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Electronic structure of 1T-TiS2
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We present state-of-the-art band-structure calculations for the 1T phase of TiS2. We have used the full-
potential linear augmented-plane-wave method as embodied in theWIEN97 code. Our calculations show that
1T-TiS2 is semimetallic at ambient pressure in agreement with the recent calculations based on the augmented
spherical wave~ASW! and the linear-muffin-tin-orbital methods but in disagreement with the more recent
pseudopotential calculations. In order to ascertain the effect of lattice parameters on the band structure, we
have performed calculations for lattice parameters corresponding to hydrostatic pressures up to 7.6 GPa. Our
calculations show that 1T-TiS2 remains semimetallic at these pressures. Calculations are also performed for
the slab geometry to ascertain whether the band overlap decreases with increasing distance between the TiS2

layers making it a semiconductor as revealed by the ASW calculations. We find that 1T-TiS2 is semimetallic
in the slab geometry, too.@S0163-1829~99!01920-7#
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The study of the electronic properties of the transitio
metal dichalcogenides~TMDC! has been actively pursue
during the past three decades due to their potential fo
variety of technological applications. The TMDC can exist
various crystallographic structures. These compounds h
very anisotropic physical properties so much so that they
be regarded as two-dimensional solids due to the strong
valent bound layers held together by weak Van der Wa
forces. As a result of this, the TMDC can be intercala
with foreign atoms and molecules leading to significant a
dramatic changes in their electronic properties. For exam
the intercalation of lithium in TiS2 has led to its use in
lithium batteries.

TiS2 is known to exist in two phases, 1T-TiS2 ~trigonal
prismatic! and 2H-TiS2 ~octahedral coordination!. Of these,
the 1T-TiS2 is the most studied phase experimentally as w
as theoretically.1–16 the electronic band structure of th
phase has been clouded with controversy. We address
controversy regarding the electronic band structure
1T-TiS2 ~henceforth termed as TiS2 only! in this paper and
try to redress it. The earlier calculations of Umrigaret al.7

using the self-consistent linear augmented-plane-w
~LAPW! scheme showed that TiS2 is a semimetal. This was
in contrast with the optical experiments of Greenway a
Nitsche,1 who suggested that TiS2 is a semiconductor with a
gap of 1–2 eV. The optical experiments of Liang and
co-workers2,3,6 could not help in resolving this discrepanc
as their data did not extend to low energies. From the m
surements of the Hall coefficient, thermoelectric power, a
resistivity as a function of pressure, Klipstein and Frien8

concluded that the band overlap increased at a rate 4.5 m
Kbar. This suggested that TiS2 is a semiconductor with a ga
of around 0.18 eV. Beneschet al.9 calculated the band struc
ture of TiS2 using the LAPW method, as a function of pre
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sure, and confirmed this increase in band overlap. Howe
their calculations also gave a semimetallic ground state
the last two years research activity in TiS2 has suddenly in-
creased as is evident by the number of papers published.10–16

Recent measurements of the polarized x-ray-absorption n
edge spectra have further contributed to interest in
compound.16 Although recent band calculations based on
augmented spherical wave~ASW! method by Fanget al.11

and the linear-muffin-tin-orbital~LMTO! method by Wu
et al.10,12show TiS2 to be semimetallic, a more recent calc
lation using the pseudopotential~PP! method shows it to be a
semiconductor with an indirect gap of about 2 eV.15 These
authors have measured the lattice parameters of TiS2 under
hydrostatic pressure up to 7.62 GPa. Using their experim
tally determined lattice parameters, they have perform

FIG. 1. The density of states of 1T-TiS2 at ambient pressure.
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FIG. 2. The density of states of 1T-TiS2 at different hydrostatic pressures. The lattice parameters are given in the figure par~a!
corresponds to 1.49 GPa,~b! to 3.93 GPa,~c! to 6.38 GPa, and~d! to 7.62 GPa.
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band calculations using the PP method and find that the
ergy gap is reduced, as a function of pressure, and aro
4–6 GPa TiS2 becomes semimetallic.

In view of the conflicting results about the ground state
TiS2 from the PP band calculations compared to those fr
LAPW, ASW, and LMTO calculations, we have tried to r
solve this discrepancy once and for all. The LAPW, ASW
and LMTO calculations suffer from the drawback that th
use an approximate potential. It would be worthwhile to c
culate the band structure using a potential with no sh
approximation. We have performed calculations on TiS2 us-
ing the full-potential linear augmented-plane-wa
~FPLAPW! method as incorporated in theWIEN97 code.17

These are reported in this paper. We have also perfor
calculations of TiS2 under hydrostatic pressures up to 7
GPa using the measure lattice parameters to ascerta
changing the lattice parameters has any effect on the gro
state. Calculations are also performed for TiS2 in the slab
geometry with the aim to study the effect of increasing
interlayer distance of theMX2 sandwich on the nature of th
ground state.

Calculations are performed using the full-potential line
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augmented-plane-wave method as implemented in
WIEN97 code, including local orbitals for the high-lying
‘‘semicore’’ states. Exchange and correlation are trea
within the local-density approximation~LDA ! and the scalar-
relativistic equations are used to obtain self-consistency.
have used the Barth-Hedin exchange correlation potenti18

In contrast to previous LDA calculations, no shape appro
mation to the potential or the charge density is made. T
could be the reason for the differences between the AS
LAPW, and LMTO calculations from the PP calculation
All the calculations are performed using 100k points in the
irreducible Brillouin zone.

TiS2 crystallizes in the 1T-type Cd~OH!2 structure~space
group P3m1!. One Ti atom is at 1a ~origin! and two S

atoms at 2d ~ 1
3 , 2

3 ,z)and (2
3 , 1

3 ,2z! sites. First we performed
calculations for TiS2 at ambient pressure using the lattic
parameters given in Fig. 1. Our calculations indicate t
TiS2 is a semimetal in accordance with the recent ASW~Ref.
11! and LMTO~Refs. 10 and 12! calculations, and the earlie
LAPW calculations.7,9 However, this is in contrast to a ver
recent PP calculation, which predicts TiS2 to be a semicon-
ductor with an indirect gap of around 2 eV.
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The density of states~DOS! from our calculations is
shown in Fig. 1. From the partial DOS we are able to ide
tify the angular moment character of the various structur
The sharp peak around211.8 eV is mainly due to the S-s
states, the peak around24.4 and22.0 eV due to S-p states,
and the22.7 eV peak has contributions from the Ti-d and
S-p states. In the conduction bands, the peaks at 0.6, 1.5,
3.2 eV have mainly Ti-d character while the 10 eV struc
tures contain mixtures of S-p and Ti-spdstates. The DOS a
Fermi energy (EF! is controlled by the overlap between th
S-p states~valence! and Ti-d states~conduction!. This over-
lap is small resulting in a semimetallic state with a DOS
EF of 2.3 states/~eV spin!.

Since the DOS atEF is very small, a change in the lattic
constant might result in the disappearance of the overlap
in the opening up of an energy gap atEF . As the lattice
parameters of TiS2 have been measured experimentally15 un-
der various pressures, we have performed calculations u
lattice parameters corresponding to hydrostatic pressur

FIG. 3. The density of states of 1T-TiS2 in the slab geometry.
~a! corresponds to a lattice parameter twice the ambient pres
value and~b! to four times. Lattice parameters are given in th
figures.
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1.5, 3.9, 6.4, and 7.6 GPa. The DOS for these is plotted
Fig. 2. Again we find the semimetallic behavior. The DOS
EF for these pressures is 0.38, 0.43, 0.47, and 0.38 sta
~eV spin!. This seems to suggest that the overlap is u
changed with pressure. However, some small changes in
DOS as a function of pressure are evident by looking at
figures. Some significant changes are the development
small secondary peak in the S-s states and the sharp rise
the bottom of the S-p states.

Recently Fanget al.11 have performed calculations fo
bulk, single slab, and thin films of TiS2. These calculations
show that a single slab of TiS2 is semiconducting. The single
slab calculations were performed for a single layer of T2

separated by three sandwiches of empty spheres. The
tance between the slabs is large enough so interaction
tween the slabs is negligible. Hence surface relaxations
neglected. We have done calculations for two separation
the TiS2 layers. In the first case the layers are separated
the lattice constantc, i.e., thec lattice constant is twice the
ambient pressure value! while in the second case this sep
ration is 3c ~i.e., thec lattice constant is four times the am
bient pressure value!. In this way we hope to study the effec
of interlayer separation on the overlap between the Ti-d and
S-p states. The DOS for both these calculations is shown
Fig. 3. The DOS atEF is 0.45 and 0.61 states/~eV spin!,
respectively, indicating a very small change in DOS atEF as
the layer separation is increased. However, there are no
matic changes in the overall DOS. While the ambient pr
sure DOS shows one sharp peak in the occupied bands
slab DOS shows a peakier behavior. The unoccupied ba
DOS for the slab is similar to the bulk DOS.

Our state-of-the-art full-potential calculations show that
ambient pressure TiS2 is semimetallic. The conflicting result
of the non-full-potential calculations seem to indicate t
errors inherent in such calculations. The LAPW, ASW, a
LMTO calculations give the correct semimetallic behav
while the PP calculations give a rather large gap of aroun
eV. However, since the LDA is known to underestimate ga
by as much as 50%, it could still be possible to speculate
TiS2 is a semiconductor with a small energy gap. To stu
the effect of the pressure on the semimetallic/semiconduc
nature of this material, we performed calculations using
tice parameters corresponding to pressures up to 7.6 G
These calculations seem to suggest no significant chang
the band overlap nearEF as a function of pressure. Th
calculations of the slab geometry also do not show any
nificant change in the Ti-d, S-p overlap as the distance be
tween TiS2 layers in increased. In fact, in contrast to th
ASW calculations for the slab geometry which yield a sem
conducting behavior, our calculations show that TiS2 is still
semimetallic.

These calculations were done at the University Compu
Center and at the Physics Department Computer Facilit
We are grateful to them. We are thankful to the Coun
of Scientific and Industrial Research~CSIR! for financial
support in the form of Grant No. 3~827!97.EMR-II. S.S.
would like to thank the University Grant Commissio
~UGC!.This work was supported by the Austrian Scien
Fund, Projects No. P9908-PHY and No. P11893-PHY.
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