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Abstract: The new compounds CsTa@@ = S, Se, and Te) have been synthesized through stoichiometric reactions
of the elements with G, reactive fluxes at 923 K. Their crystal structures have been determined by single-crystal
X-ray methods. CsTagXrystallize in the hexagonal space grdDéh—PGQ,/mmcwith two formula units per cell.
Crystal data: CsTaSa = 7.266(2) A,c = 5.961(2) A,V = 272.55(10) & (T = 115 K), R\(F?) = 0.072 (NO=

114, NV = 11), R, = 0.034; CsTaSga = 7.500(1) A,c = 6.182(1) A,V = 301.15(7) B (T = 115 K), Ry(F?) =

0.106 (NO= 112, NV = 11),R; = 0.036; CsTaTg a = 7.992(4) A,c = 6.496(4) A,V = 359.3(4) B (T = 115

K), Ry(F3) = 0.131 (NO= 111, NV = 10), R; = 0.038. The compounds adopt the BaV&ructure type and
featurei,[TaQ{] chains of face-sharing octahedra. The®Taenters are displaced from the centers of the Q
octahedra along the direction of the chains in a centrosymmetric fashion. Geometrical considerations and band
structure calculations at the extendedckel and density functional (DFT) levels of theory suggest that the most
likely distortion pattern is the one with all ¥acenters displaced in the same direction within a given chain. A
second-order JahtTeller effect is responsible for this distortion. Very weak interchain communication would result

in a centrosymmetric structure. The chains are separated by 12-coordiratatiems. CsTaSds an insulator.
CsTaTg shows semiconducting behavior and is diamagnetic or weakly paramagnetic. Differential scanning calorimetry
(DSC) and high-temperature powder diffraction data indicate that Cgllamergoes a phase transitiorre493 K.

Introduction barium group-V sulfides are know#;1° prior to the present

The literature of ternary alkali-metal and alkaline-earth-metal WOrk no ternary alkali-metal or alkaline-earth-metal group-V
group-V chalcogenides is dominated by thevi®, layered tellurides had been characterized. It was anticipated that a low-

intercalation compounds (& Li, Na, K; M = Nb, Ta; Q= S, temperature reaction that involved Te, the least electronegative
Sel A = Cs, Rb: M= Nb; Q = &), the one-dimensional  chalcogen, would favor the formation of a cluster compound
materials BaMgQs (M = Nb; Q =S. M= Ta; Q= Sé4), with chalcogen-chalcogen interactions, as inKb,Se ;. With
andBaMQ (M =V;Q=S57Se® M=Nb;Q=S* M = this intent_ion we have extend_ed this ternary system to include
Ta; Q= S?Se%11). However, other interesting phases exist. the tellurides. Upon the discovery of a new compound
KsMQ4 (M = Nb, Ta; Q= S, Sé2) contains isolated M~ possessing the Ba\éStructure type, namely CsTad ave set

tetrahedra whereaszKb,Se; and KiTaS1113 comprise pairs ~ Outto synthesize the analogous sulfide and selenide compounds.
of seven-coordinate Nb and Ta polyhedra with extensive Here we report the syntheses, crystal structures, and some
chalcogen-chalcogen bonding. Although a variety of complex Physical properties of CsTaQQ = S, Se, and Te). Through

the use of the extended Ekel method we present a qualitative

T Northwestern University.
* Cornell University.

rationalization of the observed displacements of Ta atoms from
the centers of Tagoctahedra in CsTag§) DFT calculations

® Abstract published irdvance ACS Abstractdday 1, 1997. are also used to address the Ta displacements.
(1) Omloo, W. P. F. A. M.; Jellinek, Rl. Less-Common Met97Q 20,

121-129.

(2) Chen, Bai-H.; Eichhorn, B.; Peng, Jian-L.; Greene, RJLSolid
State Chem1993 103 307—313.
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Experimental and Theoretical Section

Syntheses.CsTaQ (Q = S, Se, and Te) were synthesized by the
reactive-flux method® Elemental S (Johnson Matthey, 99.999%), Se

14‘(14.1) Kim, Sung-J.; Bae, Hyun-S.; Yee, Kyeong-A.; Choy’ Jin-H.; Kim, (AldI’ICh, 995%), and Te (AldrlCh, 998%) were stoichiometrically
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Table 1. Crystal Data and Intensity Collection for CsTa@ = S, Se, and Te)

J. Am. Chem. Soc., Vol.

119, No. 22, 19987

formula CsTa$ CsTaSe CsTaTeg
formula mass (amu) 410.04 550.74 696.66
space group Dg,—P6s/mmc i, —P6s/mmc i}, —P6s/mmc
a(A)2 7.266(2) 7.500(1) 7.992(4)
c 5.961(2) 6.182(1) 6.496(4)
V (A3) 272.55(10) 301.15(7) 359.3(4)
z 2 2 2
oc (g cnre) 4.996 6.074 6.439
temp of data collection (K) 115(2) 115(2) 115(2)
radiation graphite monochromated MaA(Ka) = 0.7093 A)
linear abs coeff (cm') 277 422 321
transmission factofs 0.309-0.487 0.448-0.529 0.343-0.392
A~1sin 6 limits (A-Y) 0.079-0.595 0.0770.571 0.072-0.628
no. of data collected 212 1822 1750
no. of unique data 114 112 111
Ry (F?)¢ 0.072 0.106 0.131
R 0.034 0.036 0.038

2Obtained from a refinement with the constraiats= b, oo = § = 90°, y = 120°. ® The low temperature system is based on a design by
Huffman® ¢©The analytical method as employed in the Northwestern absorption program AGNOST was used for the absorption édrrection.

YRUFA) = [T[W(F? — FAYIWFAY3 wt = 02(F?) + (0.042)? for F2 = 0; wt = 0%(Fe? for Fo? < 0; Ri(F) = S ||Fo| — |Fe|l/3|Fol.

hexagonal needles of the title compounds were manually extracted from
the reaction melts. Energy Dispersive X-ray (EDX) analyses confirmed

Table 2. Positional Parameters and Equivalent Isotropic
Displacement Parameters for CsEa@Q = S, Se, and Te)

the presence of Cs, Ta, and Q in 1:1:3 ratios. CsT&lebtained as Wyckoff
a pure phase, as established by X-ray powder diffraction studies. _&tom X y Z notation U(eqy (A%
Although CsTagand CsTaSgare the major phases produced under CsTa$
the reaction conditions reported, minor amounts of ;Tagd TaSge Cs(1) Y5 2l3 3y 2d 0.0143(6)
are invariably produced as well. Attempts to discover other phasesin ~ Ta(1f 0 0 0.0337(10) &  0.025(2)
this system at lower reaction temperatures were unsuccessful. TheCs'Sl'gls)e 0.1550(4) 0.3100(8)"a 6h 0.0199(11)
compounds are sta.ble.ln air for several months. o Cs() s 2, Y, od 0.0203(10)

Structure Determinations. Laue symmetry @mmand preliminary Ta(ly O 0 0.0446(4) 4 0.0251(14)
lattice constants were established from Weissenberg photographs Se(1) 0.1604(2) 0.3208(3). 6h 0.0216(10)
obtained at room temperature. The systematic extinctibhk ( = CsTaTeg
2n + 1) are consistent with the hexagonal space gratfhs P6;mc Cs(1) Y %l *la 2d  0.0256(13)
D3,—P62c, andD§,—P6ymmc Final lattice constants were obtained Ta(1p 0 0 0.0506(4) é 0021(2)

! Te(l) 0.1642(2) 0.3284(3)Y4 6h 0.0280(12)

from a least-squares analysis of the setting angles of reflections

automatically centered with the use of MaxKadiation on a Picker
diffractometer at 115 K (CsTaS 24 reflections in the range 3911°;
CsTaSe 35 reflections in the range 3811°; CsTaTe: 18 reflections
in the range 2#50°). In each structure determination six standard

tensor.P O

Te)

ccupancy fixed at/,.

2U(eq) is defined as one-third of the trace of the orthogonalizgd

Table 3. Selected Bond Lengths (A) for CsTa@Q = S, Se, and

reflections monitored every 100 reflections showed no appreciable

change in intensity throughout the data collection. The data were  compd TaTa Ta-Q Cs-Q
processett and corrected for absorptiéh. Agreement among Friedel CsTa$ 2.579(12} 2.339(5)x 3 3.636(1)x 6
pairs strongly favored the centrosymmetric space gigmmc The 2.980(1% 2.582(6)x 3 3.731(3)x 6
structure of CsTaTgwas solved in this space group by direct methods ~ CsTaSe 2.540(2} 2.440(2)x 3 3.751(1)x 6
with the program SHELX$? Positional parameters from the CsTaTe 3.091(1) 2.767(2)x 3 3.821(1)x 6
structure were used as initial parameters for the refinements of the CsTaTe 2.590(6} 2.616(3)x 3 3.996(2)x 6
3.248(2% 2.997(3)x 3 4.004(2)x 6

CsTaS and CsTaSsstructures. The structures were refined with the

use of the program SHELXE: Refinements of CsTa%nd CsTaSg aTa—Ta distance in the model with pairing distorticriTa—Ta
included an extinction parameter. In each refinement the displacementdistance in the model with ordered polar chains (sliding distortion).
parameter of atom Ta(1) in the [001] direction was unreasonably large.
The atom was subsequently moved from time Ste (0,0,0) to a B Electrical Conductivity of CsTaSe; and CsTaTe. Four gold wires
site (0,02), and itsz coordinate was refined with occupancy fixed at  with graphite leads were attached along the needle axis ([001]) of single
Y,. The improvement in the agreement indices is dramatic, suggesting crystals of CsTaSeand CsTaTg¢ Two-probe dc resistivity measure-
that this model of Ta disorder has validiy.Details of the refinements ments were performed at room temperature and at 77 K.
are given in Table 1. Positional parameters and equivalent isotropic  Magnetic Susceptibility of CsTaTe. Magnetic susceptibility
displacement parameters are given in Table 2. Selected bond lengthsneasurements were made as a function of both applied field and
are provided in Table 3. Further details are available as Supporting temperature with the use of a Quantum Design SQUID magnetometer
Information. on a 20-mg sample of CsTageSample integrity was established from
an X-ray powder diffraction pattern. Field-dependence measurements
were made at 6, 200, and 300 K over the range 2000 to 10000 G.
Temperature-dependence measurements were made at 5000 G over the
range 6 to 300 K. All measurements were corrected for background
and for core diamagnetisffi.

Thermal Measurements on CsTaTe DSC measurements were
performed on a DuPont Instruments 910 differential scanning calo-
rimeter. The samples were hermetically sealed in Al cells. A heating

(21) Waters, J. M.; lbers, J. Anorg. Chem.1977, 16, 3273-3277.

(22) de Meulenaer, J.; Tompa, Acta Crystallogr.1965 19, 1014~
1018.

(23) Sheldrick, G. M. SHELXTL PC Version 5.0, An Integrated System
for Solving, Refining, and Displaying Crystal Structures from Diffraction
Data. Siemens Analytical X-Ray Instruments, Inc.: Madison, WI, 1994.

(24) Sheldrick, G. MJ. Appl. Crystallogr.In preparation.

(25) Refinement with Ta at (0,0,0)Us3(Ta) = 0.0652, 0.1271, and
0.1925 R for CsTaS, CsTaSg and CsTaTe respectively. Refinement
with Ta at (0,09): Us3(Ta) = 0.0150, 0.0170, and 0.0314 for CsTaS§,
CsTaSe, and CsTaTg respectively.

(26) Mulay, L. N.; Boudreaux, E. A., EdSheory and Applications of
Molecular DiamagnetismWiley-Interscience: New York, 1976.
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Table 4. Atomic Parameters Used in Extendeddkal

Calculations
orbital Hi (eV) z y2) C1 C2
Ta 6s —-10.10 2.28
6p —6.86 2.241

5d —12.10 4.762 1.938 0.6815 0.5774
S 3s —20.0 2.112

3p —11.0 1.827
Se 4s  —20.5 2.44

4p —14.4 2.07
Te 5s —20.8 2.51

Cs 6s —3.88 1.06 c e
6p —2.49 1.06 VLL
Cs-® Tae TeO

rate of 5 K/min and a He flow rate of 40 mL/min were used. The Figure 1. Unit cell of CsTaTe. Here and in the succeeding figure
instrument was calibrated with an In standard. Both temperature and atoms are drawn as circles of arbitrary size. The Ta atoms are displaced
the amount of heat were calibrated. Thermogravimetric analysis (TGA) from the centers of the Ta@ctahedra with equal probability “up” or
measurements were obtained on a DuPont Instruments 951 TGA underdown” along thec axis.
similar conditions of heating rate and flow rate.

High-Temperature X-ray Powder Diffraction Study of CsTaTes. )
This study was performed with the use of a Siemens D5000 powder
diffractometer with graphite monochromated Ca Kadiation. Finely
powdered CsTakewas applied to a Pt/Rh heating strip of a Buhler
HDK S1 high-temperature attachment. Under a He atmosphere the
sample was heated from 298 to 673 K at 20 K intervals and was held
at each temperature for 15 min prior to data collection. X-ray diffraction /x‘ )J
patterns were recorded from 10 to°d@ 260 with a step size of 0.04 \
and a counting time of 1.5 s. A\ /

Extended Huckel and DFT Calculations. Extended Hukel
calculations on both molecular and one-dimensional substructures were
carried out with YAeHMOP? The weighted WolfsbergHelmholz
formula for the off-diagonal Hamiltonian matrix elements was em-
ployed?® The atomic parameters (orbital energies and Slater expo-
nents$° used in our calculations are listed in Table 4. A 100 k-point
set was used to compute average properties otkﬁaQ{] chains. Figure 2. Anticubooctahedral coordination about thetGstions in
The geometry of the Taf)™ units andolo[TaQS’] chains was taken CsTaQ.
from the corresponding CsTaGQtructures. DFT calculations were
carried out at the LDA level with the use of the Plane-Wave packdge  in the hexagonal variant Ba\§Structure share faces along the
with Troullier—Martins pseudopotentiaf3:3* A 6 k-point set was [001] direction. Thus }O[Tan’] chains of face-sharing

used for geometry optimization. Ta-centered octahedra are present in the CsTsi@icture
. . (Figure 1). That CsTaTkeexhibits this structure type is
Results and Discussion surprising in light of the dearth of tellurides that feature face-
Description of the Structure. The isostructural compounds ~ sharing octahedra.
CsTaQ (Q = S, Se, and Te) have the Bay¥Structure type. The C¢ cations that separate the chains exhibit 12-fold

CsTaTais the first ternary alkali-metal or alkaline-earth-metal anticubooctahedral coordination t¢Qanions at distances of
group-V telluride. As the shortest-€R interactions (Table 3)  3-636(1) and 3.731(3) A for CsTgS3.751(1) and 3.821(1) A

are 3.379(9) A in CsTaS 3.609(3) A in CsTaSe and for CsTaSe and 3.996(2) and 4.004(2) A for CsTaTEigure
3.964(2) A in CsTaTg the formal oxidation states €sT&b+, 2). These are comparable to the-&3 interactions found in

-, Sé-, and Té may be confidently assigned. The crystal the structures of GB,S, (3.659(1) to 3.768(1) AJ? CsCuSe
structures of CsTagcomprise a hexagonal stacking of GsQ  (3.617(1) to 3.768(1) Aj® and CsAg.ZrTe, (3.878(3) to
planes (similar to the (111) planes found in the perovskite 3-960(3) A)¥” The small range of CsQ and Q-Q separations
structure) with one quarter of the interlayer octahedral sites (all in these structures indicates that they are based on a near
of those surrounded by 2Q anions exclusively) occupied by ~ hexagonal-closest-packing ofQanions with interlayer @Q

Ta5" cations. Whereas the octahedra in the cubic-close-packedand Cs-Q contacts slightly shorter than intralayer ones. BaVS

perovskite structure are linked by vertex sharing, the octahedrahas similar packing efficiency with BeS interatomic distances
ranging from 3.362(3) to 3.418(3) A and-S interatomic
(27) Landrum, G.Yet Another extended ‘ldkel Molecular Orbital distances ranging from 3.340(2) to 3.404(2) A

Package (YAeHMOR}1996 This software is freely available on the World .
Wide Web at http://overlap.chem.cornell.edu:8080/yaehmop.html. Displacement of the Ta Centers. The Ta centers are

(28) Ammeter, J. H.; Bigi, H.-B.; Thibeault, J. C.; Hoffmann, Rl. displaced about then3site along the [001] direction creating
An}'zs():)h'lt'agt]il(fsoggga?r;r?](e)’tgfssfegrsggtze.nde'dckiei Calculations; collected two discrete sets of FaQ bond distances (2.339(5) and
by Alvarez, S., Universitat de Barselona, 1993. 2.582(6) Ain CsTag 2'440(,2) and 2.767(2) Ain CsTase

(30) Teter, M. P.; Payne, M. C.; Allan, D. ®hys. Re. B 1989 40, and 2.616(3) and 2.997(3) A in CsTaJelf the Ta atoms were
12255-12263. centered in their Qoctahedra, the TaQ bond distances would

(31) Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos,

J. D.Rev. Mod. Phys1992 64, 1045-1097. (35) Hammerschmidt, A.; Jansen, C.;'far, J.; Pttmann, C.; Krebs,

(32) Troullier, N.; Martins, J. LSolid State Commuri99Q 74, 613— B. Z. Anorg. Allg. Chem1995 621, 1330-1337.

616. (36) Hartig, N. S.; Dorhout, P. K.; Miller, S. MJ. Solid State Chem.

(33) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993-2006. 1994 113 88-93.

(34) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 8861-8869. (37) Pell, M. A.; Ibers, J. AJ. Am. Chem. S0d995 117, 6284-6286.
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be 2.455, 2.594, and 2.794 A for CsEaXsTaSg and
CsTaTeg, respectively. When the F&Q distances in the

J. Am. Chem. Soc., Vol. 119, No. 22, 15989

H),Ta(H)(PMePh)(cb)] (cb = carbazole), 2.536(1) A® and
TaCla(PMes)sHa, 2.511(2) A% In addition to this random

CsTaQ structures are compared with those in the structures of distribution along a given chain, there are ordered ways that

the octahedral Ta compounds CuTa32.282(4) to 2.683(4)
A),38 TaNiSe; (2.473(2) to 2.720(2) A TaPtSe (2.482(3)
to 2.700(3) A)® TaPdTers (2.662(1) to 2.899(1) Aj°
TagPckTer4 (2.644(4) to 2.894(4) A3l and TalrTe (2.646(3)
to 2.888(3) Ay#2 it is apparent that the FaQ bond distances

lead to a centrosymmetric structure. In one, pairs of Ta atoms
could cluster together (the “pairing distortion”), much as in
materials that have undergone a Peierls distortion. There result
two distinct Ta-Ta separations, the same as the shortest and
the longest TaTa separations in the random distribution model

in the undistortedstructure models are more typical than those mentioned above. In this model there must be no interchain
in the observed structures. This observation has been confirmedyommunication or a doubling of theaxis would result. No

with bond valence calculations on thendistorted structure
models with the use of the program EUTAX

Note that only the T& centers are displaced in the CsTaQ
structures; the Csand @ ions reside on the same respective
Wyckoff positions as the Ba and S~ ions in the Bavg
structure. What is the reason for thé®Tdisplacements? There
are several possible explanations. For instance, charge-densi

are well documentetf:#6 Crystallographic refinements of the

atomic occupancy factors and elemental analysis by EDX
suggest, but do not prove, that the present compounds ar
stoichiometric and do not contain appreciable percentages of

Ta*" centers. Magnetic data indicate that CsTaiBediamag-
netic, consistent with atonfiguration for Ta. The value of
x at 300 K is—7.1 x 1075 emu. The weak temperature and

evidence for a @ supercell could be observed on overexposed
oscillation photographs taken at room temperature of a crystal
of CsTaTg mounted along [001]. This pairing model seems
unlikely because very short ¥&a separations are involved and
because no such pairing has been detected in the structures of
the T&" compounds BaTaS; and BaTagSe?® or in the Td™

ty- A : .
5 ) . . : mpound BaTa§’ although in this instance their electroni
wave transitions in one-dimensional Nb and Ta chalcogenides compound Ba arthoug S Instance their elecironic

structures suggest that such distortions would be favotablé?
In the most likely model, favored both by geometrical consid-
rations and by extended Ekel calculations (see below), the

e
e'I'a atoms in a given chain could all shift in the same direction

(the *“sliding distortion”) with the result that individual
i[TaQ;] chains are polar. Very weak interchain communi-
catiorP® would result in equal numbers of chains of each polarity

field dependence observed are ascribed to a small amount ofand a centrosymmetric structure in which-TBa separations

paramagnetic impurity. Thus a Peierls distortion is unlikely.
Distorted octahedral structures involving®Tand other 8metal

were normal, namely 2.980(1), 3.091(1), and 3.248(2) A in
CsTaSg, CsTaSg and CsTaTg respectively. These Fala

cations are fairly common; these distortions have been attributedinteractions are below the critical distance required for extended

by Kunz and BrowfY to a variety of effects, including net

metal-metal overlap along the chain ax®sBut CsTaSgis

stabilization of nearest neighbor networks, lattice stresses,an insulator with an electrical conductivity less than §.80~7

cation—cation repulsions, and second-order Jahaller distor-
tions (an electronic effect that we discuss below).

Qlcmat 77 K and CsTaTgis a semiconductor with an
electrical conductivity of 5.4x 1073 Q~1cm~1 at 300 K and

Attempts to refine the present structures in the noncentrosym-4.3 x 1073 Q-1 cm 1 at 77 K. Yet, semiconducting behavior

metric space group6smc were not successful. Refinements

is observed in BaTa3! BaTa ¢33, and BaTaSg£0 despite short

of inversion and merohedral twinning models in space group Ta—Ta separations.

P6smc led to markedly poorer agreement indices than did

refinements of the untwinned models in space grBggmmc

It thus seems that these structures are centrosymmetric, and thi
implies that on average the Ta atoms are equally displaced on
either side of the 0,0,0 position along [001]. This could arise
from purely random displacements of the Ta centers in each
chain. This would lead to a random distribution along a chain

of three different Ta-Ta separations (2.579(12), 2.980(12), and
3.382(12) A in CsTag 2.540(5), 3.091(5), and 3.642(5) A in
CsTaSg and 2.590(6), 3.248(6), and 3.906(6) A in CsTgTe

We now consider what we can learn through the use of the
extended Haokel metho8®5¢ about why there are Ta displace-
Thents in thei[TaQ{] chains and which of the two possible
patterns of Ta displacements, namely the pairing distortion or
the sliding distortion, is more likely. First, the electronic
structure of an isolated TaQ unit (with formally Té* and
Q2 centers) will be discussed. This allows us to identify the
molecular orbitals that are responsible for the second-order
Jahn-Teller distortiof” of Ta along the 3axis of a Ta@Q"~

Note the shorter of each of these interactions is very short Unit: The results presented were obtained for Cshaith Q

indeed, among the shortest that have been observed, and this~ Te- Figure 3 schematically presents the molecular orbitals
makes such a model unlikely. For example, consider the of a TaTe’™ unit, the Te atoms forming a trigonal antiprism

following Ta—Ta separations: BaftgSe, 3.015 A2 BaTas,
2.872(3) AL011 TS, 2.644(5) A% [(cb)(PMePhy(H)Ta(u-

(nearly an octahedron). The effect of the Ta distortion from
the center of the trigonal antiprism along thgaRis is displayed

(38) Sunshine, S. A;; Ibers, J. Acta Crystallogr., Sect. C: Cryst. Struct.
Commun.1987, 43, 1019-1022.

(39) Sunshine, S. A,; lbers, J. Anorg. Chem.1986 25, 4355-4358.

(40) Mar, A.; Ibers, J. AJ. Chem. Soc., Dalton Tran$991, 639-641.

(41) Liimatta, E. W.; Ibers, J. Al. Solid State Chenl989 78, 7—16.

(42) Mar, A.; Jobic, S.; Ibers, J. A. Am. Chem. So4992 114, 8963~
8971.
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Figure 3. W_alsh diagram for the Ta displacement along the z axis in Figyre 4. Band structure for an undistortéfiTaTe, ] chain. The Ta
a TaTe’" unit. d2 band and the Te band are emphasized; the corresponding crystal

orbitals at thel” point are shown.

in the form of a Walsh diagra®¥. The energy window is chosen
in such a way that only the Ta d orbitals and Te p orbitals are presence of afaxis. The bands largely responsible for the
shown. The splitting of the Ta d block, three below two, is geometry are related to those in the isolated FaTenit: a
consistent with the nearly octahedral coordination. All Te mainly Ta ¢z band and a mainly Te pand®? Figure 5 shows
orbitals are filled anq all Ta orbitals are empty, in accord with the result of Ta g mixing into the top of the Te ghand for the
the T&*/Te?~ formalism. pairing and the sliding distortions. Note that only tio@ of

In seeking an explanation for the deformation observed, we the Ta ¢ band can mix into the Te ®and when the pairing
are led to focus on a particular orbital from the Te p-block of distortion takes place, whereas thettomof the Ta ¢ band is
@y symmetry in the undistorted I8 Dsq) TaTes”™ unit. This involved in the sliding distortion. From the point of view of
orbital consists mainly of Te rbitals with a small contribution  perturbation theory given two otherwise similar orbital interac-
of Ta p. It undergoes the largest change in energy among all tjpns, the strength of the interaction is inversely proportional
Te orbitals when the Ta is displaced by 0.329 A, the experi- 15 the energy difference between the interacting le¥els.
mentally observed value for CsTaleThe reason for the  Therefore stronger TaAmixing is expected for the sliding
stabilization of this orbital is to be found in the mixing in of  yigtortion, along with more substantial stabilization of the top
the empty Ta g orbital. The latter orbital belongs to thega of the Te p band. Indeed, the Taxband constitutes 17.7%

irredt;cible represhente;tri]on in thet undilstortedd fragmsent, but of the top of the Te pband after the sliding distortion, whereas
'Fﬁins c|>|rr\r,1vs ?srl-f—lw Qeraixir? ?r{tmrt?]e :‘yrlri ?lwere rbfi“ \Evhrin)ﬁ only 5.4% of the Ta g band mixes into the top of the Te p
s allows for Ta g into the formerly a, orbital, whic band after the pairing distortion.

also transforms as; én the distorted fragment. As a result of ] ) ) o
such mixing, this orbital acquires 4.2% Ta dharacter and is Note that among all possible Ta distortion patterns the sliding

stabilized by 0.122 eV, equal to 65% of the decrease in the distortion provides the most effective interaction between the
total energy of TaTg. two ban_ds because it involves the parts of the bands that are
Now consider the electronic structure of an undistorted Cl0S€stin energy. The Te s bands are also affected by the Ta
![TaTe, ] chain, as well as changes that result from the Ta d|splacement. Mixing of the empty Ta .states (aIIowqu owing
displacement. The band structure of an undistorted to a lowering of §ymmetry) takes place in both of the distorted
Dlo[TaTe;] chain is shown in Figure % Again we are structures to a similar extent because the Te s bands are rather

interested in the Ta d and Te p blocks of orbitals. The former far in energy from the empty Ta states.
are empty and the latter are occupied with a gap in between, There is one more effect at work when Ta centers are paired.
consistent with semiconducting behavior of CsTaT&he Ta Owing to the loss of the screw axis, bands do not meet at the
d bands have been discussed previously in déiiieIA feature X point so the folded-back nature of the band structure is lost.
of the band structure worth noting is the “folded-back” nature This would lead to stabilization for a half-filled band because
of all bands owing to the doubling of the unit cell and the its lower filled half would be stabilized around X and its upper
unfilled half would be destabilized at X; a Peierls distortion
dis(csugs)s,gdnitrjlnr]gfgé)f distortions for Mtransition metal complexes are V-\,ou|d result. Howe"‘?f’ when the band in questic_m is completely
(59) For a generél discussion of chemical bonding in extended structures filled, then the destabilization of the upper, now filled, half more

see refs 67 and 68.
(60) Lachgar, A.; Dudis, D. S.; Dorhout, P. K.; Corbett, J.|Borg. (62) There are several bands that are mostly Ji@ gharacter, but we

Chem.1991 30, 3321-3326. are interested in the one symmetric with respect toGhexis. This is the
(61) Dorhout, P. K.; Corbett, J. Dnorg. Chem1991 30, 3326-3333. band that we will refer to as the “Te, pand”.
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Figure 5. The effect of the pairing and sliding distortions on the Ta
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with respect to the following symmetry operations;, containing Ta,
Oy containing Te, and Hscrew axis along. Only the oy, containing
Te is retained after the pairing distortion; only the ®rew axis is
retained after the sliding distortion.

than outweighs the stabilization provided by the lower Balf.
A similar situation takes place at tHepoint: every filled Te
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inclusion of interchain interactions and the Cs cations does not
change the conclusions obtained for the isolated chains.

Sometimes the extended tkel method fails to reproduce
bond lengths when it is allowed to optimize geoméfyOne
must take care when comparing total energies of structures with
different bond lengths. In the present instance when the Ta
distortion along the 2ixis in the TaT¢~ unit is optimized, an
unreasonable distortion of 1.46 A is predicted. But the goal of
our analysis is not to predict quantitatively to what extent a
distortion occurs, but rather to give qualitative arguments as to
what may be the cause for the experimentally observed distortion
and then to use similar arguments to decide which distortion
pattern is more likely. We expect our prediction that the sliding
distortion is more energetically favorable than the pairing
distortion to be correct because the two geometries feature
identical Ta-Te bond lengths.

We attempted DFT calculations in order to compare energies
of CsTaQ structures with the sliding and pairing distortions,
as well as with undistorted[TaQ{] chains. Only CsTa$
with the sliding distortion was found to have a small band gap
of 0.156 eV above the Fermilevel. In all the other eight systems
the Ta d bands were found to overlap a little with the Te p
bands. Calculations on metallic systems cannot be carried out
with the current version of the program, so no further studies
on the latter systems were done. Geometry optimization was
attempted for the CsTaStructure with all Ta centers displaced
in the same direction and with the cell parameters fixed. The
resulting Ta position of (0,0,0.0347) is very close to the
experimentally observed value of (0,0,0.0337). The calculated
Cs and S positions are also virtually identical with those derived
from the X-ray data. The fact that the sliding distortion in
CsTaSg corresponds to a local energy minimum is not the
absolute proof, but is a strong indication that this distortion
correctly describes the structure of CsgaQ

Other Observations. DSC measurements have established

band contributes to destabilization because the states at the tophat CsTaTe undergoes an endothermic phase transition at
and the bottom of the band can interact with each other. For approximately 493 K. There is an irreversible exotherm at

example, Figure 5 shows that the symmetry of the Tband

approximately 400 K, the source of which is not clear. TGA

is the same at the top and at the bottom of the band. Suchmeasurements indicate that the mass loss at 393 K is less than

intraband* interaction takes place in the rest of the Brillouin

0.5% whereas the total mass loss by 793 K is only 2.2%. X-ray

zone as well. There is no intraband interaction in the case of powder diffraction patterns of CsTadebtained at temperatures

the sliding distortion.

To summarize, the sliding distortion in ig{TaTes_] chain
leads to a substantial stabilization of the top of the filled Te p

ranging from 298 to 673 K confirm the occurrence of a phase
transition at~493 K. The structure of the high-temperature
phase, which appears to be of lower symmetry, is still under

band, other Te p bands being relatively unaffected. The Te sinvestigation. BaVgundergoes a hexagonal to orthorhombic
bands are also stabilized. The pairing distortion provides a small Phase transition at 250 K. In its hexagonal phase Ba¥®

stabilization of the top of the Te,pband. The intraband

semiconductor, but it becomes metallic at temperatures below

interactions result in destabilization that outweighs the stabiliza- 130 K3

tion resulting from the second-order Jatireller mixing in both

Preliminary efforts to synthesize the Nb analogue of Cs%aTe

the Te s and the Te p blocks. The computed changes in theYielded only NbTe, CsTe, Nb, and Te. Materials of the

total energy of the chain are0.071 eV/Ta (net destabilization)
for the pairing distortion ane-0.484 eV/Ta (net stabilization)
for the sliding distortion. The stabilization of the top of the Te

formula KMTe; (M = Nb and Ta) could not be isolated.
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