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The gold-rich intermetallic compound SrAuy 7¢Inj 24 was synthesized by high-frequence-melting
of the elements in a sealed tantalum tube and subsequent annealing. The structure was refined
from single-crystal X-ray diffraction data: YbMoy Aly-type, I14/mmm, Z = 2, a = 718.77(7), ¢ =
552.79(9) pm, wR2 = 0.0760, 149 FZ values and 11 parameters. The 4d (0.62 In+0.38 Au) Wyck-
off position shows mixed occupancy leading to the composition SrAuy 7¢In 24 for the investigated
crystal. The strontium atoms are located in a large cage built up by 12 Au+8 In atoms. The gold
and indium atoms show segregation into substructures. The striking structural motifs are Auy squares
(278 pm Au-Au) and indium chains (276 pm In-In). The squares and chains are connected via weaker
Au-Au (299 pm) and Au—In (295 pm) bonds to a three-dimensional network. The In chains show the
motif of rod packing. Electronic structure calculations show anisotropy within the structure with dif-
ferent responses to compressions along In-In chains and Au planes, also illustrated by the electron
localization contour plots. The metallic behavior is found to be of itinerant electron type (like Cu),

and the chemical bonding includes stabilizing Au—In interactions.
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Introduction

The ternary systems alkaline earth metal (AE)-gold-
indium have intensively been investigated in recent
years [1—14]. So far 18 compounds have been re-
ported, i. e. CazAusln [13], isotypic CaAuln [1] and
SrAuln [11], CaAuln, [2], the crystalline approx-
imants Caj4 1AuggrIng; 7 and CaszAujpolngs [10],
CagAuplns [8], CarAuslng [3] and SrpAuslng [4],
the solid solution SrAu,Ing_, [9], SrAuglng and
SrqAuglniz [14], SrAulns [11] and BaAulnz [5],
SrAuszlng [12], SrAuzIn, and BaAuyIn, [7], and
KHg,-type BaAug3eln; g4 [6]. Most of these inter-
metallic compounds have a common structural build-
ing principle. The alkaline earth metals transfer elec-
tron density to the gold and indium atoms, enabling the
covalent bonding within the two- or three-dimensional
[AuyIn,] polyanionic networks. Besides new struc-
ture types, several of the ternary AE Auyln; com-
pounds are ordered variants of binary structure types,
e. g. CagAujplns (ordered Zr7Nijg type), CaAuln (or-
dered Co,Si type), SrAuln; (ordered BaAly type), or
CazAusln (ordered NigB3 type).

In the course of systematic phase analytical studies
of the Sr—Au-In system we discovered another gold-
rich compound SrAuy 76In| 24 which crystallizes with
the YbMo,Aly-type [15] structure. The synthesis and
crystal chemistry of SrAuy 76In1 24 are reported herein.
Further analyses of the electronic band structure and
the chemical bonding is provided using computational
methods built within the well established quantum the-
oretical density functional theory (DFT) framework
[16,17].

Experimental Section

Synthesis

Starting materials for the preparation of the SrAuy 76In7 24
sample were a strontium rod (Johnson Matthey), pieces of a
gold bar (Heraeus), and indium ingots (Johnson Matthey), all
with stated purities better than 99.9 %. Pieces of the stron-
tium rod were cut under paraffin oil, washed with n-hexane
and kept in Schlenk tubes under argon prior to the reactions.
The paraffin oil and n-hexane were dried over sodium wire.
The argon was purified over titanium sponge (900 K), sil-
ica gel, and molecular sieves. The elements were weighed
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Table 1. Crystallographic data and structure refinement for
SrAug 76In; 4.

Empirical formula SrAuy 76(2)Iny 242

composition (102 at-% Sr, 71 £2 at-% Au, 19 £2 at-
% In) was close to the one refined from the X-ray data
(14.3:68.0:17.7), and no impurity elements were observed.

Molar mass, g mgl_' 1167.56 The standard uncertainty is due to the irregular surface of the
Crystal size, um- 20 % 20 x 40 measured crystal (conchoidal fracture).

Space group; Z 14/ mmm; 2

Structure type YbMo,Aly . .

Lattice parameters (Guinier powder data) X-Ray diffraction

& g;‘; ;;2;;8 The polycrystalline SrAuyIn sample was characterized by
c, . .. Lo T
Cell volume V, nm? 0.2856 a Guinier powder pattern (CuKal radiation, a—quartz..a. =
Calculated density, gcm™> 13.58 491.30, ¢ = 549.46 pm as mtf:rnal. standard). The ('}'ulmer
Transm. ratio (max / min) 0.77770.363 camera was equipped with an imaging plate unit (Fuji film,
Radiation MoKy BAS-READER 1800). The tetragonal lattice parameters (Ta-
A, pm 1 71.073 ble 1) were obtained from a least-squares fit. Correct assign-
Absorption coefficient, mm™ 135.8 ment of the reflections was ensured by an intensity calcula-
F(000), e 950 tion [20]

0 range, deg 4-31 Si 1' Is with hoidal fract lected
Range in fikl £10, 410, +7 ingle crystals with conchoidal fracture were selecte
Total reflections 1627 from the crushed SrAuyln sample and glued to thin quartz
Independent reflections / Ry 149/0.1710 fibres. The crystals were investigated by Laue photographs
Reflections with I > 26(I) / Rs 146/ 0.0686 on a Buerger camera. A data set of a high-quality crys-
Data / parameters 149/11 tal was collected at r.t. using a STOE IPDS-II image plate
Goodness-of-fit 1.238 system (graphite-monochromatized MoK, radiation; A =
R1/wR2forI>20(I) 0.0368 /0.0756 71.073 )i lati de. A ical ab i

R1/ wR2 for all data 0.0374 / 0.0760 073 pm) in oscillation mode. A numerical absorption cor-
Extinction coefficient 0.0041(7) rectlop was apph'ed tq the data set. All relevant crystallo-
Largest diff. peak / hole, e A3 3.91/-3.22 graphic data are listed in Table 1.

ina l:4:1 atomic ratio and arc-welded [18] in a tantalum
ampoule. The latter was placed in a water-cooled sample
chamber [19] of an induction furnace (Hiittinger Elektronik,
Freiburg, type TIG 1.5/300) under flowing argon and first an-
nealed at 1400 K for 5 min followed by cooling to 900 K
within four hours. Finally the temperature was kept at 900 K
for another four hours followed by quenching. The temper-
ature was controlled through a Sensor Therm Methis MS09
pyrometer with an accuracy of £30 K. The sample was me-
chanically broken off the tantalum tube. No reaction with the
crucible material was evident. The compact polycrystalline
sample is stable in air over weeks. Single crystals exhibit
metallic lustre while ground powders are light gray.

EDX data

The single crystal investigated on the diffractometer was
studied by energy dispersive analyses of X-rays (EDX) using
a Zeiss EVO MA10 scanning electron microscope with SrF,
Au and InAs as standards. The experimentally observed

Structure refinement

The data set showed a body-centered tetragonal lattice
with high Laue symmetry and no further systematic extinc-
tions, compatible with space group 14/mmm. The starting
atomic parameters were deduced from Direct Methods
with SHELXS-97 [21], and the structure was refined using
SHELXL-97 [22] (full-matrix least-squares on F 2) with
anisotropic atomic displacement parameters for all sites.
The 4d site was initially refined with the scattering factor
of indium; however, the too small displacement parameter
indicated higher electron density on this site. In agreement
with the higher gold content measured by EDX, a mixed
occupancy In/Au was introduced, and the refinement then
smoothly converged to the residuals listed in Table 1 with the
composition SrAuy7¢In; 24 for the investigated crystal. In-
spection of the Pearson code tI14 and the Wyckoff sequence
139,hda in the Pearson Crystal Data Base [23] readily
revealed isotypism with YbMoyAly [15]. In the final cycles
the structure was refined with the setting of the prototype.

Table 2. Atomic coordinates and anisotropic displacement parameters (pm?) for SrAuy 76In; 24. Ueq is defined as one third of
the trace of the orthogonalized Uj; tensor. The anisotropic displacement factor exponent takes the form: —2%2[(ha*)2U11 +
e +2hka*b*U12]. U3 =Uy; =0.

Atom Wyckoff site X y z Uy =Uxp Uiz Uin Ueq

Sr 2a 0 0 0 143(10) 152(13) 0 146(7)
0.62(2) In + 0.38(2) Au 4d 0 172 1/4 201(7) 173(8) 0 192(6)
Au 8h 0.30649(8) X 0 149(4) 207(5) —1(2) 168(4)
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Table 3. Interatomic distances (pm) in the structure of
SrAuy 76Iny 24. All distances within the first coordination
shells are listed. Standard deviations are all equal or smaller
than 0.1 pm. Note that the In site shows mixed occupancy
(Table 2).

Sr: 4 Au 311.6 Au: 2 Au 278.2
8 Au 339.2 4 In 294.9
8 In 385.0 2 Au 299.3

In: 2 In 276.4 1 Sr 311.6
8 Au 294.9 2 Sr 339.2
4 Sr 385.0

The final difference Fourier synthesis revealed no significant
residual peaks (Table 1). The atomic parameters and inter-
atomic distances are listed in Tables 2 and 3.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot_anforderung.html)
on quoting the deposition number CSD-423579.

Computational methodology

Within DFT we use two complementary computational
methods. The Vienna ab initio simulation package (VASP)
code [24] allows geometry optimization and subsequent es-
tablishment of the energy-volume equations of states. For
this we used ultra soft pseudo potentials [25] built within
the local density approximation LDA [26]. Also, despite
the overbinding character of the LDA the lattice parame-
ters were computed in better agreement with experiment than
using gradient approximation (GGA) potentials [27]. The
conjugate-gradient algorithm [28] is used in this computa-
tional scheme to relax the atoms. The tetrahedron method
with Blochl corrections [29] as well as a Methfessel-
Paxton [30] scheme were applied for both geometry relax-
ation and total energy calculations. Brillouin zone (BZ) in-
tegrals were approximated using the special k-point sam-
pling of Monkhorst and Pack [31]. The optimization of the
structural parameters was performed until the forces on the
atoms were less than 0.02 eV A~! and all stress components
less than 0.003 eV A~3. The calculations converged at an
energy cut-off of 273 eV for the plane-wave basis set with
respect to the k-point integration with a starting mesh of
4 x4 x4 upto 8x8x8 for best convergence and relax-
ation to zero strains. Then all-electron calculations, equally
based on the DFT with LDA functional [26], were carried
out for a full description of the electronic structure and the
properties of chemical bonding. They were performed us-
ing the full potential scalar-relativistic augmented spherical
wave (ASW) method [32, 33]. In the ASW method, the wave
function is expanded in atom-centered augmented spheri-
cal waves, which are Hankel functions and numerical so-

lutions of Schrodinger’s equation, respectively, outside and
inside the so-called augmentation spheres. In the minimal
ASW basis set, we chose the outermost shells to represent
the valence states, and the matrix elements were constructed
using partial waves up to lpax + 1 = 3 for Sr, In and Au.
Self-consistency was achieved when charge transfers and en-
ergy changes between two successive cycles were such as:
AQ < 1078 and AE < 107° eV, respectively. The Brillouin
zone integrations were performed using the linear tetrahe-
dron method within the irreducible wedge [29]. The calcu-
lations were carried out assuming spin degenerate configu-
ration. Besides the site projected density of states, we dis-
cuss qualitatively the pair interactions based on the overlap
population analysis with the crystal orbital overlap popula-
tion (COOP) [34]. In the plots, positive, negative, and zero
COOP magnitudes indicate bonding, anti-bonding, and non-
bonding interactions, respectively. Here we use the integrated
iCOOP criterion to address relative bonding intensities. We
note that another scheme for describing the chemical bond-
ing, the ECOV (covalent bond energy) criterion based on
both the overlap and the Hamiltonian populations, is also ac-
cessible within the ASW method [32, 33]. It provides similar
qualitative results to the COOP.

Results

Geometry optimization and energy-volume equations
of state

Despite the partial occupation of ~ 0.6 In and
0.4 Au on the 4d site, we have considered an ordered
compound with SrAuyln, composition, i. e. with a full
occupancy of all sites (Table 2). These assumptions
are due to the difficulty of accounting for solid solu-
tions within the framework of our calculations. But
on the other hand they allow for a relevant analysis

Fig. 1. Projection of the SrAuy76In; 4 structure onto the
xy plane. Strontium, gold, and indium atoms are drawn as
medium grey, black filled, and open circles, respectively. The
Auy squares and heights of the atoms (in hundredths) are em-
phasized. Note that the indium position shows mixed occu-
pancy (see Table 2).
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/A:\§
N
Au (m.2m)
Fig. 2. Coordination polyhedra
SrAuy 7¢Inj 4. Strontium, gold, and indium atoms are drawn

as medium grey, black filled, and open circles, respectively.
The site symmetries are indicated.

In (4m2)

in the structure of

of the essentials of the electronic structure and the
chemical bonding. Further, we address features rela-
tive to the anisotropic crystal structure as shown in
Figs. 1 and 2. The optimization of the lattice param-
eters and the atomic positions determined from single-
crystal X-ray data have provided a fairly good agree-
ment with experiment (c¢f. Tables 1 and 2), despite the
imposed occupancy, with the following computed data:
a =708, ¢ =562 pm and x4, = 0.304. Then we calcu-
lated the energy-volume equations of states (EOS) of
the ordered compound for three configurations pertain-
ing to the anisotropy of the crystal structure (Fig. 2),
i.e. a (homogeneous) isotropic compression and two
anisotropic compressions along the ¢ axis, to evaluate
the role of the In—In chains, and along the a,b basal
plane to evaluate the role of the square Au—Au sub-
structure. Establishing the energy-volume EOS’s im-
proves the geometry optimization procedure. Because
the zero of energy depends on the choice of the poten-
tials, somehow it becomes arbitrary; i. e. it is shifted
but not scaled. However, the energy derivatives as well
as the EOS remain unaltered. For this reason one needs
to establish the EOS and extract the fit parameters for
an assessment of the equilibrium values. This is done
from a (E,V) set of calculations around minima found
from geometry optimization. The resulting £ = f(V)
curves are shown in Fig. 3. All three curves have a
quadratic variation which can be fitted with an energy-
volume Birch EOS to the 3" order [35]:

E(V)=Eo(Vo) +[9/8]VoBo {([(VO)/V])[M] _ lr
+19/16B(B —)Vo [ (V) V)P 1],

Srin,Au, PAW-LDA

—=— Isotrop. : E;= -29.74 eV; B= 98 GPa; V,= 140.70 A
265 —o— Aniso.- C: E,= -29.75 eV; By= 150 GPa; V,= 140.92 A®
—4— Aniso.-AB :E = -29.73 eV; B = 111 GPa; V= 140.99 A’

-26.0

-27.0

-27.5

-28.0

Energy (eV)

-28.5

-29.0

-29.5

-30.0 T T T T T T
100 110 120 130 140 150 160

Volume (A% /1 FU

Fig. 3. Energy volume curves for SrAusIn; under isotropic
and anisotropic compressions with fit values in the insert
from Birch equations of state (see text).

® ".0
ot

\ \t.. °

Fig. 4 (color online). Electron localization function (ELF)
plots for SrAuyln; showing the basal plane containing 4 Au
(red spheres) at the top and the vertical plane containing
In (green spheres) and Sr (blue spheres) at the bottom. Blue,
green and red areas designate weak, free electron-like and
strong localizations, respectively (see text).

where E,, V,, Bo, and B’ are the equilibrium energy,
the volume, the bulk modulus, and its pressure deriva-
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tive, respectively. Despite their crossing at closely the
same minima of energy (Ep) and volume (Vj), the
three curves have different shapes pertaining to dif-
ferent bulk moduli By. The isotropic compression ex-
hibits the smallest By = 98 GPa with respect to the
two anisotropic compressions. The largest By value is
obtained for the compression along the ¢ axis which
aligns the In—In chains (cf. Fig. 2) with By = 150 GPa,
whereas the other anisotropic compression involving
the a,b plane gives a smaller By = 111 GPa. The pres-
sure derivative B’ is close to 4 for both phases, a value
usually encountered [36]. The anisotropic compres-
sion should also become evident from the electronic
localization point of view. This is illustrated by the
electron localization function ELF [37] obtained from
real space calculations ELF = (14 y52)~!. In this ex-
pression the ratio Yo = Ds/Ds° where Dg = T5 —
Vs—1/2(Vps)?/ps and D° =3 /5(672)%3 ps>/3 cor-
respond respectively to a measure of Pauli repulsion
(Dg) of the actual system and to the free electron gas
repulsion (Ds°) and 7 is the kinetic energy density.
The ELF function is normalized between 0 (zero lo-
calization, blue areas) and 1 (strong localization, red
areas) with the value of 1/2 corresponding to a free
electron gas behavior. Fig. 4 shows two ELF contour
plots for the basal plane containing Au and a vertical
plane comprising an In—In chain. Whereas there is a
nearly free electron like behavior (green) in the basal
plane, some localization (yellow-orange) is identified
along the In—In chain. This stronger electron localiza-
tion along the In—In chain could be the origin of the
larger bulk module along the ¢ axis. As expected, blue
areas of weak localization identify the neighborhood
of Sr which is fully (positively) ionized. Nevertheless,
the compound exhibits a metallic behavior through the
free electron-like smearing as shown by the green ar-
eas in both ELF slices. The changes in the electronic
structure and derived properties such as the chemical
bonding are further discussed in the next sections.

Crystal chemistry

The intermetallic compound SrAug7¢lng o4 crys-
tallizes with the tetragonal YbMo,Als-type struc-
ture [15], space group I4/mmm. Besides the prototype,
GdMo,Aly and ErMo,Aly [15], the gallides RTiGay
(R = Zr, Sc, Y, Tb, Dy, Ho, Er, Tm, Lu) [38-42]
and RV,Gay (R = Sc, Zr, Er, Hf) [38], also some
transition metal-rich compounds YbCus 1Alyg [43],
YbCus 12Alg gg [44], and CeCuy 7Mny 3 [45] have been

reported. A projection of the SrAuy 76In; 24 structure
onto the xy plane is presented in Fig. 1. The struc-
ture contains two striking structural motifs which are
directly related to short Au—Au and In—In distances.
Each strontium atom is coordinated to two Auy squares
above and below (Figs. 1 and 2) at Au—Au distances
of 278 pm, even slightly shorter than in fcc gold
(288 pm) [46], indicating substantial Au—Au bond-
ing. These Auy squares are connected to a three-
dimensional network with weaker (secondary) Au—Au
inter-square bonding (299 pm Au-Au). The space be-
tween the networks of Auy squares is filled by infi-
nite indium chains which extend in the z direction.
The In—In distances of 276 pm are significantly shorter
than the shortest In—In distance of 325 pm in tetrag-
onal body-centered indium [46]. Similar infinite in-
dium chains have been observed in binary TiyIns [47]
and Hf,In5 [48], however, with longer In—In distances
of 300 and 306 pm, respectively.

Each indium atom within a chain has a slightly dis-
torted, bicapped, square prismatic coordination. Eight
gold atoms at 295 pm Au-In build up the square
prisms, which are capped by the neighboring indium
atoms. The Au-In distances of 295 pm are only
slightly longer than the sum of the covalent radii
of 284 pm [49]. Such Au-In distances are typically ob-
served in ternary indides of the alkaline earth [1—14]
and rare earth [50, 51] metals.

The strontium atoms have the high coordina-
tion number 20, formed by 12 Au+8 In atoms.
Considering the course of the Pauling electroneg-
ativities, 0.95 for Sr, 2.54 for Au, and 1.78 for In,
it is clear that one observes closer Sr—Au bonding
(312-339 pm), as compared to Sr—In (385 pm). The
Sr—Au distances compare well with the sum of the
covalent radii (326 pm) [49]. Similar ranges have been
observed in SrpAuslng (308 —355 pm) [4], SrAuslns
(337 pm) [12], Sr4Augln;z (343-352 pm) [14],
and SrAuln (323-330 pm) [11]. Within the SrAu;g
polyhedron of binary SrAus [52], the Sr—Au distances
range from 325 to 364 pm. In the structures of
SrAuylng, SrgAugln;z [14], and SrAus [52], the stron-
tium polyhedra derive from pentagonal or hexagonal
prisms. The Auy squares capping the strontium atoms
in SrAuy 76In; o4 lead to a different geometry.

A striking feature in many of the SryAu,In, indides
is the Au-In mixing within the polyanionic network.
Similar to SrAus 76lng 24 [14], SroAuj gsIng 15 [4], the
broad solid solution SrAu,Ins_, (0.5 < x < 1.2) [9],
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-6 —\ Fig. 5 (color online). Site projected density of
" r \_/ / states of SrAuyln, ‘and mirrqring of the bar}d
| ) structure along major directions of the Bril-
10 L L ! . Z I X P I? N louin zone of the body-centered tetragonal lattice.
20 15 10 5 0 Green, red and blue lines are relevant to the Au,
DOS (17eV) In and Sr PDOS, respectively.
and SrAulns [11], also SrAuy7¢ln; 24 shows Au-In 1
mixing towards the gold-rich region. This Au—In mix-
ing certainly influences the indium chains and leads to
a shortening of the distances. 0.5 | .
Finally we draw back to the comparison of £
SrAuy 76In| 24 with the prototype YbMo,Aly [15]. The L
coloring of the transition metal and the p element &, 0
(gold takes the aluminum position), however, do not 8
change as a function of the Pauling electronegativity, ’
i.e. Mo 2.16 and Al 1.61 vs. In 1.78 and Au 2.54 [49]. 05 F ]
In view of the different coloring and the differences
in chemical bonding we should call the relationship T L

between both structures isopointal [53, 54] rather than
isotypic. The chemical bonding peculiarities are ad-
dressed in the following section.

Band structure, density of states and chemical
bonding

The site projected density of states (PDOS) and the
mirroring band structure accounting for site multiplic-
ities are shown in Fig. 5. The energy reference is at
the Fermi level (Ep) along the y axis. Ef crosses all
PDOS at low intensity (dispersive bands). On the op-
posite nearly full Au d states with a sharply localized
PDOS within the valence band VB {—2, —6 eV} are
illustrated by flat bands. The lower part of the VB is
characterized by highly dispersive bands arising from
s-like states of In and Au as the similar PDOS shapes
suggest. Then the overall behavior of the compound is
that of an s-like metal such as copper. This is illustrated
by the ELF plots showing green free electron-like
areas.

(E -Ep) (eV)

Fig. 6 (color online). Chemical bonding of SrAusIn; from a
COOP scheme accounting for site multiplicities. For details
see text.

The chemical bonding is illustrated in Fig. 6 show-
ing the largest interaction for Au-Au due to the
d states. Their high filling leads to bonding as well as
antibonding COOP intensities which tend to compen-
sate each other (typical closed-shell behavior). On the
contrary, the Au-In interactions are mostly bonding,
involving Au d and In p states. Au-In is the most sta-
bilizing interaction for the structure, while In-In and
Sr—Au bonding play a minor role as already shown
with the ELF.
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