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We present state-of-the-art band-structure calculations for TheHase of TiS. We have used the full-
potential linear augmented-plane-wave method as embodied iwithe®7 code. Our calculations show that
1T-TiS, 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 thatT-TiS, remains semimetallic at these pressures. Calculations are also performed for
the slab geometry to ascertain whether the band overlap decreases with increasing distance betwegn the TiS
layers making it a semiconductor as revealed by the ASW calculations. We findTthHEiS) is semimetallic
in the slab geometry, to$S0163-182899)01920-7

The study of the electronic properties of the transition-sure, and confirmed this increase in band overlap. However,
metal dichalcogenide§TMDC) has been actively pursued their calculations also gave a semimetallic ground state. In
during the past three decades due to their potential for the last two years research activity in JiBas suddenly in-
variety of technological applications. The TMDC can exist in creased as is evident by the number of papers publiShed.
various crystallographic structures. These compounds havgecent measurements of the polarized x-ray-absorption near-
very anisotropic physical properties so much so that they cafdge spectra have further contributed to interest in this
be regarded as two-dimensional solids due to the strong ceompound-® Although recent band calculations based on the
valent bound layers held together by weak Van der Waalg@ugmented spherical wav&SW) method by Fanget al**
forces. As a result of this, the TMDC can be intercalatedand the linear-muffin-tin-orbitalLMTO) method by Wu
with foreign atoms and molecules leading to significant ancet al*?show TiS to be semimetallic, a more recent calcu-
dramatic changes in their electronic properties. For exampldation using the pseudopotenti@P method shows it to be a
the intercalation of lithium in Ti$ has led to its use in Semiconductor with an indirect gap of about 2 ®VThese
lithium batteries. authors have measured the lattice parameters of Oin8er

TiS, is known to exist in two phasesTiTiS, (trigonal  hydrostatic pressure up to 7.62 GPa. Using their experimen-
prismatig and 2H-TiS, (octahedral coordinationOf these, tally determined lattice parameters, they have performed
the 1T-TiS, is the most studied phase experimentally as well
as theoreticall} ¢ the electronic band structure of this ™ ' ' * - '

P=00 —

phase has been clouded with controversy. We address thi a=samsh
controversy regarding the electronic band structure of 12f Vo -
1T-TiS, (henceforth termed as Tj%nly) in this paper and

try to redress it. The earlier calculations of Umriggtral 10 .

using the self-consistent linear augmented-plane-wave
(LAPW) scheme showed that Ti% a semimetal. This was

in contrast with the optical experiments of Greenway and
Nitsche! who suggested that Tj$s a semiconductor with a
gap of 1-2 eV. The optical experiments of Liang and his &
co-workeré3® could not help in resolving this discrepancy
as their data did not extend to low energies. From the mea:
surements of the Hall coefficient, thermoelectric power, and ,
resistivity as a function of pressure, Klipstein and Frfend
concluded that the band overlap increased at a rate 4.5 me\
Kbar. This suggested that Ti& a semiconductor with a gap “is -10 5 o § 10 15
of around 0.18 eV. Benesat al® calculated the band struc- Energy (V)

ture of TiS, using the LAPW method, as a function of pres- FIG. 1. The density of states ofT1TiS, at ambient pressure.
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FIG. 2. The density of states ofTiTiS, at different hydrostatic pressures. The lattice parameters are given in the figure(@arts.
corresponds to 1.49 GPd) to 3.93 GPa(c) to 6.38 GPa, andd) to 7.62 GPa.

band calculations using the PP method and find that the ermugmented-plane-wave method as implemented in the
ergy gap is reduced, as a function of pressure, and arounsllEN97 code, including local orbitals for the high-lying
4—-6 GPa Tig becomes semimetallic. “semicore” states. Exchange and correlation are treated
In view of the conflicting results about the ground state ofwithin the local-density approximaticit DA) and the scalar-
TiS, from the PP band calculations compared to those frontelativistic equations are used to obtain self-consistency. We
LAPW, ASW, and LMTO calculations, we have tried to re- have used the Barth-Hedin exchange correlation pot tiaI:
solve this discrepancy once and for all. The LAPW, ASw, In contrast to previous LDA calculations, no shape approxi-
and LMTO calculations suffer from the drawback that theyMation to the potential or the charge density is made. This
use an approximate potential. It would be worthwhile to cal-could be the reason for the differences between the ASW,
culate the band structure using a potential with no shapeAPW, and LMTO calculations from the PP calculations.
approximation. We have performed calculations on,Tis§- AII the _calcula_ltlon_s are performed using 1R@oints in the
ing the full-potential linear augmented-plane-wave i'reducible Brillouin zone.
(FPLAPW) method as incorporated in thelEn97 codel’ TiS; crystallizes in the T-type CdOH); structure(space
These are reported in this paper. We have also performe@foup P3m1). One Ti atom is at & (origin) and two S
calculations of Ti$ under hydrostatic pressures up to 7.6atoms at 2 (3,5,2z)and (,3,—2) sites. First we performed
GPa using the measure lattice parameters to ascertain ¢halculations for Ti$ at ambient pressure using the lattice
changing the lattice parameters has any effect on the grourghrameters given in Fig. 1. Our calculations indicate that
state. Calculations are also performed for ;Ti the slab  TiS, is a semimetal in accordance with the recent AGREf.
geometry with the aim to study the effect of increasing thell) and LMTO (Refs. 10 and 1Pcalculations, and the earlier
interlayer distance of th#1X, sandwich on the nature of the LAPW calculations’® However, this is in contrast to a very
ground state. recent PP calculation, which predicts Ji® be a semicon-
Calculations are performed using the full-potential linearductor with an indirect gap of around 2 eV.
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o5 . . i : : 1.5, 3.9, 6.4, and 7.6 GPa. The DOS for these is plotted in
fayer separation=c — Fig. 2. Again we find the semimetallic behavior. The DOS at
Skl Er for these pressures is 0.38, 0.43, 0.47, and 0.38 states/

20 | ‘ . (eVspin. This seems to suggest that the overlap is un-

changed with pressure. However, some small changes in the
DOS as a function of pressure are evident by looking at the
B ] figures. Some significant changes are the development of a
small secondary peak in the Sstates and the sharp rise in
the bottom of the $ states.

Recently Fanget al!' have performed calculations for
bulk, single slab, and thin films of TjSThese calculations
show that a single slab of Tj$ semiconducting. The single
slab calculations were performed for a single layer of,TiS
(} separated by three sandwiches of empty spheres. The dis-
. . . tance between the slabs is large enough so interaction be-
fnerny V) tween the slabs is negligible. Hence surface relaxations are

neglected. We have done calculations for two separations of
25 . . T T " the TiS layers. In the first case the layers are separated by

layer separation=3¢ —

a= 34075} the lattice constant, i.e., thec lattice constant is twice the
e ambient pressure valuevhile in the second case this sepa-

) ration is X (i.e., thec lattice constant is four times the am-
bient pressure valyeln this way we hope to study the effect

of interlayer separation on the overlap between the &iRd

S-p states. The DOS for both these calculations is shown in
Fig. 3. The DOS atEg is 0.45 and 0.61 statésM spin),
respectively, indicating a very small change in DO%atas

the layer separation is increased. However, there are no dra-
matic changes in the overall DOS. While the ambient pres-
st sure DOS shows one sharp peak in the occupied bands, the
slab DOS shows a peakier behavior. The unoccupied bands
DOS for the slab is similar to the bulk DOS.

0 ’r - . . ' Our state-of-the-art full-potential calculations show that at
(b) Energy (V) ambient pressure Tj3s semimetallic. The conflicting results

of the non-full-potential calculations seem to indicate the
(a) corresponds to a lattice parameter twice the ambient pressur%rrors |nherent_|n suc_h calculations. The .LAPW.’ ASW, al_nd
value and(b) to four times. Lattice parameters are given in the LM.TO calculations give thg correct semimetallic behavior
figures. while the PP ca]culatmns give a rather large gap pf around 2
eV. However, since the LDA is known to underestimate gaps
by as much as 50%, it could still be possible to speculate that
TiS, is a semiconductor with a small energy gap. To study
the effect of the pressure on the semimetallic/semiconducting

shgxﬁ iganiSItyl Olzrjrtr?ttehieDoa?[iglr ODn(])sOl\J,\:eC:rlgu;li?)ﬁg?g i('jsen_nature of this material, we performed calculations using lat-
) 9. . P . tice parameters corresponding to pressures up to 7.6 GPa.
tify the angular moment character of the various structure

The sharp peak around11.8 eV is mainly due to the S- SThese calculations seem to suggest no significant change in

the band overlap nedEr as a function of pressure. The
states, the peak arount4.4 and—2.0 eV due to S states, lculati f the sl | h .
and the—2.7 eV peak has contributions from the diand caleulations of the slab geometry also do not show any sig

. nificant change in the Td, S-p overlap as the distance be-
S-p states. In the conduction bands, the peaks at 0.6, 1.5, a@\ﬂ/een TiS layers in increased. In fact, in contrast to the

t32 ev h?v.e m_altnly Telfcharadcgre.r WZ”F‘; tthe %I% e\l:/)cs)tsruct- ASW calculations for the slab geometry which yield a semi-
ures contain mixtures of $-and Ti-spdstates. The a conducting behavior, our calculations show that,TiESstill

Fermi energy Eg) is controlled by the overlap between the semimetallic.

S-p stateg\valence and Ti-d states(conduction. This over-

lap is small resulting in a semimetallic state with a DOS of These calculations were done at the University Computer

Er of 2.3 stategEV spin. Center and at the Physics Department Computer Facilities.
Since the DOS &g is very small, a change in the lattice We are grateful to them. We are thankful to the Council

constant might result in the disappearance of the overlap anof Scientific and Industrial Researdl€SIR) for financial

in the opening up of an energy gap Bf. As the lattice  support in the form of Grant No.(827)97.EMR-Il. S.S.

parameters of Tishave been measured experimentallyn-  would like to thank the University Grant Commission

der various pressures, we have performed calculations usin@GC).This work was supported by the Austrian Science

lattice parameters corresponding to hydrostatic pressure &fund, Projects No. P9908-PHY and No. P11893-PHY.
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FIG. 3. The density of states ofTtTiS, in the slab geometry.
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