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The isothermal section at 600°C of the phase diagram of the ternary system Sm—-Ga—Sn was constructed
using X-ray powder diffraction data. Limited solid solutions based on the binary compounds Sm$(30 at.%
Ga), SmGa; (13.3 at.% Sn), SrgSnz (4 at.% Ga), and SmGa (3 at.% Sn) were observed. Three ternary
compounds were found at 600°C: SreGag gg.0.485MN20.25, (ternary variant of the structure type PusPds,

Pearson symbol 0S32,

space group Cmcm, a=9.97522(18)-9.89433(18)b = 8.02642(16)-7.87246(16),

¢ =10.23304(19)-9.91703(19) A), SiGa, S0 (ternary variant of the structure type Ho.Gey, 1184,
[4/mmm, a = 11.5876(4)c = 17.3089(5) A), and SgBGag ¢S4 (structure type NbsSiSn, ternary variant of

WsSis, 1132, 14/mem, a=12.1881(14),c = 6.0919(7) A).

ordering of the Ga and Sn atoms.

The ternary phases are characterized by partial
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Introduction

The ternary systemB-Ga—Sn R = rare-earth metal)
have not yet been systematically investigated. In the
systems with Th and Dy, several ternary compounds
with close-packed structures, forming along the line
with 25 at.%R in the concentration triangle, have been
reported: ThGageShy 14 (Structure type Mgn, Person
symbol hR48, space groupR-3m, a=6.2224,
c=27.908 A) [1], TbGa¢Shss (own type, hR72,
R3m, a=6.2404, c=43.011 A) [2], DyGa 7S
(ThG& 6:SMn.36 hR72, R3m, a=6.18716,

¢ =42.6992 A)[3], DyGa s.05n5.2, (CsAu, cP4,
Pm3m, a = 4.3283-4.56990 A}4]. The structures of
TbGa geSMh.14 ThG@6:Sh3s and DyGarsSm 2 are
characterized by partial ordering of Ga and Sn atoms.
Two CuAu-type ternary phases have been reported in

the Ho-Ga-Sn systen{5]: Ho0G@& gp2.35M 20068
(a =4.259-4.325 A) and HOoGg.0.88M 20-2.12
(a=4.415-4.564 A). Equiatomic YPtAs-type

(hP12, P6s/mmqg ternary compounds have been
reported for the systems with Eu and ¥b=(4.5243,
c=18.067A for EuGaSn [6]; a=4.4352,
c=17.291 A for YbGaSii’]). In the system Sm—-Ga—
Sn the crystal structure of a ternary compound of
variable composition SgGay go.2.483M.20.2.52 has been
reported[8]. Its structure belongs to an original (own)
structure type ¢32, Cmcm a = 9.97552-9.89433,
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b = 8.02642-7.87246, ¢ =10.23304-9.91703 A),
which is a ternary derivative of the binary structure
type PyPd [9]. The structure remains partially
ordered in the whole homogeneity range. Recently, the
crystal structure of an isotypic compound with Dy was
reported, DyGa&ssShhse (a=9.7300, b=7.7081,

¢ =9.7985 A)[10].

The binary systems that delimit the ternary system
Sm-Ga-Sn are well studied and the phase diagrams
have been constructed in the whole concentration
range[*1], even if the formation of SsBn; remains
unclear. Crystallographic data of the binary
compounds reported in the systems Sm-Ga and
Sm-Sn are summarized Table 1 The system Ga—Sn
is characterized by a eutectic reaction at 8.4 at.% Sn
and 20.5°C. The maximal solubility of Ga gaSn at
13°C is 6.4 at.%. At the temperature of investigation
(600°C) both Ga and Sn are liquice. a continuous
liquid region will be observed on the Ga-Sn side of
the isothermal section of the phase diagram of the
system Sm—-Ga-Sn.

This work presents the results of an
experimental investigation of the phase equilibria
in the ternary system Sm-Ga-Sn at 600°C
and the crystallographic parameters of two new

ternary compounds, SB35y 70 and
SmGay76Sbos derived from X-ray powder
diffraction.
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Table 1 Crystallographic data for the binary compounds of the systems Sm—-Ga and Sm-Sn.

Structure Pearson Cell parameters, A
Compound Space grouf Reference
type symbol a b c
SmGa, SmGa, t126 14/m 11.940 - 5.081 [12]
SMmGa; CrsB3 t132 14/mcm 7.796 - 14.280 [13]
SmGa BaSiz tP32 P4/ncc 7.8026 - 14.1880 [14]
SmGa GdGa t180 14/mcm 11.713 - 15.17 [15]
SmGa Ti 08 Cmcm 4.385 11.120 4.145 [16]
SmGa AlB, hP3 P6/mmm 4.235 - 4.183 [17]
SmyoGa SmyoGa 0% Cmmm 4.2484 7.3648 4.1856 [18]
SmyeGapa1 | SmheGab.a1 hP15 P312 7.424 - 4.2176 [19]
SmyoGapgs | SMoGa g3 hP66 P-62c 12.861 - 8.4402 [19]
SMGa e, SMGaga oF140 Fmmm 8.493 14.912 17.08 [19]
SMGag PuGga tP14 P4/nbm 5.963 - 7.608 [20]
SmSry MnsSis hP16 P6s/mcm 9.089 - 6.61 [21]
SmySry ThgP, cl28 1-43d 9.15 - - [22]
SmSny SmGey oP36 Pnma 8.19 15.81 8.19 [22]
Smy1Shyg Ho.:Geyg 184 14/mmm 11.76 — 17.32 [23]
6.337 8.351 10.995
SmSry Na;Sry ap20 Pl la=10838°|p=9651° |y=099.99° [24]
SmSn ZrGa 0Sl12 Cmmm 4.4203 15.8399 4.5054 [25]
SmeSry ThsSn, 028 Cmmm 4.4468 25.9918 4.5229 [25]
SmSry CeSn 028 Cmmm 45379 34.9123 4.5861 [25]
4.6866 [26]
SmSn CuAu ch4 Pm:3m 468732 - this work
Experimental Results
14 two-component and 81 three-component The binary systems
alloys were synthesized from  high-purity
metals (Sne 99.9 mass%, G2 99.99 mass%, By comparing the experimental X-ray powder

Sn= 99.99 mass%) by arc melting, using a tungsten

diffraction patterns of the two-component alloys with

electrode and a water-cooled copper hearth under a patterns calculated for the binary compounds reported

Ti-gettered argon atmosphere. To  achieve
homogeneity the samples were melted twice. After the
synthesis the alloys were wrapped in tantalum foil,
sealed in quartz ampoules under vacuum, and
annealed at 600°C for 720 Finally the ampoules
with the samples were quenched into cold
water. The weight losses, which were controlled at all
stages of the synthesis, did not exceett.% of the
total mass, which was approximatelyg Ifor each
alloy.

Phase analysis and structure refinements were
carried out using X-ray powder diffraction data
collected at room temperature on automatic
diffractometers  (DRON-2.0M,  Heéa-radiation;
Philips PW1280, CiKa-radiation; STOE Stadi P,
CuKaoy-radiation; Bruker D8 Advance,
CuKaoy-radiation). The profile and structural
parameters were refined by the Rietveld method, using
the program package FullProf Suif27]. In some
cases the profile parameters were refined by a Le Bail
fit (profile fit).

Chem. Met. Alloy8 (2015)

in the same system, the existence of 13 binaries at
600°C in the boundary binary systems Sm—-Ga and
Sm-Sn was confirmed: S@a, SmGa (structure
type BaSi;), SmGa, SmGa, SmGa SmSh,
SmSn, SMSn,, SMSns, SMSR, SMSh,, SNMpS,

and SmSp The binary compounds Smgaand
Smy;Sny, reported in the literature, exist at lower and
higher temperatures, respectively. The results obtained
here are in good agreement with the phase diagrams of
the binary systems evaluated[irl]. The only binary
phase displaying a homogeneity range in the phase
diagram, SmGa, (66.7-80.0 at.% Ga at 600°C), was
recently described as a number of separate phases with
different  structure types: Smga SmoGa,
SMygGp.as, SM odGapes and SmGage, [19]. These
structures form by gradual substitution of Ga atoms
for Sm atoms in the parent AlBype structure,
which exists at the stoichiometric composition SmGa
The similarity of their X-ray powder diffraction
patterns makes it difficult to distinguish them, and the
group of phases will be referred to as Smelow.
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Isothermal section of the phase diagram of the system
Sm—-Ga-Sn at 600°C

The isothermal section of the phase diagram of the

isothermal section of the phase diagram at 600°C ...

the systems Sm-Ga and Sm-Sn does not exceed
4 at.%. Three ternary compounds were found in the
system Sm-Ga-Sn at 600°C. The compound
SmeGay go2.48M 20252 has a homogeneity range of

ternary system Sm—-Ga—Sn at 600°C was constructed 21 at.% Ga (Sn) at a constant Sm content of 37.5 at.%,

(Fig. 1. It consists of 18 single-phase, 36 two-phase
and 19 three-phase fields. The binary phase SmGa
forms the largest number of equilibria (7). At 600°C,
the alloys of the binary system Ga—Sn are liquid. The
boundary of the liquid phase in the ternary system was
interpolated from its limits in the binary systems:
4.5 at.% in the system Sm—-Ga and 3.7 at.% in the
system Sm-Sn. Two phases, SmGand the solid
solution based on Smgrare in equilibrium with the
liquid phase. Due to the high instability of the samples
in the concentration range 40-55at% Sm,
0-10 at.% Ga, 35-60 at.% Sn in air, it was complicated
to obtain X-ray powder diffraction patterns suitable
for phase analysis. Therefore, the phase equilibria are
drawn by dashed lines in this part of the isothermal
section.

Two of the binary compounds, SmSfstructure
type CuAu) and SrgGa; (BasSis), dissolve significant
amounts of the third component, forming extended (up
to 30 at.% Ga and 13.3 at.% Sn, respectively) solid
solutions with constant Sm contents. The solubility of
the third component in the other binary compounds of

Ga

1 — Sm3Ga g.2 485N 202 52
2 — Sm;Ga, 3Sn7 79
3 — SmsGag 765n; 54

Sn

whereas the compound §8®& ,6Sn,4 has a point
composition. The homogeneity range of the phase
SmyGa 305y 7o was not determined.

Solid solutions based on the binary compounds

The binary compound Smgdissolves 30 at.% of Ga,
forming a substitutional solid solution
SmGa.1,Srs.1 s The cell parameters, derived from the
Le Bail fit of the X-ray powder diffraction patterns
from eight samples collected on a Bruker D8
diffractometer, are listed iffable 2 With increasing
Ga content, the cell parameter of the cubic
CwAu phase decreases linearly within the solid
solution.

The binary gallides Sga and SmGa dissolve
13.3 and 3 at.% Sn, respectively, and the stannide
SmSn; 4 at.% Ga. The boundary compositions of the
solid solutions were determined by Rietveld
refinements carried out on diffraction patterns
collected with DRON-2.0M and Philips PW1280
diffractometers on multicomponent sampléalfle 3.

Fig. 1 Isothermal section of the phase diagram of the ternary system Sm—Ga—Sn at 600°C.
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Table 2 Cell parameters of the solid solution Sm&a, (x = 0-1.2, CgAu, cP4, Pm-3m).

Alloy Phase a, A v, A Ro, 1

SMp=Shs Smsn 4.6873(2) 102.982(8) 0.0460, 1.53
SMyGaSho SMGa.,Shy s 4.66555(14) 101.557(5) 0.0468, 1.57
SMpGawShys SMGa.She 4.64007(10) 99.902(4) 0.0449, 1.78
SMpGaw:Sho SMGa.Shy4 4.61892(9) 98.542(3) 0.0446, 1.91
SMpGaShs SMGaSM,» 4.59327(10) 96.909(4) 0.0409, 1.84
SMpGa:Sh, SmGaSp 4.57841(13) 95.972(5) 0.0460, 2.27
SMpGasShs SMGa SN 5 4.55239(17) 94.345(6) 0.0509, 2.93
SMpsGasShie? SMGa SN ¢ 4.55251(12) 94.352(4) 0.0421, 2.35

4Two-phase sample.

Table 3 Atomic coordinates, site occupancies and isotropic displacement parameters at the boundary
compositions of the solid solutions &&,Sn, (x = 0-1.15), SmGaSn, (x=0-0.06), and Sg&aSnsy

(x=0-0.33).
. Wyckoff 2
Site position X y z Bio, A
SmyGay g5(4SM.154) (BasSis, tP32, P4/incc a = 8.0194(7)c = 13.9435(18) ARz = 0.0671R: = 0.0731)
Smil 169 0.0872(15) 0.5838(15) 0.1032(2) 0.53(5)
Sm2 4c Ya Ya 0.2403(11) 0.46(13)
M1 (0.90(2)Ga+0.10(2)Sn) f8 0.3761(8) 0.6239(8) Yy 0.94(13)
M2 (0.13(4)Ga+0.87(4)Sn) c4 Ya Ya 0.0022(16) 0.34(14)
SMGa 0425062 (TIl, 0SB, Cmcm a = 4.4411(14)b = 11.223(2)¢c = 4.1687(14) ARs = 0.0846 R- = 0.0784)
Sm 4c 0 0.3597(7) Ya 0.69(6)
M (0.94(2)Ga+0.06(2)Sn) A 0 0.0747(9) Ya 1.12(15)
SMGay 33(65M.67(5) (MNsSis, P16, P6s/mcm a = 9.0713(6)c = 6.6083(5) ARs = 0.0739R- = 0.0661)
Smil 69 0.2384(5) 0 Ya 0.58(4)
Sm2 4d V4 % 0 0.49(6)
M (0.11(2)Ga+0.89(2)Sn) 03] 0.6068(6) 0 Ya 0.88(12)

Rietveld refinements of the profile and structure
parameters for the S@a-, G&LGa-, AlB,-, NdLSns-,
ZrGa-, ThsSn-, and CeSns-type phases in the three-
indicated no
significant solubility of the third component in the
binary compounds SiGa,,

component

multiphase

samples

SmGa,

SmSns, SmSn, SmSn,, and SmESrE.

The ternary phase S@ag go.2.463M.20-2.52

The crystal

SmGay 80-2.45M.20-2.52
diffraction on a single crystal

SmGay goSns 11 and reported irf8]. It represents an
original structure typedS32, Cmcm a = 9.9680(13),

b =7.9720(17),c = 10.056(2) A), which is a ternary
variant of the structure type fRd. The structure is
characterized by partial ordering of Ga and Sn atoms
on three crystallographic sites: the site in Wyckoff
position & is mainly occupied by Sn atoms, while the
sites in 8 and 4 are occupied by statistical mixtures
of Ga and Sn atoms. The evolution of the site
occupancies within the homogeneity range of the
compound was studied by Rietveld refinement on
X-ray powder diffraction data obtained for eight
the homogeneity

samples.

structure of the
was

Within

solved

SmGa'\"Xy

ternary phase
from X-ray
of composition

SMGay go.2.485M 202 52 Substitution of Ga atoms for Sn
atoms leads to a decrease of the cell parameters
(a=9.97522(18)-9.89433(18),
7.87246(16)c = 10.23304(19)-9.91703(19) A) and to
an increase of the amount of Ga atoms in only tvfo (8
and &) of the three sites occupied by Ga and Sn

b = 8.02642(16)-

atoms. The third site (8 is occupied almost
exclusively by Sn atoms in the whole concentration

rang

The

range

e.

crystal

Chem. Met. Alloy8 (2015)

structure of the
SmGa 3065706y Was refined by the Rietveld
method using X-ray powder diffraction data for a two-
phase sample of composition $®a:Srs, collected

on a diffractometer Bruker D8 Advance (&u;-
radiation) in the angular range) 2 16-110° with a
step size of 0.0144° and scanning time of 6 s per step.
According to the phase analysis the sample contained
two phases: a main phase with & {8 ,type related
structure and the AlBtype binary gallide SmGa
Atomic coordinates for the structure type H®&eq
[28], to which the structure of the binary compound
Smy;Snyg belongg[23], were chosen as starting model
for the refinement of the structural parameters of the

The ternary compound S®ap 3051v.70

ternary phase
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main phase. In the beginning it was assumed that all
the five sites available for the-element atoms were
occupied by statistical mixtures of Ga and Sn atoms.
However, the refinement of the occupancy parameters
suggested partial ordering: statistical mixtures of Ga
and Sn atoms occupy only two of the sites (Wyckoff
positions § and &), whereas the three other sites
(16m, 4e and 4l) are exclusively occupied by Sn
atoms. In the final refinement cycles two overall
isotropic displacement parameters were refined: one
for the Sm atoms and another one for helement
atoms. In total, 30 parameters were refined for the two

isothermal section of the phase diagram at 600°C ...

6 profile parameters (pseudo-Voigt profile function),
11 atom positional, 2 displacement, 2 occupancies and
2 texture parameters. The background was defined
using a Fourier filtering technique. Experimental and
calculated X-ray powder diffraction patterns and the
difference between them for the sample of nominal
composition SmGaeSh, are shown in Fig. 2
Experimental details and crystallographic data for the

individual phases are listed imable 4 atomic
coordinates, site occupancies and isotropic
displacement parameters for the structure of

Smy1Ga 3065 70(6) iN Table § interatomic distances

phases: sample shift, 2 scale factors, 4 cell parameters,and coordination numbers ifable 6

1 1 1 1 1 1 1 1 I 1
14000 .
12000} (1) SmuGaz.m(s)Sn?,?mm J
(2) SmGa,
~ 10000 .
=
< gooof -
2
2 6000} .
2
=1
— 4000 .
20008 0 00 rrE 00 VU R0 LSRR8V |0 000 O | O )
Il | I n | 1 n o ) 1] I g n 142)
OF st st s Vet
1 .Iw 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 8 90 100 110
26, °

Fig. 2 Experimental (circles), calculated (continuous line) and difference between experimental and
calculated (bottom) X-ray powder diffraction patterns of the samplg,G®Sny, (CuKay-radiation).
Vertical bars indicate the positions of the reflections of &@ 3eS1V.706)@aNd SMGa

Table 4 Experimental details and crystallographic data for the individual phases in the samp(@s,§3m,

and Srg, §Ga 1S 5

Sample SMseGapeShso SMy».£Gay1Sbe 5
Phase SMGa 30651 70(6) SmGa SMGay 76(35M.24(3)
Content, mass% 84.8(6) 15.2(1) 100
Structure type Ho.:Geg AIB, NbsSiSn
Pearson symbol 184 hP3 t132
Space group [4/mmm P6/mmm [4/mcm
Cell parameters: a A 11.5876(4) 4.24014(15) 12.1881(14)

c, A 17.3089(5) 4.1822(2) 6.0919(7)
Cell volumeV, A3 2324.11(12) 65.117(5) 904.96(18)
Formula units per cell 4 1 4
DensityDy, g cm® 7.801 7.391 7.859
Preferred orientation: value / [direction 0.967(2) /[001] 0.935(11) / [110] 0.775(5)
Reliability factors: Rs 0.0519 0.0510 0.0416

R- 0.0452 0.0446 0.0527
Profile parameters U 0.071(9) 0.077(16)

Y, 0.011(8) 0.011(14)

w 0.0129(16) 0.019(3)
Shape parameter 0.715(11) 0.800(10)
Asymmetry parameters -0.048(12), 0.0211(13) 0.098(7), 0.0250(13)
Reliability factors: R, 0.0146 0.0199

Rup 0.0187 0.0253

P 1.33 1.10
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Table 5 Atomic coordinates, site occupancies and isotropic displacement parameters {88 3RS 70.)
(t184,14/mmma = 11.5876(4)c = 17.3089(5) A).

. Wyckoff 2
Site position X y z Bio, A
Sm1 16n 0 0.2512(2) | 0.31094(18)
sSm2 16n 0 0.3244(3) | 0.09931(19) g5
Sm3 gh 0.3174(3) 0.3174(3) 0 :
Sm4 4e 0 0 0.1598(3)

M1 (0.42(2)Ga+0.58(2)Sn) i8 0.1380(5) n 0

M2 (0.73(2)Ga+0.27(2)Sn) he 0.1202(5) 0.1202(5) 0
Sn1 16m 0.2076(2) 0.2076(2) 0.1759(2)|  0.66(6)
Sn2 4e 0 0 0.3940(5)
Sn3 4d 0 1 Ya

Table 6 Interatomic distancesyX and coordination numbers (CN) in the structure of:&@ 30eSM.70(6)
(t184,14/mmma = 11.5876(4)¢ = 17.3089(5) A).

Atoms 0, A CN Atoms 5, A CN
Sml -1Sn3 3.070(2) M1 -2Sm3 2.966(5)
—-1Sn2 3.246(5) —4Sm2 3.107(4) 9
-2Sn1 3.393(4) —-1M1 3.198(8)
-2Sn1 3.429(2) —2Smil 3.515(3)
-1M1 3.515(3) 15 M2 —2M2 2.786(8)
—1Sm2 3.760(5) —1Sm3 3.230(7)
—-2Sm2 3.856(4) —4Sm2 3.239(6) 12
—-1Sm4 3.914(4) —-2Snl 3.363(4)
—-2Sm3 3.978(4) —-2Sm4 3.396(5)
-2 Sml 4.116(2) —1M2 3.940(8)
Sm2 -2Sn1 3.061(3) Snl -1Sn1 2.920(5)
-2M1 3.107(4) —-2Sm2 3.061(3)
—-2M2 3.239(6) —-1M2 3.363(4)
-15n3 3.308(3) —-2Smil 3.393(4) 10
—1Sm2 3.438(5) 15 —1Sm4 3.413(2)
—1Smi 3.760(5) —-2Smil 3.429(2)
—-2Smil 3.856(4) —1Sm3 3.534(4)
—-1Sm4 3.902(4) Sn2 -4Sml 3.246(5)
—-2Sm3 4.060(3) —4Sm3 3.511(5) 10
—1Sm2 4.070(5) —-1Sn2 3.669(12)
Sm3 -2v1 2.966(5) —1Sm4 4.054(10)
—-1M2 3.230(7) Sn3 -4Sml 3.070(2) 8
—-2Sn2 3.511(5) —4Sm2 3.308(3)
-25Snl1 3.534(4) 17
-4 Sml 3.978(4)
—4Sm2 4.060(3)
—2Sm3 4.234(5)
Sm4 —-4M2 3.396(5)
-4 Sn1 3.413(2)
—4Sm2 3.902(4) 17
-4 Sml 3.914(4)
—1Sn2 4.054(10)
The crystal structure of SHG& 30ESM.70(0) compound, thereby confirming partial replacement of

belongs to the structure type HBe (t184, 14/mmn) Sn atoms by Ga atoms. The unit cell content and the
and is a Ga-stabilized form of the binary compound coordination polyhedra of the atoms in the structure of
Smy; Sy, Which exists at higher temperatures (1170- SmyGa 3065706 are shown in Fig. 3 The

1240°C). The cell parameters of the ternary phase are polyhedra are similar to those observed in the parent

smaller than those of the corresponding binary structure type HgGeyo The Sm atoms center 15- or

Chem. Met. Alloy8 (2015) 117
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isothermal section of the phase diagram at 600°C ...

Snl1SmgMSn
Fig. 3 Unit cell content and coordination polyhedra of the atoms in the structure, &y eS.706)

17-vertex polyhedra: 5-capped pentagonal prisms
SMIMSnSm, 15-vertex Frank-Kasper polyhedra
SmaV,SnSmy, and 7-capped pentagonal prisms
SmAM;SnSmyg or SmM,SnsSnm. The sitesM1 and
M2, occupied by statistical mixtures of Ga and Sn
atoms, are surrounded by tricapped trigonal prisms,
M1SnmgM, and icosahedrdl2SnSm;Ms, respectively.
The Sn atoms are characterized by square-
antiprismatic coordination: square antiprisms with the
square faces capped by additional atomsS&g¥ISn
and_Sn&m,Sn, and square antiprisms S,

The ternary compound S88y 765 24

A new ternary compound with the point composition
SmGay 7635243 Was found in the quasi-binary
system SnrGa-SmSrs. Its crystal structure was
determined by means of X-ray powder diffraction. An
experimental pattern was collected at room
temperature on a single-phase sample of composition
Sm, GaysSrpg on a diffractometer STOE Stadi P
(CuKay-radiation) in the angular ranged 2 15-
110.625° with a step size of 0.015°. Profile and
structure parameters were refined by the Rietveld
method using the FullProf Suite software package
(Fig. 4). In total, 19 parameters were refined: sample
shift, scale factor, 2 cell parameters, 6 profile

118

Sn25meSn Sn3Smyg

parameters (pseudo-Voigt profile function), 3
positional parameters, 4 displacement parameters, 1
occupancy and 1 texture parameter. The background
was defined using a Fourier filtering technique.
Experimental details and crystallographic data for
SmGay 7635243 are listed in Table 4 atomic
coordinates, site  occupancies and isotropic
displacement parameters iffable 7 interatomic
distances and coordination numbers of the atoms in
Table 8

The crystal structure of the ternary compound
SmsGay 763524z belongs to the structure type
NbsSiSn, which is an ordered ternary derivative of
the structure type V$is. The content of the unit cell
and the coordination polyhedra of the atoms
SMG& 7635M.24(3) are shown irkig. 5. The Sm atoms
are coordinated by 15 and 14 atoms forming Frank-
Kasper polyhedra of composition SmMiSn,Sm, and
Sm2Sn,Smy, respectively. The polyhedron of the site
M, occupied by a statistical mixture of Ga and Sn
atoms, is a bicapped square antiprist8nyM,. The
Sn atoms are surrounded by ten Sm atoms forming
SnSmy, polyhedra, which can be considered as
trigonal prisms with four additional atoms in the
equatorial plane. The only homoatomic contacts
between p-element atoms are Ga-Ga distances
(3.0459(3) A).

Chem. Met. Alloy8 (2015)
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Intensity (a.u.)
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Fig. 4 Experimental (circles), calculated (continuous line) and difference between experimental and
calculated (bottom) X-ray powder diffraction patterns of the samplg &a.Srpes (CuKa,-radiation).
Vertical bars indicate the positions of the reflections 0§Ga#76:35M.24(3)

Table 7 Atomic coordinates, site occupancies and isotropic displacement parameters®@@s Q@B 4.3
(t132,14/mcm a = 12.1881(14)¢ = 6.0919(7) A).

. Wyckoff . 2
Site position X y z Bisor A
Sml 16k 0.0806(2) 0.2142(2) 0 1.27(7)
Sm2 4b 0 Yo Ya 0.88(11)
M (0.76(3)Ga+0.24(3)Sn) a4 0 0 Ya 0.76(17)
Sn 8h 0.16222(17) 0.66222(17 0 1.31(11)

Table 8 Interatomic distances’) and coordination numbers (CN) in the structure oEG®63Sb.24(3)
(t132,14/mcm a = 12.1881(14)¢ = 6.0919(7) A).

Atoms 5, A CN Atoms 5, A CN
Sml —2M 3.178(2) 15 M —2M 3.0459(3) 10
—-1Sn 3.198(3) —-8Sml 3.178(2)
—-1Sn 3.321(3) Sn —2Sm2 3.1840(19) 10
—-1Sml 3.537(3) —-2Sml 3.198(3)
—-25n 3.5406(17) —-2Sml 3.321(3)
—-2Sml 3.6246(19) -4 Sml 3.5406(17)
—-2Sml 3.818(2)
—2Sm2 3.927(2)
—2Sml 3.945(3)
Sm2 -2 Sm2 3.0459(3) 14
—4Sn 3.1840(19)
—8Sml 3.927(2)
Discussion isotypic binary compounds in the systems Sm—Ga and

The ternary system Sm-Ga-Sn is the fiRstGa—Sn

Sm-Sn prevents the formation of continuous solid

solutions. However, limited solid solutions form based

system for which an isothermal section of the phase on some of the binary compounds. On the line with a
diagram has been constructed. The presence of two Sm content of 25 at.%, an extended solid solution

p-elements in the system leads to the formation of SmGgSrg,

(x=0-1.2) with cubic CsAu-type

three ternary compounds. The non existence of structure, was found. The formation of compounds

Chem. Met. Alloy8 (2015)

119



Ya. Tokaychuk, The ternary system Sm—Ga—Sn:

isothermal section of the phase diagram at 600°C ...

MSmgh,

SnSmg

Fig. 5 Unit cell content and coordination polyhedra of the atoms in the structuresGeSHz S 243

with close-packed structures has also been observed in

The ternary compound Si®&a 30Shy.7o at 600°C

otherR-Ga-Sn systems. For example, the existence of can be regarded as a partially ordered, Ga-stabilized

a few polymorphic modifications of the binary
gallides ThGg and DyGa leads to the formation of
ternary phases with close-packed structures in the
systems {Tb,Dy}-Ga—-Sn at 600°C-4]. Addition of
Sn to the binary trigallides stabilizes the low-
temperature modifications, and other structures, which
belong to the structural family of close-packed
structures with the general compositidBs, are also
formed.

In the structures of the three ternary compounds

derivative of the high-temperature binary stannide
Smy;Snyg (Structure type HQGey), which exists in
the temperature range 1170-1240PC]. Ga atoms
substitute for Sn atoms on two of the five sites leading
to the formation of a partially ordered ternary structure
that derives from the structure type ke, (t184,
14/mmn) [28]. Three ordered ternary variants of the
structure type HgGe, having the same symmetry
and Wyckoff sequencenimjh’e’d) have been reported
till now: Sc,AlL,Ge; (a= 10.419,c = 14.974 A)[29],

found in the system Sm-Ga-Sn at 600°C, a tendency SmyInsGe, (a= 11.540,c= 16.325 A) [30], and

towards ordering of the Ga and Sn atoms is observed.

The crystal structures belong to ternary derivatives of

SC7CI’4(CI’0_4Si0,6)ZSig (a = 9757, c= 13.884 A) [31]
These structures differ by the distribution of the atoms

binary structure types, which are not represented in the over the different sites in space grodg/mmm

boundary binary systems at 600°C. With decreasing
overall content of Ga and Sn, the tendency towards
isolated p-element atoms in the structures increases.
Obviously, the size of the-element atoms (size-
factor) has a great influence on the character of the
interaction.

Two ternary compounds with partially ordered

PwPds-type structure, Sg®a so-2.485M 20252 [8] and
DysGa& 5:Sn.46 [10], have been found in the systems

R-Ga—-Sn up to now. Both phases are characterized by leads

homogeneity ranges along the lines with 37.5 &%
The homogeneity range of the Sm-containing phase is
wider (21 at.% Ga/Sn) than that of the Dy-containing
phase (6 at.% Ga/Sn) at 600°C. Moreover, the
composition of the ternary compound in the system
Dy-Ga-Sn is shifted to a higher Ga content (26-
32 at.%), as compared to the Sm-containing
compound (10-31 at.%).

120

(Table9). The distribution of the atoms in the
structure of SMGa 3¢Sy 7 is different from all the
above mentioned structures, allowing us to state that it
represents a new ternary ordered derivative of the
structure type HQGey.

The structure type HgGe is typical for binary
compounds of rare-earth metals wipkelements of
group IV (Ge, Sn, PHB2]. Replacement of 1/5 of the
atoms of group IV (Ge) by atoms of group Il (Al)
to the formation of the structure type
Sq;AlLGe, in which the Al atoms populate one of the
sites in Wyckoff position B In the structure of
Smy;Ga 3Shy 70 the Ga atomspfelement of group
Ill) partially substitute for Sn atomsp-element of
group IV) on two sites (Wyckoff positionj &nd &).
Replacement of 3/5 of the atoms of group IV (Ge) by
In atoms (group lll) leads to the formation of the
structure type SmingGe, in which the In atoms

Chem. Met. Alloy8 (2015)
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Table 9 Distribution of the chemical elements on the different sites (space gttmmn) in the isopointal
structure types H@Gey, SG1Al,Ges, SM1Ga 305M.70 SMlNeGey, and SeCra(Cro 4Sio.6)2Sls-

Wyckoff Structure type
position Ho.:Gey SGAlLGe SMuGa 35570 SmulneGey Sc/Cry(Cro.4Sio.6)2Sis
16n Ho Sc Sm Sm Sc
Oy2) y=0.2518 y = 0.2507 y=0.2512 y =0.2516 y=0.2536
z=0.3103 z=0.3102 z=0.3109 z=0.3110 z=0.3117
16n Ho Sc Sm Sm Cr
Oy2) y=0.3241 y =0.3356 y=0.3244 y=0.3418 y=0.3231
z=0.1025 z=0.1024 z=0.0993 z=0.1003 z=0.1005
16m Ge Ge Sn In Si
(xx2) x=0.2097 x = 0.2047 x=0.2076 x=0.2071 x =0.2062
z=0.1814 z=0.1711 z=0.1795 z=0.1708 z=0.1672
8 Ge Ge 0.42Ga + 0.58Sn Ge Si
(x 120) x=0.1370 x =0.1470 x=0.1380 x=0.1519 x=0.1214
8h Ge Al 0.73Ga + 0.27Sn In 0.6Si + 0.4Cr
(xx 0) x=0.1197 x=0.1270 x=0.1202 x=0.1272 x=0.1221
8h Ho Sc Sm Sm Sc
(xx 0) x=0.3214 x=0.3272 x=0.3174 x = 0.3305 x=0.3212
4e Ho Sc Sm Sm Sc
(002 z=0.1606 z=0.1688 z=0.1598 z=0.1643 z=0.1625
de Ge Ge Ge Ge Si
(002 z=0.3871 z=0.3815 z=0.3940 z=0.3797 z=0.3920
© ‘11/(3 v,) Ge Ge Ge Ge Ge

populate two sites (6 and &). The rare-earth metal
atoms (Sc and Sm) in the structure types/8eGe;,
SmyGa 305y 70 and SnylngGe, populate the same
positions as the Ho atoms in the parent structure type
Ho1:Gey. In the structure type SCry(Cro.4Sig.6)>Sie,
atoms of thed-element Cr substitute for atoms of the
rare-earth element Sc (Wyckoff positionn),6and for
atoms of the p-element Si (statistical mixture
0.6Si + 0.4Cr on the site in Wyckoff positiom)8In

the structure types $AI,Gea, Sm;Ga 3,576 and
SmyiIngGe;, the atoms of th@-elements of group IlI
(Al, Ga, In) preferentially occupy the site inh,8
forming M, squares around the origin of the tetragonal
body-centered  unit cell: dn.a =2.647 A in
SciAlLGe;, dveme=2.786 A in SuGap Sy 70
O = 2.936 A in SmyIngGe,. The atoms occupying
the site in 16 form dumb-bells:dgege= 2.714 A in
SciAlLGEs, Jsni-sni=2.920 A in SMGa 35 70
O = 2.941 A in SmuIngGe,. The otherp-element
atoms are isolated in the three structures.

The existence of the ternary compound
SmGay 76524 With NbsSiSnp-type structure along the
line SmGa—SmSry makes the system Sm—-Ga-Sn
similar to related systems containing heakynetals
instead of rare-earth metals. Isotypic phases were
recently found in the systems {Zr,Hf}—Ga—{Sn,Sb}
[33-35] and Ta—Ga—SiB6]. The compositions of the
NbsSiSn-type ternary compounds usually contain
higher contents of the-element that is heavier and
has larger atom size.

Decrease of the overall content of frelements

accompanied by a tendency to avoid contacts between
p-element  atoms. In the structure of
SMsGay gp.0 489N 20252 the Ga and Sn atoms form
empty square-pyramidal clusters of ideal composition
GaSn, (considering local atom ordering). In the
structure of SmGa.30Sny7,o they form isolated
squaresM, (mostly Ga atoms) and dumb-bells,Sn
whereas in the structure of $8&, 76524 ONly linear

M-M chains (mostly Ga atoms) along the
crystallographic direction [001] are observed.
Conclusions

The ternary system Sm-Ga-Sn at 600°C is

characterized by the existence of limited solid
solutions based on the binary compounds SmSn
(30at.% Ga), Spbax (13.3at.% Sn), Sibrs

(~4 at.% Sn), and SmGa (3 at.% Sn), and three ternary
compounds, SeBa go.2.48M.20.2.52 (ternary variant of

the structure type RBd;), Sm1Ga 306570 (ternary
variant of the structure type HkGe,), and
SmGay 7651 24 (ternary variant of the structure type
WsSig). The ternary phases show partial ordering of
Ga and Sn atoms.
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