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BaCu,Te, was synthesized at 690°C and its structure was
determined via the Rietveld refinement method using powder
X-ray diffraction with R, /wR, (%)= 4.01/5.36. BaCu,Te, cry-
stallizes in the orthorhombic space group Pnma (No. 62) with
Z=4 and a =10.1244(5) A, b = 4.4577(3) A, ¢ = 11.4642(6) A,
V' =517.85(5) A®. It adopts the same structure type as o-
BaCu,S,/BaCu,Se,/BaZn,Sb,. In BaCu,Te,, distorted CuTe, tet-
rahedra connect with one another by edge-sharing and corner-
sharing to build up a three-dimensional framework. There is no
structural resemblance between BaCu,Te, and Cu,Te (P6/
mmm), but remarkably, the BaCu,Te, framework is topologi-
cally identical to the net found in the mineral feldspar. Electrical
property measurements on a sintered pellet indicate that it is
a p-type degenerate semiconductor. An anomaly was observed in
the variation of electrical resistivity as a function of temperature
near 65 K. © 2001 Academic Press

INTRODUCTION

Copper-containing chalcogenides have displayed inter-
esting properties such as mixed-valence, high electrical con-
ductivity, and often Cu ion conductivity (1-5). Some
representatives of these compounds exhibit very intriguing
structural characteristics. Copper chalcogenide films are
also used in several electronic and optical devices (6).

Among the plethora of copper-containing compounds,
Cu,Te, a semiconductor with a defect structure, deserves
special attention (6-10). Cu,Te has stimulated wide invest-
igation in the category of so-called self-doping compounds
(8-10). Stoichiometric Cu,Te does not exist in nature; only
minerals with composition close to Cu; ;Te have been
found. It always shows a p-type conductivity behavior,
independent of preparation methods (9,10). Cu,_,Te has
a range of homogeneity between Cu, ¢,Te and Cu,Te. Ac-
cording to the doping level, Cu,Te can be classified into
three types (9,10): (1) nondegenerate semiconductor with
x < 0.025, which must be grown by special methods; (2)
degenerate semiconductor with 0.03 < x < 0.10; and (3)
strongly degenerate semiconductor with x > 0.1, which can
be synthesized by any method without difficulty. Cu,_ . Te
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has both direct and indirect band gaps (8-10). The direct
energy gap E,q increases as x increases, but the indirect gap
E,; decreases as x increases. For x =0, E, = 1.18¢V,
E; =0.82¢V. In the liquid state, Cu,Te is an intrinsic
semiconductor with E, = 0.65eV (9).

Further, Cu,_,Te has been considered as a promising
thermoelectric material because of its high Seebeck coeffic-
ient in the moderate- to high-temperature range (9, 12-14).

Thus, it would be worthwhile to investigate ternary cop-
per tellurides. A number of ternary copper tellurides have
been synthesized (2,3,15), for example, Cu,MTe; (M = Ti,
Zr, Hf), CuygsZr,Tes, AszCugTe, (4 =Rb, Cs),
K,CugTe;q, K,CusTes, and TICu;Te,. Two mixed alkali
metal and alkaline earth metal quaternary compounds have
been reported: NaBagCusTe 4 and (K ¢Bag4)BagCu, sg
Te,4 (2d). However, among the ternary copper-containing
chalcogenides, there has been no report of alkaline earth
metal copper tellurides. Further, although BaCu,S, (16,17)
and BaCu,Se, (17) have been synthesized, their telluride
analogue has not been reported. This paper presents our
study of the structure and properties of BaCu,Te,, a new
ternary barium copper telluride.

EXPERIMENTAL SECTION

All manipulations were carried out in an argon-filled
glove box. The starting materials were (1) barium, distilled
dendritic pieces (Aldrich), 99.9 + % purity, ampouled under
argon; (2) copper (Cerac), 99.999% purity, — 100 mesh; (3)
tellurium lumps (Johnson Matthey), 99.9999% purity.
Stoichiometric elements were mixed in a vitreous carbon
crucible (EMC) sealed in a silica tube and heated at 700°C
or higher temperature for one week. Powder X-ray diffrac-
tion (Scintag XDA 2000, CuKa, 25°C) and microprobe
analysis (JEOL 733 superprobe) revealed a ternary un-
known phase and the known binary phases of BaTe and
Cu,_Te. The sample was ground and pressed into a pellet
under an Ar atmosphere. It was annealed in a sealed silica
tube at 690°C for 3 weeks. Microprobe analysis indicated
a homogeneous ternary phase. On the powder X-ray diffrac-
tion pattern, the diffraction lines from BaTe and Cu,_Te
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FIG. 1.

disappeared; all the lines could be indexed to an orthorhom-
bic cell and the pattern is similar to that of BaCu,Se,. Based
on the isostructural model of BaCu,Se, (Pnma), the struc-
ture of BaCu,Te, was refined by the Rietveld method using
GSAS (18). The plot of final profile refinement is shown in
Fig. 1. The relevant refinement information is listed in Table 1.
Structural data are listed in Tables 2 and 3. The new phase

TABLE 1
Summary of Refinement Data and Lattice Parameters
of BaCu,Te,
Formula BaCu,Te,
Space group Pnma
a (A) 10.1244(5)
b (A) 4.4577(3)
c(A) 11.4742(6)
V (A3 517.85(5)
Z 4
Calculated density 6.665 g/cm?
Detector HP Ge low-energy photon
spectrometer
Counting time 55s
Step 0.015°
Profile function Pseudo-Voigt
Number of profile points 7666
Number of parameters refined 42
R, (%) 4.01
WR,, (%) 5.36
Ry (%) 8.10
GOF 1.60
Durbin-Watson statistics 0.779

X10E 2

Observed ( + ), calculated, and difference (bottom) X-ray powder diffraction pattern of BaCu,Te, by using GSAS (18).

was stable in air and no compositional change was observed
after exposure in air for one year.

To measure transport properties, the pellet was cut into
a rectangular bar (4.2 x 6.1 x 6.2 mm?) using a diamond-
impregnated string saw (South Bay Tech.) and polished
further by filing. Electrical resistivities were measured by
using standard 4-probe AC techniques. Current contacts to
the ends of the sample bar were made with ultrasonic
indium and 0.05-mm-thick copper foil strips. Voltage leads
were made by placing 38 AWG copper wires coated with
silver epoxy (H20E, Epoxy Technology) onto a flat face of
the sample. The thermopower and thermal conductivity
were measured on the sample by using homebuilt ther-
mopower and thermal conductivity measurement apparatus
described elsewhere (19). The sample was initially mounted
on a copper base with an indium solder. A 5-kQ resistor was
attached to the opposite end of the sample by an indium
solder. Two 40 AWG Au,Fe (0.07%):Chromel-p thermo-
couples were placed in the indium joints at both ends of the

TABLE 2
Atomic Parameters and Standard Deviation for BaCu,Te,
Wyckoff X y z 100U,, (A%) Occ
Ba 4c 026002) 075 032232  2.22(7) 1
Cul 4c 0.0558(4) 025 0.1098(4)  2.6(1) 1
Cu2 4c 0.4265(4) 075 0.0418(4)  2.9(1) 1
Tel 4c 047972) 025 0.17102)  1.26(6) 1
Te2 4c 0.16102) 075 0.0396(3)  1.63(6) 1
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TABLE 3
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Selected Bond Distances and Angles for BaCu,Te,

Distances (&)

2 x Ba-Tel 3.596(2) 2 x Cu2-Cu2 2.847(5)
2 x Ba-Tel 3.609(2)

2 x Ba-Te2 3.438(2)

Ba-Te2 3.396(3)

Cul-Tel 2.630(5) 2 x Cu2-Tel 2.731(3)
2 x Cul-Te2 2.599(2) Cu2-Tel 2.620(4)
Cul-Te2 2.784(5) Cu2-Te2 2.688(5)

Angles (°)

Tel-Cul-Te2 111.0(2) Tel-Cu2-Tel 109.4(2)

2x Tel-Cul-Te2  114.6(1) 2 x Tel-Cu2-Tel  115.8(1)

2 x Te2-Cul-Te2 97.6(1) 2x Tel-Cu2-Te2  101.7(1)
Te2-Cul-Te2 118.1(2) Tel-Cu2-Te2 110.7(2)

sample for the purpose of temperature and voltage measure-
ments. After achieving temperature equilibrium, the sample
chamber was evacuated to less than 4 x 10~ Torr. Small
steady temperature gradients (maximum ~2 K) were ob-
tained by incrementally increasing the power to the resistor.
The resulting temperatures on both ends of the sample were
measured. The voltages across the sample were also mea-
sured using the Chromel-p wires of the two thermocouples.
A plot of sample voltages versus temperature gradients
yielded a slope equal to the thermopower of the sample plus
the thermopower of the Chromel-p wire. The absolute ther-
mopower of the Chromel-p wire was subtracted from the
measured slope to obtain the absolute thermopower of the
sample (19). The overall accuracy of the thermopower
measurement has been estimated from standards to be with-
in + 5%. Another plot of the power to the resistor divided
by the area factor versus the temperature gradient gave
a slope corresponding to the thermal conductivity of the

sample. The overall accuracy of the thermal conductivity
measurement has been estimated from standards of similar
dimensions and thermal conductivity to be within + 5%
(19).

RESULTS AND DISCUSSION

Structural Analysis. BaCu,Te, is isostructural to o-
BaCu,S, and BaCu,Se, (17). The same structure type is
adopted by BaZn,As,, BaZn,Sb,, and «-ThNi,P, (20). In
BaCu,Te,, the Cu and Te build up a three-dimensional
framework and Ba atoms fill in the empty space (Fig. 2). The
Ba atom is surrounded by seven Te atoms with bond distan-
ces from 3.4 to 3.6 A. The coordination sphere can be
described as a trigonal prism with one rectangular face
capped by one Te atom. There are two crystallographically
independent Cu sites. Both Cu atoms are coordinated to
four Te atoms to form distorted CuTe, tetrahedra. Such
a distortion of CuTe, tetrahedra is a feature frequently
observed in Cu chalcogenides. In isostructural compounds,
BaZn,As,, BaZn,Sb,, and «-ThNi,P,, distorted tetrahedra
also appear, in the forms of ZnAs,, ZnSb,, and NiP,,
respectively. As shown in Fig. 2, the two distinct CuTe,
tetrahedra (Cul and Cu2 tetrahedra) in BaCu,Te, form
one-dimensional columns along the y direction by edge-
sharing. Between columns, CuTe, tetrahedra connect into
a three-dimensional framework by corner-sharing. The
shortest Cu-Cu distance is 2.847 A and is a Cu2-Cu2 dis-
tance, suggesting at best weak Cu-Cu interactions.

In order to better understand the structure of the
(Cu,Te,) sublattice, let us decompose the three-dimensional
(Cu,Te,) framework and reassemble it back into a whole
piece. A two-dimensional net is abstracted and projected in
Fig. 3. The CuTe ladders run vertically across the page and
they are connected at every second atom position, forming
distorted hexagonal bridges between parallel ladders. These
2-D layers are then linked to a 3-D net, generated by

Cu1
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FIG. 2. The three-dimensional framework of BaCu,Te, and the polyhedron presentation of BaCu,Te,.
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FIG. 3. Buildup of the 3-D (Cu,Te,) net from 2-D slabs.

a symmetry operation a (x, y, 3), which is a glide reflection
with the glide component (3, 0, 0) through the plane
(x, . 3)-

Now we make a connection between the BaCu,Te, and
the feldspar minerals with a general formula of A(Al, Si),Og
(21-24), where A is alkali or alkaline earth metal. In the
feldspar structure, the 4 cation is used to neutralize the
negative charge of the (Al, Si),Og¢ framework. Four vertices
of each (Al, Si)O, tetrahedron are shared, which therefore
leads to a net composition of (Al Si)O, in the formula.
Remarkably, if the (Al, Si)O, tetrahedra are viewed as the
basic units and placed on the atomic positions shown in Fig.
3, the feldspar net is topologically the same as the (Cu,Te,)
net. For comparison, the structure of the mineral Celsian
(BaAl,Si,Opg, space group I2/c) (21-24) is shown in Fig. 4.
The angles of the ladders and the relative orientation of the
ladders are different between the feldspar net and the

View of the
cross-section

BaCu,Te, net, but clearly Celsian is topologically identical
to BaCu,Te,.

It is also interesting to compare the ternary BaCu,Te,
structure with the binary Nowotny phase of Cu,Te (25).
Cu,Te crystallizes in P6/mmm. It is a layered compound
composed of hexagonal Te and Cu layers stacked in the
z direction, as shown in Fig. 5. The repeat sequence is
Te-Te-Cu-Cu. The closest Te-Te distance is 2.828 A and
the closest Cu-Cu distance is 2.328 A, both along the z di-
rection. The covalent radii are 1.36 A for Te and 1.17 A for
Cu (26), respectively. Obviously, there is strong covalent
bonding in Te-Te and Cu-Cu along the z direction so that
we could regard Te, and Cu, pairs as the basic geometric
and electronic units in the compound. The Te, pairs build
up a hexagonal 2-D slab with an interpair distance at
4.237 A. The Cu, pairs are also arranged in a planar hexag-
onal pattern, but with an interpair distance at 2.446 A,

FIG.4. From 2-D slab to the 3-D framework for Celsian BaAl,Si,Ojg (space group I2/c). Projections of the feldspar net on (010) and (100) are on the
left and right, respectively. Only Al and Si are shown in the drawing to emphasize the net connection. O and Ba are omitted. In the real structure, Al and Si

are tetrahedrally coordinated to four O atoms.
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FIG. 5. The structure of Cu,Te (P6/mmm).

compared with the Cu—Cu distance of 2.556 A in Cu metal
(27). The Cu, slabs are twice as dense as the Te, slabs. Now
the repeat sequence of the crystal structure can be described
as Te,—Cu, along the z direction. Due to the formation of
Te-Te pairs, the formal oxidation states in Cu,Te can be
described as Te! ~ and Cu®>*. However, the formal oxida-
tion state assignment for BaCu,Te, is Ba?*, Cu'*, and
Te? ", following the Zintl-Klemm formalism (28). Obvious-
ly, there is no structural or electronic similarity between
BaCu,Te, and Cu,Te.

Transport Properties. Figure 6 shows the four-probe
electrical resistivity data measured on a sintered powder
pellet of BaCu,Te,. The sample displays good electrical
conductivity over the entire temperature range: 3.8 mQ - cm
at 30 K and 7.9 mQ-cm at 295 K. The resistivity decreases
as the temperature decreases and the decrease is not so
significant as expected for a typical metal. This suggests that
the compound is a degenerate semiconductor as prepared.
A noticeable result in the p—T curve is the anomaly around
60-70 K. It was observed in both the cooling and heating
runs. Similar anomalies in transport properties have been
found in p-Cu,_,Se and Cu,_,Te and attributed to phase
transitions (11, 13, 29). Cu,Te undergoes four polymorphic
transitions at 180, 305, and 460-555°C (11, 13). Cu,Se has
two polymorphs: a low-temperature phase a-Cu,Se stable
up to approx. 130°C and a high temperature phase f-Cu,Se
(29a, b). Phase transitions are not rare in copper chalcogen-
ides (29, 30), and are usually associated with changes in Cu
ion conductivity.

Table 4 summarizes the thermopower, thermal conduct-
ivity, and L/L, for the BaCu,Te, sample at three temper-
atures. The magnitude of thermopower for BaCu,Te, is in
the range of doped semiconductors: 88 pV/K at room tem-
perature and 29 pV/K at 89 K. The positive sign of S sug-
gests that the dominant carriers are holes. The thermal

conductivity x increases from 22 mW/cm-K at room
temperature to 28 mW/cm-K at 89 K. The thermal
conductivity is composed of two parts; K = ke + Kyp,
where k., is the contribution from electronic carriers (holes
and electrons) and «,;, is from phonon modes (lattice vibra-
tion). In typical metals, the electronic contribution domin-
ates, which is generally one or two orders of magnitude
larger than the phonon contribution. In this case, the
Wiedemann-Franz law holds and the Lorentz number
(L = px/T) is

[1]

pZ k 2
Lo = 3<B> =244 x 1075 (V/K).
e

p (mQcm)
T
T

0 50 100 150 200 250 300

T(K)

FIG. 6. The temperature dependence of electrical resistivity for the
BaCu,Te, sample.
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TABLE 4
Thermopower, Thermal Conductivity, and L/L, for
the BaCu,Te, Pellet

T(K) S (wV/K) K (W/em-K) p (mQ-cm) L/L,
297 88.3 0.0225 7.959 24.7
139 42.8 0.0237 5.260 36.8
88.9 29.2 0.0276 4.424 56.3

In semiconductor and insulators, due to charge carrier
densities much lower than those in metals, the contribution
from phonons is usually significant and dominant. If
L/Ly > 1, it means that the phonon contribution to the
total thermal conductivity is dominant. As shown in Table
4, the L/L, values for BaCu,Te, are 25 at room temperature
and 56 at 89 K. This clearly shows that the phonon contri-
bution to the thermal conductivity is dominant. When the
temperature decreases, the L/L, values increase dramati-
cally. At lower temperatures, the phonon contribution be-
comes more important, presumably due to lower
phonon-phonon scattering in this semiconducting com-
pound.

Conclusion. In the spirit of the Zintl-Klemm concept
(28), the formal oxidation state in BaCu,Te, can be de-
scribed as Ba?*, Cu'", and Te® . The (Cu,Te,) framework
has a charge of 2 —. The valence-precise characteristic
predicts semiconducting behavior. An extended Hiickel
tight-binding band structure calculation performed on the
sublattice (Cu,Te,)*~ yielded a band gap of approximately
5eV (31). Extended Hiickel calculations are known to
overestimate the band gap, but the computations unam-
biguously demonstrate that this compound is semiconduct-
ing. The transport property measurements on a sintered
pellet of BaCu,Te, suggest that it is a p-type degenerate
semiconductor. Degenerate behaviors can result from impu-
rities or defects that produce a carrier density in excess of
about 10'8/cm?. A reversible anomaly was observed in the
electrical resistivity near 65 K, possibly indicating a phase
transition at the temperature. The phonon contribution to
the thermal conductivity is dominant in the sample.
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