6Ge 6 233 

- Gd3Ga  ~ 520 

- G d M n 6 G e  6 232 

- Gd3NiS i  2 314 

- G d s S i 2 G e  2 321 

- HfFe6Ge 6 514 

HfFe2Si  z 518 

Hf2Ni6.e Gag. 5 520 

- Hf3Ni2Si 3 304, 515 

- HoCoGa5  515 

- H o 2 C o G a  8 516 

- HoFe6Sn 6 234 

- HoliGe~0 514 

- Ho4Ir13Ge 9 246 

- Ho26Pd4(Pd, Ge)19 317 

- K H g  z 289,  515 

- La2A1Ge 6 263 

- La3Co2Sn 7 275 

- La4GagGe  7 279 

- La3In4Ge 304 

- La3InGe  323 

- LaI rS i  292 

- La3NiaGa 2 311 

- Lal lNi4Ge6  316 

- La2NiGe  313 

- La~NiG% 322 

- LaPt2Ge 2 254 

- LaPtl.42Pdo.ssGe2 326 

- LaPtS i  291 

LaTmIr2Ge  4 327 

- L i G a G e  289 
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- Lu2Co3Si  5 256  

- L u M n G e  2 271 

- L u N i G e  296  

- L u R u B  2 518 

- L u R u 4 B  4 520 

- M g A g A s  514 

- M g C u  2 285,  514  

- MgCttA12 518 

- M g 6 C u l 6 S i  7 484,  514 

- M g C u 4 S n  515 

- M g F e  6Ge 6 231 

- M g N i  2 516 

- Mg44Rh  7 517 

- M g Z n  2 285,  514  

- Mg2Zni1  519 

- MnCuzA1  514  

- M n s S i  3 514  

M o B  518 

- M o 2 F e B  2 308,  484 ,  514 

- M o N i  4 516 

- M o S i  2 515 

- NaZn13 230,  520 

- Nb2Cr4Si  s 2 5 1 , 5 1 7  

- Nb5Cu4S i  4 306 

- N d 6 C o s G e  4 306  

- N d 2 C r g G e  8 236  

- Nd6Fe13Si 283 

- N d P t S b  289  

- N d 4 R h 4 G e  3 302 

- N i A s  516 

- Ni2In  515 

- N i 3 S n  515 

- PbFC1 286  

- P r2L iGe  6 261 

- Pu3Pd  5 519 

- re la t ions  483,  487,  489 ,  490,  493 

Ru3Bel7 516 

Sb2S 3 516 

- ScA13C 3 518 

- ScHA12Ge 8 315,  520 

-- Sc7As 3 520  

- S c A u S i  517 

- ScB2C 2 518 

-- SczBC 2 517 

Sc3C 4 519 

- S c C d  7 519 

- S c C e S i  514  

S % C o  519 

- ScCoC2 515 

ScCol.2Gal.  8 517 

- ScsCOl9PI2 519 

- ScsCo4SiI0 277,  516 

- Sc6Co30Si19 519 

-- $03 C o C  4 5 1 5  

-- Sc2CoSi  2 307,  515 

- S c C r C  2 (~)  518 

- ScCrC2 ([3) 517 

- Sc7Cr4+xSi lo_  x 300,  515 

- Sc2CrC 3 518 

- Sc29Fe 6 520 

- ScFe6Ga  6 518 

ScFe6Ge 5 520 

SeFeS i  2 520 

Scl.2Fe4Si9. 8 518 

- Sc2Fe3Si 5 519 

Sc11Ir 4 516  

Se 3M.n 2Ga  6 517 

- Scs .sMnl .2Ga 517 

- Se4Ni29Blo 520  

- S % N i l  xGai  x 516 

- S c N i 6 G e  6 2 3 3 , 5 1 9  

- S c 3 N i l l G e  4 248 

- S c 9 N i s G e  8 312,  519 

- Sclz3Ni40.vGe31 520 

- S c N i S i  3 518 

- ScNi2Si  3 518 

- Sc3Ni2Si  4 519 

- Sc3Ni11Si 4 247,  517 

- Sc6Ni~8Sill 2 5 1 , 5 1 7  

- Sc3NiS i  3 519 

- ScsRe2C 7 519 

- SczRe3Si  4 515 

- Sc3Re2Si  4 520 

- S%ResSi12 520  

-- 5c57Rh13 5 1 5  

- S c R h S i  z 518 

-- ScRh3Si  7 517 

- -  Sc2RusB 4 516 

- Sc2S 3 520 

- S c S n  2 518 

- s c a n d i u m  in t e rme ta l l i c s  478,  5 1 3 - 5 2 0  

- S m 4 C o  l _ x G e  7 300  

- S m s G e  4 320,  514  

- S m N i G e  3 257  

S m N i  3Ge 3 240  

T b 3 C o z G e  4 299  

- T b C u  7 517  

- TbllTFes2Gelt  2 309  

- T b F e S i  2 326 

- TbFe6Sn  6 234  
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structure types (cont'd) 
- Te2Ag3T1 298 

--  T h 7 F e  3 518 

ThMn12 514 

- Th3P 4 519 

- Th2Zn17 236, 519 

- TiA13 268 
- TiFeSi 516 

- TisGa 4 518 

- Ti6Ge 5 515 

- TiNi 3 516 

- TizNi 515 

- TiNiSi 290, 484, 514 

- TivS~2 518 

- Tm9FeloGelo 283 

- Tm3Ga 5 519 

- Tm3(Gao.sGeo.5) 5 305 

- Tm2Gao.sGe4. 5 282 

- TmLi~_xGe  2 273 

- Tm4LiGe 4 311 

- UB~2 519 

-- U2Co3Si 5 255, 519 

- U3Ni4Si 4 280 

- U4Re7Si 6 266, 514 

- U3Sb3eu  2 305 

- V3As 2 518 

- W2Cr21C 6 517 

WsSi  3 519 
YA1Ge 294 

YB2C 519 

- Y2Co3Ga9 517 

- YCo6Ge 6 2 3 1 , 5 1 7  

- Y3Co4Ge13 243 

- YCosP  3 239, 516, 519 

- YCrB 4 515 

- Y2HfS5 324 

- YIrGe 2 270 

- YNisSi  3 238 

- Y3NiA13Gez 327 

- YPd2Si 267 

- Y3Pt4Ge6 265 

- Y2ReB6 519 

- Y2Rh3Ge 285 

- Yb7A15Ge 8 30I  

- YbsLiGel3 303 
- YbMo2A14 516 

Yb3 Rh4 Snl3 242 

- ZrA13 268, 518 

ZrBeSi  297 

Zr4Co4Ge v 278, 515 
- ZrCrSi  2 272, 514 

- ZrFe6Ge 4 516 

- ZrzFeI2P 7 515 

ZrFe4Si 2 239, 515 

- Z rGa  2 518 

- Zrlr3B 4 518 

- ZrNiA1 2 9 1 , 4 8 4 ,  514 

- ZrOS 292 

- ZrSi2 285, 515 

te rnary  compounds  8-216 ,  225 -335 ,  379-464 ,  

4 7 3 , 4 7 6 ,  477, 484, 485 

- binary  prototypes  484 

- characterist ic cross sections 486 

- composi t ions  476, 477 

- Mo2FeB2 485 

- most  c o m m o n  composi t ions  478 

- Sc -M-B(A1 ,  Ga) 474  

- S c - M - C ( S i ,  Ge) 475 

- S c - M - X  479 

- Sc -X-B(A1,  Ga) 474 

- S c - X - C ( S i ,  Ge) 475 

- Sc2A1Si 2 485 

- ScCe2Si 2 485 

- SczNi2Sn 485 

- stoichiometries 473,  477 

- structure types 4 7 3 , 4 8 4  

- superstructures  483,  485, 491 

te rnary  scand ium phase  d iagrams,  regulari t ies 

4 7 3 - 4 7 9  

te rnary  systems 379 

- characterist ic  cross sections 477 

tetrahedra 491 

YA12 497 

- dilution o f  lanthanides 496 

- lanthanides di luted 496 

YAuGe 495 

- density o f  states 495 

Y2Fe3Sis 5 1 1 , 5 1 2  
- specific heat  5 1 1 , 5 1 2  

(Y1 -xSCx)Mn2 508, 509 
lattice parameter  508, 509 

- magnet ic  propert ies  508 
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