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A New Rare-Earth Indium Antimonide, (RE)In 1—xSh, (RE = La—Nd), Featuring In Zigzag
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A new series of ternary rare-earth indium antimonides, (RE)8t» (RE = La—Nd), has been synthesized through
reaction of the elements at 98C. The structure of LaleiSk» has been determined by single-crystal X-ray
diffraction (monoclinic space groups-P2:/m, Z = 2,a = 4.521(3) A,b = 4.331(3) A,c = 11.913(7) A8 =
99.6680(119). The structure is built up of alternating layers of compositigfiSb] and i[lnolgsb], separated by

the La atoms. Theé[Sb] layer is described as a nearly square net of Sb atoms held by weak one-electron bonds,
while the fo[anBSb] layer is derived from edge-sharing InSbtrahedra distorted in such a way as to produce
In—In zigzag chains. Extended kel band structure calculations are used to explain the bonding and predict
that anisotropic metallic behavior should be observed.

Introduction

Curiously, the only example of a ternary rare-earth main-

The Zintl concept serves as a useful tool to interpret and 9roup-element antimonide inthlg systems (REBb, (M = Al,
understand the bonding in compounds of alkali or alkaline-earth G&. In, Si, Ge, Sn) is LagrsSk,.*>We report here the structure

metals and the elements of groups—1®&1~* Within the

of Lalng sShy, which is the first example of a rare-earth indium

concept, the electropositive elements serve to donate thejr@ntimonide. Although both LagnsSk and LalnsSh, are
valence electrons to the main-group elements, which use themnonstoichiometric compounds, a wide homogeneity range is

to satisfy the octet rule, forming homoatomic bonds if necessary.

This approximation can sometimes fail, particularly in cases

possible in LaSgBh, (~0.1 < x < ~0.8) while LalrpgShy is a
point phase. The structures of LaSgsh, and Lalny sSh, share

where there are highly charged cations and small differencesSOmMe common features, notably the presence of weakSgb

in electronegativities.

There exist a large number of ternary alkali- or alkaline-earth-
metal main-group-element antimonidegdSh, (M = Al, Ga,
In, Si, Ge, Sn), for which the Zintl concept works well in
accounting for the structure of the anionic framework, which
may contain both strong MM and Sb-Sb bonds.On the other

bonds in square sheets and strong-Sn or In—In bonds in
chains. We examine the nature of this bonding through extended
Huckel band structure calculations.

Experimental Section

Synthesis.Starting materials were powders of the elements (La, Ce,

hand, there are also many ternary rare-earth transition-metalpy, Nd 99.9%, Alfa-Aesar; In 99.999%, Cerac; Sh 99.995%, Aldrich).

antimonides (REM,Shk, (M = transition metal) for which the
Zintl concept has to be extended to account for weak St
bonds which often form a characteristic feature of these
structure$. The latter compounds display a wide variety of
electrical and magnetic behavibr® the most well-known being
the promising thermoelectric properties of some filled skutteru-
dites4
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The elements were loaded into fused-silica tubes (5 cm long, 10 mm
i.d.) in a 1:0.8:2 ratio (total weight 250 mg). The tubes were then
evacuated, sealed, and heated in a furnace af670r 1 day and at
950°C for 2 days, cooled to 508 over 1 day, and finally cooled to
room temperature over 5 h. The products were typically black powders
interspersed with small plate-shaped crystals of the ternary compound.
The crystal of LalpsSh, analyzed by X-ray diffraction was selected
from a reaction with a loaded stoichiometry of 1:1:2. Elemental
compositions were obtained by EDX (energy-dispersive X-ray) analyses
on a Hitachi F2700 scanning electron microscope, which indicated the
presence of all three elements in a ratio consistent with the formula

(7) Raju, N. P.; Greedan, J. E.; Ferguson, M. J.; MarCAhem. Mater.
1998 10, 3630.
(8) Hartjes, K.; Jeitschko, W.; Brylak, Ml. Magn. Magn. Mater1997,
137, 109.
(9) Muro, Y.; Takeda, N.; Ishikawa, Ml. Alloys Compd1997, 257, 23.
(10) Andre G.; Boure, F.; Oles, A.; Penc, B.; Sikora, W.; Szytula, A.;
Zygmunt, A.J. Alloys Compd1997, 255, 31.
(11) Sologub, O.; Hiebl, K.; Rogl, P.; Bodak, Q. Alloys Compd1995
2217, 40.
(12) Sologub, O.; NdeH.; Leithe-Jasper, A.; Rogl, P.; Bodak, O.J.
Solid State Cheni995 115, 441.
(13) Sologub, O.; Hiebl, K.; Rogl, P.; NbéH.; Bodak, O.J. Alloys Compd.
1994 210, 153.
(14) Sales, B. C.; Mandrus, D.; Williams, P. Bciencel996 272 1325.
(15) Ferguson, M. J.; Hushagen, R. W.; Mar, 1Aorg. Chem.1996 35,
4505.

© 1999 American Chemical Society

Published on Web 09/16/1999



4504 Inorganic Chemistry, Vol. 38, No. 20, 1999 Ferguson et al.

Table 1. Cell Parameters for Ternary (RE)lsBb, Compounds Table 2. Crystallographic Data for LabSh,

compd a(A) b (A) c(A) p(deg) V(A3 empirical formula: LalgsSh,  C2 —P2y/m (No. 11)
LalnosSk: 4.508(1) 4.350(1) 11.914(3) 99.41(1) 230.29(8)  'W474.27 & T=20°C A
CelnsSh  4.478(2) 4.323(2) 11.796(5) 99.36(2) 225.2(1)  a=4.521(3) p A=0.71073A
PrinesShy  4.465(2) 4.303(2) 11.733(5) 99.45(2) 222.2(1) E— 1"-133%3(’)7) % peds> 43-38%0C%T e

=11 1= 244,
NdinosSh, 4.445(4) 4.297(4) 11677(9) 9922(5) 2201 67 LRI )t 2 (P = 0.0491
V=229.9(2) & Ru(Fo)° = 0.1308

(RE)InygSkp. Anal. Calcd (mol %): RE 26, In 21, Sb 53. Found 7=2

(average of three analyses each): La 26.8(4), In 22(3), Sb 52(3); Ce ) ) )

27.0(3), In 21(2), Sb 53(2); Pr 28.3(8), In 20(2), Sb 51.7(7). Since a Obtained from refinement constrained so that y = 90°. ° R(F)
only powder was obtained for RE= Nd, EDX analysis was not = =lIPel = |Fc||/2|':g|- ¢ Ry(Fo?) = [ZW(Fo” — FCZ)Z/Z\Z’VFOA]M? wt =
performed on this member. Powder X-ray diffraction patterns were [0%(Fo?) + (0.0344)? + 32.59], wherep = [max(Fo*, 0) + 2F:7/3.
collected on an Enraf-Nonius FR552 Guinier camera (Si standard). The

cell parameters were refined by least-squares fits ef&Breflections Table 3. Atomic Coordinates, Occupancies, and Equivalent

in the powder patterns with the program POLS@nd are listed in Isotropic Displacement Parameters?(Aor Lalno sSby
Table 1. The observed powder X-ray diffraction patterns agree well .

with those calculated from the crystal structure of LaBh, by the Wyckoff

program LAZY-PULVERIX (Tables St S4 (Supporting Informa- ~ &tom _position X y z  occupancy  Uef

tion)). La 2  0.8440(4) Y; 0.2160(1) 1 0.0097(5)
Since the related LaS8h, structure displays a wide homogeneity  In 2e 0.2139(8) Y4 0.4846(2) 0.81(1) 0.0341(12)

range (0.1 < x < ~0.8) 5 the potential for nonstoichiometric behavior ~ SP(1) 2  0.6158(4) Y, 0.6951(2) 1 0.0107(5)

of Lalno sShy was investigated. Reactions performed as described above SP(2) 2 0.2489(4) Y/, 0.0016(2) 1 0.0101(5)

with loaded stoichiometry of Lal®h, (0.1 < x < 1.0) were monitored aUgq is defined as one-third of the trace of the orthogonalizgd

by powder X-ray diffraction. The ternary phase could only be tensor.
conclusively identified in reactions witk > 0.6, and fromx = ~0.8

and higher, InSb formed along with the ternary compound. The products
of the reactions witkx < 0.6 could not be clearly identified but possibly
contained LaShand other phases. In contrast to the nonstoichiometric
behavior of LaSiBly, which was inferred by observing the shifting of
the positions of reflections in the powder pattethshe absence of

structure of LaS#ysShy, inspection of the reciprocal space plots shows
the inequivalence ofikl andhkl reflections, and analysis of the final
structure reveals no higher symmetry elements. The positions of all
atoms were found by direct methods, and the structure was refined by
least-squares methods. At this stage, an anomalously large displacement

- ; . parameter for the In site suggested partial occupancy. Refinement of
such shifting for the LaliBl, reactions suggesits that Lakk either the occupancies of all atoms confirmed that the compound is sub-

is a point phase or exists within a narrow range of composition. From gichiometric only in In. The displacement parameters for all atoms
the EDX analyses above, the other rare-earth members can be assumegle e refined anisotropically. Althougbie for In is larger than normal,
to be substoichiometric in In as well. Redefining the subsoxif we have confidence in the results because the resulting formula,
me?n the deV|at|?n from fuI_I In_ occupancy, we refer to these compounds Laln s1aShy, is consistent with that obtained from EDX analyses (vide
as “(RE)In-Shy,” wherex is fixed at~0.2. supra). The largaJeq for In may be an artifact of the absorption
Structure Determination. The thin plate-shaped crystals of Lain correction, but given that the displacement parameters for the other
Sk are soft and highly prone to being bent, rendering them unsitable aoms are well behaved, it is more likely that this is a real effect
f(_)r diffrgction stgdies. After numerous crystals were screened for representing the tendency of the atoms “inserted” between the;LaSh
singularity by Weissenberg photography, a rather small (040075 layers to disorder over several sites, as has been observed in&aSn
x 0.005 mm) crystal was finally selected. X-ray diffraction data were Shy.15 The atomic positions were standardized with the use of the
collected on two diffractometers, a Bruker PA/SMART CCD system program STRUCTURE TIDY! The final cycle of least-squares

and a Nonius Kappa CCD system. Both data sets led to the samerefinement onF,2 of 27 variables and 563 averaged reflections

structure solution and similar residuals in the final refinements, but as (incjuding those havindgrs? < 0) converged to values fdRy(F2) of

the Nonius data gave slightly better agreement with the EDX results 01308 andR(F) (for F,2 > 20(F,2) of 0.0491. The final difference

and slightly better displacement parameters, these are the resultsgiectron density map is featurelesSpfa = 4.15, Apmin = —2.92 €

reported. The data were collected at 293 K using a combinatigh of  A-3) Final values of the positional and equivalent isotropic displace-

rotations ando scans. The frames were integrated using the Nonius ment parameters are given in Table 3, anisotropic displacement

maXus program, giving 2887 reflections, of which 563 were unique parameters are given in Table S6, and final structure amplitudes are

(Rnt = 0.045). Final cell constants were determined using the HKL gyailable from A.M.

Scalepack program. Crystal data and further details of the data collection Band Structure. One-electron band structure calculations on a

are given in Table 2 and in Table S5 and the CIF file (Supporting nhypothetical fully occupied LalnStstructure as well as a & 2 x 1

Information). superstructure model were performed by the tight-binding method with
All calculations were carried out using the SHELXTL (Version 5.1)  an extended Htkel-type Hamiltonian using the EHMACC suite of

software packag#'® Conventional atomic scattering factors and programs22 The atomic parameters used are listed in Tabi& .

anomalous dispersion corrections were Sethtensity data were  Properties were extracted from the band structure using 192 k points

processed, and Gaussian face-indexed absorption corrections weren the irreducible portion of the Brillouin zone.

applied with the program XPREP. The monoclinic space gie2ipm

was selected on the basis of the intensity statistics, satisfactory Results and Discussion

averaging, and the successful structure solution. Although the mono- Description of the Structure. A view of the structure down
clinic structure of LalgagSh; is closely related to the orthorhombic theb axis is shown in Figure 1a, which also shows the labeling

(16) POLSQ: Program for least-squares unit cell refinement. Modified by (21) Gelato, L. M.; PartheE. J. Appl. Crystallogr.1987, 20, 139.

D. Cahen and D. Keszler, Northwestern University, 1983. (22) Whangbo, M.-H.; Hoffmann, Rl. Am. Chem. Sod.978 100, 6093.
(17) Yvon, K.; Jeitschko, W.; Parth&. J. Appl. Crystallogr.1977, 10, (23) Hoffmann, R.Solids and Surface®\ Chemist’s View of Bonding in
73. Extended Structures/CH Publishers: New York, 1988.
(18) Sheldrick, G. M.SHELXTL, Version 5.1; Bruker Analytical X-ray (24) Lulei, M.; Martin, J. D.; Hoistad, L. M.; Corbett, J. D. Am. Chem.
Systems, Inc.: Madison, WI, 1997. Soc.1997 119 513.
(19) Sheldrick, G. MJ. Appl. Crystallogr. in press. (25) Canadell, E.; Eisenstein, O.; RubioQlganometallicsl984 3, 759.
(20) International Tables for X-ray CrystallographWilson, A. J. C., Ed.; (26) Hughbanks, T.; Hoffmann, R.; Whangbo, M.-H.; Stewart, K. R.;

Kluwer: Dordrecht, The Netherlands, 1992; Vol. C. Eisenstein, O.; Canadell, H. Am. Chem. S0d.982 104, 3876.
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Table 4. Extended Huakel Parameters

atom orbital Hi (eV) Ci1 C1 iz C2
La 6s —6.5613 2.14

6p —4.3769 2.08

5d —7.5155 3.78 0.776 51 1.381 0.45861
In 5s —12.60 1.903

5p —6.19 1.677

Sbh 55 —188 2.323
50 —11.7 1.999

Table 5. Selected Interatomic Distances (A) and Angles (deg) for
Lalno sShy

La-Sb(l)  3.297(2) ()  In—Sh(1) 2.839(3)
La-Sb(1)  3.303(2) ()  In—Sh(1) 3.228(3) ()
La-Sb(2)  3.349(2) ()  In—In 2.967(5) ()
La-Sb(2)  3.384(3) AN 3.346(6) ()
La-Sb(2)  3.385(3) Sb(®sb(2)  3.119(3) ()
La—In 3.352(4) Sh(2ySh(2)  3.142(3) (2)
Sb(l-La—Sb(l)  82.11(7) Sb(BLa—In 86.21(7)
Sb(1)-La—Sb(1) 143.11(8) Sh(¥)La—In 58.02(5)
Sb(1)-La—Sb(1)  86.48(5) Sb(®)La—In 135.75(5)
Sb(1)-La—Sb(1)  81.94(7)

Sb(1)-La—Sb(2)  79.63(5) Irin—In 93.7(2)
Sb(1)-La—Sb(2) 132.01(7) Sh(BIn—Sb(1) 84.27(10)
Sb(1)-La—Sb(2) 131.45(6) IrIn—Sh(1) 79.95(8)
Sb(1)-La—Sb(2)  79.29(5) IrIn—Sb(1) 143.59(16)
Sb(1)-La—Sb(2) 133.85(4) Sb(BIn—Sh(1) 113.41(10)
Sb(1)-La-Sbh(2)  77.13(6) Sb(BIn—In 103.93(16)

Sb(1)-La—Sb(2)  77.20(6)

Sb(1)-La—Sb(2) 133.89(4) Sh(2)Sb(2)-Sb(2)  87.93(10)
Sb(2)-La—Sb(2)  80.56(7) Sb(2)Sb(2)-Sb(2) 178.61(12)
Sb(2)-La—Sb(2)  55.19(5) Sb(®)Sb(2)-Sb(2)  92.45(5)
Sb(2)-La—Sb(2)  55.62(5) Sb(2)Sb(2)-Sb(2)  87.13(10)
Sb(2)-La—Sb(2)  83.82(7)

scheme. Selected interatomic distances and angles are given in
Table 5. The structure consists of layers of compositions
2[Sb] and 2[In, ;Sh] stacked parallel to the 001 plane, sepa-
rated by La atoms. A perpendicular view of the structure down
thea axis is shown in Figure 1b. The La atoms are coordinated
by eight Sb atoms in a square antiprismatic fashion, as shown
in Figure 2a. Four Sh(1) atoms define one square of Sb atoms,
and four Sb(2) atoms define the second square, which is twisted
45° relative to the first. A ninth capping atom of In is situated
above the larger square of Sb(1) atoms and is tilted to one side.
The Sb(2) atoms are surrounded by four other symmetry-
equivalent Sb(2) atoms, forming a nearly flat square sheet,
2ISb]. The La atoms are positioned above and below this
sheet in an alternating “checkerboard” fashion. The In atoms
are coordinated by three Sbh(1) atoms and two In atoms in a
distorted square pyramidal fashion, as shown in Figure 2b. The ) ) ) )
base of the pyramid is defined by two Sb(1) atoms and two In Figure 1. (a) View down theb axis of Lalm Sk, with the unit cell

. . o . outlined, showing the zigzag In chains and square nets of Sh. The partly
atoms, while the apical site is the third Sb(1) atom. These Squareshaded circles are La atoms, the solid circles are In atoms, and the

pyramidal units are condensed via corner-sharing of the basalopen circles are Sb atoms. (b) View of the structure dowratheis.

atoms along [010] to form zigzag In chains (Figure 1) and

couplezd in a head-to-tail fashion along [100] to form the infinite lengths in Lalig sSh, that define the square antiprism are within

sheet[In,gSh]. . o . the range of interatomic distances found in these compounds
Structural Relationships. The coordination environment (3.29-3.39 A)82b.15The ninth capping atom is In instead of

around rare-earth metal atoms in solid-state compounds issp, at a distance of 3.352(4) A, within the range found in binary

flexible (typically CN 8 or 9) and is strongly influenced by the  |anthanum indides (3.1683.721 A)3°

bonding requirements of the more electronegative components. A natural choice of structures in which to examine relation-

The RE atoms are commonly found with square antiprismatic ghips is the series LaM,Shs, where M= Cd, In, and Sn. All

coordination by Sb in structures that feature Sb square nets, ag,qntain layers sz[Lasz] composed of Sb square sheets and

i - _ b
observed In (RE)NB (M, = Mn .Zn, Pd, Ag, Cd, Auf, . square antiprismatic coordination of La, separated by layers
and sometimes have a ninth capping Sb atom, as observed in

(RE)Sh?"?®and (RE)MSB (M =V, Cr).%22°The La-Sbbond  (55) Eat0ugh, N. L.; Hall, H. Tinorg. Chem 1969 8, 1439.

(29) Brylak, M.; Jeitschko, WZ. Naturforsch., BChem. Sci1995 50,
(27) Wang, R.; Steinfink, Hinorg. Chem.1967, 6, 1685. 899.
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(Sb—Sb distances 3.119 £, 3.142 A (2«); angles 87.13,
87.93, 92.45, 178.6) and LaSg 7sSk (Sb—Sb distance 3.0952
2286) sss20 A; angles 86.55, 93.40, 177.90° Since these bond lengths

’ are similar, it is reasonable to assume that the-Sib bond
Sb(1) @ () sb(n) strength in each net is also similar. The distortion from a perfect
square Sb net is driven by the nature of the bonding in the M
layer and is reflected in the changing of the symmetry from
tetragonal to monoclinic to orthorhombic; the geometry of the
Sb net must change as well.

It is important to note that, in Figure 3, the M layers were
drawn without any M-Sb bonds shown to allow for easier
comparison, but obviously they cannot be neglected. Several
alkali- and alkaline-earth-metal indium antimonides are known
with structures that are based on different connectivities of4nSb
tetrahedral units, although none display-In bonding®?34 It
is more instructive to view the y3Sb layer in LalggSh, as a
distortion of the Cd;Sb layer in LaCd;Sk, (Figure 4).
Antimony atoms reside above and below the centers of the Cd
squares in an alternating “checkerboard” pattern. Each Cd is
tetrahedrally coordinated by four Sb atoms, with bond lengths
of 2.898 A The distortion of the In layer to zigzag chains is
accompanied by a slight canting of the chains, such that they
Figure 2. (a) Coordination of the La atom by eight Sb atoms in a .are no longer coplanar (Figure 1). The position O.f the .Sb atom
square antiprismatic fashion, capped by an In atom, with theSts is shlfted_off-center and bonds to three In atoms |neq_U|vaIentIy
La—In, and Sh(2)-Sh(2) bond lengths indicated. (b) Distorted square (IN—Sb distances 2.839 and 3.228 A«(g. The shorter distance
pyramidal coordination around the In atom, with the-In and In- is typical of the In-Sb single bonds observed in InSbtrahedra
Sb(1) bond lengths shown. (2.804-3.100 Ay® found in ternary alkali- and alkaline-earth-

metal indium antimonides and corresponds to the sum of the
of the M atoms, as shown in Figure 3. The three closely related covalent radii (In, 1.44 A: Sb, 1.36 }S%y
structures differ in the nature of these M layers. In the structure

of LaCch./Sky (HfCuSk-type), the Cd atoms form a perfectly  iqation states can be assigned on the basis of the Zintl concept.

square sheet with CdCd dist{:\nces °f3'111.(2) & When this By considering the electronegativities of the three elements
is compared to the 3.02 A distance found in elementaf’ad, (Pauling: La, 1.10; In, 1.78; Sh, 2.05)we can assume that

is tempting to suggest a weak%d'® bonding interaction in
LaCd /Sky. The In layer in LalggSky can be viewed as a
distortion of a square net to form parallel zigzag chains, with
intra- and interchain IrIn distances of 2.967(5) and 3.346(6)
A, respectively. Zigzag chains with similar -in intrachain
distances are observed in the binary compounghL{in—In
distance 2.926 Ay and significantly longer distances are
observed in the ternary compounds (AB)N (In—In dis-
tance: 3.162 A when AE= Ca; 3.320 A when AE= Sr)33

Since even longer distances of 3.24 and 3.36 A are found in A Vel Th A | -
the structure of elemental f,it will be important to quantify (2.908 and 3.36 A, respectivel§) These~3.1 A interactions
the degree of Irin bonding in LalngSh, to decide if the have been successfully modeled as half-bonds (or one-electron

description of In zigzag chains or a distorted square net is more onds), and the Sb atoms have been assigned an oxidation state
appropriate. As we demonstrate later from the results of the Of —1.2%% Each Sb(2) atom has two lone pairs of electrons in
band structure calculations, the zigzag chains are an integralth® 5 and Sporbitals or some hybridized equivalent and bonds
part of this structure. Finally, the structure of LaSiSh through the Spand 5p orbitals to form the square net. The
represents an extreme in this distortion process, resulting in an
Sn layer that consists of linear chains partially occupied in a (34) (a) Naln;Sh: Cordier, G.; Ochmann, HZ. Kristallogr. 1991, 197,

(a)

In

(b)

Bonding and Band Structure. As a first approximation,

the La atoms transfer their electrons to the In and Sb atoms,
which use them to form bonds and complete their octets. We
first consider the hypothetical, fully occupied structure, LalipSbh
and then examine the effect of In substoichiometry. The structure
naturally partitions into two anionic layers of Sb(2) and InSb-
(1) separated by La cations as represented by {[@nSb(1))-
(Sb(2))P~. The Sb(2¥Sb(2) bond lengths ~3.1 A) are
intermediate between the intralayer, single-bond length and the
weakly bonding interlayer distance observed in elemental Sb

i H H 281. (b) KlnzShs: Cordier, G.; Ochmann, HZ. Kristallogr. 1991
d|Tord|e|red f|?53hlon and Si8n distances of 2.8142.844 A on 197 291. (¢) RbinsShy Gourdon, O.- Boucher. F.- Gareh, J.. Evain,
a local lever. . ) . M.; O’Connor, C. J.; Jin-Seung, Acta Crystallogr., Sect CCryst.

The Sb square nets also undergo slight distortions from the Struct. Commun1996 52, 2963. (d) Csin,Shs: Blase, W.; Cordier,
perfectly square net found in Lag#Bh, (Sb—Sb distance 3.111 g(-);rggryé--j g\t/;'tlé:(- MGZZN }gtﬁrt%“rg%:{ 198%5h§n0 gfc)i 1(8%53'322%

. 6b : , G s . . . 3 .
A’ angles 90, 180 to the nets observed in LajgSh, (f) NagInShy: Cordier, G.; Ochmann, HZ. Kristallogr. 1991 195

107. (g) CauInShy: Cordier, G.; Schier, H.; Stelter, M.Z. Natur-
(30) Lain: 3.596 A. Laln: 3.251-3.704 A. Lalns: 3.168-3.639 A. forsch., B Anorg. Chem., Org. Cheni985 40, 868.
Lalny: 3.378-3.721 A. Laln; 3.348 A. McMasters, O. D.; Gschneidner,  (35) In—Sb distances: GB1,Shs, 2.804-2.962 A24d BagIn,Shs, 2.853-
K. A., Jr.J. Less-Common Met974 38, 137 and references therein. 3.100 A34eNagInShy, 2.846-2.962 A4 CayyInShy, 2.881-2.886 A3
(31) Greenwood, N. N.; Earnshaw, 8hemistry of the Element8ergamon (36) Pauling, L.The Nature of the Chemical Bon@rd ed.; Cornell
Press: Oxford, U.K., 1994. University Press: Ithaca, NY, 1960.
(32) stdr, J.; Miler, W.; Schder, H. Z. Naturforsch., BAnorg. Chem., (37) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrgrd ed.;
Org. Chem.1978 33, 1434. John Wiley & Sons: New York, 1972.
(33) Cordier, G.; Roninger, SZ. Naturforsch., BChem. Sci1987, 42, (38) Brylak, M.; Jeitschko, WZ. Naturforsch., BChem. Sci1994 49,

825. 747.
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(a) LaCd0,7Sb2 (b) Laln0_8$b2 (C) LaSno_758b2

Figure 3. Comparison of the layered (RE),Sh; structures: (a) LaGdSky, a member of the (RE)MSKM = Mn—Zn, Pd, Ag, Cd, Au) series;
(b) LalnysShy; (c) LaSn 7s5Shy. The partly shaded circles are the La atoms, the solid circles are the M atoms (Cd, In, or Sn), and the open circles
are Sb atoms. The perfectly square M layer in LafSdh, distorts into zigzag chains in LajgSky, and finally to disordered linear chains in LaSg

Partial occupancy can be problematic to handle in the
extended Haokel method. To address this, two models were
considered: (1) a stoichiometric LalnSkvith the In deficien-
cies in Laln s11Sh modeled by lowering the vec from 16 to
15.4, and (2) a Ix 2 x 1 superstructure (i.e., the unit cell is
doubled along) with every fourth In atom removed along the
zigzag chain, corresponding to the formula Lg#shky, which
approximates the real formula of Lalf 1 Sk. The results
obtained from calculations on these two models are similar, and
while we discuss both, we only show plots for the first model.

(a) :[CdMSb] (b) :[InMSb] Starting with the first model of a substoichiometric Lggn

Figure 4. Comparison of the ideal square MSb layer in LagSh, to Shy, produced by lowering the vec and following a “retrotheo-

the distorted layer in LatnSh,. Note that the Sb atoms no longer reside  étical analysis™ (whereby the complete structure is dissected
in the center of M squares in LajgShy. into more manageable subunits to aid in interpretation and then

reassembled for the complete picture), we arrive at the same
nearest Sb(B)Sb(1) interactions are greater than 4.3 A, partitioning described earlier. Removal of the La cations leaves

approximately equal to the sum of the van der Waals radi2 anionic layers of Sband Iy gSk?~, which are sufficiently well
R),36 and are therefore considered as isolated Sb(ahions. separated and noninteracting, and the band structure of the
Charge balance requires that the In atoms have an oxidationanionic framework [15sSky]*~ is simply a superposition of the
state of+1, resulting in an overall formulation of [(B&)(In*)- band structures of each layer. Incorporation of the La cations

(Sb(1$7)(Sb(2))]. Although this seems to imply the presence does not drastically alter the overall nature of the band structure.
of a lone pair of electrons on In, these electrons are used toShown in Figure 5a is the density of states (DOS) curve for
form the In—-In zigzag chains. Using three 3pybrid orbitals, Lalno gShy, with the Fermi level{ = —8.65 eV) corresponding
each In makes two Sing|e bonds to neighboring In atoms (2967 to the substoichiometric formula indicated. The individual
A) and one single bond to an Sh(1) atom (2.839 A). The fourth atomic contributions to the DOS are plotted in Figure-8b

sp* hybrid orbital is involved in forming two longer tSb Although most of the La states are located abeveeV, they
bonds (3.228 A), which can be viewed together as a 3-center Make a significant contribution below, implying there is some

2-electron bond (i.e., each is a one-electron bond) consistentdegree of covalent character in the-+8b and La-In bonds.
with the weaker and longer interaction. The Fermi level crosses a small peak in the DOS and metallic

But the actual formula is substoichiometric in In content, P€havior is expected.
which reduces the valence electron count (vec) from 16 to 15.4 The band dispersion plots along the special symmetry lines
per formula unit and necessitates a modification of the oxidation I'’X, I'Y (coplanar with the In chains), anldZ (parallel to the
state assignments. The easiest solution is to assign a fractiona$tacking axis) are shown in Figure 6. The Fermi level crosses
oxidation state to In to yield [(L)(In1-25")o g(Sb(1§)(Sh(2))] two bands alond'X, with orbital contributions from both the
and assume that the rest of the atoms are unchanged. This wouldo.sSb layer and the Sb net, as well as some contribution from
correspond to a weakening of the bonding in the zigzag chains,L@ states. Along'Y, the Fermi level crosses only one band
while not altering the Sb bonding in the square net. A second composed of Sb and La states. Although the In zigzag chains
possibility could be the oxidation of the Sh(2) square net, since are randomly segmented by the vacancies, these segments are
such nets have been previously postulated to serve as electrotill cross-linked together by Sb(1) atoms, providing a pathway
“sources” or “sinks™®2 A combination of both oxidation through which conduction can occur. Bands Originating from
processes could occur, of course. The question that arises ighe Sb(2) net are also crossed by the Fermi level and provide
thus whether there is some underlying electronic reason thatan additional pathway for conduction. Since there are no bands
requires the In content to be substoichiometric. To attempt to crossed alond'Z, Lalng gSky is predicted to be an anisotropic
answer this, and to test the validity of the bonding model Metal: conducting within the layers and insulating between.
proposed above, extended ¢kel band structure calculations
were performed. (39) Papoian, G.; Hoffmann, R. Solid State Cheni.998 139, 8.
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Figure 5. (a) Total density of states for LajgSky. The individual atomic contributions (La, In, and Sb) to the density of states are shown in
(b)—(d). The Fermi level corresponding to the substoichiometric ds8ky is shown.

-2 - . — and for the 1-D linear Ih chains (distance 2.90, overlap
. ot | population 0.69% found in INM@,0s.42 In contrast, the overlap
T}g’” ) population for the longer kln interchain distance (3.346 A)

: is only ~0.05, confirming the zigzag chain representation. The
short In-Sb contact maximizes its bonding at the Fermi level,
with an overlap population of 0.69, corresponding to a full single
bond, while the longer mSb contact corresponds to a
significant amount of antibonding states being filled (overlap
population 0.28), roughly corresponding to a half-bond. Finally,
the Sb-Sb bonding in the square net is exactly as expected,
with some antibonding states filled and an overlap population
(0.27) consistent with half-bonds. The+&b and La-In bonds
have overlap populations consistent with some degree of
covalency (0.24 and 0.16, respectively), which is not unexpected
as a fully charged L3 would strongly polarize the electron
clouds of both the In and Sb atoms. The calculated atomic
charges result in a formulation of (R:&")(In%45")o (Sb(1))-

Sb(2f%2). Considering that covalency will reduce extreme
Figure 6. Band dispersion curves for LajgSh, along the special (Sb2p*) g y

symmetry linesI'X, 'Y, andT'Z. The Fermi level corresponding to charges as re_qUIred by the eIeCtron_eutrallty prln_CIpIe, these
the substoichiometric LayaShy is shown. charges are in good agreement with the relative charges

predicted by the Zintl concept.

The second model (an ordereck12 x 1 superstructure with
unit cell contents “LalnsSks” or a formula Lalry 7sSh, with Z
= 4) gave results that are generally consistent with those of the
first model. In this case, every fourth In atom was removed in
an ordered fashion aloriy segmenting the infinite zigzag chains
into finite three-membered units. The DOS curve and their
individual atomic contributions, band dispersion, and COOP
curves are given in the Supporting Information (Figures
S1-S3). As before, the Fermi leved;(= —8.06 eV) crosses a
small peak in the DOS, with two bands being crossed along
I'X, one band alon@’Y, and none alond'Z; the picture of an
anisotropic metal is still valid. There are slight differences in
the values of the overlap population per bond, with the largest

A
(=

Energy (eV)

AN
X

A
N

18— r 2 N

(The small dimensions of LagrSh, crystals have thus far
precluded us from carrying out resistivity measurements.)
The nature of the bonding is best examined through the crystal
orbital overlap population (COOP) curves, plotted in Figure 7,
for the In—In, In—Sb, and SbSb contacts. Clearly, the
representation of liIn-bonded zigzag chains (instead of a
distorted square net with each In atom forming four homoatomic
bonds) is correct since only the shorter intrachain distance of
2.967 A has significant bonding character (considerable filling
of bonding states), while at the longer interchain distance of
3.346 A, there are negligible interactions. On a local level, the
80% occupancy of In sites can be modeled as an infinite chain

with every fifth site vacant, as shown in Figure 8. (This is one . ) . . .
possibility of an ordered superstructure; in the actual structure, Sgﬁféggéidfrg:ﬁhoeégl?régtézfq??o%igﬁwé?ga?rﬂévrgﬁgins
we assume that the chain is segmented randomly.) In a five-a strong| bondin. interaction, es .eciall When.com ared to
membered segment, the effect of one vacancy is to eliminate gly bonding Int » €SP y P

the negligible interchain overlap population of 0.03 (model 2).

two of the five possible bonds, and therefore each In atom on Finally, the calculated atomic charges from the second model
0 i i '
average has only 60% of the maximum of two bonds (i.e., 1.2 yield (La0-75)(In%8)0 4 Sh(1}-16-)(Sb(2P25). The greater

bonds each). This gives an overlap population per bond of 0'65’positive charge on In versus La can be explained by noting that

which is comparable to that calculated forim single bonds : .
in Baln, (distance 3.03 A, overlap population0.64-0.76)° the orbital energy for the La 5d states is lower than that of the

(41) Janiak, C.; Hoffmann, Rl. Am. Chem. S0d.99Q 112 5924.
(40) Nuspl, G.; Polborn, K.; Evers, J.; Landrum, G. A.; Hoffmannlrierg. (42) McCarley, R. E.; Lii, K.-H.; Edwards, P. A.; Brough, L. §. Solid
Chem.1996 35, 6922. State Chem1985 57, 17.
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Figure 7. Crystal orbital overlap population curves for the-im ((a) 2.967 and (b) 3.346 A), taSb(1) ((c) 2.839 and (d) 3.228 A), and Sb-
(2)—Sb(2) (e) interactions. The Fermi level corresponding to the substoichiometrigsBaris shown.

Sb square net to only a certain degree before other bonds (the
N J S Sn—Sn bonds in thefo[Srg(Sb] layer) must break. This occurs,
AN .7 not by substantial lengthening of S&n bonds but rather by
creation of vacancies to retain strong-S8n bonds on a local
level. It would be interesting, then, to explore the quaternary

Figure 8. View of an ordered In chain with every fifth site vacant, as LalnSnShy system, and preliminary results suggest that such
indicated by the dotted hollow circles. Removal afe In atom per phases can be prepar&d.

five-membered segment removes of the five possible Ir-In bonds.
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In 5p states (Table 4) and that the 5d states are therefore likely
to be more highly populated.

In conclusion, we have shown that Lah$h, provides an
interesting example of how strong bonding between the heavier
main-group elements (tln) can coexist with weaker bonding
(Sb—Sb). In particular, substoichiometry of the In sites seems
to be necessary to provide a balance between the locally
maximized In-In bonding within the zigzag chains and the = supporting Information Available: Listings of powder X-ray
weak Sb-Sb bonding within the square net. Although the diffraction data for (RE)IpsSh: (RE = La—Nd), further crystallographic
immediate effect of increasing the number of electrons would details, anisotropic displacement parameters, and additional interatomic
be to slightly increase the strength of the-Im bonding, this distances and angles, plots from the band structure calculations on the
would be strongly offset by the dramatic weakening of the Superstructure LabysShy (DOS with individual atomic contributions_, _
Sb—Sb bonding, so the Sb square net remains intact in the realPand dispersion, and COOP curves), and an X-ray crystallographic file
structure. This provides a clue to the origins of the substantial in CIF _format. This material is available free of charge via the Internet
range of homogeneity observed for the corresponding J-aSn at htp://pubs.acs.org.

Sk, (0.1 < x < 0.8) system on one hand and the point phase 1C9905244
nature of LalggSh, on the other. Replacing In with Sn puts
more electrons into the system, which can be absorbed by the(43) Ellenwood, R. E.; Eulert, J. A.; Mar, A. Unpublished results.






