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A fast-growing interest in solid state telluride chemistry has
taken place during the past several years. Qur research in this
area has been primarily on the development and applications of
several synthetic techniques that can be applied to the synthesis of
the tellurides over a wide temperature range (100-1200°C). These
techniques include chemical vapor transport, molten-salt, and hy-
dro(solvo)thermal methods. In this article, we report five binary,
ternary, and quaternary meta! tellurides, BaTe,, TaCu;Te,,
RbTaCu;Te,, K;BaSnTe,, and K,;Ag,SnTe,, synthesized by the
molten-salt (alkali-metal polytelluride flux) reactions at interme-
diate temperatures (400-550°C). The crystal structures of these
compounds have been determined by single crystal X-ray diffrac-
tion techniques. Crystal data: BaTe;, space group I4/mcm (No.
140), a = 7.181(1), ¢ = 8.898(2) A, Z = 4, R1 = 1.55%, wR2 =
3.46%; RbTaCu,Te,, space group P2,cn {(No. 33), a = 5.982(2),
b = 20.316(3), ¢ = 8.192(2) A, Z = 4, R1 = 7.13%, wR2 =
4.95%; TaCu;Te,, space group P-43m (No. 215), a = 5.930(2) A,
Z =1, Rl = 2.40%, wR2 = 6.48%; K,;BaSnTe,, space group I-
43m (No. 217), @ = 8.393(1) A, Z = 2, Rl = 2.52%, wR2 =
3.56%; K,Ag;SnTe,, space group I-42m (No. 121), a = 8.732(5),
c = 74253) A, Z = 2, R1 = 3.06%, wR2 = 7.25%. o195
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INTRODUCTION

Research in the chemistry and physics of solid state
metal tellurides has become very active during the past
several years. A variety of synthetic techniques have
been applied to the synthesis of these materials, which
has led to the discovery of numerous new binary, ter-
nary, and guaternary teliuride compounds (1-7). The
high-temperature techniques, such as chemical vapor
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2 Henry Dreyfus Teacher—Scholar 1994-1998,

transport (CVT) reactions (8), remain important in solid
state synthesis, and are commonly used in the prepara-
tion and crystallization of tellurides (1-3, 5). However,
the study of metastable phases has necessitated the use
of lower temperature syntheses. Among various meth-
ods, the most quickly adopted one is the molten-salt tech-
nique {9), often referred to as flux growth technique (10,
11}. When applied to the synthesis of solid state tellu-
rides, or chalcogenides in general, the alkali-metal poly-
chalcogenides (A, Q.. A = alkali metal, ¢ = S, Se, or Te,
and in general y > x} are used as the salts or fluxes in
moest of the reactions. They play the key role in control-
ling the reaction temperatures, These salts (melts) of rela-
tively low melting peints become liquified in the tempera-
ture range ~-200-500°C (11}, and at these temperatures
they behave much the same as an ordinary solvent. Crys-
tallization of a compound from such a melt is very similar
to the crystallization of an organic or organometallic spe-
cies from a solution at room temperature.

Our recent work on the applications of the flux growth
techniques has resulted in a number of tellurides synthe-
sized at intermediate temperatures (400-550°C), Here,
we describe the structures and the electronic properties
of several telluride compounds prepared from alkali-
metal polytelluride melts.

SAMPLE PREPARATION

All alkali-metal (A) polytelluride fluxes were prepared
by mixing A,Te and Te in the appropriate ratio. Various
A,Te precursors were obtained by reaction of tellurium
powders (99.8%, Strem Chemicals, Inc., Newburyport,
MA) in stoichiometric proportion with the metals dis-
solved in liquid ammonia {12).

BaTe, (I}, Single crystals of BaTe, were obtained
from a Na,Te/BaTe/Te flux at 525°C. Na,Te and BaTe
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were used as precursors in this reaction (Na and Ba,
99.7%, Strem Chemicals). Samples of Na,Te and BaTe
were freshly prepared and stored under an inert atmo-
sphere prior to use. In an attempt to synthesize the qua-
ternary barium-containing tellurides, 0.0868 g (0.5
mmole) of Na,;Te, 0.1325 g (0.5 mmole) of BaTe, 0.0905 g
(0.5 mmole) of Ta (>99.9%, Aldrich Chemical Co., Inc.,
Milwaukee, W1} and 0.3828 g (3 mmole) of Te were
mixed under an inert atmosphere. The mixture was trans-
ferred to a Pyrex tube and sealed under vacuum. The
tube was slowly heated to 525°C and was kept at 525°C
for 4 days, A slow cgoling (4°C/hr) followed and the tem-
perature was reduced from 525 to 150°C. Dimethylforma-
mide (DMF), anhydrous ethyl alcohol, and ethyl ether
were then used successively to iselate and dry the prod-
ucts. Black, column-like crystals of BaTe; were found.
Direct reaction of a stoichiometric mixture of elements at
600°C gave a yield of approximately 80%.

RbTaCu,Tey (H) and TaCuiTes (I1l). Both com-
pounds were crystallized in a Rb;Te/Te flux at 450°C.
The black, column-like crystals of RbTaCuTe, were iso-
lated from a reaction mixture containing 0.149 g (0.5
mmole} of Rb,Te (Rb, 99.9+%, Strem Chemicals),
0.090 g (0.5 mmole) of Ta, 0.032 g (0.5 mmole) of Cu
(99.5%, Aldrich Chemical Co.), and 0.447 g (3.5 mmole)
of Te as starting materials. The reaction was carried out
in a sealed Pyrex tube of ca. 6 in, length at 450°C for 4
days. After the heating process, it was then cooled slowly
to 120°C (cooling rate: 4°C/hr). The excess flux was re-
moved from the final product with DMF. Black, rhombo-
dodecahedral-shaped crystals of TaCu,Tes were also iso-
lated.

K,BaSnTes (IV). The synthesis of K;BaSnTe, was
carried out in a K, Te/BaTe/Te flux. The heating scheme
was the same as previously described for (IL} and (1II).
Black, nearly cubic-shaped crystals of (IV) were grown
from a mixture of 0.3087 g (1.5 mmole) of K;Te (K, 98%,
Strem Chemicals), 0.1325 g (0.5 mmole} of BaTe,
0.0594 g (0.5 mmole) of Sn (99.8%, Aldrich Chemical
Co.), and 0.3190 g (2.5 mmole) of Te. Elemental analysis
by EDS gave an average of K,;BaSnTe,, for the selected
crystals. Powder X-ray analysis on the sample showed a
qualitative yield of ~40% K,BaSnTe, along with several
impurity phases.

K;Ag:8nTey (V). KyAg:SnTe, was crystallized in a
K,Te/Te flux. The heating scheme was the same as previ-
ously described for (II), (I11), and (I1V). The reaction of
0.206 g (1.0 mmole) of K,Te, 0.108 g (1.0 mmole} of Ag,
0.0594 g (0.5 mmole) of Sn, and 0.319 g (2.5 mmole) of Te
yielded black, thin column-like crystals of (V). Selected
crystals were used in the elemental analysis (EDS), and
an average of K;pAg:75n,3Teso was obtained for this
compound,
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STRUCTURE ANALYSIS

The structures of all five compounds were solved by
single crystal X-ray diffraction methods. Data collections
were carried out on the Enraf-Nonius CAD4 diffractom-
eter employing graphite-monochromated MoKea radia-
tion (A = 0.71069 A). Unit cell constants were obtained
from refinement on 25 accurately centered reflections.
Data were collected at room temperature with omega
scan and theta limits 3-27° for all the samples. Direct
methods (13) were employed for the structure solutions.
All structures were refined by full-matrix least-squares
on F2 with the SHELXL-93 programs (14). Absorption
corrections were applied using an empirical V-scan
method (15). To improve the refinement an isotropic ex-
tinction parameter was refined for BaTe; (I), TaCu;Te,
(I1I), and K;BaSnTe, (IV). Absolute configurations have
been assigned for the four noncentrosymmetric struc-
tures (I1)-(V), using Flack absolute structure parameter
(16). Anisotropic thermal displacement parameters were
assigned for all atoms in all compounds. Crystal structure
drawings were produced by SCHAKAL (17) graphics.
Detailed crystal data, structure solution, and refinement
parameters are given in Tables 1-5, together with the
minimum transmission factor for the absorption correc-
tion, the extinction, and the absolute structure parame-

TABLE 1
Crystal Data, Data Collection, and Refinement Parameters for
BaTe; (I)
Formula BaTe,
Formula weight 392.54
Crystal system Tetragonal
Space group 14/mem (No. 140)
a(A) 7.181(1)
¢ (A 8.898(2)
Volume {A%) 458.8(1)
z 4
d(calc) (g/cm’) 5.682
plmm1) 20.896
Crystal size (mm?) 0.320 x 0.096 x 0.048
Index range —9/9, —-9/9, 0/11
Reflections collected 913
Independent reflections 152 [R(int) = 0.0278]
Min. transmission factor 0.37
Extinction coefficient 0.0065(4)
Data/restraints/parameters 152/0/8

R1* = 1,55%, wR2® = 3.46%
Rl = 1.55%, wR2 = 3.46%

Final R indices [F, > 4o (F,)]
Final R indices (all data)

Goodness-of-fit (GooF) 1.325%
Weighting scheme (A, B)* ] 0.0164, 1.4928
Largest diff. peak and hole (eA™?) 0.868, —0.770

« Rl = 3 (|F| — |F)VE(F)), wR2 = [Zw(F2 — F)HUEwF ",

4 GooF = [Ew(F: — F2/(n — p)]*?, where n is the number of reflec-
tions and p is the number of refined parameters.

cw = 1/[a*FL + (AP)* + BP], where P = (F% — 2F}/3.
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TABLE 2 TABLE 4
Crystal Data, Data Collection, and Refinement Parameters for Crystal Data, Data Collection, and Refinement Parameters for
RbTaCu,Te, (11} K;BaSnTe, (IV)
Formula RbTaCu,Te, Formula K,BaSnTe,
Formula weight 903.90 Formula weight 844.63
Crystal system Orthorhombic Crystal system Cubic
Space group P2icn (No. 33) Space group 1-43m (No. 217)
a (A) 5.982(2) a (A} 8.393(1)
b (A) 20.316(3) Volume (A’) 591.2(1)
¢ (A) 8.192(2) z 2
Volume (A% 995.6(4) dicalc) (gfcm?) 4.745
VA 4 p(mm—1) 15.730
dicale) (g/em?) 6.031 Crystal size (mm?) 0.25 % 0.25 x 0.20
plmm~1) 31.459 Index range 0/10, 0/10, 0/10
Crystal size (mm’) 0.192 x 0.025 x (.025 Reflections collected 393
Index range 0/7, 0/25, 0/10 Independent reflections 86 {R(int) = 0.0544]
Reflections collected 1189 Min. transmission factor 0.514
Independent reflections 1189 Absolute structure parameter -0.7(6)
Min. transmission factor 0.866 Extinction coefficient 0.012(1)
Absolute structure parameter 0.001(14) Data/restraints/parameters 86/2/10
Data/restraints/parameters 1188/0/72 Final R indices (F, > 4a(F,)) R12 = 1.77%, wR2¢ = 3.54%
Final R indices [F, > 4o (F,)] R1% = 2,01%, wR2" = 4.08%  Final R indices (all data) Rl = 2.52%, wR2 = 3.56%
Final R indices (all data) R1 = 7.13%, wR2 = 495% Goodness-of-fit {GooF) 1.349%
Goodness-of-fit (GooF) 1.084% Weighting scheme (4, B)* 0.0, 3.377
Weighting scheme (A, B)- 0.0206, 0,0 Largest diff. peak and hole (33‘3) 1.014, —1.614
Largest diff. peak and hole (eA*J) 0.947, —1.540

abc See Table 1.

ters (when applied). Atomic coordinates and equivalent
isotropic displacement coefficients are listed in Tables 6
10. Supplementary materials include complete crystal

TABLE 3
Crystal Data, Data Collection, and Refinement Parameters for
TaCu;Te, (IIT)

Formula TaCu;Te,

Formula weight 881.97

Crystal system Cubic

Sp.a“ce group P-43m (No. 215)

a (A) 5.930(2)

Velume (A% 208.5(1)

z 1

dfcalc) (g/cm?) 7.023

pul{mm-1) 34.230

Crystal size (mm?) 0.03 x 0.03 x 0.03
Index range =7/7, 017, 0/7
Reflections collected 544

Independent reflections 114 [R(int) = 0.034]]
Min. transmission factor 0.511

Absolute structure parameter 0.48(6)

Extinction coefficient 0.010(2)
Data/restraints/parameters 114/0/8

Final R indices (F, > 4o (F,)) R1e = 2,40%, wR2® = 6.48%
Final R indices (all data) R1 = 2.40%, wR2 = 6.48%
Goodness-of-fit (GooF) 1.248¢

Weighting scheme (A, B)° 0.0416, 1.2177
Largest diff. peak and hole (¢ A~%) 1.998, —1.749

abc See Table 1.

a.b.c See Table 1.

data, full list of bond lengths and angles, anisotropic ther-
mal parameters, and tables of F,/F, for all five com-

pounds.

TABLE 5

Crystal Data, Data Collection, and Refinement Parameters for
KzAgzsﬂTE4 (V)

Formula

Formula weight

Crystal system

Space group

a (A)

c (A)

Volume (4%

VA

d(calc) (g/cm?)

p(mm~)

Crystal size (mm?)

Index range

Reflections collected
Independent reflections

Min. transmission factor
Absolute structure parameter
Data/restraints/parameters
Final R indices (F, > 40 (F,)
Final R indices (all data)
Goodness-of-fit (GooF)
Weighting scheme (4, B)"
Largest diff. peak and hole (eA-)

KgAg;SnTe4

923.03

Tetragonal

I-42m (No. 121)
8.732(5)

7.425(3)

366.1(5)

2

5.415

16.381

0.2 x 0.05 x 0.05
=11/11, 0/11, 0/9
713

345 [R(int) = 0.0261]
0.69

0.0(3)

345/1/22

R1e = 3.03%, wR2% = 7.23%
R1 = 3.06%, wR2 = 7.25%
1.150%

0.0279, 14.8467
1.317, —0.860

abc See Table 1.
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TABLE 6

LI ET AL.

Atomic Coordinates and Equivalent Isotropic Displacement
Parameters (A2) for BaTe, (I)

TABLE 10
Atomic Coordinates and Equivalent Isotropic Displacement
Parameters (A?) for K;Ag,SnTe, (V)

Atom  Site X ¥ z Uleq®  Atom  Site x y z Uleq)®
Ba 4a 0.0000 0.0000 0.2500  0.0147(Q)) K 4c 0.5000 0.0000 0.0000 0.061(2)
Te 8h 0.13649(4) 0.63649(4) 0.0000 0.0161{2) Ag(l)  &* 0.1217(3) 0.1217(3) 0.5802(5)  0.063(1)

Ag(?)  2p* 0.0000 0.0000 0.5000 0.082(8)
 Uleq) is defined as one-third of the trace of the orthogonalized &/;  $p 2a 0.0000 0.0000 0.0000 0.0235(4)
tensor. Te 8i 0.32561(7)  0.32561(7)  0.7293(1)  0.0298(3)
2 See Table 6.

TABLE 7

Atomic Coordinates and Equivalent Isotropic Displacement

Parameters (A2) for RbTaCu,Te, (il)

Atom Site x ¥ z Uleq)®

Rb 4a 0.2430(9 0.56350(7) 0.7565(4) 0.0436(4)
Ta 4q 0.4998(7) 0.35501(2) 0.7443(1) 0.0135(1)
Cu(l) 4a (.4880(9) 0.2507(2) —0.0035(3) 0.0219¢3)
Cu(2) 4a (.0000 0.35508(7) 0.7451(4) 0.0228(3)
Te(l) 4a 0,7580(9) 0.24912(3) 0.7463(2) 0.0157(2)
Te(2) 4q 0.7482(9) (.46003(4) 0.7412(2) 0.0333(2)
Te(3) 4a 0.247(1) 0.35762(9) 0.0060(1) 0.0200(4)
Te(4) 4a 0.248(1) 0.35540(9) 0.4835(1) 0.0211(4)

¢ See Table 6.
TABLE 8§

Atomic Coordinates and Equivalent Isotropic Displacement

Parameters (A2) for TaCu;Te, (IL)

Atom Site x ¥ z Uleg)®
Ta la 0.0000 0.0000 0.0000 0.0049(5)
Cu 3d 0.5000 0.0000 0.0000 0.0141(7)
Te 4e 0.2580(1) 0.2580(1) 0.2580(1) 0.0089(4)

@ See Table 6.
TABLE 9

Atomic Coordinates and Equivalent Isotropic Displacement
Parameters (A2) for K,;BaSnTe, (IV)

Atom Site x ¥ z Uleq)
K 6b 0.5000 0.0000 0.0000 0.0517(7)
Ba 6b* 0.5000 0.0000 0.0000 0.0517(7)
Sn 2at (.0000 0.0000 0.0000 0.0228(5)
Te 8¢ 0.31014(6) 0.31014(6) 0.31014(6)  0.0341(4)

< See Table 6.

& sof for Ba 0.0416(1); K 0.0834(2).

b sof for Ag(1) 0.227(1); Ag(2) 0.023(1).

RESULTS AND DISCUSSION

All five compounds described above were prepared at
intermediate temperatures (400-550°C). The structures
of these compounds, however, are strikingly different:
they range from ‘‘molecular’ species {zero-dimensional)
to layered (two-dimensional) and extended (three-dimen-
sional) networks.

BaTe, (I). The Zntl-type compound BaTe, has a
very simple structure (3k). It contains dimeric (Te;}~
units (dumbbells) that stack in a staggered fashion to form
infinite pillars along the crystallographic c-axis. The
2.772 A interatomic distance between the two tellurium
within a dimeric unit characterizes a typical Te-Te single
bond. There are no bonds between the neighboring di-
mers (Te -+ Te = 3.94 A). The counterion Ba* rows,
also parallel to the c-axis, lie between the rows of (Te)?~
dumbbells. Figure 1 shows a perspective view of the
structure.

BaTe, is the second alkaline-earth metal ditelluride
synthesized to date. The only other known phase in this

FIG. 1. Projection of the BaTe, structure viewed along the c-axis.
Large partially shaded circles are Te and small cross-hatched circles are
Ba. The unit cell is outlined.



BINARY, TERNARY., AND QUATERNARY TELLURIDES

family is the cubic MgTe: (18) with pyrite structure. Crys-
tals of other known alkaline-earth dichalcogenides were
prepared at higher temperatures. For example, high-tem-
perature and high-pressure conditions (900°C, 20 Kbar)
were required to crystallize S5rS; (19a). Single crystals of
BaS, were obtained by reaction of BaS and S at 800°C
(19h). Direct synthesis of the monoclinic BaSe; from the
elements at 500-700°C (20) resulted in crystal of poor
quality and a rather high R factor (13%).

Among the five known alkaline-earth dichalcogenides,
only SrS; and BaTe; are isostructural. Both barium disul-
fide (BaS,) and barium disclenide (BaSe,) belong to the
moenoclinic crystal system (C2/c, No. 15) with arrays of
dichalcogenides (Q:)?~ stacking in an eclipsed manner
and with individual rows iso-ortentated, whereas BaTe,
belongs to a tetragonal lattice ({4/mcm, No. 140) with the
(Te,*~ dumbbells stacking in a staggered conformation.
MgTe; has a different structure from both BaS,; and
BaTe;. It belongs to a pyrite-type structure (cubic Pa-3,
No. 205) with rows of {Te;)?~ dumbbells stacked in an
eclipsed conformation alternating with Mg?* cations. The
stacks of (Te.)?~ dumbbells in this case pack in a herring-
bone fashion. The common feature of the five AEQ, com-
pounds (AF = alkaline-earth metal) is that they all con-
tain a dimeric unit, (Q,)*~. The 5-8, Se-Se, and Te-Te
distances in SrS;, BaS, ,oBaSez, and MgTe, are 2.103(5),
2,118, 2.35, and 2.70(1) A, respectively. The Te-Te sepa-
ration in BaTe,, 2,772 A, is slightly longer than that in
MgTe,, and is in good agreement with the Te-Te cova-
lent bond length of 2.74 A (21).

The alkali metals have a strong ability to form a variety
of polychalcogenides with the chalcogen elements. These
binary polychalcogenide compounds are chemically very
interesting. One important application is their use as pre-
cursors in the molten-salt synthesis. The alkaline-earth
metals have a much lesser tendency to form polychalco-
genides. Only one ditelluride and three triteilurides were
previously reported and they are MgTe,, BaTe; (22),
Ba(en);Tes, Ba{en)ssTes (23). The formation of BaTe, in
the alkali-metal melt suggests the molten-salt technique
as an alternative route for the synthesis of alkaline-earth
metal ditellurides, tritellurides, or possibly polychalco-
genides with even longer oligomeric units.

RbTaCu,Tey (IT). As shown in Fig. 2, RbTaCu,Te, is
a two-dimensional solid consisting of TaCu,Tey layers
separated by the Rb™* ions. The layers run parallel to the
(010) plane. The shortest interlayer contact, 4.236(3) A, is
found between Te(2} and Te(3) of the adjacent layers.
Therefore, there are virtually no interlayer interactions in
this compound, The structure is closely related to
KMCu;S¢, (M = Nb, Ta) which were synthesized at
much higher temperatures (850-875°C) (24a—24c). The
atomic coordinations in the two structures are nearly
identical, although (II) crystallizes in a different space
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FIG. 2. Perspective view of RbTaCu,Te, along [100]. Small solid
circles are Ta, shaded circles are Cu, large partially shaded circles are
Te, and small open circles are Rb. Two TaCu,Te, layers are shown in
the figure. The shortest interlayer contact (between Te(1) and Te(2)) is
4.236(3) A.

group (24d). Both Ta and Cu are tetrahedrally coordi-
nated to the Te in (II). There are four distinct Ta-Te
bonds and four distinct Cu(2)-Te bonds, whereas two of
the four Cu(l)-Te bonds are identical. Similar bond
lengths are observed for all Ta-Te and Cu-Te bonds
(2.593-2.648 A). The interatomic distances between Ta
and Cu range from 2.956 to 2.992 A, significantly longer
than the sum of their atomic radii (1/2 of the bond dis-
tance) in the Ta and Cu metal (2.70 A) (25). The edge-
sharing TaTe; and Cu(2)Te4 tetrahedra alternate along
the a-axis. These parallel, edge-sharing tetrahedral
chains are interconnected by commer- and edge-sharing
Cu(I)Te, tetrahedra. More precisely, the edge-sharing
Cu(I)Tey and TaTey tetrahedra extend alternately along
the c-axis. Cu(1)Te,4 also corner-shares with Cu(2)Te, in a
similar fashion along both a- and c-axes. Selected bond
distances in this compound are listed in Table 11,

The formal oxidation states of the participating atoms
may be assigned as the following: Rb(+1), Cu(+I), and
Te(—1II). This leaves a +V for Ta. Fully oxidized tanta-

TABLE 11
Selected Interatomic Distances (A} for RbTaCu,Te, (ID
Ta-Te(1) 2.648(1) Cu()-Te(1) 2.607(3)
Ta-Te(2) 2.600(1) Cu(1)-Te(l) 2.610(3)
Ta-Te(3) 2.623(3) Cu(1)-Te(3) 2.607(5)
Ta-Te(4) 2.615(3) Cu(1)-Te(4) 2.593(5)
Cuf2)-Te(l) 2.594(3) Ta—Cull) 2.956(4)
Cu(2)-Te(2) 2.611(3) Ta-Cu(l) 2.961(4)
Cu(2)-Te(3) 2.600(4) Ta-Cu(2} 2.990(4)
Cu(2)-Te(4) 2.605(4) Ta-Cu(2) 2.992(4)
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lum and niobium, or more precisely, tantalum and
niobitm with formal +5 charge, have been found in a
number of solid state suifide and selenide compounds.
Among these are T,MQ, (M = Nb, Ta; 0 = S, Se) (26a),
MCuy Q4 (M = Ng, Ta; Q0 = S, Se) (24b, 26b), Ta;PdQs
(Q = 8, Se) (27a), M,Pd,8eq (M = Nb, Ta) (27b, 27¢),
TazNi3Sg, Tath3Seg (27d), Cs;MSey (M = Nb, Ta) (273)
and KsMQ, (M= Nb, Ta; @ = 8, Se) (27f}, prepared by
direct synthesis or high-temperature crystal growth tech-
niques; KMCu,Se; (M = Nb, Ta), K;MCuSe,, K;Nb,
CuSeyz, and K;M>Cu; Oy (M = Nb, Ta; Q = S, Se) are
synthesized from the molten-salt reactions (24). Nb(+V)
or Ta(+V) are rarely found in the telluride compounds.
The only known example, as far as we are aware, is
NbCu;Te, (26b). It is interesting to note that the group 5
elements (Nb, Ta) in these structures are usually tetrahe-
drally or trigonal prismatically coordinated. Different co-
ordinations of these elements, with lower oxidation
states, are often observed in compounds synthesized at
high temperatures. Some telluride examples include
MM'Te, (M = Nb, Ta; M' = Fe, Co. Ni), M ;M 'Te,
(M = Nb, Ta; M’ = §i, Cr, Fe, Co), MFe,., Tes (M = Ta,
Nb; x = 1.25, 1.28, respectively), TaM;Te, (M’ = Co,
Ni), Ta,M3Tes (M’ = Ni, Pd), and M. M 'Tes (M = Nb,
Ta;, M' = Si, Ge) in which niobium and tantalum have
(distorted) octahedral coordination with the tellurium (1,
3, 4a, 4e, 5}. Partially oxidized Ta or Nb having coordina-
tions other than octahedral geometry can be found in
Ta;Pd;Te 4 (2¢) and [Co, 5Pty s]TagPtSe s (28). The origin
for such a correlation is not yet understood, but we hope
that continuing studies of this class of compounds will
eventually provide a satisfactory explanation.
Electronic band calculations (29) on a three-dimen-
sional model suggest that RbTaCu,Te, is semiconducting
(or insulating). The valence band is mainly composed of
the Cu 3d and Te 5p orbitals, whereas the Ta 5d states
dominate the conduction band (30). The strongest bond-
ing interactions are found between the Ta and the Te
atoms. A crystal orbital overlap population (COOP) cal-
culation generated a value of 0.842 for this bond (31). The
bonding strength between the two Cu (Cu(l) and Cu(2)}
and Te atoms is quite similar. This is reflected by their
overlap population values (0.273 and 0.274, respec-
tively). The Cu-Te bonds are significantly weaker than
the Ta-Te bonds. The interactions between Ta and two
Cu are similar and weakly bonding. The calculated over-
lap populations are 0.082 for Ta—Cu(1) and 0.074 for Ta-
Cu(2), respectively. Our calculations also indicate that
addition or removal of several valence electrons in this
system (corresponding to an oxidation or reduction pro-
cess) would have very little effect on Cu-Te and Ta-Cu
bonds, but would diminish the Ta—Te bonds significantly.

TaCuz;Te, (IIT). This compound is another example in
which a formal +V oxidation state of Ta is calculated if
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the Cu and Te are assigned Cu* and Te?™, respectively. kit
is a sulvanite type structure (32a, 32b) having a three-
dimensional network and it is also isostructural to Nb
Cu;Sey (24b) and MCu;5,8¢e,_. (M = Nb, Ta) (32¢). The
structure consists of edge- and corner-sharing tetrahedra
of TaTe, and CuTe,. The three-dimensional nature of
(HI} is clearly demonstrated in Fig. 3. Note the open
channels (cross section ~4.1 x 4.1 A) running parallel to
all three axes. The TaTe, tetrahedra are situated at the
eight corners of the cell, and the CuTe, tetrahedra are
located at the middle of the 12 cell edges. Each TaTe,
tetrahedron edge-shares with six CuTe, tetrahedra along
the cell edges, whereas each CuTe, edge-shares with two
TaTe,. The CuTe, tetrahedra also corner-share with each
other along all directions to form a three-dimensional net-
work. The TaTe, tetrahedron is regular with the angle
Te-Ta-Te = 109.5°, while CuTe, is somewhat distorted,
with Te—-Cu-Te = 107.8 and 112.9°. Again, single Ta-Te
and Cu-Te bonds are observed in this structure, 2.650(1)
and 2.596(1) A, respectively. The interatomic distance
between Ta and Cu is 2.965(1) A, similar to those found
in RbTaCu,Te,.

Three-dimensional band structure of (I1I) based on the
experimental geometry suggests the semiconducting/in-
sulating behavior of TaCu;Te, (33). The bonding pattern
is very similar to that in (II): the valence band is again
mainly Cu 34 and Te 5p states, and the conduction band,
mostly Ta 3d states. COOP calculations show that the
strongest bonds are between Ta and Te, with an overlap
population value of 0.7607. The Cu-Te bonds are consid-
erably weaker, indicated by an overlap population value
of 0.2773. The interactions between Cu and Ta are again
weakly bonding. An overlap population of 0.0826 is com-
puted for this pair. As in the RbTaCu,;Te, structure, the

FIG. 3. Projection of TaCusTe;. The cubic unit cell is outlined in the
figure. Solid circles are Ta, shaded circles are Cu, and large partially
shaded circtes are Te. The open channels run parallel to all three axes
and they have a cross-section of approximately 4.1 by 4.1 A
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Ta-Te bonding reaches its maximum in TaCu,Te,. Vary-
ing the valence electrons would weaken this bond but
have little effect on the Cu-Te and Ta—Cu bonds.

K;BaSnTe, (IV). Like BaTe,, K;BaSnTe, is also a
simple Zintl-type structure isostructural to Tl3BX, (B =
V, Nb; X = §, Se¢) (26a). The formal oxidation state of
each atom may be readily assigned: K{(+I), Ba(+II),
Sn(+1V), and Te(—1II). This compound is electron pre-
cise and is predicted to be a semiconductor (or insulator).
The structure contains isolated SnTe™ Zintl anions, lo-
cated at the eight corners and the center of each cubic
unit cell (see Fig. 4). Each Sn atom is surrounded by four
tellurium which form a perfect tetrahedral polyhedron.
Thus, the structure contains a single short Sn-Te bond,
2.760(1) A, which is somewhat shorter than the sum of
atomic radii of the two atoms, 2.85 A, and much shorter
than the interatomic distance in SnTe, 3.14 A (25). No
short bonding contacts between the tellurium atoms are
found, so they exist solely as monotelluride anions, Te?~.
The Zintl ions SnQ3™ (2 = S, Se, Te) are known as stable
anions. They have been found in a number of compounds
such as the alkali-metal and alkaline-carth metal salts
NasSnS,, Ba,SnS,, and Na,SnTe, (34a-34c). The high
coordination ability of SnS; and SnSe§™ toward transition
metal ions has led to a number of extended sulfide and
selenide structures, in which they are present as the basic
building blocks (34d-34k). Only a few extended telluride
structures have been synthesized. One example is- the
K;HgSnTe, (1D chain) structure that was recently re-
ported (35). The second one, K;Ag;SnTe, (3D network),
was synthesized in our laboratory and will be discussed
next.

K;AgySnTe, (V). The SnTel™ tetrahedron forms the
basic construction unit in this structure. They are located
at the center and at the corners of the unit cell. They then

FIG. 4. The structure of K,BaSnTe,. Small open circles are Sn,
cross-hatched circles are K/Ba, and large partially shaded circles are
Te. The unit cell is outlined.
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three-dimensional

FIG. 5. Projections of the network of
K>Ag,SnTe,. Small open circles are Sn, medium solid circles are Ag(1),
small solid circles are Ag(2), large open circles are Te, and medium
cross-hatched circles are K. Large open tunnels with a cross-section
approximately 7.2 x 7.2 A are parallel to the c-axis.

coordinate to the transition metal atom, Ag, to make a
three-dimensional extended network. This 3D network
contains large open channels running parallel to the a-
axis (cross-section: 7.2 x 7.2 A). In the center of the
channels are the counterions, K™ (see Fig. 5). There are
two crystallographically distinct silver, Ag(1} and Ag(2).
The refinement resulted in partial occupancies for both
atoms, 0.454 * 8Ag(1) + 0.184 + 2Ag(2) = 4Ag in the unit
cell. The Ag(1l) atom has a (distorted) tetrahedral coordi-
nation with Te. There are three distinct Ag(1)-Te bonds,
2.686(4), 2.750(4), and 2 x 2.983(3) A, but a single Ag(2)-
Te bond, 2.946(1) A, and a single Sn—Te bond, 2.745(1)
A. The Ag(1) atoms also form Ag, tetrahedra around the
Ag(2) site. If fully occupied, there would be six extremely
short Ag—Ag contacts within cach tetrahedron [Ag(l)-
Ag(l): 2 x 2.437(6) A, Ag(1)-Ag(2): 4 % 1.617(4) Al
Since the site occupancies give 1.82 Ag(1) atoms and
0.184 Ag(2) per tetrahedron, presumably there can only
be one pair of Ag(1) atoms or a single Ag(2) at any given
time. The Ag(1}-Ag(1) distance between this pair ins most
likely the longest one in the tetrahedron, 3.006(7) A. Fur-
ther study to rationalize the disorder is in progress.

No short Te-Te contact is detected in (V) and an unam-
biguous oxidation state can be assigned to each atom in
this structure: K(I), Ag(D), Sn(IV}, and Te(—II). To our
understanding, (V) is the first example of solid state tran-
sition metal telluride containing a three-dimensional net-
work that is stabilized by the SnTe;? ion. Other extended
telluride structures assembled from tetrahedral MTe,
building blocks include one-dimensional Rb,SnTes (36)
and three-dimensional CaGagTe,, and CaAlgTe;y (37).
The discovery of the K, Ag,SnTe, structure has certainly
demonstrated the potential of finding other extended
transition metal telluride phases.
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CONCLUSIONS

Several new binary, ternary, and quaternary metal tel-
lurides have been successfully synthesized at intermedi-
ate temperatures employing low-melting alkali-metal
polytellurides as fluxes (solvents). The crystal structures
of these compounds have been determined by single crys-
tal X-ray diffraction methods. The structures range from
molecular to extended two- and three-dimensional solids.
Except for the ditelluride BaTe,, which contains short
Te-Te bonds (2.772 }o\), all other four structures are
monotellurides. Interesting correlations between the co-
ordination geometry and the oxidation state of Ta in
RbTaCu,Te, and TaCu;Te, have been revealed. Ex-
tended Hiickel band calculations show similar boning
patterns in these two structures. K;Ag,SnTe, is the first
example of extended transition-metal tellurides con-
structed from the SnTey building unit.
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