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Twenty rare-earth gold gallides, RAusGa; (ScRhSi-type, space groupR-3c, Z =6, hR66), RAU3.,Gaz.y

(YCde-type, space grouplm-3, Z = 24, cl68), RAu.,Ga,, (MgCUAl,-type, space groupCmcm Z =4, 0S16)

(R = Gd-Tm) and RiAuzGag7x (GdisAgsitype, space groupP6/m, Z=1, hP65) R = Er, Tm), were

synthesized by arc-melting, followed by annealingtad00-600°C. Six phase®Au..,Gas, (BaAl,-type, space
group 14/mmm, Z=2, t110) R = Gd) and Rs;Aus.,Gagy (LazAli-type, space grouplmmm, Z =2, 0l26)

(R = Tb-Tm) were prepared by the flux method. Their cystal structures were studied by X-ray powder or
single crystal diffraction. Structural peculiarities, coordination and interaction of the atoms in the
investigated compounds are briefly discussed.

Rare-earth intermetallics / Ternary gallides / Crydal growth / Single crystal / X-ray diffraction / Crystal
structure

Introduction YbsAusGas, (LagAlis-type), YBAUssGass (own
type), YBAUsz 540 Saugs10s  (GOAGsi-type),
Ternary intermetallic compound®3M,X, (R = rare- YbAU) 26.0955a 74108 (CeCuy-type), YbAWos1 1558 06083
earth elementM = d-metal, X = p-metal) have been (TiNiSi-type), and YbAu,1.13Ga 70069 (CeCuy-
intensively studied over the last 40 years witlpees type). Investigations on alloys from tHRAU—RGa
to phase analysis, crystal structures, and physical (R=Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
properties. For most families of compoundsg. Tm, Yb, Lu) cross-section were performedi7-20].
borides, gallides, indidesgtc, various books and Structural and magnetic studiesRAu,Ga,x (BaAls-
extensive review articles have been publisfie@]. type) R = La, Ce, Pr, Nd, Sm, Gd, Yb) and

Among the many ternafg—M—-Xsystems, those with R:AUGay 1 (LasAlys-type) R = Y, Gd, Tb, Dy, Ho,

the noble metals have so far been poorly investtgat Er, Tm, Yb) phases can be found [it2,14,21-24]

[9]. Results on the identification of neR-Au—Al Moreover, formation of the LUAuWGa; 75 (MgCuAl,-

compounds have already been presented in a previoustype) and EuAugGas 14 (STALGa-type) compounds

work [10]. Eight new rare-earth gold aluminides, was reported ifi25,26].

R:AUAl1« (R =Y, Gd, Ho, Er, and Tm)RAUAI3

(R=Yb and Gd) andRAuUzAl; (R = Y), have been

synthesized and their crystal structures solvednfro  Experimental details

powder X-ray diffraction data. This paper preseats

further contribution to the study of ternary rageth — Starting materials for the synthesis of tReAu-Ga

gold — gallium systems. alloys were rare-earth ingot® (> 99.9 wt.%), gold
Systematic investigations of ternafg—Au—-Ga plate (99.99 wt.%) and gallium pieces (99.999 wt.%)

systems have only been performed for ytterbium. The Samples with a total weight of 300 mg were prepared

isothermal section of the Yb-Au-Ga system was by arc-melting buttons in a water-cooled copper

built at 600°C[11], and ten ternary phases were crucible with a tungsten electrode under a purified

reported [11-19] YbAusGa  (ScRhSi-type), argon atmosphere, using Ti/Zr as a getter. The
YbAU 90.4.4G& 10.150 (Own type), YbAY:Gags products were turned over and re-melted at leaseth
(CaAw 1Ga gstype), YbAW .1 Gas g0 5(BaAls-type), times in order to ensure homogeneity. Fragments of
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the ingots were wrapped in tantalum foil and se&led
evacuated quartz tubes. Annealing was performed at
400-600°C for one month. After that, the samples
were quenched by submerging the quartz tubes ¢ col
water.

Single crystals were grown by the self-flux
method. Rare-earth metals, gold and gallium were
placed into an alumina crucible in a 1:2:8 or 1:2:6
ratio. The crucibles were inserted into quartz §jbe

as in alloys annealed at 500-600°C, whileRAeI;:Ga,
(ScRRhSI; structure type) (Gd-Tm) compounds were
identified in alloys annealed at 400°C. Their calst
structures were studied by means of powder X-ray
diffraction.

The ground aggregates of the single crystals were
also characterized by powder X-ray diffraction. The
formation of the earlier reportel@Au,.,Gay (BaAl,
structure type) R = Gd) andRsAus.,Gasx (LagAl1g

which were evacuated, sealed, heated at 1000°C for structure type) R = Th-Tm) phases was confirmed.

1 h and cooled down to 400°C within 3 days. Block-
like crystals of up to 3 mPnsize were mechanically
isolated and cleaned with a hot concentrated agueou
solution of potassium hydroxide and a solution of
iodine in dimethylformamide. No noticeable
degradation of the crystals in air was observed.

The products were crushed, powdered in an agate
mortar, and examined by X-ray powder diffraction.
Phase analysis of the alloys was carried out o@yX-r
diffraction patterns obtained on HZG-4a and DRON3
diffractometers (Ca radiation). X-ray structural
studies were performed using a PANalytical X'Pert
Pro diffractometer (Ca radiation). The scans were
taken in thed/260 mode with the following parameters:
26 region 15-120°; step scan 0.03°; counting time per
step 20-30s. The theoretical powder patterns were
calculated with the help of the PowderCell program
[27]. The lattice parameters were obtained by least-
squares fitting using the Latcon progrdf8]. The
FullProf [29] program was used for the Rietveld
refinements. A pseudo-Voigt profile shape function
was used. The background was refined with a
polynomial function.

Suitable silver-colored fragments of the crystals
were mounted onto the goniometer of a CADA4
diffractometer equipped with graphite
monochromatized M&a-radiation and a scintillation
counter with pulse height discrimination. Scansewer
taken in the w/20 mode. Empirical absorption
corrections were applied on the basisye$can data.
The crystal structures were refined using SHELXL-97
[30] (full-matrix least-squares oR?). The unit cell
parameters were obtained by least-squares refirtemen
of the @ values of 25 intense and well-centered
reflections from various parts of the reciprocahep
(15° < & < 359).

The microstructure of the selected samples was
studied on polished and etched surfaces, by using a
optical microscope Olympus OM150, or observed by
electron microscopy, by using an EVO 40XVP
scanning electron microscope (SEM), complemented
with energy dispersive -Xay spectroscopy (EDS).

Results and discussion
The new RAus,Ga. (YCds structure type),

RAU;,Ga (MgCUAl, structure type) R = Gd-Tm)
and Ry AusswGarx (GdisAgs; structure type)R = Er,

The crystal structures of these phases were refored
the first time.

The results of Rietveld refinement for selected
R-Au—Ga alloys are shown iRig. 1. Refined lattice
parameters are summarized ihablel. Atomic
coordinates, thermal parameters, and interatomic
distances for the atoms of tie-Au—Ga compounds
can be found inmrable2 (R = Tm) andTableS1 (R =
Gd-Er) andTable S2AR = Gd-Tm) (Supplementary data).

Single crystal X-ray diffraction studies were also
performed for the GdAWGa.,, DysAus.,Ga, and
ErAus,Gag, phases. Details of the data collection
and structure refinements are presentedlale3.
The final atom coordinates and displacement
parameters are given irables4-6.

A brief discussion of the crystal structures oé th
RAUsGa, RAU3uGas, RisAUzanGary, RAULLGS,
andR;Aus.,Gas« ternary phases is given below.

RAusGa; phases

The newRAu;Ga; intermetallic compounds belong to
the rhombohedral structure type Se&h (space
group R-3c, Z = 6, hR66). Here, the rare-earth atoms
occupy the Sc (9 site; Au atoms are located in the
Rh (1&) positions, and Ga atoms are situated in the
positions of Si (& and 18). Unit cell and complex
three-dimensional [AGa] networks are shown in
Fig.2a. The Au-Ga distances within this network
extend between 2.584 and 2.594 A (Au-Gal), and
2.562 and 2.680 A (Au-Ga2), being considerably
shorter than the sum (2.83 A) of the radii of the
respective elements (Au+GE)1]. The shorter Ga—Ga
contacts (2.755-2.785 A) are in good agreement with
the sum of atomic radii of Ga (2.78 A). TReAu and
R-Ga distances (3.255-3.274 A and 3.241-3.265 A)
are somewhat longer than the sumsrgft r,, and

rr +real[31], respectively.

The R atoms are located inside 18-vertex pseudo
Frank-Kasper polyhedra. The coordination polyhedra
of the Au atoms are tri-capped deformed trigonal
prisms. The neighbors of the Gal atoms form
equatorially tri-capped deformed trigonal prisms.
10-vertex polyhedra (defected icosahedra) are the
coordination spheres of the Ga2 atoms.

From a commonly used geometrical point of view
(Fig. 2b), in the structure oRAusGa compounds the
Au atoms form a hexagonal closed-packed
arrangement. The Ga atoms form tetrahedra connected

Tm) phases were observed in as-cast samples as wellby common vertices to [Glclusters. Two thirds of

Chem. Met. Alloyg (2014)
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Fig. 1 Rietveld refinement of the sample® ErAux;Gags (1 — ErAuGay, 2 — AuGa); (b) Dy1sAU4Gags

(1 — DyAWsGagux, 2
2 — TmAU3Ga).

Table 1Crystallographic data of the terndRrAu—Ga phases.

— AuGa); (C) ErsAusGas (1 — ERsAUzGa7); (d) TmpsAusGas (1 — TmAUGa,

Phase Structure Lattice parameters
type a(A) b (A) c(A) v (A

GdAWGa ScRASi; 8.13960(6) - 20.8023(2) 1193.571(17)
TbAusGa ScRASi; 8.13096(7) - 20.7785(3) 1189.67(2)
DyAus;Ga ScRASH; 8.12489(9) - 20.7576(3) 1186.71(3)
HoAu;Ga ScRASi; 8.12063(10) - 20.7408(3) 1184.50(3)
ErAuGa ScRASH; 8.11555(10) - 20.7238(3) 1182.05(3)
TmMAUGa ScRASH; 8.10986(10) - 20.7073(4) 1179.45(3)
GdAWGasy YCds 14.5335(4) - - 3069.85(15)
TbAUz G as:x YCds 14.4749(3) - - 3032.83(12)
DyAU3:G8gx YCds 14.4597(2) - - 3023.31(8)
HOAU3:G 854« YCds 14.4430(3) - - 3012.80(10)
ErAuz»Gasix YCdg 14.4362(2) - - 3008.58(8)
TMAU;:G s« YCdg 14.3625(3) - - 2962.71(9)
ErisAuz.,Ga7 Gd14A951 123680(3) - 90397(3) 119751(5)
TMysAUz4G a7« G014AYs; 12.3122(5) - 9.0514(5) 1188.28(10)
GdAW +Ga MgCuAl, 4.49590(16) 10.3190(3) 6.6612(2) 309.034(18)
TbAUL.xG& « MgCuAl, 4.47146(13) 10.2796(3) 6.65675(18 305.977(14)
DyAu;.«Ga « MgCuAl, 4.45323(15) 10.2488(3) 6.6526(2) 303.628(17)
HoAuU, .G« MgCuAl, 4.43602(14) 10.2256(3) 6.6644(2) 302.304(16)
ErAu;.Gap« MgCuAl, 4.42331(18) 10.1965(3) 6.6377(2) 299.376(19)
TMAUGap MgCuAl, 4.40307(12) 10.1720(2) 6.65910(16 298.247(13)
GdAU.Ga « BaAl, 4.17564(16) - 11.0591(5) 192.826(13)
ThsAu3.,Gas« LagAlq; 4.24423(12) 9.9970(3) 12.4817(3) 529.59(2)
DysAuUz.,Gas LagAlq; 4.23240(14) 9.9836(3) 12.4392(4) 525.61(3)
HOosAU3.,Gas LagAlq; 4.22263(12) 9.9711(3) 12.4114(4) 522.57(3)
ErAusGag « LagAl 14 4.21031(15) 9.9590(4) 12.3712(5) 518.73(3)
TMsAU3.Gas « LagAl 14 4.20241(13) 9.9399(3) 12.3608(4) 516.33(3)
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Table 2 Atomic and thermal parameters in the structurdefim—-Au—Ga compounds.

Atom | Site | x ly | z | B.(AY) | Occupation G

TmAuUGa,

Tm 6b 0 0 0 1.46(7) 1Tm

Au 18 | 0.31971(16) 0 Ya 1.00(3) 1Au

Gal & 0 0 Ya 1.27(17) 1Ga

Ga2 36 0.0116(4) 0.2079(3) 0.13495(15) 0.71(6) 1Ga

Refinement composition: TmAGa,. Reliability factorsRg = 7.57 %,R- = 5.14 %.

TmMAU3.,Gagix

Tm 24 0 0.1852(3) 0.3018(3) 1.00(9) 1Tm

M1 12 0.4123(16) 0 0 1.25(6) 1Ga

M2 12 0.2013(9) 0 % 1.25(6) 0.033(13)Au+0.967(13)Ga
M3 16 0.1552(3) 0.1552(3) 0.1552(3) 1.25(6) 0.459(19)A5640(19)Ga
M4 24 0 0.3995(3) 0.3512(3) 1.25(6) 0.960(12)Au+0.040G2)
M5 24 0 0.2497(5) 0.0930(4) 1.25(6) 0.539(11)Au+0.461(4)
M6 24 0 0.0573(16) 0.0945(15) 1.25(6) 0.097(10)Au+0.288Ga
M7 48 0.1206(3) 0.3372(3) 0.2041(4) 1.25(6) 0.455(9)A646(9)Ga
Refinement composition: TmAYGas 17 Reliability factorsRg = 7.42 % R- = 7.05 %.

TmyAuzsnGay.

Tml % 0 0 0.3016(15) 0.57(11) 1Tm

Tm2 g 0.1173(7) 0.3909(7) 0 0.57(11) 1Tm

Tm3 & 0.4685(8) 0.1300(8) Y% 0.57(11) 1Tm

M1 2 Vs % 0 1.18(8) 1Au

M2 4h Vs % 0.2878(16) 1.18(8) 0.18(2)Au+0.82(2)Ga
M3 ] 0.0393(20) 0.1386(15) 0 1.18(8) 0.279(18)Au+0.28)Ga
M4 6k 0.0596(8) 0.2342(7) Y% 1.18(8) 0.58(2)Au+0.42(2)Ga
M5 12 0.4892(6) 0.1093(5) 0.1476(8) 1.18(8) 0.458(12)A64Q(12)Ga
M6 12 0.2713(5) 0.0712(5) 0.2289(7) 1.18(8) 0.752(14)A@48(14)Ga
M7 12 0.1178(4) 0.4474(4) 0.3362(5) 1.18(8) 1Au

Refinement composition: TyyAuUs, Gaee Reliability factorsRg = 6.86 % ,R- = 4.96 %.

TmAuU,Gapy

Tm 4c 0 0.4132(2) 1/4 0.90(9) 1Tm

M1 4c 0 0.70517(19) 1/4 1.07(8) 0.856(12)Au+0.144(12)Ga
M2 8 0 0.1196(2) 0.0532(4) 0.98(12) 0.209(10)Au+0.79)GkD
Refinement composition: TmAY/Ga 73 Reliability factorsRg = 6.91 % R- = 4.88 %.

TmBAU3+xG5¥3—x

Tml 2a 0 0 0 1.07(14) 1Tm

Tm2 4 0 0 0.3133(3) 0.49(10) 1Tm

M1 2d % 0 % 0.87(23) 0.045(9)Au+0.955(9)Ga
M2 4h 0 0.2114(4) % 1.16(10) 0.514(7)Au+0.486(7)Ga
M3 8 0 0.2798(5) 0.1446(4) 1.40(13) 0.031(5)Au+0.969¢)G
M4 8 0 0.3693(2) 0.3391(3) 1.11(9) 0.472(8)Au+0.528(8)Ga

Refinement composition: T4Aus odGay.o1. Reliability factorsRg = 7.04 % Rr = 5.97 %.

the [Aw] octahedra linked by common faces are RAUs.,Gas. phases
occupied by the Ga tetrahedra; the remaining

octahedral voids are filled by the rare-earth atoms The RAuzGa., phases were found to
The crystal chemical features of the gallides adopt the structure type Ygdspace groupim-3,
described above are similar to the earlier diseyer Z = 24, cl68). The rare-earth atoms occupy

RAUzAl; compounds. Detailed information about one independent position (Y, @4 Seven
synthesis and structure of these aluminides can be independent positions (Cd, 4,212, 16, 24g, 24g,
found in[10,32] 249 and 48) are filed by the gold and

Chem. Met. Alloyg (2014) 45
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Table 3 Crystal data and details of the refinement for@®uu;.,Gasy, DYsAUz.Gay, and EsAus.,Gas, phases.

Empirical formula GdAuY:1Ga 85 DysAU,.:G3s.19 ErAu, 5/Gas 43
Relative mass 582.21 1611.73 1595.98
Crystal system Tetragonal Orthorhombic Orthorhombic
Space group [4/mmm Immm Immm
Pearson symbol t110 0128 0l28
Unit cell dimensions
a 4.1640(6) A 4.2254(10) A 4.2059(18) A
b 4.1640(6) A 9.961(4) A 9.925(4) A
c 11.029(3) A 12.424(3) A 12.358(5) A
\Y; 191.23(7) R 522.9(3) R 515.8(4) R
Formula units per cell 2 2 2
Calculated density 10.111 g/ém 10.236 g/cri 10.275 g/crh
Crystal shape and color Block, Silvery Block, Silyve Block, Silvery
Diffractometer CAD4 CAD4 CAD4
Radiation Mo K, Mo K, Mo K,
(4=0.71073 A) (4=0.71073 A) (1=0.71073 A)
Monochromator Graphite Graphite Graphite
Temperature 293(2) K 293(2) K 293(2) K
Absorption coefficient 80.559 mifm 80.990 mrit 82.041 mrit
F(000) 486 1348 1337
6 range for data collection 3.69° to 34.99° 2.623498° 2.63° to 34.98°
Scan type w-20 w-20 w-26
Range irhkl 6, 6, +17 16, +12, +18 16, +12, +19
Total no. reflections 1621 3999 3651
Independent reflection 147 622 621
Reflections with > 25(1) 119 514 392
Structure refinement SHELXL-97 SHELXL-97 SHELXL-97

Refinement method

Full-matrix least-squar
onF?

c&-ull-matrix least-squares
onF?

Full-matrix least-squares
onF?

Data/restraints/parameters 147/2/13 622/2/32 622/2/
Goodness-of-fit offF? 0.850 0.934 0.934

Final R indices R1=0.0435WwR2=0.1089| R1=0.053wWR2=0.1025| R1=0.0641yR2=0.1355
Weighting schem& a=0.0875,b=0 a=0.0385,b=0 a=0.0614b=0
Extinction coefficient 0.0043(17) 0.0077(5) 0.01563)

* R1D(|Fol=Fcl)%|Fol, WR2={XW(Fo™—Fc) 3 WI(Fo) T}

® w=1/[¢°(F2)+(@aP)*+bP], in which P=(F+2F?)/3].

Table 4 Atom coordinates and displacement parameters d#us,:Ga gs.

Atom coordinates and isotropic displacement pararad#¥)

Atom Site X y z Uq

Gd 2a 0 0 0 0.0104(6)
M1 o) 0 7 Ya 0.0086(8)
M2 de 0 0 0.38792(14) 0.0116(5)
M1 = 0.069(13)Au + 0.931(13)GA|2 = 0.505(13)Au + 0.495(13)Ga.

Anisotropic displacement parameters)A

Atom Uy Uz Uss Uzs Uiz Ui,

Gd 0.0079(7) 0.0079(7) 0.0155(10) 0 0 0
M1 0.0093(10) 0.0093(10) 0.0071(13) 0 0 0
M2 0.0108(6) 0.0108(6) 0.0132(9) 0 0 0

M1 = 0.069(13)Au + 0.931(13)GhI2 = 0.505(13)Au + 0.495(13)Ga.
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Fig. 2 View of the RAu;Ga, structure approximately along the [110] directidie unit cell, [AyGaj]
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(b)

network @) and condensed [Alioctahedralf) are emphasized. (Color figures are availablééndlectronic
edition of the journal.)

gallium atoms, alone or as mixtureBI(-M7). The
occupancy parameter of ti6 site was found to be

equal to 33.3 %.

Fig.3a shows the RAus;.,Ga., Structure as a
complex three-dimensional [ALGa.,] network with

rare-earth atomdsRj in voids €ig. 3a). An analysis of
the interatomic distances clearly indicated strong

interactions betweeR andM, as well as betweeM

Chem. Met. Alloy3 (2014)

atoms. The shortest interatomic distances weredfoun
to be 3.039-3.102 AR-M7), 3.069-3.112 AR-M5),
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Table 5 Atom coordinates and displacement parameters ygAlD 5:G&g 10

Atom coordinates and isotropic displacement pararad#¥)

Atom Site X y z Uq

Dyl 2a 0 0 0 0.0079(5)
Dy2 4 0 0 0.31727(11) 0.0063(4)
M1 d Y 0 Y 0.0126(11)
M2 4h 0 0.2145(2) ) 0.0118(6)
M3 8 0 0.2738(3) 0.1443(2) 0.0142(6)
M4 8 0 0.36677(17) 0.33767(11) 0.0146(5)
M1 = 1GaM2 = 0.506(14)Au + 0.494(14)GM3 = 1GaM4 = 0.449(12)Au + 0.551(12)Ga.

Anisotropic displacement parameter§)(A

Atom Uy Uy, Uss Uss Uiz U,
Dyl 0.0087(9) 0.0104(10) 0.0047(9) 0 0 0
Dy2 0.0068(7) 0.0084(7) 0.0036(6) 0 0 0
M1 0.021(3) 0.014(3) 0.003(2) 0 0 0
M2 0.0144(10) 0.0159(11) 0.0050(8) 0 0 0
M3 0.0135(12) 0.0140(13) 0.0150(13) —0.0038(10) 0 0
M4 0.0101(7) 0.0240(9) 0.0096(8) 0.0034(5) 0 0
M1 = 1GaM2 = 0.506(14)Au + 0.494(14)GM3 = 1GaM4 = 0.449(12)Au + 0.551(12)Ga.

Table 6 Atom coordinates and isotropic displacement patarador EgAU, 5/G&s 43

Atom coordinates and isotropic displacement pararadi¥)

Atom Site X y z Uq

Erl 2a 0 0 0 0.0047(5)
Er2 4 0 0 0.31719(13) 0.0061(5)
M1 2 Y 0 7 0.0112(13)
M2 4h 0 0.2119(3) Yo 0.0112(6)
M3 8 0 0.2744(4) 0.1451(3) 0.0115(8)
M4 8 0 0.3679(2) 0.33887(13) 0.0122(6)
M1 = 1GaM2 = 0.430(16)Au + 0.570(16)GM3 = 1Ga, M4 = 0.428(13)Au + 0.572(13)Ga.

Anisotropic displacement parameters) A

Atom Uy Uz, Uss Uys Uiz Up,

Erl 0.0000(8) 0.0128(12) 0.0013(9) 0 0 0
Er2 0.0000(6) 0.0140(10) 0.0043(7) 0 0 0
M1 0.004(2) 0.026(4) 0.004(2) 0 0 0
M2 0.0090(10) 0.0182(14) 0.0065(10) 0 0 0
M3 0.0064(12) 0.0167(19) 0.0114(15) —-0.0022(12) 0 0
M4 0.0051(8) 0.0255(13) 0.0061(9) 0.0033(6) 0 0

M1 = 1GaM2 = 0.430(16)Au + 0.570(16)GMI3 = 1Ga, M4 = 0.428(13)Au + 0.572(13)Ga.

3.096-3.138 A R-M3) 3.035-3.156 A R-M1),
2.293-2.746 A M1-M1), 2.690-2.853 A Ni1-M5),
2.581-2.600 A K12-M4), 2.735-2.810 A NI3-M6),
2.758-2.785 A I3-M5), 2.710-2.802 A NI3-M7),
2.782-2.801 A M4-M7), 2.632-2.726 A NI5-M6),
2.664-2.736 A M5-M7), 2.636-2.753 A NI5-M5),

icosidodecahedronM1sM7,4, and a triacontahedron
[M2,,M436M7,,]. The coordination polyhedra of th
atoms can be considered as full-capped deformed
pentagonal prisms. TheMl and M7 atoms are
surrounded by tri-capped and four-capped deformed
trigonal prisms, respectively. THd2, M3, M4, and
and 2.657-2.762 AM7-M7). M5 atoms are situated at the centers of defect or
The structure of th&RAusz.,Gas. phases can also deformed icosahedra. The coordination environments
be described as a body-centered-cubic arrangenfient o of the M6 atoms are non-coplanar pentagons or
tricontahedral cluster unitsFig. 3). Each of these pentagonal pyramids.
encapsulated clusters is made up of five endohedral It should be noted that intermetallic phases with
shells Fig. X), from the center out: a disordered YCde-type and related structures have been found to
tetrahedron NI6], a pentagonal dodecahedron existin many ternary systems. Detailed descrigtiofi
[M3gM5,4], an icosahedron R, an some gold-containing structures are giveBig+38].
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Fig. 3 Projection of the unit cell oRAuUs.,Ga., onto theab plane emphasizing the [ABa] network @)
(the M6-M6 connections are not shown). A bcc packing ofotriahedral cluster unitd), Endohedral
atomic shells within the tricontahedral cluste). (Rare-earth, gold, gallium and mixed Au/Ga atcms
drawn as blue, red and cyan spheres.
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R14AUz4.,Gag7. phases The structure of theRAuLGaryx phases
can be shown as a packing of two different types of

TernaryRAuz.Ga7x (R = Er and Tm) phases with  layer (slab) along theZzZ direction §ig.4b).

Gdi4Ags; structure type (space groupe/m, Z=1, These layers are the aggregation of six-membered
hP65) were foundKig. 4a). The atoms of this type are  “wheels”, which are composed by the coordination
positioned at the ten sites. The Er or TRL-R3) polyhedra of the R2 and R3 atoms Fig.4c).
atoms occupy the Gd sitese(%j, and &), while the The hexagonal cavities, which are located at the
Au and Ga atomd|1-M7) are situated in the Ag sites  centers of these wheels, are filled by RE atoms

(2c, 4h, g, 6k, 12, 12, and 12). (Fig. 4c).
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(©

Fig. 4 The Ri/Auz«Ga7, Structure §). The network of condensed polyhedra of the ramtheatoms If).
The neameighbor coordination of thBl (yellow sphere)R2 (blue sphere) anl3 (cyan sphere) atoms)(
Rare-earth, gold, gallium and mixed Au/Ga atomssa@vn by blue, red and cyan balls.

The shortest interatomic distances in the
Ri4AU34.,Gag 7 Structures occur betwedhand M and
betweenM atoms, covering wide ranges. Many of
them were found to be shorter than the sums of the
atomic radii of the respective componeni3l],
indicating significantR-M and M-M interactions:
3.071-3.079 A R1-M6), 3.094-3.082 A R2-M1),
2.755-2.771 A R2-M3), 3.035-3.051 A R2-M5),
3.000-3.025 A R2-M6), 3.121-3.137 A R2-M7),
3.101-3.131 A R3-M2), 2.961-3.035 A R3-M7),
2.605-2.668 A M1-M2), 2.713-2.736 A Ni2-M7),
2.638-2.693 A M3-M3), 2.757-2.783 A NI13-M6),
2.596 A M4-M4), 2.779-2.782 A NIA-M7), 2.672-
2.7010 A M5-M5), 2.589-2.611 A NI5-M6) and
2.769-2.771 A M5-M7). Distorted 16-, 14- and
15-vertex Frank-Kasper polyhedra are centered by th

Chem. Met. Alloyg (2014)

R1, R2 andR3 atoms, respectively. THd1l atoms are
located inside fully capped trigonal prisms. Four-
capped and tri-capped distorted trigonal prisms are
polyhedra for theVi2 andM3 atoms. TheM4 andM6
atoms are coordinated by deformed icosahedra, while
the M5 and M6 atoms are surrounded by defected
icosahedra.

Among the investigated gallium based ternary
systems, intermediate phases with 18ds; or
related defect/filled types were identified in the
{Sc, Y, Nd, Sm, Gd-Tm, Lu, U}-Cu-GE9-41] and
Yb—{Ag, Au}-Ga [11] systems. The formation of
solid solutions, with extended homogeneity ranges,
based on binary compounds with (@&s; structure
type is also common in many rare-earthl-metal —
gallium system$5,42].
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RAuU..,Ga« phases

The crystal structure of theRAu.Ga, phases
represents a partially disordered version of the
MgCuAl, structure type (space groupmcm Z = 4,
0Sl6). The rare-earth Rf atoms occupy the
magnesium (@) sites, while statistical gold-richM(l1)

and gallium-rich K12) mixtures occupy the copper
(4c) and aluminum (B positions, respectively. The
M2 atoms build up three-dimensional networks, where
strongly puckered, elongated hexagons along the
direction can be seen (left partfaf). 5). The shortest
M2-M2 distances within and between these hexagons
range from 2.493 to 2.552 A and from 2.621 to
2.659 A, respectively. TheseM2-M2 distances
compare well with those (2.78 A) in pure gallium
metal. Together, th#11 andM2 atoms form a three-
dimensional [Au.,Ga&.,] network with pentagonal-
prismatic channels along thédirection (central part

of Fig.5). Rare-earth atoms are located inside these
channels. The M1-M2 (2.693-2.729 A and
2.706-2.745 A) distances within the [AwGan.]
network are shorter than the sum of the metalidti ra
(2.83 A Au + Ga)[31], indicative of substantiai11—

M2 bonding. Strong interactions are also observed
betweenR and M1 and M2 atoms. The shortest
interatomic distances were found to be 2.970-3400
(R-M1) and 2.989-3.033 AR-M2). An alternative
description of theRAu,.,Ga structure as a packing
of the coordination polyhedra of tiieatoms is shown

in the right part ofFig.5. Here, the coordination
spheres (equatorially capped pentagonal prismi)eof

®r
® M1

© M2

rare-earth atoms consist of thirteen neighborimgnat
(threeM1 and tenM2 atoms) and are condensed by
common faces. From a purely geometrical point of
view, the M1 and M2 atoms in theRAU+,Ga.x
structure have coordination polyhedra in form of
equatorially tri-capped and four-capped trigonal
prisms, respectively.

Intermetallic compoundfkRMX, (R = rare-earth,
M = d- andX = p-metal) with MgCuA} structure type
are known for many aluminum-, gallium-, indium-
and tin-containing ternary systen®42]. Structural
studies of them have been performed mainly for the
stoichiometric  composition 1:1:2, while the
homogeneity ranges have been investigated only for
the YbNi.,Gayx and LuAu.Ga phases[25,43].
Defect representatives of the MgCuyAitructure type,
e.g.CeRygdn, and Yh oPtin, are also described in
the literaturg44,45]

RsAU3z.Gag «x phases

Several ternanRs:Aus.,Gax phases crystallize with
the structure type LAl,; (space groupmmm Z = 2,
0l26) (Fig. 6a). Two crystallographically independent
rare-earth sitesRl, 2a and R2, 4i) build a body-
centered tetragonal sublattice, while t&-M4 (Au
and Ga) atoms form a three-dimensional polyanionic
networks Fig.6b). SitesM1 (2d) and M3 (8) are
occupied mainly by Ga atoms. T2 (4h) and M4

(8l) positions display an occupation by Au and Ga
atoms close to the 1:1 ratio. TRé andR2 atoms are
coordinated by 20 and 19 atoms forming pseudo

Fig. 5 The crystal structure of tHeAu,.,Ga., along theX axis. The threglimensional [Au,Ga.,] networks

are outlined.
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Fig. 6 Unit cell content 4) and three-dimensional network in the structur¢hefR:Au,.,Gay., phases. Blue,

red and cyan balls indicate rare-earth, gold, galand mixed Au/Ga atoms.
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Frank-Kasper polyhedra. The short&tM distances

are lower than the sums of the atomic radii for

the following atoms: 3.101-3.121 A R?-M1),
3.105-3.139 AR2-M2), 3.078-3.139 AR2-M3), and
3.107-3.166 A R2-M4). The coordination polyhedra

around theM1 and M2 atoms can be described as

distorted cubooctahedra. Thé3 atoms are located
inside  monocapped  distorted
Tri-capped deformed trigonal prisms are

coordination polyhedra for th®4 atoms. TheM-M

distances cover a wide range, however, significant

interactions were found between the following
neighbors: 2.517-2.541 AM2-M4), 2.747-2.787 A
(M2-M3), 2.552-2.610 A NI3-M4), 2.598-2.659 A
(M4-M4).

It should be underlined that the atomic
arrangement of the LAl,; structure type is assigned

to a large group of ternary intermetallic compounds
[42], which are described as disordered or partially

ordered phases. Representatives with differentegdsgr
of distortion of the LgAl,; structure, such as

YbsAus sGas 5, CaAu716Ges 84 CaAugGe;,
LasAuyln,, and EsPd,P,, are also knowi42].

References

[1] E.l. Gladyshevskiy, Crystal Chemistry of
Silicides and Germanides Metallurgiya,
Moscow, 1971 (in Russian).

[2] E.l. Gladyshevskiy, O.l. Bodak, Crystal
Chemistry of Rare-earth Based Intermetallic
Compounds Vyshcha Shkola, Lviv, 1982
(in Russian).

[3] Yu.B. Kuzma, Crystal Chemistry of Borides
Vyshcha Shkola, Lviv, 1983 (in Russian).

[4] O.l. Bodak, E.l. Gladyshevskiy,ernary Systems
Containing Rare-earth Metal§/yshcha Shkola,
Lviv, 1985 (in Russian).

[5] Yu.N. Grin, R.E. Gladyshevskiy,Gallides
Metallurgiya, Moscow, 1989 (in Russian).

[6] Yu.B. Kuzma, N. ChabarBinary and Ternary
Systems  Containing Borpn Metallurgiya,
Moscow, 1990 (in Russian).

[71 R.V. Skolozdra, Stannides of Transition and
Rare-earth  Elements Svit, Lviv, 1993
(in Ukranian).

[8] K.A. Gschneidner, J.-C. Bunzli, V.K. Pecharsky,

Handbook on the Physics and Chemistry of Rare

Earths Elsevier, Amsterdam, Vols. 1-43,
1978-2013.
[91 P. \Villars (Ed.), Pearson’s Handbook,

Crystallographic Data for Intermetallic Phases
Desk Ed., ASM, Materials Park, OH, 1997.

[10] Yu. Verbovytskyy,Chem. Met. Alloy$ (2012)
23-32.

[11] R.V. Gumeniuk, Ph.D. Thesis Ivan Franko
National University of Lviv, Ukraine, 2003
(in Ukranian).

cubooctahedra.
the

[12] Yu.N. Grin, M. Ellner, K. Hiebl, P. Rogl,
J. Alloys Compd196 (1993) 207-212.

[13] Yu.N. Grin, M. Ellner, B. Predel, K. Peters,
J. Alloys Compd201 (1993) 209-215.

[14] Yu.N. Grin, M. Ellner, K. Hiebl, P. Rodgl,
O.M. Sichevich, O.M. Myakush,J. Alloys
Compd.205 (1994) 285-289.

[15] Yu.N.  Grin, M. Ellner, B. Predel,
B. Baumgartner). Solid Sate Chenl14 (1995)
342-345.

[16] G. Cordier, Ch. Dietrich,Z. Kristallogr. 211
(1996) 118.

[17] D. Rossi, R. Ferro,Intermetallics 8 (2000)
877-880.

[18] D. Rossi, R. Ferro). Alloys Compd317-318
(2001) 521-524.

[19] R. Gumeniuk, E. Bischoff, U. Burkhardt,
Yu. Prots, W. Schnelle, L. Vasylechko, M.
Schmidt, Yu. Kuzma, Yu. GrinJ. Solid Sate
Chem.182 (2009) 3374-3382.

[20] A.E. Dwight,J. Less-Common. Met27 (1987)
175-178.

[21] Y.N. Grin, P. Rogl, K. Hiebl, F.E. Wagner,
H. Noél,J. Solid State Cheri@0 (1987) 168-177.

[22] Y. Grin, O.M. Sichevich, O.R. Myakuslgov.
Phys. Crystallogr36 (1991) 503-505.

[23] F. Hulliger, J. Alloys Compd.218 (1995)
255-258.

[24] H. Flandorfer, P. Rogl, E. Bauer, H. Michor,
R.Hatzl, E. Gratz, C. Godad, Phys.: Condens.
Matter 8 (1996) 2365-2376.

[25] Yu. Grin, B. BaumgartnerMater. Sci. Forum
166-169 (1994) 473-478.

[26] G. Cordier, C. Dietrich, T.
Z. Kristallogr. 211 (1996) 627-628.

[27] G. Nolze, W. KrausPowder Cell for Windows
(Version 2.3), Federal Institute for Materials
Research and Testing, Berlin, 1999.

[28] D.  Schwarzenbach, Program LATCON
University of Lausanne, Switzerland, 1975.

[29] J. Rodriguez-Carvajal, T. RoisndtullProf.98
and WIinPLOTR: New Windows 95/NT
Applications for Diffraction, Commission for
Powder Diffraction, International Union for
Crystallography, Newslettg20) (1998).

[30] G.M. Sheldrick,SHELX-97, A Program System
for the Solution and Refinement of Crystal
Structures Universitat Gottingen, Germany,
1997.

[31] G.B. Bokiy, Crystal Chemistry3“ Ed., Nauka,
Moscow, 1971 (in Russian).

[32] S.E. Latturner, D. Bilc, J.R. lIreland,
C.R. Kannewurf, S.D. Mahanti, M.G. Kanatzidis,
J. Solid State Chem 70 (2003) 48-57.

[33] Q. Lin, J.D. CorbettJ. Am. Chem. Socl29
(2007) 6789-6797.

[34] Q. Lin, J.D. Corbettlnorg. Chem 47 (2008)
7651-7659.

[35] Q. Lin, J.D. Corbettlnorg. Chem 49 (2010)
10436-10444.

Friedrich,

54 Chem. Met. Alloyg (2014)



Yu. Verbovytskyy, New ternary phases from feAu—Ga systemfR= Gd-Tm)

[36] T. Ishimasa, Y. Tanaka, S. Kashimo#fhilos.
Mag. 91 (2011) 4218-4229.

[37] G.H. Gebresenbut, R. Tamura, D. EKI6f,

C.P. GOmez,J. Phys.: Condens. Matte25
(2013) 135402 (11 p.).

[38] T. Hiroto, G.H. Gebresenbut, C.P. Godmez,
Y. Muro, M. Isobe, Y. Ueda, K. Tokiwa,
R. TamuraJ. Phys.: Condens. Matt@5 (2013)

426004 (6 p.).

[39] L.A. Bulavin, V.A. Makara, P.P. Kuzmenko,
Sci. Rep. Taras Shevchenko Univ. Kiev, Ukr,SSR

1990, pp. 23-103 (in Russian).

[40] O.B. Mykhalitchko,Ph.D. Thesis lvan Franko
National University of Lviv, Ukraine, 2013

(in Ukranian).

[41] Yu. Verbovytskyy, AP Gongalves,

Intermetallics33 (2013) 16-26.

[42] P. Villars, K. Cenzual (Eds.Pearson’s Crystal

Data — Crystal Structure Database for Inorganic
Compounds ASM International, Material Park,
OH, Release 2010/2011.

L. Vasylechko, U. Burkhardt, W. Schnelle,
H. Borrmann, F. Haarmann, A. Senyshyn, D.
Trots, K. Hiebl, Yu. Grin,Solid State Scil4
(2012) 746-760.

E.V. Murashova, Al Tursina,
Zh.M. Kurenbaeva, AV. Gribanov,
Yu.D. SeropeginJ. Alloys Compd454 (2008)
206-209.

A.C. Malingowski, M. Kim, J. Liu, L. Wu,
M.C. Aronson, P.G. KhalifahJ. Solid State
Chem 198 (2013) 308-315.

Chem. Met. Alloyg (2014) 55



