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We examined how the short intra- and interlayer Te---Te contacts of layered transition-metal tellurides
affect their structures and physical properties by carrying out tight-binding band electronic structure
calculations for the Cdl,-type layered transition-metal dichalcogenides TiX, (X = S, Se, Te) and MTe,
(M = V, Nb, Ta) on the basis of the extended Hiickel method. In the Cdl,-type tellurides, the top
portion of the Te p-block bands overlaps significantly with the bottom portion of the metal d-block
bands, thereby causing a substantial electron transfer from the p- to the d-block bands. For this p —
d electron transfer, the interlayer Te---Te contacts are found to be essential because the overlap
between the Te p,-orbitals (perpendicular to the layer) associated with the interlayer Te---Te contacts
is most effective in raising the top portion of the Te p-block bands. As a consequence, layered transition-
metal tellurides are likely to possess a three-dimensional metallic character, and a slight change in their

interlayer Te---Te contacts significantly affects their electrical and other physical properties.

Academic Press, Inc.

Layered transition-metal tellurides fre-
quently possess intra- and interlayer Te---Te
contacts shorter than the van der Waals
(VDW) radii sum (i.e., 4.0 A) (/). In the
field of organic salts (2) based upon sulfur-
containing donor molecules, it is well estab-
lished that intermolecular S---S contacts
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shorter than, or in the vicinity of, the VDW
sum (i.e., 3.6 A) are found to be crucial for
whether the salts are one-dimensional (1D)
metals, two-dimensional (2D) metals, or in-
sulators. By analogy, short Te---Te contacts
of layered transition-metal tellurides are ex-
pected to be important for their structural
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and electronic properties. In fact, short in-
terlayer Se---Se distances in NbSe; and
TaSe; (3), short interlayer Te---Te distances
in ZrTe, (4), and short intra- and interiayer
Te---Te distances in 8-MoTe, (5) are found
to be crucial in understanding the dimen-
sionality of the metallic properties of these
chalcogenides. The presence of short
Te---Te contacts in layered transition-metal
tellurides and their importance in control-

ling the nhvsical nrnpprhpe of these tellu-
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rides have been recognized in a number of
recent studies (4-9). However, there has
been no systematic evaluation of how the
structures and the physical properties of lay-
ered tellurides could be affected U_y their
short Te---Te contacts. In the present work,
therefore, we analyze the electronic struc-
tures of several Cdl,-type layered transi-
tion-metal dichalcogenides MX, so as to
evaluate the roie that short Te---Te contacts
play in layered tellurides.

To a first approximation, the
state of a Cdl,-type transition-metal dichal-
cogenides MX, is given by M**(X?7),. Typ-
ically, this implies that the chalcogen p-

block bands are completely filled, and lie
belr\ux tha matal A hlack hande ITn oanaral

low the metal d-block bands. In general,
the top portion of the chalcogen p-block
bands, being antibonding in character be-
tween adjacent chalcogen atoms, is raised
in energy by shortening X---X contacts. Fur-
thermore, tellurium p-block bands
higher in energy than sulfur or selenium
p-block bands because of the more diffuse
nature of the Te p-orbitals. Consequently,
for a ditelluride MTe,, the Te p-block bands
may overlap significantly with the bottom
portion of the metal d-block bands so that a
partial electron transfer occurs from the Te
p-block bands to the metal d-block bands.
Given the amount of this electron transfer as
£ electrons per metal, the formal oxidation

state of the metal in MTe, becomes M“~2*

so that the formal d-electron count on metal
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changes accordingly. The structural distor-
tion of a transition-metal compound de-

oxidation

aic

pends critically on the formal d-electron
count on the metal (see below). Thus the
tellurium-to-metal electron transfer in
MTe,, induced by short Te---Te contacts,
could have profound effects upon the struc-
ture and electronic properties of MTe,.

In many layered transition-metal ditellur-
ides MTe,, short Te---Te contacts occur
within each layer as well as between adja-
cent layers. Thus, in evaluating the extent

of the tellurium-to-metal electron transfer
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it is also necessary to examine how this elec-
tron transfer is affected by the inter- and
intralayer Te'--Te contacts. In the follow-
ing, we probe these questions by analyzing
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Se, Te), MTe, (M = V, Nb, Ta), and IrTe,.
We calculate the electronic structures of
these chalcogenides by employing the ex-
tended Hiickel tight-binding method (70).
The atomic parameters used for our calcula-
tions are summarized in Table I.

Chalcogen-to-Metal Electron Transfer in
TiX, (X = S, Se, Te)
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As schematically shown in Fig. 1, the
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metal dichalcogenides TiX, (X = S, Se, Te)
(11-13) are described in terms of TiX, layers
made up of TiX, octahedra. Such TiX, lay-
ers are stacked together to form three-
dimensional (3D) TiX, structures. Very of-
ten, the interlayer X--- X contact interactions
are considered to be weak VDW interac-
tions. The inter- and intralayer X---X con-
tacts of TiX, shorter than the VDW radii
sum (3.6, 3.8, and 4.0 A for X = S, Se,
and Te, respectively) (/4) are summarized in
Table 1I. With the oxidation state
Ti**(X?"),, a semiconducting property is
predicted for all TiX, (X = S, Se, Te). This
prediction is correct only for TiS, (15). Both

TiSe, and TiTe, are metallic, so that their
chalcoeen n-h]n(‘l( bands should overlan
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with the Ti d block bands (15).
Figures 2a, 3a, and 4a plot the band dis-



Te---Te CONTACTS IN LAYERED DITELLURIDES

TABLE 1

EXPONENTS AND PARAMETERS USED IN THE CALCULATIONS
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Atom Orbital Hi(eV) 4 cy? 143 cf

Ti 4s —8.90 1.30

4p -5.40 1.30

3d -11.20 4.55 0.4391 1.60 0.7397
v 4s —8.81 1.30

4p -5.52 1.30

3d —11.00 4.75 0.4755 1.70 0.7052
Nb Ss -10.10 1.90

5p —6.86 1.85

4d -12.10 4.08 0.6401 1.64 0.5516
Ta 6s -10.10 2.28

6p -6.86 2.24

5d -12.10 4.76 0.6597 1.94 0.5589
S 3s —-20.00 1.817

3p -13.30 1.817
Se 4s —-20.50 2.44

4p -13.20 2.07
Te S5s -20.78 2.51

5p -13.20 2.16

¢ Contraction coefficients used in the double-{ expansion.

persion relations calculated for 3D TiS,,
TiSe,, and TiTe,, respectively. TiS, has a
band gap, while TiSe, and TiTe, show an
expected overlap of their chalcogen p-block
and Ti d-block bands. The results of our
calculations are in good agreement with
those of other recent studies (/6—18). The
extent of the band overlap is slight in TiSe,
but strong in TiTe,. All these results are
consistent with the observed properties of

FiG. 1. Structure of a Cdl,-type transition-metal di-
chalcogenide MX,. (a) Projection view of a single MX,
layer along the direction perpendicular to the layer. (b)
Cross sectional view perpendicular to the layers. The
filled and empty circles represent M and X, respec-
tively.

TiX, (X = S, Se, Te) (15). Figures 2b, 3b,
and 4b show the total and projected densi-
ties of states (DOS) calculated for TiS,,
TiSe,, and TiTe,, respectively. In the case
of TiTe,, the Ti d-orbital character is sig-
nificant just below the Fermi level, as ex-
pected from the strong band overlap.

According to the Mulliken population
analysis (19), we calculate the gross atomic
populations of Tiin the TiX, systems (hereaf-
ter denoted by Qr;y ) summarizedin Table II.
The d-block bands of TiS, are empty, so that
the QOrg, value of 3.760 eiectrons corre-
sponds to the Ti formal oxidation state d° in
TiS,. To a first approximation, the relative
value AQy = Qpiy, — Orpis,(X = Se, Te) may
be regarded as the amount of chalcogen-to-
metal electron transferin TiX, (X = Se, Te).
From Table II, the values AQyare calculated
to be 0.02 and 0.38 electrons per Ti for TiSe,
and TiTe,, respectively. Namely, the seleni-
um-to-metal electron transfer in TiSe, is
slight, but the tellurium-to-metal electron
transfer in TiTe, is significant.
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TABLE I1

GRross ATOMIC POPULATIONS OF METAL ATOMS M; CHALCOGEN CHALCOGEN (X---X)
CONTACT DISTANCES AND THEIR OVERLAP POPULATIONS IN LAYERED TRANSITION-METAL
DICHALCOGENIDES MX, (M = Ti, X = S, Se, Te; M = Ir, X = Te).

Distance (;\)/Overlap
population of X:--X (e ~/bond)

Compound Gross population
MX, of M (e~ /atom) Interlayer Intralayer
TiS, 3.760 3.460/ - 0.001 3.407°/-0.011
3.462%/-0.013
TiSe, 3.776 3.548/0.002 3.540°/ —0.007
3.683%/ —0.011
TiTe, 4.136 3.775/0.011 3.777%/ - 0.005
4,051/ - 0.008
IrTe, 9.535 3.498/0.046 3.9284/-0.010

3.558%/0.010

4 Within a chalcogen sublayer.
b Between chalcogen sublayers.

In general, the overlap population of an
X-+-X contact is negative when all bonding
and antibonding levels between two X cen-
ters are occupied. This situation arises typi-
cally when the formal oxidation state of X
is written as X2~ . The X---X overlap popula-
tion can become positive when some elec-
trons are removed from the top portion of
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the chalcogen p-block bands, which pos-
sesses an antibonding character between ad-
jacent X atoms. Consequently, the X---X
contacts of TiX, primarily responsible for
the chalcogen-to-metal electron transfer are
those with positive overlap populations. Ta-
ble II summarizes the overlap populations
calculated for the various inter- and intra-

DOS

-11.0

Energy (eV)

FiG. 2. Calculated band electronic structure of TiS,. (a) Dispersion relations, where I' = (0, 0, 0),
M=(,00,K=(,30,4=(0,0,,L=(,0,%,and H = 4, 3, 3. (b) Total and projected DOS
curves. The solid, dotted, and dashed lines refer to the total DOS, the projected DOS for the Ti d
orbitals, and the projected DOS for S, respectively.
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FiG. 3. Calculated band electronic structure of TiSe,. (a) Dispersion relations, where I' = (0, 0, 0),
M=(,00,K=(40,4A=0,04%,L=(401%,and H = &, },%. (b) Total and projected DOS
curves. The solid, dotted, and dashed lines refer to the total DOS, the projected DOS for the Ti d
orbitals, and the projected DOS for Se, respectively.

layer X---X contacts in TiX,. It is striking
to note that the only X---X contacts with
positive overlap populations are the inter-
layer X---X contacts in TiSe, and TiTe,, for
which there is nonzero chalcogen-to-metal
electron transfer. In addition, the overlap
population for each interlayer Te---Te con-
tact in TiTe, is much greater than that for
each interlayer Se---Se contact in TiSe,.
This is consistent with the finding that the
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chalcogen-to-metal electron transfer is

much greater in TiTe, than TiSe,.

Distortion and Tellurium-to-Metal
Electron Transfer in MTe,
(M = V,Nb, Ta)

As schematically shown in Fig. 5, layered
transition-metal dichalcogenides MX, show
several interesting distortion patterns of

b 8o T ‘ T
6.0 | ‘ :
S 4o -
2.0 .
t 0.0 4
-15.0 -13.0 -11.0 -9.0
Energy (eV)

F1G. 4. Calculated band electronic structure of TiTe, . (a) Dispersion relations, where T’ = (0, 0, 0),
M=(G0,0,K=(33%0,A=0,0,8),L =(30,%,and H = (4, 1. (b) Total and projected DOS
curves. The solid, dotted, and dashed lines refer to the total DOS, the projected DOS for the Ti d
orbitals, and the projected DOS for Te, respectively.
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F1G. 5. Distortion patterns in CdI,-type layered tran-
sition-metal dichalcogenides MX,. Each metal atom is
represented by a filled circle. (a) Undistorted hexagonal
lattice typically found for d° systems; (b) metal atom
clustering typically found for 4! systems; (c) double
zigzag chains found for MTe, (M = V, Nb, Ta) sys-
tems; (d) zigzag chains typically found for 42 systems;
and (e) ‘‘diamond” chains typically found for o
systems.

metal ions depending upon the formal oxida-
tion state of the metal, or, equivalently, the
d—electron count on metal. MX, layers with
d® metal ions show a hexagonal pattern (Fig.
5a), those with d' metal ions isolated clus-
ters (Fig. 5b) (21), those with d? metal ions
zigzag chains (Fig. 5d) (5, 22), and those
with &® metal ions ‘‘diamond”’ chains (Fig.
5e) (23). The double zigzag chains of Fig. 5¢

are found for MTe, (M = V, Nb, Ta) (24,

25). and may be considered as a ‘‘comnro-

mise’” of the distortion tendencies toward
the clusters of Fig. 5Sb and the zigzag chains
of Fig. 5d. This speculation suggests that

the formal d-electron count for MTe, (M =
V, Nb, Ta) is not 4! but '*¢ (0 < ¢ < 1).
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This is reasonable because a tellurlum-to—
metal electron transfer is expected in MTe,.

In the following, we show this to be the case
by analyzing the electronic structures of
VTe, for its undistorted and distorted struc-
tures.

VTe, has a CdI,-type structure above 482
K (24), which will be referred to as the un-
distorted structure. Below 482 K, VTe, has
a distorted structure (24), which has double
zigzag chains of vanadium ions in each layer
and numerous short inter- and intralayer

Te...Ta cantacteg
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fect of the distortion in VTe, on the tellur-
ium-to-metal electron transfer. To perform
band electronic structure calculations for
the undistorted VTe2 structure, we adopt a
V-Te distance of 2.705 A, the average of
the V-Te distances found for the distorted
VTe, structure. Results of our band elec-
tronic structure calculations are summa-
rized in Fig. 6 for the undistorted VTe,, and
in Fig. 7 for the distorted VTe,. It is clear
from the band dispersion relations and the
DOS curves of these figures that the overlap

between the tellurium p-block and the vana-
dium d-block bands is significantly en-
hanced by the distortion.

Table III summarizes our Milliken popu-
lation analyses for the undistorted and dis-
torted VTe, structures. Comparison of the
vanadium gross populations for the two
structures shows that the distortion leads to
a tellurium-to-metal electron transfer of 0.25
electrons per V. There exists no accurate
crystal structure of a Cdl-type VS,, for
which one might assign a formal d' electron
count for V. Thus, at present, we cannot
accurately estimate the amount of tellurium-
to-metal electron transfer in the undistorted

VTe,. Nevertheless the formal d-electron
count for vanadium in the distorted VTP-

can be givenas d'*¢ with 0.25 < g < 1. Th1s
supports our speculation that the distortion
toward the double zigzag chains of metal
ions in MX, is preferred for those MX, with

a Adalestron connt haetwean Jl and 42
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The Te:--Te overlap populations of Table
III show that all short interlayer Te---Te
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Fi1G. 6. Calculated band electronic structure of the undistorted VTe,. (a) Dispersion relations, where
' =(0,0,0,X = (30,0),and Z = (0, 0, 3). (b) Total and projected DOS curves. The solid, dotted,
and dashed lines refer to the total DOS, the projected DOS for the V d orbitals, and the projected DOS

for Te, respectively.

contacts of VTe, have positive overlap pop-
ulations, and should therefore be important
for the tellurium-to-metal electron transfer.
In the distorted VTe,, two very short intra-
layer Te---Te contacts also possess positive
overlap populations thereby contributing to
the electron transfer. It is interesting to ob-
serve from Table III that only the shortest
V---V contacts making the double zigzag
chain paths have positive overlap popula-
tions. This supports the description of the
distorted VTe, in terms of double zigzag
chains of vanadium ions.

[

-10.0

Energy (eV)

X T YT 4

We also performed band electronic struc-
ture calculations for NbTe, and TaTe,, for
which only distorted structures are known
(25). These calculations show results similar
to those obtained for distorted VTe,.

Discussion

The reference point of the chalcogen-to-
metal electron transfer in MX, (hereafter re-
ferred to as the p — d electron transfer) is
the oxidation state M**(X?"),, for which
the amount of the p — d electron transfer is

DOS

-15.0

-13.0  -11.0

Energy (eV)

Fi1G. 7. Calculated band electronic structure of the distorted VTe,. (a) Dispersion relations, where
r=00,0,0,Xx=¢,0,0),Y = (0,4 0), and Z = (0, 0, §). (b) Total and projected DOS curves. The
solid, dotted, and dashed lines refer to the total DOS, the projected DOS for the V d orbitals, and the

projected DOS for Te, respectively.
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TABLE 1II

GRroSS ATOMIC POPULATIONS OF V, V--*V AND Te'--Te CONTACT DISTANCES, AND
THEIR OVERLAP POPULATIONS IN THE UNDISTORTED AND DISTORTED STRUCTURES OF VTe,

Distance/Overlap
population of V---V

Gross population

Distance (A)/Overlap
population of Te---Te (¢~ /bond)

Structure of V (e /atom) A) (e~ /bond) Interlayer Intralayer
Undistorted 4.986 3.638/—0.009 3.793/0.002 3.638%/—0.003
4.016%/ —0.007
Distorted 5.234 3.316/0.042 3.590/0.017 3.4472/0.014
3.595/-0.007 3.595/0.009 3.4924/0.007
3.778/0.008 3.738%/ —0.005
3.907/0.003 3.742¢/ —0.005

3.947%/ —0.008

2 Within a chalcogen sublayer.
& Between chalcogen sublayers.

zero. If an overlap of the chalcogen p-block
bands with the metal d-block bands (hereaf-
ter referred to as the p—d band overlap)
causes a p — d electron transfer of ¢ elec-
trons per metal, then the metal oxidation
state becomes M“ 9%, The extent of the
p—d band overlap increases when the metal
d-block bands are lowered in energy and/or
when the chalcogen p-block bands are
raised in energy. The bottom portion of the
d-block bands can be lowered by the use of
a more electronegative metal atom or by
clustering metal atoms. The latter converts
nonbonding levels (i.e., the z,,-levels) into
metal-metal bonding levels. The top portion
of the chalcogen p-block bands can be raised
by the use of a less electronegative chalco-
gen atom X or by shortening X---X contact
distances. The latter enhances X---X anti-
bonding interactions, as already mentioned.
On the basis of these simple viewpoints, we
briefly survey the structures and/or physical
properties of layered transition-metal ditel-
lurides in the following.

Experimentally, the p—d band overlap is
smaller in Hf Te, than in TiTe, [0.3 (26) vs
0.6 (18a) eV], and the interlayer Te---Te con-
tacts are longer in Hf Te, than in TiTe, [3.89

27) vs 3.775 A]. These findings are consis-
tent with the fact that Hf is less electronega-
tive than Ti, because it leads to a smaller p
—> d electron transfer, and consequently a
longer interlayer Te---Te contact for Hf Te, .
According to this reasoning, ZrTe,, located
between two semimetallic compounds TiTe,
and HfTe, , is expected to be also a semi-
metal instead of a semiconductor (28).

In VTe,, the metal-atom clustering cre-
ates lower-lying d-block bands while short-
ening the Te:--Te contacts raises the top
portion of the Te p-block bands. These two
factors acting in concert, plus the fact that
V is more electronegative than Ti, give rise
to a considerably greater p—d band overlap
in VTe, thanin TiTe,. However, the amount
of the p — d electron transfer in VTe, should
be similar to that in TiTe,, because the for-
mal d-electron count of VTe, in the absence
of the p — d electron transfer is already
high (i.e., d' instead of d°). Formally, the
distortion from the undistorted VTe, in Fig.
5a to the distorted VTe, in Fig. Sc is a tri-
merization. It is interesting to observe that
the MTe, (M = Nb, Ta) phases (29, 30), for
which the metal d-electron count is d' in the
absence of a p — d electron transfer as in
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MTe,(M = V,Nb, Ta), also show a trimeri-
zation of metal atoms as well as Te:--Te
contact shortening.

B-MoTe, and WTe, phases (22a) have
metal ions with d? electron counting in the
absence of the p — d electron transfer. Al-
though Mo and W are considerably more
electronegative than Ti, a band electronic
structure study on B-MoTe, (5) indicates
that the extent of the p — d electron transfer
in these compounds cannot be large due to
the high d-electron count (i.e., d* instead of
d%. In fact, the interlayer Te---Te contacts
in B-MoTe, and WTe, do not possess unusu-
ally short distances (e.g., the shortest inter-
layer Te---Te contacts are 3.855 and 3.927 A
for B-MoTe, and WTe,, respectively) (22a).
Thus, the d-electron count for MTe, (M =
Mo, W) would be d?*° with & close to zero.
The formation of ‘‘diamond’’ chains in MX,
(Fig. 5e) requires a d® electron count as in
ReSe, (23b) and Mo,S,; (23d). Formally, the
distortion from the zigzag chain of Fig. 5d
to the diamond chain of Fig. 5e is a dimeriza-
tion. Simply speaking, this is related to the
fact that each zigzag chain has a 3-filled 1D
band. In general, the electronic energy gain
by distortion in a 1D chain decreases as the
band filling deviates more than % (31). This
may be responsible for why, in 8-MoTe, and
WTe,, a further distortion along the chain
direction is not observed.

For ditellurides IrTe, and RhTe,, the
proper oxidation state is given by
M?**(Te'*~), (M = Ir, Rh) (6), for which the
d-electron count is d®. The d-levels of Ir and
Rh are low, and so are the ,,-block bands
of MTe, (M = Ir, Rh). These bands are
completely filled by inducing a large amount
of p— d electron transfer, which is achieved
by a strong Te---Te contact shortening (6).
Table I shows for IrTe, that the interlayer
Te:--Te and one of the two Te---Te intra-
layer bonding contacts are so short that the
tellurium framework of IrTe, and RhTe,
should be regarded as a 3D polymeric net-
work. MTe, phases with such a tellurium
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network occur with metal ions of d-electron
count equal to, or greater than, d® and are
termed polymeric Cdl,-type phases (6). The
tellurium network polymerization causes a
drastic shortening of the c-axis length due
to the interlayer Te---Te bonding. When the
Te---Te contacts of TiTe, and IrTe, and their
overlap populations are compared (Table I),
it becomes evident that shortening of the
interlayer Te---Te contacts are more effi-
cient than shortening of the intralayer
Te---Te contacts in enhancing the p — d
electron transfer.

For polymeric Cdl,-type MTe, phases
with d-electron count greater than d%, the e -
block bands have to be occupied. In general,
the e -block bands are high in energy be-
cause they have a strongly antibonding char-
acter for the M-Te bonds. This impiies that,
to induce a p — d electron transfer into
the e,-block bands, the shortening of the
Te---Te contacts should be large and hence
may induce a lattice strain. One way of low-
ering the e,-block levels as well as reducing
the tellurium lattice strain in such a case
would be to introduce some Te vacancies.
Reduction in the metal coordination number
from six will create lower-lying d-levels
from the e,-block levels (20). In addition,
removal of Te atoms from a tight 3D poly-
meric tellurium network creates lone-pair
levels on Te, which are lower-lying in en-
ergy than the antibonding levels of short
Te-*Te contacts. For metal ions with
d-electron count greater than d%, polymeric
Cdl,-type might be stabilized by having Te
deficiencies.

Concluding Remarks

The present work reveals that, in layered
transition-metal ditellurides of the CdL,-type
structure, the interlayer Te---Te contacts
are crucial for the p — d electron transfer.
This is due certainly to the fact that the
overlap between the Te p, orbitals (perpen-
dicular to the layer) associated with the in-
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terlayer Te---Te contacts is effective in rai-
sing the top portion of the Te p-block bands,
because the Te atomic orbitals are very dif-
fuse. The interlayer interactions of Cdl,-
type MX, dichalcogenides are often consid-
ered as VDW interactions, which describe
interactions between atoms with completely
filled valence shells. When the formal chal-
cogen oxidation state deviates considerably
from X?~ by astrong p — d electron transfer
as in IrTe,, the interlayer X---X interactions
are no longer VDW interactions.

The Te p-block bands mainly involved
in the p — d electron transfer of Cdl,-type
MTe, ditellurides are those whose energies
are raised primarily by short interlayer
Te---Te contacts. Since the p, orbitals of
Te are involved in these bands, the elec-
trons at the Fermi level coming from these
bands lead to a metallic character along the
interlayer direction. Therefore, the layered
ditellurides are expected to possess a 3D
metallic character. For the same reason, a
slight change in the interlayer Te---Te con-
tact arrangements would have significant
effects upon the electrical and other physi-
cal properties of these ditellurides. This
conclusion is expected to apply equally
well to other metallic layered transition-
metal tellurides.
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