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The binary compound Srslny; (Sringes7) was synthesized and structurally characterized by X-ray diffraction exper-
iments. It crystallizes in the orthorhombic LasAly; structure type (space group Immm, Z = 2; a = 4.9257(6), b =
14.247(2), ¢ = 11.212(2) A). The crystal structure of Srslny; bears features of the monoclinic Euln, structure, which
is adopted by Srin,, and the prominent tetragonal BaAl, structure. Srlny; is stable until 550 °C. At higher temperatures
it decomposes peritectically into Srin, and In. Structural stability and bonding properties of Srsln;; were investigated
by first principles calculations and compared to Srin, in the monoclinic Euln, and the tetragonal BaAl, structure. All
three structures consist of a three-dimensional, polyanionic, network formed by In atoms and Sr cations encapsulated
in cages. For the BaAls-type Sring, In—In network bonding is perfectly optimized. In contrast, the networks of
Euln,-type Srins and Srslny; appear hypo- and hyperelectronic, respectively. The formation of Srslng; with a composition
close to 1:4 and the nonexistence of BaAl,-type Srlng is explained by a delicate interplay of size and electronic
factors governing structural stability in the In-rich part of the Sr—In system.

1. Introduction easily rationalized. The intermediate situation between two
bonding types involves a complicated interplay between

Polar intermetallic compounds represent the link between . ) .
P b electronic factors and size and packing effects.

metallic and nonmetallic-sp-bonded materials. They form ) )
between active metals (alkali, alkaline earth, or rare earth COrbett et al. elaborated on this complex question by
metals) with the metallic elements from the triel (Al, Ga, ©€Xploring binary alkaline earthiriel systems with three-

In, TI) and tetrel groups (Sn, Pb), and their systematic dimensional polyanionic network's. In pa_lrt|cular, the-8r
exploration in recent years revealed a wealth of novel and System afforded two new and interesting case examples.
peculiar structures:® The p-elements are formally reduced SrsIns’ an_d Srlr:@ both exh|-b|t electron-deficient In networks.

by the electropositive component and form polyanionic The deviation from optimum electron count for -t
clusters or networks with localized multicenter bonding Network bonding was suggested to be a consequence of
patterns. Thus, bonding in polar intermetallics is intermediate OPtimizing size and packing effects between countercations
to that of semiconducting Zintl phases with two-center and their hosting cavities provided by the In netw6fkn
localized bonding within polyanionic entities and-j3- that respect Srinis especially remarkable. This compound
bonded metallic systems without notable internal charge crystallizes in the rarely adopted monoclinic Epstructure
transfer displaying completely delocalized bonding. As a type, whereas the large majority of 1:4 alkaline eattiels

consequence, structural stability of polar intermetallics is not compounds realize the simple tetragonal Bastducture type.
In this work we report on the new Sin compound Sitn;;

*To whom correspondence should be addressed. E-mail: ulich@ with a composition close to 1:4. The structure of this

inorg.su.se.
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principal studies concerning structural and phase stability in Table 1. X-ray Single-Crystal Refinement Data fors8r 1

polar intermetallic compounds. chem formula Sinn

lattice params (A) a=4.9257(6)
2. Experimental Section b=14.247(2)

c=11.212(2)
2.1. SynthesisThe title compound was obtained in an attempt V (A3 786.86(19)

to prepare a high-temperature form of Srimith the tetragonal space groupZ Immm 2
BaAl, structure. All materials were handled in an Ar-filled glovebox f-\rN(K) 1225 9
that had moisture and oxygen levels below 1 ppm. Samples were 2 (A) 0.710 73
prepared with an excess of In. Under this condition the solid indide Pcalcd (Q/CTP) 6.51
is in equilibrium with an In-richer melt (self-flux condition), which  (mmt) 26.08

is very favorable for crystal growth. Mixtures of Sr (ABCR, 99.9%) R, WR 0.0224, 0.0564

and In (ABCR, 99.999%) with an atomic ratio of 1:8 were loaded  a R, = Y|Fo| — |Fol/S|Fol. WR2 = (S[W(Fo2 — FA)/(3[W(F:2?]),

into specially prepared stainless steel ampules as described byw = 1/[0*(Fc?) + (aP)? + bP] andP = (F? + 2F?)/3 (a = 0.031,b = 0).

Bostran? These ampules contained the reaction mixture at the The lattice parameters are obtained from Guinier X-ray powder data (Cu
: ) Koy, 23°C, 17 indexed lines).

bottom and a layer of coarsely crushed quartz glass fixed by a plug

of quartz wool at the top. Sealed ampules were put into a quartz taple 2. Atomic Coordinates and Isotropic-Equivalent Thermal

wool insulated reaction container made of stainless steel, which Displacement Parameters fors®¥,

was subsequently placed into a furnace. The reaction mixture was

A . site X y z Ued
first heated to 700C for 12 h to ensure complete melting and n 5 -
mixing of the metals. After that, temperature was lowered to a 2:2 48 8 8 3102(1) % %00%77(5’2))
reaction temperature between 300 and 460 According to the Ini 26 1/2 12 0 0.6127(3)
reported StIn phase diagrartf, in this temperature range a In2 4 1/2 0 0.6954(1) 0.0108(2)
composition 1:8 corresponds to an equilibrium between melt and In3 8l 0 0.3426(1) 0.3726(1) 0.0088(2)
In4 8l 0 0.1475(1) 0.2753(1) 0.0094(2)

the In-richest compound. After a reaction time of 48 h the reaction
container was turned upside down into a centrifuge which was  aUgis defined as one-third of the trace of the orthogonalidgdensor.
operated at 3000 rpm for 3 min. The ampule was opened, and the

crystalline product was collected from the top of the quartz wool

1 a
plug. It displayed a silvery luster and was characterized by powder Table 3. Selected Bond Lengths in &n;

X-ray diffraction patterns taken on a Guinier powder camera with  In1-In4 3.281 x4 In4—In3 2.973 x2

Cu Koy radiation ¢ = 1.540 562 A) and by compositional analysis ~ "1~In2 3.297 x4 Ind—In3 2.985

with the EDX (energy-disperse X-ray) method in a JEOL 820 4=z 3.254  x2
_ gy-disp Y ob : In2—In3 2.996 x2 In4—In1 3.281

scanning electron microscope. The average composition of five |no—in4 3.254 «4

crystallites was 21.9(5) at. % Sr and 78.1(5) at. % Inlrr is In2—Inl 3.297 x2 Sr1-In3 3.624 x8

very sensitive to moisture and decomposes rapidly in air. 31 ) 856 Srl-In4 3.735 x4

. . . ns—in .

2.2. StrL_Jcture Determination. The Iatt_lce parameters of B, IN3—Ind 2973 2 Sr-In2 3.481 2
were obtained from a least-squares refinement of 17 measured and |n3—|n4 2.985 Sr2Ind 3.574 w4
indexed lines in the Guinier powder pattern (Si stand&rdjo In3—In2 2.996 Sr2-In3 3.583 x4
ensure proper assignment of the indices the observed lines were Sr2-Inl 3.658 x2
compared with the calculated oAgssing the positional parameters Sr2-Inl 3.860 2

resulting from the structure refinements. A needle-shapelah;or a Standard deviations are equal or less than 0.001 A.

crystal was picked from the 45 synthesis sample and sealed in ) o ) )

a capillary. Intensity data was collected at 170 K on a STOE IPDS and selected interatomic distances are given in Tables 2 and 3.
diffractometer with monochromatic Modradiation ¢ = 0.710 73 Further details of the crystal structure investigation may be obtained
A). All data sets were corrected for Lorentz and polarizations &S Supporting Information. _

effects. Absorption correction was performed by the program 2.3. Electronic Structure Calculations. Total energy calcula-
X-shape as included in the STOE IPDS softwiEhe space group  tions for Srin (BaAl,- and Euln-types) and Sfni, were performed
Immmwas assigned on the basis of the systematic absences and’ the framework of the froz_en core aII-eIgctron projected augmented
the statistical analysis of the intensity distributions. Structure Wave (PAW) methot (as implemented in the program VASR
determination (direct methods) and refinement (full-matrix least For all systems atomic position parameters and lattice parameters
squares offr?) of Sriny; was performed with the program SHELX- ~ Were relaxed for a set of constant volumes until forces had
97 and revealed two and four fully occupied Sr and In positions, converged to less than 0.01 eV/A. In a second step, we extracted
respectively: Some details of the single-crystal data collections the equilibrium volumev, and its corresponding energy by fitting

and refinements are listed in Table 1. Atomic position parameters the E vs V values to a BirchrMurnaghan equation of state. The
exchange and correlation energy was assessed by the generalized

(9) Bostran, M.; Hovmdler, S.J. Solid State Chen200Q 153, 398. gradient approximation (GGAY.Convergency of the calculations
(10) Massalski, T. SBinary Alloy Phase Diagrams2nd ed.; American was checked with respect to the plane wave cutoff and the number
Society for Metals: Metals Park, OH, 1990. of k points used in the summation over the Brillouin zone.
(11) Werner, P.-EArk. Kemi1969 31, 513. .
(12) Yvon, K.: Jeitschko, W.; Parth&. J. Appl. Crystallogr.1977, 10, Concerning the plane wave cutoff a energy value of 300 eV was
73.
(13) IPDS version 2.87; Stoe and Cie GmbH: Darmstadt, Germany, 1996. (15) Blochl, P. E.Phys. Re. B 1994 50, 17953. Kresse, G.; Joubert, J.
XSHAPE Crystal Optimisation for Numerical Absorption Correctjon Phys. Re. B 1999 59, 1758.
Stoe and Cie GmbH: Darmstadt, Germany, 1996. (16) Kresse, G.; Hafner, Phys. Re. B 1993 47, RC558. Kresse, G.;
(14) Sheldrick, G. M.SHELX97 University of Gdtingen: Gitingen, Furthmiler, J. Phys. Re. B 1996 54, 11169.
Germany, 1997. (17) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244.
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chosen for all systemg&.points were generated by the Monkherst
Pack metho# and sampled on grids of 12 10 x 10 (Sglnyy),
11 x 11 x 11 (Srin, (BaAly)), and 8x 8 x 8 (Sriny (Eulny)). The
integration over the Brillouin zone was performed with a Gaussian
smearing of 20 mRy. Total energies were converged to better than
1 meV/atom.

The TB-LMTO method in the atomic sphere approximatfon
was employed to calculate+in crystal orbital Hamilton popula-
tions (COHPY° for the three systems. A COHP analysis provides

Amerioun and Hdussermann

a measure of the bonding character and strength of atomic contacts.

The TB-LMTO calculations were performed on the basis of the
VASP—PAW relaxed structures. The electronic density of states
(DOS) produced by both methods were found to be in good
agreement.

3. Results and Discussion

3.1. Comments on the In-Rich Part of the St-In Phase
Diagram. For the In-rich part of the Srin phase diagram
the phases SrinSrirs, Skins, and Srin are reported® The
former three phases decompose peritectically at 420, 540,
and 620°C, respectively, whereas Sglmelts congruently
at 930°C. The applied mettcentrifugation synthesis method
presents an excellent tool for screening particular temperatur
ranges for thermodynamic stable compounds. We obtained
monoclinic Srin from the 1:8 St-In reaction mixtures in
a temperature interval between 200 and 4@5At 450°C
this reaction mixture yielded 8n,1. Thus, it can be safely
stated that Srlnis the most In-rich compound in the binary
system SrIn. It is stable until 425+ 6 °C (6 < 25 K). We
proceeded to investigate the In-rich part of the-Brphase
diagram at higher temperatures. To keep the reaction mixture
below the liquidus curve the Sr:In ratio was successively
decreased. Reaction mixtures with a composition 1:6 were
employed between 450 and 580, mixtures 1:5 between
550 and 600C, mixtures 1:4 between 600 and 700, and
mixtures 1:3 between 700 and 800. Sgkln;; was found to
be stable until 550+ 6 °C (0 < 25 K). At higher
temperatures this compound is succeeded by,@aln
structure type¥} which was formed at temperatures between
575 and 800C. Importantly, there was no indication of the
intermediate phases Sgland Sglns. The temperatures of
the peritectic decompositions of Sgland Srin are close to
those of Srlg and Sglnii. Therefore, it is likely that Srin
corresponds to Srirand Srin to Sklng;.

3.2. Crystal Structure Relationships.Srlny; is the first
compound with the LgAl; structuré exclusively formed

Figure 1. Comparison of the crystal structures of tetragonal B44),
orthorhombic S4in11 (LasAl11-type) (c), and monoclinic Srin(Eulns-type)

e(e). BaAl, and Sglni; consist of layers of square pyramids. These layers

and their connection are shown in (b) and (d), respectively.

features of monoclinic Srin(Eulny type). These structural
relationships are discussed in the following (Figure 1).

In body-centered tetragonal BaAbkpace group4/mmnmn)
Ba atoms occupy corner and center positions and the Al
atoms form a2[Al ] network (Figure 1a). This network
contains two independent sites: the basal Al (All) atoms
occupy the Wyckoff site 4d and form two-dimensional square
nets which are alternately capped above and below the plane
by the apical atoms (Al2) on Wyckoff site 4e. The resulting
layers of square pyramids (Figure 1b) are connected between
Al2 atoms to yield the final network. Orthorhombic body-
centered Sin;; (Figure 1c) can be considered as a ordered
defect variant of BaAl?4#?>The unit cell is three times larger
and contains 28 atoms (6 Sr and 22 In). Two of the apical
apical connections have been condensed to single atoms (In1,
Figure 1d), which accounts for the deviation from the
composition 1:4 (6:24). In giny; the ratio between apical
apical connections and condensations (defects) i$Z:the
introduction of apical atom defects leads to a disruption of
the square nets (i.e. the bases of the square pyramids) which
change into ribbons along the axis. These apical atom
defects in S3in;; have also important consequences for the

by main group metals. There are about 75 representativescountercation coordination. In BaAthe coordination poly-

for the L&Al type, most of them ternary compounds
consisting of a rare earth metal, a transition metal, and either
Ga or AlZ2 Binary compounds exist in rare-earth aluminum
and rare-earth zinc systems. The structure afngr re-
sembles strongly that of tetragonal BaAlut also bears

(18) Monkhorst, H. J.; Pack, J. Phys. Re. B 1972 13, 5188.

(19) Krier, G.; Jepsen, O.; Burkhardt, A.; Andersen, OTKe TB-LMTO-
ASA Programyersion 4.7; Max-Planck Institut: Stuttgart, Germany,
1997.

(20) Dronskowski, R.; Blohl, P. E.J. Phys. Chem1993 97, 8617.

(21) landelli, A.Z. Anorg. Allg. Chem1964 330, 221.

(22) Gomes de Mesquita, A. H.; Buschow, K. HAgZta Crystallogr.1967,

22, 497.
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hedron of Ba corresponds to an 18-vertex space-filling
Fedorov polyhedron composed of six- and four-membered
rings. In LaAl;-type Sglng; Srl has a comparable coordina-

(23) Villars, P.; Calvert, L. D.Pearsons Handbook of Crystallographic
Data for Intermetallic Compounds2nd ed.; ASM International:
Materials Park, OH, 1991. Villars, P.; Calvert, L. [Pearsons
Handbook of Crystallographic Data for Intermetallic Compouyraiissk
ed.; ASM International: Materials Park, OH, 1997

(24) Nordell, K. J.; Miller, G. JAngew. Chem., Int. Ed. Endl997, 36,
2008.

(25) Biehl, E.; Deiseroth, H. Z. Anorg. Allg. Chem1999 625 389.

(26) The recently discovered compoundsRb realizes another defect
variant of the BaAd-type with an apicatapical connection-to-defect
ratio of 4:125
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are in the range of nearest neighbor distances in elemental
In. This is an important difference to the network of the
BaAl, structure. For all alkaline eartttriel compounds, the
interbasal distance (i.e. the distance of the square net) is
considerably longer than nearest neighbor distances in the
elemental structures of the constituting triels metals. Remark-
ably, the In-In distances in the gin;; network are distinc-
tively split into three sets (Table 3). The shortest distance
of 2.86 A occurs between two In3 atoms. This is the formally
apical-apical connection, which might be associated with a
2c2e bond. The next set of distances (32, In3—In4) is

in the narrow range between 2.97 and 3.0 A and might be
associated with localized multicenter bonding. The third set
(In1—In4, In1-In2, In2—In4) between 3.25 and 3.3 A
corresponds to formally interbasal distances. Their distance
distribution compares well with that of the nearest-neighbor
distances in elemental In and, thus, indicates metallic bonding

Figure 2. Coordination environment of atoms in the structures of BaAl interaction between the involved atoms.
Siinyg, and Srin: (a) Ba and (b) Al coordination in Bal (c) In . . . .
coordination in Sginiy; (d) extended and (e) actuat4 A) coordination of Next we turn to the countercation coordinations. Srl in

Srl in Sglnyg; (f) extended and (g) actuak@ A) coordination of Sr2 in Srlny; corresponds to Ba in Baglwhich has a 16 atom
Sralnyy; (h) Sr coordination in Srip (i) In coordination in Srlg. The three coordination (Figure 2d). This number, however, appears
sets of In-In network distances are indicated: gray bold lines, white bold .
lines, and thin lines represent short, medium, and long distances, respec-”:"dl"C(:"d to 12 atoms (8 In3 and 4x |n4) for Sr1 (Flgure
tively. 2e). Figure 2f shows an extended coordination environment
for Sr2. Sr2 is sandwiched between two pentagon rings which
tion polyhedron, whereas that of Sr2 features five-memberedare connected by a ring of 6 more In atoms which forms a
rings. The Sr2 coordination by In is very similar to that of plane with Sr2. Of this 16 atoms only 14 (or rather-2)
Sr in monoclinic Srlg (Figure 1e). can be considered as nearest neighbor coordination for Sr2
In the next step we deepen the comparison between the(Figure 2g). Interestingly, the Sr2 coordination irsl8r;

three structures by examining in more detail the local greatly resembles the Sr coordination in monoclinic $rin
coordination of the network forming atoms and the coun- There, the two In pentagon rings sandwiching Sr are
tercations (Figure 2). We first note that in BaMa is rather  connected by a ring of 5 additional In atoms, which, however,
16 coordinated by 8 All and 8 Al2 atoms (Figure 2a), since has a quite irregular shape (Figure 2h). Also, the local
two additional Al2 atoms are distinctly farther away from coordination of the In atoms in Sirbears similarities to
the center of the Fedorov polyhedron (cf. Figure 1a). All is Srln,, (Figure 2i). In3 can be identified as an apicaH-14
nearly tetrahedrally surrounded by four Al2 atoms, Al2 is coordinated atom, and In1, as a basal, tetrahedrally coordi-
surrounded by four Al1, and one Al2 in a square pyramidal nated atom. The distances in the In network of $elnow
fashion (Figure 2b). According to the bonding description a similar, although not so pronounced, splitting in three sets
of Zheng and Hoffmarif and Burdett and Mille?® Al2— as in Sglny;. The shortest IrIn distance (between two In
Al2 two-center two-electron (2c2e) bonds connect neighbor- 3 atoms) is 2.85 A, the next group of distances is in a range
ing sheets of square pyramids. The second bonding contachf 2.91 to 3.08 A, and the third set is between 3.28 and
in this network is the distance between All and Al2 atoms 3.32 A (see ref 8 and the discussion in the next section).
yielding localized multicenter (5c6e) bonding in the pyramids  The comparison of the crystal structures ofl &, Srin,
AI2Al1,. The distance between two All atoms in the square gnd BaA, allows some conclusions. In the Batructure,
net is long and considered to be nonbonding. The condensawhich has the highest symmetry, network forming atoms and
tion of apexes in Smi; leads to a square prismatic countercations have low and high coordination numbers,
coordination of In1 by four In2 and four In4 atoms (Figure respectively. For Srinthe BaAl structure leads to a size
2c). The distances of Inl to its nearest neighbors (cf Table mismatch between the volumes of the countercation and its
3) compare to those in elemental bet-In (3.25x84 and  coordination polyhedron (cage) provided by the In network.
3.38 A x 8).2° In3 corresponds to apical A2 in the BaAl  This was already stressed by Corletowever, there is a
structure. Its H- 4 coordination is clearly recognizable. In2  strong driving force to form a 1:4 compound in the-$n
and In4 correspond to the basal All atoms. However, their system, and there appear two solutions to this dilemma.
local coordination is increased to 2 6 and 3+ 3, Instead of realizing the tetragonal BaAdtructure, Srlp
respectively. The shorter distances (of about 3.0 A) involve adopts the monoclinic Eujrstructure and, additionally, a
formally apical In3 atoms, and the longer ones (of about 3.3 slightly In-deficient compound (Srire) with a structure
A) involve further In2 and In4 atoms. The latter distances closely related to BaAlis formed. Compared to BaAlin

_ the structures of Srinand Sgln,; the coordination number
gg éﬁ?c?étf' JH}?ﬁm?e”r i J%itgg?sﬁgé?iggﬁlg’ 292. of the Sr atoms is lowered (i.e. the size of their coordination
(29) Donohue, JThe Structures of the Elemeriiley: New York, 1974. polyhedra is decreased) and in turn the coordination number
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Table 4. Calculated Lattice Parameters and Formation Enthalpies observed when using GGA for assessing exchange and

(AH¢ = E(Stminp) — (M x E(Sr) + n x E(In))) for Sriny (BaAls- and ;

EulneTypes) and Sini correla}uon energy. For anll. the calculgted energy of
formation (enthalpy of formation at 0 K) is by 0.022 eV/

Srt'”“(BaA"‘): Stlnuy - Sring (Eulng): atom larger than that for Ewtype Srin. This difference
etragonal orthorhombic monoclinic . X i .
is also reflected in the higher thermal stability of the former
V(R 298.25 815.86 582.18 ; :
786.82 5572 compound. The energy difference between Siim the
a(h) 4.9393 4.9688 12.1265 monoclinic Euln and in the hypothetical tetragonal BaAl
4.9257 12.079 ; ;
b(A) 14,4068 55787 structure is 0.075 eM/or 7.5 kJ/moI: For the r_eactlon 3
14.247 51245 Sring (BaAl,) — Sring; + In we obtain a negative enthalpy
c(A) 12.2251 11.3971 10.0346 (referring to 0 K). Thus, in accord with our experimental
5 (deg) 11.212 f.&zgg results, Srlpdoes not realize a high-temperature form with
114.85 the higher symmetry BaAbtructure. Instead, the formation
AH; (eV/atom) —0.291 —0.328 —0.306 of slightly In-deficient Sglny; is preferred. The volume/
a Experimental values are given in italics (SriEulny), ref 8). formula unit of Srin is by 2.5% larger in the BaAlthan in

the Euln structure. This strongly supports the idea that
structure selection depends on size effects, because in the
more condensed Eurstructure Sr should be more ef-

Table 5. Selected Calculated Distances (A) in Sr{BaAls- and
Eulng-Types) and Siny; (d < 4 A)2

Stin (BaAl) Stainu Stin (Euing fectively coordinated.
In1-In2 2.98x 4 Inl-In4 3.32 E3.28;x 4 Inl-In2 2.98 &2.933 First principles calculation allow one to study compounds
In1—In1 3.51x 4 Inl—In2 3.33(3.30)x 4 In1-In3 2.99 (2.93)x 2 : : . :
Ini-In3 3.10 (3.08) in hypothetlcal_structures. It is instructive to have a closer
In2—In2 2.80 IN2-In3  3.05 (3.00)x 2 look at Sriny with the important BaAftype structure. In
IN2—Inl 2.98x 4 In2—In4 3.28 (3.25)x 4 In2—Inl 2.98 (2.93) Table 5 we compare interatomic distances in S(BaAl,
Sin? 377« 8 In2=Inl 3.33 (3.30)< 2 a2 g:g? g:gggx 2 and Euln structures) and in §in,y. Calculated interatomic
Sr—Inl 3.94x 8 In3—In3 2.90 (2.86) In2In2 3.35(3.32) distances deviate by-12% from the experimental ones for
:ng::ni g-g% (g-g;)x 2 313 2.89 (2.85 Srlny- and Euln-type Srin. In BaAls-type Srin the short
,23,|22 305 53:00; ,23|24 296 gz:glg apical—apical contact inthe In network, which is associated
In3—In1 2.99 (2.93) with a 2c2e bond, is 2.8 A. The apiedbasal (In2-In1)
In4—In3 3.01(2.97)x 2 In3—In1 3.10 (3.08) i ithi i . ids i
N4—In3 3,03 (2.99) d|sta_nce within the multicenter bo_nd_ed pyramids is 2.92_3 A.
In4—In2 3.28 (3.25)x 2 In4—In3 2.96 (2.91) The ngerbasal distance (IrInl) within the square nets is
In4—Inl 3.32(3.28) In&1n2 3.00 (2.94)x 2 3.51 and thus considerably longer than the nearest-
In4—In4 3.05 (3.00) ; ; ;
Sri-in3 3.66(3.62% 8 Id—In2 3.27 (3.28) neighbor dlsFances_m element_al In (3.25>_</-\4 and 3.38 A
Sri-In4 3.79 (3.74)x 4 x 8). The apicat-apical and apicatbasal distances in Sin
S22 3.52 (348 2 gr—:ni 32?, gg% with the hypothetical BaAlstructure are important indicators
r2—in . . X —=in . . H H
Sr2-Ind 3.62 (3.57) 4 Sr—In2  3.63 (3.56)x 2 for the other struc’Fures since they are connecteq with a well-
Sr2-In3 3.62(3.58)x 4 Sr—Inl 3.64 (3.57)x 2 understood bonding picture developed for this structure
gfg—:ni g-gg g-gg;xg gf—:ni g-?i g-gg;x 2 type?”?8 Indeed, as already discussed, distances in &£uln
rZ—in . . X —=in . .
Sr-In3 375 (3.68) 2 type Srin a_nd Sglnll‘ group arqund 2.85, 3.0, a_nd 33 A.
Sr—In4  3.76 (3.68)x 2 The In—In distance distribution in BaAdtype Srin justifies
(3.68)x
Sr-In3  3.86 (3.86) the assignment of localized 2c2e and multicenter bonding
Sr—In4  3.90 (3.89) X . . .
for the first and second set of distances, respectively, in
a Experimental values are given in parentheses (Sguln), ref 8). Euln-type Srin and Sglnyy; i.e., both compounds bear

bonding features of the BaAtype. In BaAl-type Srin Sr
is coordinated by 16 In atoms at distances between 3.8 and
3.9 A. In the two lower symmetry structures Sr is coordinated

of the In atoms is increased. This introduces new, longer,
In—In network distances, which compare to those in elemen-
tal In. In the following, we attempt to put these considerations i > VU
on a more quantitative basis. by fewer In atoms and Siin distances are significantly
3.3. Electronic Structure and Bonding Relationships. ~ Shorter.
We performed first principles density functional calculations ~ The electronic density of states (DOS) of the three|8r
to investigate structure and phase competition in the In-rich compounds are assembled in Figure 3. Most conspicuously,
part of the St-In system and to analyze electronic structure the DOS of BaAl-type Srin exhibits a pronounced pseudo-
and bonding properties of the compounds $&and Sgln;;. gap at the Fermi level. The features of this pseudogap are
The results of the computational structure optimization are considerably diminished for 8n;;- and Euln-type Srin.
summarized in Tables 4 and 5. An additional table is given The contribution of Sr states is rather low below the Fermi
as Supporting Information. For $n;; the experimental level and drastically increasing above. This behavior is
structural parameters are well reproduced, and for,$hia typical for polar intermetallic compounds and Zintl phases,
deviations are somewhat larger. The theoretical equilibrium which formally are composed of an oxidized electropositive
volume for both compounds is overestimated by about 4%. component (the active metal) and a polyanionic (reduced)
The overestimation of ground state volumes is frequently network. Although the overall shape of the DOS curves is
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Figure 3. Total DOS (top panel) and partial DOS (middle panels) of the Sr and In sites for the system@8Ah), SriIn.1, and Srin (Eulrny) calculated

at the theoretical equilibrium volume. The In states are divided into s- and p-orbital contributions. The bottom panet@e summed for all Inln
network contacts in the unit cell belo4 A for each system. Positive values 6fCOHP indicate bonding and negative antibonding character. The Fermi
level Eg is set to zero.

similar, the distribution of s- and p-based In bands is different bonding. The requirement of size match between Sr and the
for the three compounds. For BaAlpe Srin we observe cavities provided by the In network leads to small deviations
a pronounced-sp mixing, whereas for Eulptype Srin In from optimum electron count for lln network bonding in

s and p bands are markedly separated. Fatngrthe Srlny, Silng;, and Sgins.

situation is intermediate. The analysis of the COHP reveals We conclude this section by inspecting the integrated
that the Fermi level (and thus the pseudogap) in Bayde COHP (ICOHP) values for the taln contacts occurring in
Srin, sharply and exactly separates—im bonding from the computationally relaxed structures of Qrémd Sgln;.
antibonding states. Thus, Hin bonding in this network  This is shown in Figure 4. In the distance range of-38}
appears most effectively optimized. In contrast, the In A ICOHP values vary approximately linearly. When using
networks in Eulgtype Srin and Sgini; are hypo- and  the apicat-apical (2c2e bonded) distance of 2.8 A in BaAl
hyperelectronic, respectively. As already pointed out by type Srin, as a reference, a bond order scale for-lim
Corbett, the optimum electron count for EgHiype Srin to distances can be established. According to this scale, the
fill all In —In bonding levels would be 15 electrons/formula shortest In-In contacts in Eulatype Srin and Sgln,; obtain
unit (i.e. one electron more than in S For LaAl 1;-type bond orders of 0.850.9. Multicenter bonded and metallic
Silny; the electron count for optimum +in bonding would bonded Inr-In contacts obtain bond orders around 0.6 and
be 38 electrons/formula unit (i.e. one electron less than in 0.35, respectively. These two types of contacts are well
Sringy). According to Nordell and Miller, this optimum  separated in Eulgtype Srin and Sgin;i by about 0.2 A.
electron count is achieved in ternary derivatives of the The ICOHP (and bond order) values of the-In nearest
LasAl1; type (e.g. DyAU,Alg).?* Conclusively, structural  neighbor contacts in elemental bct-In coincide with those
stability of compounds in the In-rich part of the-3n system of the long In network distances in Euttype Srin and

is not exclusively determined by optimizing-Hin network Srlngy.
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0.20 e P S— display such a compound with the BaAdtructure. In this
- A Simy o structure triet-triel network bonding is perfectly optimized.
osE o Srin, (Euln,) 7 1.0 On the other side, the rather rigid high-symmetry BaAl
o L A X betn 1 5 structure implies a size mismatch between the Sr and the
3 0.10 | &0 1 3 cavities provided by the surrounding In network. This size
o < T =]
- i A 405 é mismatch is countered flexibly by the Sin system with
0.05 - :A B i the realization of the lower symmetry Eulstructure for
I ] Srin, and the formation of Sy, crystallizing with a defect
0 N I variant of the BaA{ structure.
2.8 3.0 3.2 34
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Figure 4. Distribution of the energy-integratedCOHP (—~ICOHP) values .
for the In—In network contacts below 3.5 A occurring in the structures of Note Added in Proof. Recently, we became aware of a

BaAls-type Srin (black circles), Sing (triangles), EuAl-type Srin work by J.-G. Mao and A. M. Guloy who also reported on

(diamonds), and elemental In (crosses). The right-hand side of the graph . : 30 .
shows an Ir-In bond order scale based on the shortest network distance as the CryStaI structure and bondlng properties afrer> Their

a reference. result of the crystal structure determination is virtually
) identical to ours. For assessing the electronic structure of
4. Conclusions SrIny; Mao and Guloy used semiempirical extendettkel
We reported on the new polar intermetallic compound band structure calculations while we employed a first
Sriny; which is the first representative of the 48di; principles method. We arrive at a somewhat different con-
structure exclusively formed by main group metals. The clusion concerning the bonding properties of this compound.
crystal structure of 3iny, resembles that of the BaAand Supporting Information Available: One X-ray crystallographic

Euln, structure types with a three-dimensional polyanionic file in CIF format and one table containing the computationally
In network encapsulating Sr counterions. As igligy and obtained positional parameters of SrlBaAl,- and Euln-types)
Srln,® In—In network bonding in Siny; is not completely and SgIn;.. This material is available free of charge via the Internet
optimized. From the results of first principles calculations at http://pubs.acs.org.

we conclude that the formation of {81;; stems from the 1C0301829

strong endeavor of the Sin system to form a 1:4
compound. The great majority of alkaline earthiel systems (30) Mao, J.-G.; Guloy, A. MJ. Alloys Compds2003 in press.
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