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The existence of two ternary compounds with AIB and a-ThSi,-type structures was confirmed in the system
Yb—Ga-Si at 600 and 500°C and their crystal structtes were refined by the Rietveld method for differat
compositions. In addition, a new ternary phase wafund at 500°C: YbGa go7Si1.27(7) (Structure type GdSh 4,
Pearson symbolol 12, space grougdmma, a = 4.0646(5)b = 4.0634(4)c = 14.0796(9) A). The structure types
AIB,, a-ThSi,, and GdSi 4 are members of the family of structures with trigsmal-prismatic coordination of

the smaller atoms. Substitution of Si atoms for Gaatoms in the ternary phases leads to increased
dimensionality of the network formed by thep-element atoms.

Ytterbium / Gallium / Silicon / X-ray powder diffra ction / Crystal structure

Introduction

Isothermal sections of the phase diagrams of the
ternary system$&k-Ga—-Si have been constructed for
R=Y (at 800°C)[1], La (600°C)[2], Ce (600°C)3],

Pr (600°C)[4], Nd (600°C)[5], Sm (600°C)[6],

Gd (800°C)[7], and Er (600°C, 33.3-100 at.% HE8).
These systems are characterized by the formation of
ternary phases along the line 33.3 aR%which adopt

the binary structure types AJBPearson symbdiP3,
space groug®6/mmn) [9] or a-ThSk (t112, 14,/amd
[10]. The AlB,-type phases represent solid solutions
based on the binary digallidé’Ga, whereas the
a-ThSi-type phases are ternary compounds with
variable homogeneity ranges. Isotypic phases have
also been reported for some othRerGa-Si systems
[11,12] In the systems witliR =Y, Nd, Sm, Er, and
Tm, phases crystallizing with the structure type
GdSi4 (0112, Immg, or the related type
Y(GayGeg)17 (0116, Immg, have been reported at
stoichiometric R(Ga,Si) or off-stoichiometric
R(Ga,Si}x compositions. Series ofi-ThSk- and
Y(GayCGeyg)1rtype ternary compounds in the
systems R-Ga—Si were obtained by Ga self-flux
synthesis and structurally characterized by X-ray
single-crystal and powder diffraction [ih3].

For the ternary system Yb—Ga-Si, alloys with an
Yb-content of 33.3 at.% were investigated with the
aim to find new phases with AjBype or related
structures, which might be the basis of new
superconductor materials. The interest in these
compounds was effectively motivated by the
discovery of superconductivity in the compound
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MgB. (structure type AlB) with a critical temperature
of 39 K, which is the highest among intermetallics
[14]. Two ternary compounds, AlBype YbGa ;Sip o
[15] and o-ThSk-type YbGaeSii.a [13], were
reported. The homogeneity range at 800°C, thermal
expansion, and superconducting properties of the
AlB -type compound YbGag.11Sips1.088 Were
studied in[16,17] the homogeneity range at 800°C
and the electronic structure of YbGa Sig7.10 in
[18]. It was shown that the ternary compound
YbGa ;Sipg is a type-ll superconductor with
T. = 2.4 K[15], which decreases with increasing Ga
content T.<1.8K for YbGasSips9 [16].
Crystallographic data of ternary phas¥&a,Si) and
R(Ga,Siyx formed in R-Ga-Si systems are
summarized imable 1

The aim of the present work was to analyze the
ternary system Yb—Ga-Si along the line 33.3 at.% Yb
investigate the crystal structures and homogeneity
ranges of the ternary phases, and the phase eguilib
at 500 and 600°C, based on X-ray powder diffraction
The crystal structure of the binary digallide YbGa
which delimits the YbGaSiy section, belongs
to the structure type Cain (hP6, P6s/mmg
a=4.456, c=7.187A) [29]. For the binary
ytterbium disilicide two structure types, AIB
ando-ThSk, have been reportdd0,31], and different
off-stoichiometric compositions and structure types
have been assigned: 33 (Yb,Si;, mP22, P2,/m)
[32], YbSk74 (AIB, hP3, P6/mmmn [33], YbsSis
(ThsPds, hP8, P-62m) [34], Yb,Si,g (HO:Si 67
o024, Cmcn) [35], and YbSjszs (YbSi 375 0138,
Imn2) [35].
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Table 1 Crystallographic data for ternary phases with thteucture types AIB (hP3, P6/mmn),
a-ThSp (1112, 14/amd, LaPtSi {112, 14md), GdSi 4 (0112, Imma), Y(G& Gee)i7 (0116, Immg, and

Lu,Gay 6.5 g6 (028, Cmcn) in the systemBR-Ga—Si.

Phase Structure type 3 Unit-cell pft;\)rameters, A c Temperature Ref.
YGay.1 6Si0.0.36 AlB, 800°C [1]
YGay sSip 5 a-ThSi, 4.1012 - 14.290 800°C | [1]
YGay »6Sio 74 a-ThSi, 4.0935 - 14.255 as-cast| [13]
YGay 60-0.15511 40-1.85 GdSi 4 4.068 4.004 13.62 800°C [1]
Y 111G 37511 52 AlB, 3.9214 - 4,123 800°C | [1]
LaG&.1 38510062 AlB, 4.328-4.202 - 4,423-4.427 600°C| [2,6]
LaGQ_18_0.5($i0_82_1_50 U'ThSIZ 4.3162-4.2998 - 14.091-14.469 600°C [2,6]
LaGa s:Si1 16 a-ThSh 4.3087 - 14.285 as-cast| [13]
LaGa.1 Sir.10 a-ThSh 4.292-4.273 - 13.81-14.38 as-cast [19]
LaGa.0.2Sh.1.76 a-ThSh 4,2671-4.2973 - 13.924-14.002 600°C [2,6]
CeGa.1 sSig.0 5 AlB, 4.225-4.308 - 4.342-4.350 as-cast [19]
CeGa.1 Sigos AlB, 4.3102-4.2205 - 4.3205-4.3409 600°C [3,6]
CeGa 4Sip g AIB, 4.188 - 4.336 as-cast| [20]
CeGa 30.0.6500.70-1.35 a-ThSi, 4.2510-4.2536 - 14.4949-14.1241 600°C [3,6]
CeGas.0Sip7-15 LaPts? 4.236-4.325 - 14.06-14.09 as-casf [19]
CeGagSii 13 o-ThSk 4.2426 - 14.274 as-cast| [13]
CeGa.oSir.1s a-ThSi, 4.188-4.188 - 13.93-13.93 as-casf [19]
PrGa., 55Sig.0.48 AlB, 4,2816-4.1304 - 4,2896-4.3074 600°C [4,6]
PrGa_3o_o.67Si0_70_1_32 U'ThSIZ 4.2184-4.2208 - 14.3757-14.0768 600°C [4,6]
PrGa. oSio.os a-ThSk 4.2189 - 14.296 as-cast| [13]
PrGa. 45Si.158 a-ThSh 4,1788-4.1628 - 14.023-13.753 600°C [4,6]
NdGa.1 5:Sig.0.45 AlB, 4,2703-4.1971 - 4,2704-4.2882 600°C [5,6]
NdGa, 35.0.9510.68-1.08 a-ThSh 4,20329-4.1919 - 14.4146-14.3002 600°C [5,6]
NdGa ¢sSio g5 a-ThSi, 4.1947 - 14.290 as-cast| [13]
NdGa g6.0.68511 14-1.32 GdSi 4 4.21572-4.2073 4.19796-4.204014.1025-14.078{L  600°C [5,6]
SMGa.1.5850p-0.42 AlB, 4.,2378-4.1571 - 4.187-4.193 600°C| [6]
SMGa 4.1.Sips-1.0 a-ThSi, 4,1641-4.1429 - 14.3859-14.2259 600°C [6,21]
SMGa o:Sip.99 o-ThSk 4.1405 - 14.209 as-cast| [13]
SMGA g5.0 6501 05-1.35 GdSi, 4 4.1777-4.1720| 4.1464-4.1429 14.112-14.1003 600°C [6]
EUGQ_48_0_G§i0_52_1.34 Ale 4.2431-4.1087 - 4.5829-4.5384 as-cast [22]
EuGasi AlB 4.1687 - 4.,5543 as-cast| [23]
GdG@_l.438i0_0_57 Ale 800°C [7]
GdG@_l.438i0_0_57 Ale 4.224 - 4.122 600°C [24]
GdGa 41510609 o-ThSk, 4.127 - 14.298 800°C [7]
GdGa 4.1 Siheo09 a-ThSh 4,088 - 14.184 600°C [24]
GdGa »3Sig 77 a-ThSi 4.1298 - 14.304 as-cast| [13]
TbGa 1sSip.82 o-ThSk 4.090 - 14.222 as-cast| [13]
DyGay 40.1.2510.60-0.78 a-ThSi, 4.09349-4.08208 - 14.3106-14.2271 600°C [25]
DyGa 24Sio 76 o-ThSk 4.0811 - 14.2307 as-cast| [13]
HoGa 1,Sig g o-ThSk 4.0658 - 14.247 as-cast| [13]
HoGa 3.Si; 56 Y(Gao_4GQJ,6)1,7f 3.970 4.020 13.401 as-cast| [13]
ErGa 4eSig 52 a-ThSh 4.0547 - 14.310 600°C | [26]
ErGa sg.0.4501 11.1.01 GdSi 4 3.9544-3.9646| 4.0185-4.0385 13.3897-13.467 600°C [26]
ErGa;_415i1_43 Y(Ga)4GQ)5)17f 3.9653 40213 13.424 as-cast [13]
TmGa ¢Siga AlB, 4,1548 - 3.9936 600°C | [27]
TmGa 35Si1 50 Y(Gay.Ge g1 3.9283 3.9961 13.308 as-cast [13]
YbGay 49.1.15i051-088 AlB, 4,1272-4.1362 - 4,2129-4.2431 800°Q[16,17]
YbGa 3.1 Sip7-1.0 AlB, 4.126-4.151 - 4,237-4.253 800°C| [18]
YbGa 1Sigg AlB, 4.1275 - 4.2357 800°C | [15]
YbGay 76Si1 24 a-ThSi 4.0957 - 14.220 as-cast| [13]
Lu,Gay 64Si> g6 Lu,Gé&y 6:Si g 3.9678 28.479 3.8138 as-cast [13]

2 composition not reported;ternary variant of the structure typeThSk; © for GdGa 7¢Siy 24 ° for GdGa 1,Siy 5
®for GdGa »,Siy 75 ' derivative of the structure type Gd$[28]; ¢ derivative of the structure type Gd$i
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Experimental the program package FullProf Suj&s5]. Most of the
samples were contaminated by small amounts of
Alloys were synthesized from  high-purity  Yb,Oj3 (structure type (Mgl 5),0s, Pearson symbol
metals  (Yb>99.85 mass%, (Ga99.99 mass%, cl80, space groufa-3), which probably forms during
Si>99.999 mass%) by arc melting, using a tungsten partial decomposition of the samples under air.
electrode and a water-cooled copper hearth under a
Ti-gettered argon atmosphere. In order to compensat
for uncontrolled Yb evaporation during the arc
melting, 5 mass% excess of Yb was added to each
sample. To achieve homogeneity, the samples were The interaction of the components along the line
melted twice. After the synthesis the alloys were YbGa.,Si at 600°C was deduced based on the phase
wrapped in tantalum foil, sealed in quartz ampoules analysis of 11 three-component alloy§alle 9
under vacuum, and annealed at 600°C for .26r at studied by X-ray diffraction. The Ga-rich samples
500°C for 168Ch. Finally the ampoules with the contained the Cajrtype binary digallide as main
samples were quenched into cold water. phase, together with the binary compound ¥8a o7
Phase analysis and structure refinements were and an AIB-type ternary phase, indicating the
carried out using X-ray powder diffraction data existence of the corresponding three-phase
collected at room temperature on a diffractometer equilibrium in the system Yb—Ga-Si at 600°C. The
DRON-2.0M (FeKa-radiation) or STOE Stadi P refined unit-cell parameters of the binary gallides
(CuKay-radiation). The profile and structural

Results

parameters were refined by the Rietveld methodhgusi

agreed with those reported in the literat{®8,37],
indicating insignificant solubility of Si at 600°C.

Table 2 Crystallographic data for the phases in selecaatpdes of the system Yb—Ga-Si at 600°C.

Alloy Phases Structure type Unit-cell parameters, A
composition (content, mass%) a b Cc
Ybsz Gas, Sis YbGag (70) Caln, 4.4556(2) - 7.1934(4)
YbGay 1Sig g (20) AIB, 4.1592(5) - 4.2606(6)
Ybo.sdG&.97 (10) YbosGa o7 4.2041(4) 4.3336(10) | 25.693(6)
Ybsz Gass Sig YbGg (55) Caln, 4.4543(3) - 7.1957(4)
YbGay 1Sig ¢ (40) AIB, 4.1591(4) - 4.2611(5)
Ybo.sd5&.97 (5) YbosGa o7 4.2049(5) 4.3342(5) | 25.697(3)
Ybsz Gasq Siis YbGa 1Sig g (73) AIB, 4.15888(11 - 4.26103(18)
YbGa (25) Caln, 4.4567(2) - 7.1962(7)
Yb,0;5 (2) (Mng sF€5)205 10.4396(9) - -
YbGa (12) Caln, 4.4569(5) - 7.1951(14)
Yb,0;5 (2) (Mng sF€5)205 10.4343(9) - -
Yb203 (06) (Mn0_5FQ)_5)203 104362(9) - -
Yb203 (15) (Mn0_5FQ)_5)203 104355(12) - -
YbGayeSiy 4 (17) a-ThSh 4.1041(5) - 14.176(3)
Yb,Os (3) (Mno.sF€.5)203 10.4383(8) - -
Ybsz Gavs Siag YbGa Si; 4 (60) o-ThSh 4.10450(14 - 14.1770(8)
YbGa, 1Sig g (38) AIB, 4.13308(18 - 4.2438(3)
Yb,Os3 (2) (Mno.sF€.5)203 10.4362(9) - -
Ybsz Gavs Sisa YbGa 6:Siy 36 (97.8) o-ThSk 4.10310(6) - 14.1766(2)
Yb,0; (2.2) (Mng sF&y.5),03 10.4348(5) — —
Ybsz Gays Sisg YbGa eSiy 4 (75) o-ThSh 4.10136(14 - 14.1709(6)
Yb3Sis (18) ThsPd; 6.5169(5) - 4.0916(6)
Si(5) C 5.4276(8) - -
Yb,0;5 (2) (Mng sF€y5)205 10.432(3) - -
YbsSis (43) ThsPds 6.5175(3) - 4.0925(3)
Si (5) C 5.4270(7) - -
Yb,0;5 (2) (MngsFeys)20s | 10.435(3) - -
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The existence of ternary compounds with AlBind
a-ThSi-type structures was confirmed, and the two-
phase region between them was located. The
composition dependence of the unit-cell parameters
corroborated the existence of homogeneity ranges fo
both compounds at 600°C. The Si-rich samples
contained the ternary phase with-ThSi-type
structure, the binary compound X3 (structure type
ThsPds), and pure Si, displaying the corresponding
three-phase equilibrium. Based on the similarityhaf
refined values of the unit-cell parameters of;Sib
with those reported in the literatuf@4], the absence
of any significant solubility of Ga can be assumed.
The crystal structures of the ternary compounds
were refined from X-ray powder diffraction patterns
of the samples YR Gau Sz, YbssGas Siss, and
Ybss GasSiag, collected on a STOE Stadi P
diffractometer Fig. 1). Experimental details and
crystallographic data for the main phases in the
samples are listed ifable 3 Atomic coordinates for
the ternary phases YbG&ip o [15] and YbGa 7eSit 24
[13] were chosen as starting models for the
refinements of the structural parameters. The sasnpl
contained up to 2 mass% Xy, for which only the
scale factor and unit-cell parameter were refiridee
background was defined by polynomial functions
using the Fourier filtering technique. The finabmic

coordinates, site occupancies and isotropic
displacement parameters are listed imable 4

and the interatomic distances, coordination numbers
and polyhedra of the atoms can be found in
Tables 5and6.

The phase analysis of the three-component
YbGa&.,Si alloys annealed at 500°C confirmed the
existence of the binary compounds (¥#5& o7
YbGa, YbGa, and YSis, as well as the ternary
phases with AIB- and a-ThSi-type structures, and
revealed the formation of a new ternary compound,
YbGa)_go(7)Sil_07(7) with GdS“—type structure.
Crystallographic data for the individual phases in
selected samples annealed at 500°C are listed in
Table 7 The presence of phases with compositions
different from Yb(Ga,Si can be explained by the
excess of Yb added to the samples to compensate for
loss during the synthesis.

As observed at 600°C, the above-mentioned binary
compounds do not dissolve any significant amouhts o
the third component at 500°C. This was confirmed by
the refined unit-cell parameters, which are in good
agreement with those reported in the literaturethier
binary phases. The ternary compound with Atife
structure has a larger unit cell at 500°C than
at 600°C and is thus probably richer in Ga, which
was confirmed by the structure refinement.

Table 3 Experimental details and crystallographic data theg main phases in the sampless¥d3as; Sios,

Ybss Gasy Sias, and Yhs Gays Siyg annealed at 600°C.

Sample, nominal composition ¥hiGag7 Sing Ybs3 $Gags Shsy Ybss Gap Sisa
Phase, refined Composition Ybﬁ@(lﬁio_m(l) YbGal_og(l)Sio_gz(l) YbGa.)_64(1)Si1_35(1)
Content, mass% 99.4(5) 98.5(6) 97.8(4)
Structure type AlIB AlB, o-ThSi,
Pearson symbol hP3 hP3 t112
Space group P6/mmm P6/mmm 14,/amd
Unit-cell parametersa, A 4.14640(5) 4.13769(18) 4.10310(6)

c, A 4.25080(6) 4.24572(19) 14.1766(2)
Unit-cell volumeV, A3 63.291(1) 62.950(5) 238.670(7)
Formula units per cell Z 1 1 4
Preferred orientation: value / [direction] 0.988(3)10] 0.992(4) / [110] 0.9882(16) / [110]

Diffractometer STOE Stadi P
Radiation type, wavelength A CuKay, 1.54060
Scanning mode 0120
Range of 2, ° 10.000-120.865
Step size, ° 0.015
Profile parameters: U 0.0142(17) 0.154(11) 0.0273(17)
Y 0.0134(18) 0.071(10) 0.0052(18)
w 0.0084(4) 0.0038(18) 0.0090(4)
Shape parameter 0.652(5) 0.475(6) 0.563(5)
Asymmetry parameters 0.079(7), 0.0038(11) 0.07®&®8R97(15)| 0.084(3), 0.0229(9)
Reliability factors: Ry 0.0511 0.0800 0.0699
Re 0.0853 0.0747 0.0510
R, 0.0865 0.0860 0.0851
Rup 0.1190 0.1140 0.1130
P 2.61 7.43 4.63
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Fig. 1 Experimental (circles), calculated (continuousedin and difference between experimental and
calculated (bottom) X-ray powder diffraction patteof the samples ¥bhdGas; Siyg (2), Yz Gass Sisy (D),

and Yhs Ga, Siy, (€) annealed at 600°C. Vertical bars indicate plositions of the reflections of the
different phases (CKa, radiation).
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Table 4 Atomic coordinates, site occupancies and isotrogigplacement parameters for the ternary
Yb(Ga,Si} compounds in the system Yb—Ga—Si at 600°C.

Wyckoff

Site " X y z Biso, A2
position
YbGa 1505871 (A2, hP3, P6immm a = 4.14640(5)¢ = 4.25080(6) A)
Yb 1a 0 0 0 0.86(2)
M (0.563(5)Ga+0.437(5)Si) @ v % v 1.24(4)
YbGar o612 Si0 o) (AIB2, NP3, PEimmm a = 4.13769(18)¢ = 4.24572(19) A)
Yb la 0 0 0 0.723)
M (0.539(6)Ga+0.461(6)Si) @ v % v 1.37(7)
YbGay 41 Sh 360, (0-ThSh, 112, 14,/amd a = 4.10310(6)¢ = 14.1766(2) A)
Yb 4a 0 % 7 0.76(2)
M (0.322(4)Ga+0.678(4)Si) &8 0 v, 0.29090(11)  1.61(5)

Table 5 Interatomic distance®), coordination numbers (CN) and coordination pebjta in the structure of
the AlB,-type ternary compound in the system Yb—Ga—Si 8t60

J, A
Atoms - : - CN Polyhedron
YbGay 1305i.871) YbGay gg15i0.92(1) y
Yb —12M 3.20129(3) 3.1958(2)
~6Yb 4.14640(4) 4.1377(2) 20
—2Yb 4.25080(6) 4.2457(2)
YbM;,Ybg
M —3M 2.39394(3) 2.3889(2) o
_6Yb 3.20129(3) 3.1958(2) AN
N
MYbgM;

Table 6 Interatomic distance®) coordination numbers (CN) and coordination potifaein the structure of
the o-ThSi-type ternary compound YbGgSi 374 at 600°C.

Atoms 5, A CN Polyhedron
Yb —-8M 3.1209(12)
—4M 3.1367(6) 20
-4Yb 4.09510(5)
-4Yb 4.10310(6)
YbM;,Ybg
M -2M 2.3566(11)
- 1M 2.385(2) A\
-3Yb 4.09510(5) 9 ‘Q\ y
-3Yb 4.10310(6) :
MYbeMs
It forms equilibria  with the binary gallides 500°C, as indicated by the changes of the unit-cell

YbosfGa.on, YbGa, and YbGa, and with the ternary
a-ThSi-type phase. The latter is in equilibrium with
Si, the binary silicide Y{Bis, and the new ternary
phase with GdS$i-type structure. Both the ternary
phase with a-ThSk- and that with GdSi-type

parameters.

A Rietveld refinement was carried out on a powder
diffraction pattern of
composition Yhs Gae Sy, The data were collected
at room temperature on a diffractometer STOE Fadi

structure have significant homogeneity ranges at (CuKa,-radiation)
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the individual phases in the sample are listed in
Table 8 In total, 36 parameters were refined for three
phases: sample shift, 3 scale factors, 6 cell patens

12 profile parameters (pseudo-Voigt profile funnjio

4 positional parameters, 5 displacement parameters,
4 occupancies and 2 texture parameters. The
background was defined by a polynomial function
symmetry from tetragonal to orthorhombic. The wusing the Fourier filtering technique. The sample
structure was successfully refined in the Gd$jpe contained 0.4 mass% Y®;, for which only the scale
model, whereas the second phase was refined usingfactor and unit-cell parameter were refined. The
the o-ThSik-type structure as model. The X-ray atomic coordinates, site occupancies and isotropic

260 = 20.000-72.610° with a step size of 0.015°.
According to the preliminary phase analysis, the
sample contained two phases with closely related
structures (presumably both close to the strudiype
a-ThSk) and traces of Yi®;. Deeper analysis of the
powder pattern revealed splitting of some Bragdkpea
of the main phase, indicating lowering of the

powder

diffraction

pattern

of

the

sample

displacement parameters are listed Tinble 9 the

Ybsz Gas Sisp annealed at 500°C is shownRig. 2,

and experimental details and crystallographic data

interatomic distances,
polyhedra inTable 10

coordination numbers and

Table 7 Crystallographic data for the phases in seleca@apges of the system Yb—Ga-Si at 500°C.

Alloy Phases Structure tvpe Unit-cell parameters, A
composition (content, mass%) yp a b Cc
Yb33 GaseSie 7 YbGa 205ip.g0 (73.1) AlB, 4.15632(10) - 4.26753(14)
YbGag (20.9) Caln, 4.4549(3) - 7.1960(7)
YbGa (6.0) CuTi 3.4208(4) - 3.9406(7)
YbGa g5Siy 15 (30) a-ThSh 4.1269(5) - 14.310(3)
YbGay g5Sis.15(34.2) a-ThSh 4.1259(3) - 14.3109(12)
Yb203 (04) (Mn0_5FQ)_5)203 104389(13) - -
YbGa g0Siy 07 (30) GdSi 4 4.053(2) 4.060(2) 14.068(8)
Yb;Sis (8) ThsPds 6.5211(18) - 4.0820(13)
Yb,0s (2) (MnosFey 5,05 | 10.438(3) - -
Ybas GasSier 7 YbsSis (60) ThsPds 6.5189(3) - 4.0878(2)
YbGa g5Siz 15 (30) a-ThSh 4.0995(3) - 14.085(2)
Si(8) C 5.4278(7) - -
Yb,0s (2) (MnosFey 5,05 | 10.430(3) - -
30000 T T T T T T
25000 (1) YbGay 60Si1.27 T
. (2) YbGaygsSiy.i5
=) L
] 20000 (3) YbsOs
>
£ 15000 | 1
5
E 10000 | .
5000 | .
0F 4
I T N B T Lo (TR T
[ Y T B o 1 @
U FETLTIEi e 3
20 30 40 50 60 70 80
26, °

Fig. 2 Experimental (circles), calculated (continuouselinand difference between experimental and
calculated (bottom) X-ray powder diffraction patterof the sample Y:h{Gas-Siyo annealed at 500°C.
Vertical bars indicate the positions of the refi@as of the different phases (®ia, radiation).
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Table 8 Experimental details and crystallographic datatf@r phases in the sample ¥H5a5 Siso annealed at

500°C.

Phase YbGay e07Si1.27(7) YbGa g5(351.15(3) Yb,Os
Content, mass% 65.4(6) 34.2(4) 0.4(1)
Structure type Gdsi a-ThSh (Mng sFey 5),05
Pearson symbol ol12 t112 cl80
Space group Imma [4,/amd la-3
Unit-cell parametersa, A 4.0646(5) 4.1259(3) 10.4389(13)

b, A 4.0634(4) - -

c, A 14.0796(9) 14.3109(12) -
Unit-cell volumeV, A3 232.54(4) 243.62(3) 1137.5(3)
Formula units per cell Z 4 4 16
Preferred orientation: value / [direction] 0.867(4)10] 0.788(6) / [110] -
Profile parameters: U 0.90(6) 0.80(7) 0.90

Y -0.28(4) -0.34(5) -0.28

w 0.053(6) 0.055(8) 0.053
Shape parameter 0.529(16) 0.73(2) 0.529
Asymmetry parameters 0.114(12), 0.0547(1®).019(19), 0.001(2) -
Reliability factors: Ry 0.0342 0.0525 -

Re 0.0411 0.0524 -

Ro 0.0379

Rup 0.0516

P 6.28

Table 9 Atomic coordinates, site occupancies and isotrogigplacement parameters for the ternary
compounds YbGgso7Sii27¢ryand YbGasssSii 153 at 500°C.

. Wyckoff 2
Site position X y z Bisor A
YbGae075h 2701 (GASH 4 0112, ImMa a = 4.0646(5)b = 4.0634(4)c= 14.0796(9) A
Yb de 0 Vs 0.6314(11)|  0.63(8)
M1 (0.48(5)Ga+0.52(5)Si) o 0 Yy 0.0606(13)|  1.35(15)
M2 (0.12(3)Ga+0.75(4)Si) o 0 Yy 0.2295(16)|  2.0(2)
YbGa 5555 15 (0-ThSh, 1112, 147amd a = 4.1259(3)c= 14.3109(12) A)
Yb 4a 0 % % 0.72(2)
M (0.425(13)Ga+0.575(13)Si) e8 0 Yy 0.2921(4) 1.48(5)

Table 10 Interatomic distancess and coordination numbers (CN) of the atoms in streictures of the
ternary compounds YbGgyzSii 27zyand YbGags3Sia 15 at 500°C.

YbGay.eorSiv.27(7) YbGay.gs53Si1.15(3)
Atoms 5, A CN Atoms 5, A CN

Yb —2M2 2.8722(19) Yb —8M 3.149(2)

—4M1 3.042(8) —4M 3.158(4) 20

—4M2 3.188(12) —4Yb 4.1259(3)

—2M1 3.382(19) 20 —4Yb 4.1299(3)

—2Yb 3.909(19) M —1M 2.373(8)

—2Yb 4.0634(4) —2M 2.389(4) o

—2Yb 4.0646(5) ~3Yb 3.149(2)

_2Yb 4.221(19) ~3Yb 3.158(4)
ML —2M1 2.653(17)

—1M2 2.38(3) o

—4Yb 3.042(8)

_2Yb 3.382(19)
M2 —2M2 2.113(9)

— 1M1 2.38(3) o

~2Yb 2.882(19)

_4Yb 3.188(12)
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Discussion

On increasing the Si content along the line YhS§

the formation of Y, intermetallic compounds with
three closely related structures was observed: ,Caln
(binary YbGa), AIB, (ternary phase) and-ThSk
(ternary phase). These simple structure types are
characterized by only two atom sites, one for the Y
atoms and one for theelement atoms, which in the
case of the ternary phases is occupied by a #tatist
mixture of Ga and Si atoms. The coordination
polyhedra of the Yb atoms in the Calrand AIB-

according to the systematic of structure types
proposed by Kripyakevic[B8]. In all these structures
the trigonal prisms formed by the larger atoms are
interconnectediia all their triangular and rectangular
faces. In thea-ThSh-type structures the trigonal
prisms in consecutive layers along the 4-fold axis
(crystallographic direction [001]) are rotated b§°9
with respect to each other. The pseudo-tetragonal
structure type Gd$j is a deformed derivative of the
a-ThSk type and is built from trigonal prisms formed
by the larger atoms surrounding the smaller
atoms in the same manner. The structure of the

type structures are similar and can be described as ThsPd-type binary compound YBis, which is in

20-vertex pseudo Frank-Kasper polyhedra of
composition _YI,,Ybg, represented as hexagonal
prismsM, with all faces centered by Yb atoms. The
polyhedron around the Yb atom in theThSp-type

equilibrium with the a-ThSk- and GdSistype
ternaries in the system Yb-Ga-Si, is an ordered
vacancy derivative of the structure type AlRAnd
consequently also belongs to the family of struegur

phase also contains 20 atoms and can be descigbed a with trigonal-prismatic coordination of the smaller

an elongated gyrobifastigium, or  gabled
rhombohedron (a stereohedron with 4 rectangular and
4 pentagonal faces), formed by the smaller atoms,
with all faces centered by Yb atoms. In all these
structures thep-element atoms are coordinated by
trigonal prisms of Yb atoms with three additional
atoms situated above the rectangular faces. The
orthorhombic structure type Gdgiis a deformation
derivative of the tetragonal structure typ&hSk, and
the coordination polyhedra are similar. In the cake
the GdSistype ternary phase YbGaSii,; the
orthorhombic deformation is a consequence of the
presence of vacancies on one of the sites occupied
Ga and Si atoms. The shortest interatomic distamce
the structure (2.113(9)A) is observed between
positions of the partly occupied sit42 and the value
indicates strong interaction between the atomshén
closely related structure type Y(6&&ey¢).7 One of
the sites with mixed Ga/Ge occupation is split and
moved out of one of the mirror plané&3]. In our
case refinement of such structural details was
prevented by the quality of the X-ray powder
diffraction pattern.

The structure types AIB Calrp, o-ThSk, and
GdSi 4 are members of the family of structures with
trigonal-prismatic coordination of the smaller avm

YbGay 13Sig g7
(A1B,, hP3, P6/mmm)

Fig. 3 Networks formed by thg-element atoms in the structures

Yb—-Ga-Si.

38

YbGag 63Si; .37
(a-ThSis, 1712, I4:/amd)

atoms.

The structure types AIB and a-ThSiL show
different connections of the small atoms. In th&Al
type structures these atoms form flat graphite-fikes
perpendicular to the 6-fold axis (crystallographic
direction [001]), whereas in thea-ThSh-type
structures they form a three-dimensional network
(Fig. 3. The shortest interatomic distances in the
structures of the ternary compounds are the disgnc
between the-element atoms, which form the above-
mentioned networks.

Conclusions

Three ternary compounds Yb(Gaysi) with
significant homogeneity ranges form in the system
Yb—Ga-Si. Their structures belong to the structure
types AlB,, a-ThSh, and GdSi, which are members
of the family of structures with trigonal-prismatic
coordination of the smaller atoms. SubstitutionSof
atoms for Ga atoms increases the dimensionality of
the network formed by thp-element atoms from flat
graphite-like nets in the AlBtype phase to a three-
dimensional network in the-ThSk- and GdSistype
phases.

2.653 A
vy

2.113A

YbGayg 6Sij.27
(GdSiy 4, 0112, Imma)

of the ternarypmmds in the system

Chem. Met. Alloy40 (2017)
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