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The crystal structure of the substitutional solid slution HfGa,Sn, (x = 0-0.34(1)) was refined from X-ray
single-crystal and powder diffraction data (space mpup Pbcm, Pearson symboloP24, a= 9.3370(19),
b =8.6920(17)¢ = 5.6650(11) A for HiGay g7(2SM 032). The structure of the ideal limiting formula Hf;Ga,Sn,

ignoring partial Ga/Sn disorder, represents the fist ternary ordering derivative of the structure type Thin.

The structure of Hf3Ga,Sn is closely related to that of HfGaSrg (limiting composition of the interstitial solid

solution HfsGa,Sn; (x = 0-1), structure type HECuShs, space groupP6y/mcm) and can be derived from it
applying group-subgroup relations between the spacgroups.

Hafnium / Gallium / Tin / Single-crystal X-ray diff raction / Crystal structure / Substitutional solid solution

Introduction

The phase diagram of the ternary system Hf—Ga-Sn
has not yet been constructed. The formation and
crystal structure of the interstitial solid solutio
HfsGaSns (structure type MgBis for x = 0 (Hi;CuSn
for 0< x < 1), Pearson symbdiP16 hP18), space
group P6ymcm a= 8.3656 (8.5564),c= 5.7077
(5.7859)A) and the ternary compound §&a, 5¢Smb.44
(structure type N§SiSn, t132, 14/mcm a= 11.0023,
c= 5.5582A) have been reported in the Hf-rich part
of the system[1,2]. The structure of the latter is
characterized by partial ordering of atomspdflock
elements, which are statistically distributed ovee
of the two available atom sites (Wyckoff positios) 4
whereas the second sitehj8s occupied exclusively
by Sn atoms. In the structure ofs88Sn; (x = 0-1)
interstitial Ga atoms progressively fill Wyckoff
position D, whereas replacement of Sn atoms by Ga
atoms, i.e. the formation of a substitutional solid
solution, is not observed.

During a systematic investigation of the interacti
of the components in the ternary system Hf—-Ga-Sn at
600°C the formation of an extended solid solution
based on the binary compound HfGa was established.
Hafnium monogallide forms peritectically at 1550°C
by the reaction HiGa, + L < HfGa [3] and
crystallizes in the orthorhombic structure type mhi
(oP24, Pbcm a= 9.171,b= 8503,c = 5648 A)[4].
The structure type Thir5] is not very common
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among the structures of intermetallic compounds: in
addition to Thin and HfGa, the structures of three
binary compounds (ThTI, UGe, USn) and four ternary
phases (ZrAl:Gays ZrosNbosGa, ZpgdVo15a,
ZrooTig1Ga) have been reported with this type of
structure[6]. The structure of the binary compound
HfGa is characterized by three 4-fold sites ocadipie
by Hf atoms and three 4-fold sites occupied by Ga
atoms, implying possible ordering of Ga and Sn atom
in the structure of the solid solution HfGS&n.
Among the ternary phases crystallizing with Thipey
structures, a complete structure determination was
carried out only for ZrAJ;Ga; and ZpggVo 154,
however, ordering of the atoms of tpe or d-block
elements was not observgd.

The aim of the present work was the investigation
of the solid solution HfGgSn, by means of X-ray
phase and structure analyses and a detailed
determination of its crystal structure by singlgstal
X-ray diffraction.

Experimental

Alloys were synthesized from the elements (purity
> 99.9wt.%) by arc melting in a water-cooled copper
crucible under a purified argon atmosphere, using T
as a getter and a tungsten electrode. To ensure
homogeneity the samples were remelted twice. The
ingots were wrapped into tantalum foil, annealed at
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600°C in quartz ampoules under vacuum for 1 month (a= 9.171,b= 8.503,c= 5.648A), which indicates
and subsequently quenched in cold water. The weight the presence of Sn atoms in the structure,
loss during the preparation of the samples was less formation of a solid solution. Full-matrix leastesges

than 1% of the total mass, which wasglfor each
alloy.

A prism-like single crystal was extracted from the
alloy of composition Hf{;Ga,Sns (in at.%), mounted
on a glass fiber and X-ray diffraction data were
collected in theg-oscillation scan mode at room
temperature on a Stoe IPDS-IIT diffractometer
(Mo Ko radiation, A= 0.71073A, graphite
monochromator) equipped with an imaging plate
detector. An analytical absorption correction was
applied using X-Shape/X-Red softwai&,8]. No
significant variation of the intensities was obsatv
during the data collection. The structure was sblvg
direct methods in the centrosymmetric, orthorhombic
space grouPbcm using the program SHELXS-97]
and the program package WinGX0]. It belongs to
the Thin structure type with cell parameters
a=9.3370(19)p = 8.6920(17)¢ = 5.6650(11A. The
cell parameters are larger than those of HfGa

refinements of the positional and anisotropic
displacement parameters and the site occupancies
were performed off? using the program SHELXL-97
[9]. The three sites of atoms piblock element were
set to be occupied by statistical mixtures of Gd an
Sn, but their relative occupancies were allowed to
vary. The final refinement led to the composition
Hf:Gay 972SM 032y the Sn atoms showed a clear
preference for one of the sites, whereas the two
other sites remained occupied almost exclusively by
Ga atoms. Experimental details and results
of the crystal structure determination are listed i
Tablel.

The chemical composition of the single crystal was
checked by energy dispersive X-ray analysis using a
scanning electron microscope JEOL SEM 5900LV.
The obtained composition agrees well with the
nominal composition of the synthesized alloy
(Table2).

Table 1 Experimental details and crystallographic dataHGa, ¢72SM 032

Refined composition
Formula weightv,
Structure type
Pearson symbol
Space group
Unit-cell parameters:

o

oo
o oo o

Cell volumeV, A3
Formula units per cell
DensityD,, g cm®
Diffractometer
Radiation, wavelengtii, A
Scanning mode
Absorption coefficient;, mm*
Crystal shape
Crystal size, mm
Color
Number of reflections: measured
independent
with | > 26(1)
Reliability factorR
Range oh, k, |
Range o, °©
Reliability factors [ > 25(1)): R
wR
S
Number of reflections used in refinement
Number of refined parameters
Weighting scheme
(P = (Fo> + FH)I3)
Extinction coefficient
Residual electron densityApmay, € A>
Apmin, € A3

Hf3Gay 975N 032
795.095
Hf:GaSn, ordering derivative of Thin
oP24
Pbcm
9.3370(19)
8.6920(17)
5.6650(11)
459.76(16)
4
11.491
Stoe IPDS-IIT
Mo Ka, 0.71073
g-oscillation
84.13
plate
0.080<0.060x0.005
metallic grey
6591
513
410
0.0878
-12<h<12,-11ck<11,-7€1<7
4.37-27.48
0.0235
0.0363
0.940
513
39

w = 1[A(FY) + (0.014%)7

0.00077(7)
1.643
-2.242
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Table 2 Results of the X-ray spectral analysis of the lsimgystal HEGay o725 032

Element Content, at.% Accuracy of analysis, at.%
Hf 53.1 16.3
Ga 34.2 5.1
Sn 12.7 +4.6
Table 3 Unit-cell parameters of the solid solution HfG&n,.

Sample x a A b, A ¢ A v, A2

composition, at.% ' ' '

Hfs0Gaso 0 9.1609(10) 8.5097(8) 5.6384(6) 439.55(8)
HfseGausSy 0.08 9.2171(8) 8.5551(7) 5.651(5) 445.60(7)
HfsoGaysSry 0.14 9.2557(18) 8.5913(17) 5.6534(10) 449.40(15)
Hf50G &S 1 0.22 9.310(2) 8.647(2) 5.6670(12) 456.24(18)
Hfs,Gas,Shig 0.34(1) 9.3370(19) 8.6920(17) 5.6650(11) 459.7H(16

& Composition of the alloy from which the single stigl was extracted (unit-cell parameters were eefifiom the

single crystal data).

Table 4 Atomic coordinates and displacement parametefsfohk Hf:Gay 9725 032 (0P24, Pbcm a = 9.3370(19),

b = 8.6920(17)¢ = 5.6650(11) A).

. Wyckoff

Site position Occupancy, % X y z Uq

Hf1 4d 100 0.11272(8) 0.52840(7) 1/4 0.0072(2)

Hf2 4d 100 0.30446(8) 0.12864(8) 1/4 0.0086(2)

Hf3 4c 100 0.61864(8) 1/4 0 0.0098(2)
M1 (Sn) 4 87(2)Sn/13(2)Ga  0.41493(13 0.44960(13) 1/4 0.08)77
M2 (Gal) 4d 90(2)Ga/10(2)Sn 0.1476(2) 0.8631(2) 1/4 0.0088(6)
M3 (Ga2) 4 93(2)Gal/7(2)Sn 0.0704(2) 1/4 0 0.0085(7)

Site Uy Uz, Uss Up, Uis Ups

Hf1 0.0084(4) 0.0054(3) 0.0072(3) -0.0006(3 0 0

Hf2 0.0093(4) 0.0086(3) 0.0078(3) 0.0000(3 0 0

Hf3 0.0108(4) 0.0112(4) 0.0075(3) 0 0 -0.0005(2)
M1 (Sn) 0.0080(8) 0.0066(7) 0.0086(6 0.0010(4) 0 0
M2 (Gal) 0.0083(11) 0.0090(10) 0.0092(9) -0.0007(7) 0 0
M3 (Ga2) 0.0104(11) 0.0065(11 0.0088(9 0 0 0.06p0(
In order to establish the range of Sn solubility i  Results

HfGa at 600°C and to analyze the evolution of thié ¢
parameters within the solid solution HfG&n, four
alloys containing 5@t.% Hf and different amounts of
Ga and Sn (0, 4, 7, and &%) were examined by
X-ray phase analysis. The analysis was carried out
using X-ray powder diffraction data collected abmo
temperature on a diffractometer DRON-2.0M e
radiation, 2 = 1.93801A) in the angular range 2@°

20 < 140° with the step 0.05°. Profile and structure
parameters, including cell parameters were refimed
the Rietveld method starting from the atomic
coordinates of HfGa or HBGa 975N o3z Using the
program package FullProf Suitgel]. The refined cell
parameters for the samples of the solid solution
HfGa,,.Sn, are listed inTable3.
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The refined atomic coordinates and displacement
parameters of the structure of 388 o725 03(2) are
listed in Table 4 This structure derives from the
binary structure type Thin by partial ordering bgt
atoms of the p-block elements on the three
crystallographically independent sites (two sites i
Wyckoff position 41 and one in d space group
Pbcn). Sn atoms replace Ga atoms in the structure of
the binary compound HfGa on one of twd dites
almost completely, whereas on the two other sites
only small amounts of Sn atoms substitute for Ga
atoms. The range of the substitutional solid sotuti
extends up to 1@t.% Sn at 600°Q,e. its composition
can be presented as HfG&n, (x= 0-0.34(1)). The

Chem. Met. Alloyd (2011)
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unit-cell parameters increase linearly with inciegs

Sn content and the dependencies can be described byHf2SnGaHf,o, which can be

Vegard’'s law. The ideal composition J&gSn
(16.7 at.% Sn) is reached at 600°C but without

of Hf2 is a 17-vertex polyhedron of composition
represented as a
pentagonal prism of composition fgfwith three Ga
and four Sn atoms capping the faces. A deformed 14-

complete ordering of Ga and Sn atoms over the three vertex Frank-Kasper polyhedron HEB,GaHfs (a

atom sites.

The content of the unit cell and coordination
polyhedra in the structure of ¥8ay 7SN 032 are
shown inFig. 1, relevant interatomic distances and the
coordination numbers of the atoms are listed in
Table5. Since the atomic sitdgll, M2, andM3 are
occupied by mainly one sort of atom (Sesble4), we
will in continuation refer to them as Sn, Gal, &uR,
respectively.

The atoms of the closest coordination sphere of
Hfl form a 17-vertex polyhedron HEhGaHfs,

hexagonal antiprism of composition &&Hfs with

two additional Hf atoms capping the base faces) is
formed around Hf3. The Sn site is surrounded b¥ nin
Hf atoms and two Sn atoms forming a pseudo Frank-
Kasper 11-vertex polyhedron (defect icosahedron) of
composition_SB8npHfe. The coordination polyhedra of
the Ga sites are 9- and 10-vertex polyhedra
GalGaHf; and GaBaHfg, respectively. The former
can be represented as a trigonal prism of compasiti
GaHf, with three additional Hf atoms capping the
rectangular faces, and the latter as a deformed

which can be considered as a pentagonal prism of tetragonal antiprism of composition {Hs with two

composition GgHf; with five additional Ga atoms

additional Ga atoms capping the base faces, or as a

capping the side faces and one Sn and one Hf atom deformed defect icosahedron.

capping the base faces. The coordination polyhedron

@GazHﬁ

& Sl’lefg

Ga2GayHfs

Fig. 1 Unit-cell content and coordination polyhedra a itoms in the structure of & o7(2SM 032

Chem. Met. Alloyd (2011)
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Table5 Interatomic distances and coordination numbers )(G@Nl the atoms in the structure of
Hf:Gay g7(25M.03(2) (0P24, Pbcm a = 9.3370(19)b = 8.6920(17)¢ = 5.6650(11) A).

Atoms 9, A Atoms 5, A CN

—1im2 2.823(2) —1HA 2.9036(16)
—2M3 2.8315(7) —2HfR3 2.9383(12)
—1M1 2.9036(16) _1Hf 2.9743(14)
—1M2 2.9273(18) M1 —2HfR3 2.9868(11) 11
—2M3 2.9392(13) —1HR 3.0473(15)

Hf1 —2M2 3.0032(8) _ 2 Hf2 3.0903(8)
— 2 HfL 3.5635(8) —2M1 3.3638(10)
—2HR2 3.6183(8) —2M3 2.668(2)
—1HR 3.9087(11) —1HR 2.7334(18)
—1HfR2 3.9915(13) M2 _ 2 Hf3 2.781417) 4
—2Hf3 3.4651(9) —1HfL 2.823(2)
—1m2 2.7334(18) _1Hf 2.9273(18)
—2M3 2.8098(17) _ 2 HfL 3.0032(8)
1M1 2.9743(14) —oM2 2.668(2)
1M1 3.0473(15) —2Hf2 2.8098(17)
—2M1L 3.0903(8) M3 — 2 HfL 2.8315(7) | 10

Hf2 —2Hf3 3.4240(11) _2M3 2.8326(5)
—2HfR2 3.5318(8) _ 2 HfL 2.9392(13)
— 2 HfL 3.6183(8)
—2Hf3 3.6541(9)
—1HfL 3.9087(11)
—1HfL 3.9915(13)
—2M2 2.7814(17)
—2Hf3 2.8326(5)
—2M1 2.9383(12)

Hf3 —2M1 2.9868(11)
—2HR2 3.4240(11)
—2HfL 3.4651(9)
—2HR 3.6541(9)

Discussion 1.405 A andrg,= 1.221 A[14]) and are in good

Complete ordering of the Sn atoms on one of thes sit
in Wyckoff position 41 would lead to the composition
Hf:GaSn. The structure of HB&Sn, ignoring partial

agreement with the distances in the structures of
binary hafnium stannides and gallides. The gradual
replacement of smaller Ga atoms by larger Sn atoms
within the solid solution HfGgSn, (x = 0-0.34(1))

Ga/Sn disorder, represents a new structure type: a leads to a linear increase of the cell parameters.

ternary ordering derivative of the structure tyg®nl
A particular feature of the ordered structure ig th

The coordination polyhedra of the atoms in the
structure of HiGay 975N 032) are similar to those in

absence of heteroatomic Sn-Ga contacts (the shortes the structure of the binary compound HfGa, however,
Sn-Ga distance is 3.920(2) A). The only homoatomic the replacement of Ga atoms by Sn atoms on

contacts between atoms gqfblock elements are
Ga-Ga distances (2.668(2) A), which are the shbrtes
interatomic distances in the structure and arelairto

the average distance in the structure of pureualli
which contains distances of three lengths: 2.489,2.
and 2.79 A[12]. The interatomic distances Sn-Sn
(3.3638(10) A) are longer than the contact distarice
the structure of Sn (3.024 A)3]. The hafnium atoms
are connected to the atoms of both typep-bfock
element. The shortest distances from Hf atoms are
observed to Ga atoms in positiod @.7334(18) A).
The interatomic distances
Hf3Gay g7(25M 03(2) COrrelate well with the sums of the
atomic radii of the components,{= 1.564 A, rg,=

170

in the structure of

preferentially one of the Ga sites leads to the
deformation of some of the polyhedra.

The orthorhombic structure of ¥aSn can be
decomposed into two kinds of monoatomic layer
stacked along the crystallographic directionO[0]
(Fig. 2). The translation unit contains four layers, two
of each kind. Those at= % and %, composed by Hf,
Ga and Sn atoms in the ratio 2:1:1, are hexagorrmes
layers (plane grouppl). The hexagons have
composition H{GaSn or HfGaSn with only
heteroatomic contacts. The Hf atoms are surrounded
either by two Ga and one Sn atom or by one Ga and
two Sn atoms, whereas the Ga and Sn atoms are
surrounded by three Hf atoms. The layergat0 and

Chem. Met. Alloyd (2011)



I. Voznyaket al, HfsGay o725 032y @ ternary derivative of the Thin type

z=%

Fig. 2 Monoatomic layers in the structure of;8&3Sn.

%, composed by Hf and Ga atoms in the ratio 1:1,
have triangular mesh.e. possess the motif of close-
packed layers (plane grop@mg. The composition of
the triangles is Hf5a or HfGa, each atom having two
homoatomic and four heteroatomic contacts. The
atoms in the layers at= 0 and %% are situated between
two hexagons formed by the atoms in the layers at
z=Ysand ¥a.

Similar layers form the hexagonal structure of the
compound HfGaSn [1], which belongs to the
HfsCuSny type, a ternary ordering variant of the
TisGa, type Fig. 3). The hexagon-mesh layers contain
Hf and Sn atoms in the ratio 1:1, each atom being
surrounded by three atoms of the other kind (plane
groupp31m). The remaining Hf and Cu atoms in the
ratio 2:1 are situated in triangle-mesh layers rpla
grouppémn). In these layers the Hf atoms form large

z=V%2

are thus closely related, but have different ordlere
distribution of atoms:

3Hf;,GaSn= Hf{GaSn, = [HfsGaSry)[Hf :Gag] —
[ersrb][Hf4CUg] = Hf10Cu25r15 = 2Hf5CUS|};

The relationship between the parent structure types
Thin and TiGa,, respectively, can be presented in a
similar way:

9Thin= Thylng = [Thelng][Thslng] —

[TieGal[TisGa] = TiGa = 2TisGa.

The group-subgroup relation for the corresponding
space groups is the following:

P6y/mem ' = Cmem OM = Pbem

0 M@ . ppem O METYE . pbem
(Table 9.

hexagons centered by Cu atoms. Consequently eachConclusions

Hf atom is surrounded by three Hf and three Cu

atoms, whereas each Cu atom has six neighboring Hf Partial replacement of Ga by Sn in the structure of

atoms. As in the structure of §#&aSn, two kinds of
layer alternate. The symmetry of the layers in
HfsCuSny is higher than in HGgSn (plane group
p31m for the hexagon-mesh layer ap@mm for the
triangle-mesh layer), leading to overall hexagonal
symmetry (space groupés/mcn). The two structures

Chem. Met. Alloyd (2011)

HfGa leads to the formation of a substitutionalidsol
solution HfGa,Sn,, which extends up ta= 0.34(1)

at 600C. The refined composition of a Sn-rich
crystal, HEGa g72SM g2, IS close to the ideal
composition H{GaSn. Sn preferentially occupies one
of the Ga sites, which reduces the number of Sn-Ga
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Table 6 Transformation from the structure of #aSn (HfsCuSn type) to the structure of kKBaSn

(own type).
Model | (HfsGaSn) T M v V (Hf;GaSn)
210 210 4 20 4
Tran_sformation 010 010 010 é ;lé g
matrix
0 01 0 01 0 01 O 0 1
Space group (193)65/mecm (63)Cmcm (57)Pbcm (57)Pbcm (57)Pbcm
a = 8.56 = /3 an = /3 av = 2+/3 an = 2/\/3
Cell (b =a = 8.56) | & =14.83 a = 14.83 a = 29.66 a = 9.89
parameters, A | "2 g by=a =856 |by=a=856 |by=a=856 |b =a=8.56
¢ =¢=579 ¢y =¢ =579 cyv =¢ =5.79 cy=¢ =5.79
Hfl 4d Hfl 4d
Hf1 4c Hf1 4d 0.375,0.083,v%4 | 0.125,0.583,%4
0,0.667,% 0.250,0.083,%2 | Hf2 4d Hf2 4d
0.125,0.583,v%4 | 0.375,0.083,%
Hf3 4d Hf?
Hf1 6g Hf2 4d 0.542,0.083,Y
0.333,0,% 0.017,0.083,%s | Hf4 4d HfL
Hf2 8g 0.042,0.083,Y
0.167,0.167,Y Hf5 4d HfL
Hf3 4d 0.292,0.583,Y
0.583,0.083,Y2 | Hf6 4d Hf2
0.208,0.583,v4
Hf7 4c Gaz £
Hf4 4c 0.958,%,0 0.125,%,0
0.083,4,0 Hf8 4c
Hf2 4d HI3 8e 0.458,1:,0 HI3 4c 0.625,%,0
Site, 14,%,0 0.333,0,0 Hf9 4c Hf3
Wyckoff Hf5 4c 0.792,%,0
position, 0.417,%4,0 Hf10 4c Ga2
coordinates 0.292,¥4,0
Gal 4« Ga2
Gad Gad Gak 0.625,%,0
0,0,0 0,0,0 0.749,%,0 Ga2 £ Hf3
0.125,%,0
Snl 4 Gal 4
Snl & Snl 4 0.375,0.417,% | 0.125,0.917,%
0,0.333,% 0.249,0.417% | Sn2 4 Sn4
0.125,0.917,% | 0.375,0.417,%
Sn3 4 Gal
Sn g 0.042,0.417 Y4
0.667,0,% Sn4 4 sn
Sn2 § Sn2 4 0.542,0.417 Y4
0.333,0.333,%2 | 0.083,0.917,%4 | Sn5 4 sn
0.208,0.417 Y4
Sné 4
0.708,0.417v. | 3t
Origin shift® 0,0,0 0,0,% 0,%,0 0,0,0 0,%,0

& The atom coordinates were standardized by the@nn@ TRUCTURE TIDY[15].
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z=3%

Fig. 3 Monoatomic layers in the structure ofs8iSn.

contacts in the structure. Complete ordering olaGa
Sn would represent a ternary ordering derivativihef
Thin type. Ordering may possibly be realized by [1]
annealing at a different temperature, or for a éwng

time. The structure of H6&Sn is closely related to

that of the H{CuSn type, which is adopted by the [2]
interstitial solid solution HGaSrs (x= 0-1) in the

same system. The structures can be derived from eac
other according to a scheme of substitutions that ¢ [3]
be described by group-subgroup relations between
their space groups.
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