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High-pressure semiconductor-semimetal transition in TiS2
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We present results of high-pressure single-crystal x-ray-diffraction studies andab initio pseudopotential
calculations of stoichiometric TiS2. Neither present any evidence for a structural phase transition; it is shown
that the material undergoes an isostructural semiconductor-semimetal phase transition between 4 and 6 GPa.
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Due to their outstanding potential for a variety of techn
logical applications there is considerable interest, at both
applied and fundamental level, in the structural, electron
and optical properties of the transition-metal dichalcogeni
and their intercalation compounds.1,2

These compounds have the formulaTX2, whereT is a
transition-metal atom from group IV, V, or VI in the Per
odic Table andX is one of the chalcogens: sulfur, seleniu
or tellurium. They are highly anisotropic materials, som
times referred to as two-dimensional solids, because t
have strongly~ionic/covalent! bound layers held together b
weak dispersion forces.

A variety of electron donors or Lewis bases, such as al
metals and many organic molecules, can be intercalated
tween the layers.1–3 This can often induce rather dramat
changes in the electronic properties of the host lattice,
these changes can be understood in terms of charge tra
and increased interlayer separation. Under appropriate
ditions, TiS2 also shows superionic behavior. Recently, t
intercalation and ionic conduction of lithium in TiS2 has
been exploited in its use as a positive electrode in recha
able lithium batteries.4,5

Detailed studies on the electronic structure of pure T2
under ambient conditions, however, have produced confl
ing conclusions.6–10 Some band-structure calculations8,9 in-
dicate that an indirectp/d band overlap exists with an ove
lap ranging from 0.2 to 1.5 eV while others infer that TiS2 is
a narrow gap semiconductor. None of these calculations h
optimized the atomic structure, and in view of the subtlety
the effects it is clearly important to use a method wh
consistently optimizes the atomic and electronic structure

Due to the strong tendency toward nonstoichiometry w
titanium excess, all physical measurements performed to
fine the true nature of TiS2 ~semimetal or semiconductor!
have to be considered with great caution. For example,
experimental evidence gathered in photoemission exp
ments have been interpreted as indicating eit
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semimetallic9 or semiconducting8 behavior. Resistivity mea-
surements in highly stoichiometric titanium disulphide ind
cate a metallic behavior at all temperatures,11,12 while Hall
coefficient and thermoelectric power measurements sup
the semiconducting hypothesis.13 More recently, however,
Wu et al.10 have combined x-ray-absorption spectrosco
and electron-energy-loss spectroscopy measurements
linear muffin-tin band-structure calculations to conclude t
TiS2 is a metal or semimetal at ambient pressure.

Pressure often causes a closing of the band gap in
dimensional semiconductors,14 usually associated with a
structural phase transition.15 Measurement of the variation
with pressure of the transport properties of TiS2,13 show pro-
nounced discontinuities in the pressure dependence of
the Hall coefficient and thermoelectric power at about 4 G
and at higher pressures, the pressure dependence of the
port properties were found to be similar to those of semim
tallic TiSe2. This behavior was shown to be consistent w
TiS2 having a semiconductor-semimetallic phase transiti
There is now clearly a need to determine the high-press
behavior of TiS2 to establish the true nature of its transpo
properties. In this paper we present an experimental h
pressure single-crystal x-ray-diffraction study and compa
tive theoreticalab initio pseudopotential calculations of th
pressure dependence of both the crystal structure and
structure of TiS2. We show that the transition in transpo
properties observed at 4 GPa is not associated with a s
tural phase transition, but is the result of pressure-indu
band-gap closure.

At ambient pressure TiS2 adopts a characteristic layere
structure, with trigonal space groupP 3̄m1, formed from
infinite sheets of face-sharing TiS6 octahedra. The unit cell
of dimensionsa53.407 Åc55.695 Å, has titanium atoms a
each corner (a sites! and the sulfur atoms are located
interior positions (d sites! given by (1/3,2/3,z) and
(2/3,1/3,z̄ ) with z50.2493.16 Thec/a ratio of 1.6703 is sig-
5106 © 1998 The American Physical Society
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TABLE I. Unit-cell dimensions~Å! and refined fractional coordinate of TiS2 as a function of pressure. The number of independ
reflections (N), the weightedR factor (Rw) and the goodness of fitGf are also given. There were seven variable parameters in
refinement.

Pressure a~Å! c~Å! z N Rw Gf

0 3.4075~3! 5.6969~4! 0.2488~2! 72 5.5 1.39
0 3.4073~3! 5.6973~2! 0.24872~16! 85 3.6 1.24
0.94~1! 3.39351~10! 5.60446~16! 0.25329~17! 77 4.3 1.34
1.49~1! 3.38512~20! 5.56041~25! 0.25524~18! 78 3.8 1.35
2.40~1! 3.3747~4! 5.5013~6! 0.2579~3! 70 5.6 1.22
3.40~1! 3.3626~10! 5.4444~15! 0.2606~2! 74 5.5 1.35
3.93~1! 3.35471~14! 5.4248~22! 0.2621~2! 77 4.7 1.32
4.31~1! 3.35074~9! 5.40969~14! 0.2627~2! 76 4.5 1.36
4.79~1! 3.34495~17! 5.38851~26! 0.2639~2! 77 4.2 1.52
5.53~1! 3.3369~2! 5.36289~18! 0.26522~17! 78 3.8 1.46
6.38~1! 3.3272~5! 5.3324~4! 0.26718~17! 64 2.9 1.20
7.14~1! 3.31913~19! 5.30758~17! 0.26818~15! 63 2.9 1.15
7.62~1! 3.3142~3! 5.2937~2! 0.26924~15! 77 3.0 1.20
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nificantly larger than the ideal ratio of 1.633 which on
would obtain assuming that the relatively large sulfu
adopted a hexagonal close-packed arrangement. The x
diffraction studies were conducted on a single crystal
TiS2, with approximate dimensions of 75mm350 mm
320 mm, which was selected from a batch of stoichiomet
crystals grown using the method described in Ref. 17.
flections measured from a series of test scans with a CA
four-circle diffractometer were found to give sharp diffra
tion peaks and, therefore, the crystal was deemed suitabl
the high-pressure experiment. An initial intensity data coll
tion was performed over the region 0°,u,30° and the re-
fined structure was found to be in excellent agreement w
previous structure determinations.16 The crystal was
mounted in a BGI design of a pressure cell18 with its @0 0 1#
axis parallel to the diamond-anvil culets and secured in pl
using petroleum jelly. As the only refinable structural para
eter is the sulfurz coordinate, this orientation allows th
highest resolution to be obtained on any pressure-indu
structural changes. A tungsten gasket with a 200mm hole
was used to enclose the sample and both the ruby and flu
single-crystal pressure standards. The pressure cell
mounted on the CAD4 and the sample centered using
four-equivalent-settings procedure with graphite-mon
chromated MoKa x rays.

Intensity data were collected with thev-scan method a
the position of least attenuation of the pressure cell, acc
ing to the fixed-f technique.19 All accessible reflections up
to a maximum sinu/l of 0.91 Å21 were measured. Afte
applying a correction for both pressure cell19 and sample
absorption, the data were used for a least-squares refine
of the structure, including an extinction correction, using
Prometheus crystallographic programs. The structural
rameters of the preceding out-of-cell structure determina
were used as starting values and anisotropic thermal pa
eters were refined for both the Ti and S atoms. Unit-c
parameters were determined using a modified Huber fo
circle goniometer which has been described elsewhe20

Each reflection in a selected set of 12 strong reflectons w
centered in eight positions on the diffractometer followi
the method of King and Finger21 to eliminate the effects o
ay-
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diffractometer circle zero offsets, crystal offsets, and abbe
tions in the diffractometer alignment. A subset of fluori
reflections were also measured for subsequent pressure
termination.

For the high-pressure structure determinations an etha
methanol pressure transmitting fluid was introduced into
gasket hole. The high-pressure data collections were un
taken following the strategy outlined above for the 0 G
structure determination. At each pressure the unit cells of

FIG. 1. Variation of thea/a0 and c/c0 lattice parameters, the
sulfur free parameter~fractional coordinate! and the layer and in-
terlayer thicknesses with pressure~in GPa! in TiS2. Wherea0 and
c0 are the experimental ambient values. The empty symbols arab
initio results, the filled experimental~uncertainties are smaller tha
the symbols!. In the lower two graphs, the circles refer to thea
parameter and the diamonds to thec parameter.
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sample and fluorite pressure standard were measured a
rately with the Huber diffractometer. The pressures were
termined using the fluorite unit-cell volumes and the pre
ously determined equation of state. The experimental res
are in Table I~see Ref. 22 for definitions!.

The simulations were performed using first-principl
density-functional theory~DFT! within the pseudopotentia
approximation which is well documented elsewhere.23 Non-
local Kleinmann-Bylander24 pseudopotentials were use
generated by the method due to Linet al.25 The local-density
approximation ~LDA ! for exchange and correlation i
used.26,27 The wave functions are expanded in a plane-wa
basis set up to an energy cutoff of 400 eV which conver
the total energy to better than 0.1 meV/atom. The Brillou
zone integrations were performed using a 63635
Monkhorst-Pack set28 which gave 56 specialk points. This
converges the total energy of each structure to within 5 m
per atom.

The relaxation of the cell size was performed with t
Parinello-Rahman Lagrangian formalism incorporating a
lay correction29,30 to the total energy and stresses on the u
cell due to the changing basis set. This allows relaxation
the size and shape of the unit cell to the minimum free
ergy. Relaxation of the cell and the ions was performed c
secutively until the forces were smaller than 0.01 eV/Å a
until the total stress was less than 10% of the Pulay cor
tion.

We do not wish to presumea priori the conducting nature
of the material, i.e., whether semiconducting, semimeta
or metallic. Therefore all calculations were performed w
Gaussian smearing31 which allows for partial occupancy o
the electronic bands and we also include an entropy cor
tion term.32 Since DFT is a ground-state theory, the value
the band gap may not be given correctly, however the gro
state~and its semiconducting or semimetallic character! will
be correct. Calculations were performed at zero tempera
and five different pressures~0, 2, 4, 6 and 8 GPa!.

The results for thea andc lattice parameters can be se
in Fig. 1. The two sets of data shown are theab initio results
~empty symbols! and results of x-ray-diffraction experimen

FIG. 2. Valence charge density averaged across the plane
pendicular to thec axis for the five different pressures of the sim
lations.
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~filled symbols!. We find the agreement between theory a
experiment to be good with thea lattice parameter being
consistently underestimated by about 1%.~The LDA has a
well documented tendency to overestimate the electron b
ing leading to an underestimate of the lattice parameters.! At
low pressures the agreement with thec direction is excellent,
but at higher pressures the discrepancy increases to a
1%. Also plotted is the variation with pressure of the fr
internal parameter which describes the position of the su
atom. It is slightly overestimated which is seen to persis
all pressures. Thec/a ratio is also overestimated by jus
under 1% compared to the experimental data.

For evaluating the band structure we associate the p
sure in the calculation directly with the pressure in the e
periment, rather than deducing the pressure from compar
of experimental lattice parameters. This ensures that the
culations are fullyab initio.

It is clear that the compression is highly anisotropic w
thec axis decreasing by 7.1% experimentally and 8.7% fr
the calculations over the pressure range studied, while tha
axis only decreases by 2.7% experimentally and 3.0% th
retically. This can be attributed to the ease with which t
volume between the octahedra can be reduced compare
distorting the octahedra which would require considera
more energy.

The thickness of the layers was measured both by
x-ray-diffraction measurements and the calculations. We
fine the interlayer distance, or van der Waals gap, betw
sulfur layers along thec axis to be (122z)c. Similarly the
intralayer thickness is 2zc. The theoretical and experimenta
results are also plotted in Fig. 1. As can be seen clearly fr
the graph the interlayer distance undergoes the greatest
pression ~14.7% experimentally and 18.6% theoretically!,
this corresponds to decreasing the distance between the
fur ions in the same cell. The thickness of the layers actu
undergoes a slight increase~around 0.5% experimentally an
1.1% from the calculation!. This increase of the layer thick
ness is unexpected but can probably be understood by
sidering the movement of charge. In Fig. 2 it can be seen
the charge increases in the interlayer region between the
furs, corresponding to increasingly metallic rather than v
der Waals bonding between the layers.

Band structures were plotted for the structures at the
different pressures studied~only four shown, Fig. 3!. The
zero-pressure structure is clearly a semiconductor with
indirect band gap of 1.9 eV with the valence maximum alo
the G to M line and the conduction minimum being locate
at the M point, ~1/2, 0, 0!. As the pressure increases th
maximum of the valence band moves to theG point and the
gap reduces. Between 4 and 6 GPa the gap remains ind
with the conduction minimum at theM point. The linear
muffin-tin-orbital ~LMTO! calculations of Wuet al.10 differ
from our results: they found that the zero-pressure struc
was semimetallic. However no atomic-relaxation was
lowed, and the atomic sphere approximation which was u
gives a poor description of the interstitial regions into whi
charge is transferred on metallization.33 Self-consistent
methods as used here or full-potential LMTO~Ref. 34! give
a more reliable treatment of the electronic structure.

At a calculated pressure of 6 GPa the band gap is clo
The M andL points are now almost degenerate in energy
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FIG. 3. Variation of band
structure with pressure. At zero
pressure the top two bands are u
occupied. The band structure fo
the calculation at 2 GPa is no
shown but is intermediate betwee
those for the 0 and 4 GPa simula
tions.
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the highest valence state and slightly lower than the high
point (G) in the valence band. The band structure for 8 G
shows that the lowest point in the conduction band is thL
point which has a lower energy than theG point in the va-
lence band. The conduction band atL would now be occu-
pied and the valence band in the neighborhood of theG point
would be empty.

It is worth noting that this is the behavior that is foun
experimentally in TiSe2,16 which is found as a semimetal a
ambient pressure with holes at theG point and electrons a
theL point. TiSe2 is the second of the TiX2 dichalcogenides
and possesses the same structure as TiS2.

The transition from semiconductor to semimetal is n
accompanied by any change in structure as indicated by
x-ray-diffraction data. Similarly there is no obvious chan
in the charge density through the region of the transiti
Figure 2 shows the charge density averaged over a p
perpendicular to thec axis and plotted against this axis. A
the pressure is increased charge moves from the TiS6 octa-
hedra into the interstitial region between the sulfur ions. T
st
a

t
he

.
ne

s

movement of charge accompanied by the reduction in
volume is sufficient to cause the change from semicondu
to semimetal.

In conclusion, the pressure dependence of the cry
structure and electronic structure of TiS2 have been studied
to 8 GPa using a combination of x-ray-diffraction andab
initio pseudopotential calculations. The data reveal th
while there is no structural phase transition or discontinu
in the compression of the TiS2 structure to 8 GPa, there is
clear band-gap closure between 4 and 6 GPa. This stro
suggests that the TiS2 changes from a semiconductor to
semimetal in a pressure region where Klipstein and Frien13

observed discontinuities in the pressure dependence of
the Hall coefficient and thermoelectric power.
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