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A theoretical model that involves metal nonstoichiometry is proposed to explain the unexpected
electronic conductivities in the close-packed ternary tellurides Cu,MTe, (M = Ti, Zr, Hf). Conductiv-
ity, thermoelectric power, and Hall effect measurements indicate that these compounds are hole
carriers with a concentration of the order of 5 X 10" cm~3 for M = Zr at 300 K. Such a concentration
corresponds to roughly 0.4% Cu vacancies or 0.2% Zr vacancies, levels below the detection limit by

X-ray diffraction methods of the corresponding elements in the M = Hf compound.

Press, Inc.

Introduction

Recently the synthesis of the new close-
packed ternary tellurides Cu,MTe; (M =
Ti, Zr, Hf) was described, along with the
structure for M = Hf (I). The coordination
polyhedra about the metals in Cu,Hf Te, as
well as the long Te---Te separations
(Te---Te = 3.711(1) A) suggest that this
compound may be formulated as
CulHf"VTel' -, a closed-shell system that one
would expect to exhibit insulating or semi-
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conducting properties. From unit cell di-
mensions the three compounds Cu,MTe;,
M = Ti, Zr, Hf, appear to be isostructural.
Surprisingly, all three compounds are metal-
lic, exhibiting room temperature resistivi-
tiesof 9.0 x 107 Q cm, 7.0 X 1073 Q cm
(vide infra), and 3.8 x 107 Q cm (1),
respectively, and positive slopes in their re-
sistivity versus temperature curves. Addi-
tionally, from magnetic susceptibility mea-
surements Cu,ZrTe, is a Pauli paramagnet,
with x = 3.5 x 10*emu mol ' (), a signa-
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ture of metallic behavior that we would ex-
pect to find in the Ti and Hf analogues as
well.

In this paper we describe the results of
extended Hiickel (2, 3) band-structure cal-
culations on Cu,ZrTe,; these calculations
suggest that nonstoichiometry could play an
important role in determining the unex-
pected transport properties. We also de-
scribe the measurements of additional trans-
port properties and the additional
refinements of the X-ray diffraction data for
Cu,HfTe, that were engendered by these
calculations. The physical measurements
confirm metallic behavior in these com-
pounds and indicate p-type conduction,
consistent with nonstoichiometry in the
form of metal deficiencies, as suggested by
the theoretical calculations, but such defi-
ciencies cannot be detected from the X-ray
diffraction data.

Experimental

Transport properties. Thermoelectric
power data were obtained for the three com-
pounds Cu,MTe;, M = Ti, Zr, Hf, over the
temperature range 80 to 320 K, four-probe
dc resistivity measurements for M = Tiand
Zr were made from S to 300 K, and the Hall
coefficient was determined at room temper-
ature for M = Zr. A computer automated
measurement system (4, 5) was employed
to obtain thermopower and resistivity data
with both the current and thermal gradient
applied along the crystallographic b-axis
(the needle axis). For all measurements and
all materials, electrode connections to the
small single crystals (typical dimensions
0.18 mm by 0.18 mm by 1.0 mm) were made
with the use of 25- and 60-pm gold wires and
gold bonding paste. A five-probe configura-
tion was used for the Hall measurement to
avoid geometrical alignment errors (6). The
usual signal averaging technique for sensing
current and magnetic field directions was
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employed; the magnetic field strength was
0.8 T.

Crystallographic calculations. The crys-
tal-structure determination of Cu,Hf Te; (1)
was carried out on 1509 unique diffraction
data collected at 111 K. The original re-
finement (20 variables) of a stoichiometric
model involving isotropic thermal motion of
the atoms converged to a value of R(F?) of
0.048 and to a value of R(F) of 0.034 for
the 1426 reflections having F} = 3o (FJ).
Because the material is highly absorbing the
original refinement was terminated at the
isotropic stage. A more extensive refine-
ment of the X-ray diffraction data for Cu,
HfTe; was performed with the aim of
detecting possible nonstoichiometry sug-
gested by the theoretical calculations. First,
the six independent atoms in the stoichio-
metric model were allowed to vibrate aniso-
tropically. The anisotropically refined
model resulted in nearly spherical ellipsoids
for all six atoms (Table I) and no significant
improvement in R(F?). Next, a series of re-
finements was carried out for both the iso-
tropic and anisotropic models in which site
occupancies were included as additional
variables. Since it is mathematically impos-
sible to vary all site occupancies simultane-
ously, several different models were re-
fined. In refinement A, the Hf site
occupancy was fixed at 1.00 and the site
occupancies of atoms Cu(l), Cu(2), Te(1),
Te(2), and Te(3) were varied (Table IIA). In
refinement B (Table 11B) the site occupan-
cies of the three Te atoms were fixed at
1.00 and those of Cu and Hf were varied. In
refinement C (Table IIC), the site occupanc-
ies of the two Cu atoms were fixed at 1.00,
and those of Hf and Te were varied.

Results and Discussion

Our band-structure calculations on Cu,Zr
Te, are summarized in Fig. 1, which shows
the density of states (DOS) and its Cu and
Zr projections. Details of the band-structure
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TABLE 1
ANISOTROPIC THERMAL PARAMETERS FOR Cu,HfTe,

Atom Uy Un Us U, Uy Uy
Hf(1) 0.00596(11) 0.00662(12) 0.00602(11) 0 0.001211(67) 0
Te(1) 0.00499(14) 0.00538(16) 0.00485(14) 0 0.00106(10) 0
Te(2) 0.00588(14) 0.00654(16) 0.00531(14) 0 0.00135(10) 0
Te(3) 0.00562(14) 0.00602(16) 0.00539(14) 0 0.000652(98) 0
Cu(l) 0.00821(27) 0.00896(33) 0.80667(27) 0 —0.00020(21) 0
Cu(2) 0.00752(26) 0.00842(33) 0.00685(27) 0 0.00106(21) 0

calculations are given in the Appendix. As
anticipated, an energy gap of approximately
1.2 eV lies between the top of the largely
Te 5p valence band and the bottom of the
conduction band, which is almost entirely
of Zr d character. Admittedly, our method
of calculation may overestimate this band
gap, and the possibility of a semimetal can-
not be discounted out of hand. As expected
from the long Te- - -Te contacts, there is no

TABLE II
REFINEMENTS
Multiplicity Multiplicity Multiplicity
Atom old isotropic anisotropic

Refinement A: Te and Cu occupancies

Te(1) 1.00 1.038(3) 1.041(3)
Te(2) 1.00 1,035(3) 1.038(3)
Te(3) 1.00 1.038(3) 1.040(3)
Cu(1) 1.00 1.013(5) 1.016(4)
Cu(2) 1.00 1.024(4) 1.027(4)
R(F? 0.048 0.045
Refinement B: Hf and Cu occupancies

Hf 1.00 0.963(2) 0.962(2)
Cu(l) 1.00 0.977(5) 0.978(4)
Cu(2) 1.00 0.989(4) 0.988(4)
R(FY 0.048 0.045

Refinement C: Hf and Te occupancies

Hf 1.00 0.981(3) 0.980(3)
Te(1) 1.00 1.019(4) 1.018(4)
Te(2) 1.00 1.016(4) 1.015(3)
Te(3) 1.00 1.019(4) 1.018(4)
R(F? 0.048 0.045

evidence of significant Te-:-Te interac-
tions, which would destabilize the top of the
valence band. Indeed, sufficient interac-
tions could conceivably push a Te-Te anti-
bonding band above the bottom of the Zr d
band, partially occupying this Zr band with
electrons to yield a metal. In the present
case, the Te atoms are too weakly inter-
acting for this to occur. With the Fermi level
in this gap, Cu formally has 10 electrons and
Zr none, justifying the assignment Cu!, Zr'v
and Te!'~. There is ample evidence (7-12)
from structural and XPS results that copper
chalcogenides almost invariably contain ex-
clusively Cu!, regardless of what their stoi-
chiometries might suggest. As the DOS in
Fig. 1 demonstrates, our band-structure cal-
culation supports this view, the top of the
valence band being almost entirely Te
based. Thus, any small concentration of
holes in this band would be predominantly
Te based; Cu remains formally Cul.

We now consider two possible schemes
for nonstoichiometry and their effects on
the calculated band structure: Te vacancies
or Cu vacancies. In each case, we find that
a rigid-band model describes the behavior
of the system remarkably well. Such a rigid-
band picture would place two electrons into
the conduction band for each Te vacancy
formed in the lattice, producing an n-type
conductor. To mimic this type of vacancy,
we have calculated the band structure of a
supercell doubled along the b-axis of Cu,Zr
Te;, removing one Te atom from the center
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Fi1G. 1. Calculated density of states (DOS) for stoi-
chiometric Cu,ZrTe;. Solid line, total DOS; dashed
line, Cu projection; dotted line, Zr projection. The
Fermi level is indicated by an arrow.

of the supercell (Te vacancy concentration
~49%). The choice of this vacancy concen-
tration is dictated by computational econ-
omy rather than the experimental results.
Indeed, as indicated below, the transport
data indicate carrier concentrations attribut-
able to roughly 0.4% Cu vacancies (or 0.2%
Zr vacancies), requiring for Cu vacancies a
supercell ten times the size of our model
calculation. Nonetheless, the qualitative re-
sults of our model would certainly remain
unchanged were we to do a calculation on
such a large cell or were we to consider Zr
vacancies rather than Cu vacancies. The top
panel of Fig. 2 shows the DOS for our model
system. Comparison with Fig. 1 shows that
the Te vacancy has disturbed the electronic
structure only slightly, while a Fermi level
of —10.1 eV, slightly above the bottom of
the conduction band, corroborates the rigid-
band model. Again within the rigid-band pic-
ture, each copper vacancy removes one
electron from the top of the valence band,
producing a p-type conductor. When we re-
move one Cu atom from the same supercell
as above (Cu vacancy concentration ~6%),
we obtain the band-structure picture in the
bottom panel of Fig. 2. As expected from
rigid-band considerations, the DOS matches
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well with that of the stoichiometric com-
pound, the Fermi level dropping slightly into
the valence band (E; = —11.3 eV) to pro-
duce a p-type metal. Clearly, the nature of
the carriers distinguishes between these two
vacancy mechanisms—Te vacancies yield
electron carriers, while metal vacancies pro-
duce hole carriers. We now discuss the re-
sults of physical measurements that were
engendered by these calculations.
Electrical resistivity (o) and thermoelec-
tric power (§) data for typical samples of
Cu,ZrTe, are shown in Fig. 3. These trans-
port data are fairly typical of metallic behav-
ior. The resistivity is less than 8 m{Q) cm
for temperatures below 320 K, and dp/dT is
positive down to 10 K. The thermopower
values are positive, increasing from 4
uV/K at 80 K to 15 wV/K at 320 K. In
general, the electronic transport properties
of the other compounds (M = Ti, Hf) follow
the same pattern and are within an order of
magnitude of those for M = Zr, as summa-

DOS (states/eVecell}

DOS (states/eV-cell)

oA 80
Energy (eV)

prd
-20.0 -18.0

FiG. 2. Calculated density of states (DOS) for model
vacancy structures. Top, Te vacancy; Bottom, Cu va-
cancy. Solid line, total DOS; dashed line, Cu projec-
tion; dotted line, Zr projection. The Fermi level is indi-
cated by an arrow.
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FI1G. 3. Variable temperature resistivity and thermopower data for a single crystal of Cu,ZrTe;.

rized in Table I11. The sign of the Hall coef-
ficient (Ry) for Cu,ZrTe, is positive, in
agreement with the thermoelectric power.
A single-band, single-carrier model was
used to determine the carrier concentration
(p) and Hall mobility (uy). The value of
uy falls within the range exhibited by many
metallic conductors. The positive Seebeck
coefficient clearly indicates hole conductiv-
ity for these compounds, and the Hall coef-
ficient corroborates this for Cu,ZrTe;.
These results definitely rule out a Te-va-
cancy model but are consistent with a metal-
vacancy model. The carrier concentration
corresponds to roughly 0.4% Cu vacancies

or 0.2% Zr vacancies. Some copper chalco-
genides exhibit copper deficiencies and are
fast-ion conductors, ¢.g., Cu,_.S,Cu,_, Se
(13). However, the positive slope of the re-
sistivity versus temperature curve for the
present compounds argues for electronic
conduction rather than activated ionic con-
duction. Finally, we note that excess Te in
the lattice would also lead to p-type conduc-
tion, and such a possibility cannot be ruled
out on the basis of our calculations alone.
Because of the close-packed nature of the
structures, excess Te seems unlikely, for
there are no obvious sites to be occupied.
We now turn to the question of whether

TABLE III
ELECTRONIC TRANSPORT DATA FOR Cu,MTe,, M = Ti, Zr, Hf

p(100 K) p(300 K) S (100 K) S (300 K) Ry (300 K) uy (300 K) p (300 K)
Compound (mcm) (mf)cm) (wV/K) (uV/K) (cm’/C) (cm?/V sec) (cm™?)
Cu,TiTe, 0.4 0.9 12 30 — — _
Cu,ZrTe, 2.2 7 3.5 13 0.2 30 5 x 109
Cu,Hf Te, 0.25¢ 0.38¢ 20 50 — — —

9 These values were obtained from ac resistivity measurements (7).
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possible metal vacancies can be detected
from the X-ray diffraction data on Cu,Hf
Te,. As the results summarized in Table II
indicate the resultant site occupancies do
not differ significantly between the isotropic
and anisotropic models. Refinements A, B,
and C of the anisotropically refined struc-
ture result in the formulations Cuy g3y
HI, goTes 1103, CuyossaHlv9622)T€3.00, and
Cu, ooHfy o803 T€3.0514)» TESPECtively. All
three formulations are consistent with
p-type conduction. But it is evident that the
three different refinements are inconsistent.
For example, Refinement A affords an aver-
age Cu occupancy of =~1.022 while in Re-
finement B this value is =0.983. However,
the atomic ratios are reasonably consistent
among the three models, with Cu/Hf being
about 2.040, Cu/Te being 0.655, and Hf/Te
being 0.322. If one takes these results at face
value then there is the suggestion of Cu and
especially of Hf deficiency in Cu,HfTe,.
However, the inconsistencies among the
three refinements noted above and the fact
that R(F?) is insignificantly changed as we
refine occupancies indicate that these X-ray
data are not adequately sensitive for the de-
tection of possible nonstoichiometry. At
possible vacancies of roughly 0.4% Cu or
0.2% Hf, as deduced from the carrier con-
centration in Cu,ZrTe,, this is not a surpris-
ing result.

But note that the X-ray data do not pre-
clude the presence of nonstoichiometry at
the levels deduced from the transport data
for Cu,ZrTe;, and nonstoichiometry at
these small levels in a number of high-
temperature superconducting cuprates (/4)
dramatically affects their transport proper-
ties. Thus, the theoretical prediction that
nonstoichiometry is responsible for the
transport properties in Cu,M Te, is an ap-
pealing one, much more so than postulating
the presence of the same, undetected impu-
rity at roughly the same concentration in all
three compounds. Moreover, the presence
of Cu deficiencies in Cu, gsZr,Teg (15), a sec-
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ond phase in the synthesis of Cu,ZrTe;,
lends further credence to our argument.

Appendix

Band-structure calculations. The one-
electron band structure of Cu,ZrTe, was cal-
culated from the tight-binding method with
an extended Hiickel-type Hamiltonian (2,
3). As the structure of the Zr analogue has
not been determined, the coordinates of the
Hf analogue (1) were used. The similar
atomic radii and stereochemical behavior of
Hf and Zr suggest that this is a reasonable
approximation. The parameters used are as
follows: Cu, 4s: H; = —11.4eV, { = 2.20;
4p: H; = —6.06 eV, { = 2.20; 3d: H; =
—14.0eV, { = 595, ¢, = 0.59332, §, =
2.30, ¢, = 0.57442. Zr, 5s: H; = —-8.0¢eV,
¢ =1.817;5p: H; = —5.4eV,{ = 1.776;5d:

Hii = —10.2 CV, C] = 3.835, C, = 0.62242,
L o= 1.505, ¢, = 0.57822. Te, 5s: H;; =
-20.8eV,{ =251;5p: H; = —13.2 ¢V,
{ = 2.16.
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