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The electronic properties of thellphase of TX, (X=S, Se, and Tecompounds are calculated using the
full potential linear augmented plane wave method as embodied imih@7 code. Our calculations show that
all the compounds are semimetallic. The density of states at the Fermi évgEgy, controlled by the overlap
between the Td andX p states, increases from 0.35 to 0.9 to 1.6 states/eV unit cell as we go from S to Se to
Te. We report calculations of the anisotropic frequency-dependent optical properties of these compounds and
find excellent agreement with the available experimental data. The optical properties show three main struc-
tures that can be attributed to transitions betweenxthestates and the Td states.
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I. INTRODUCTION (LMTO) method show that TiSis semimetallic. A pseudo-
potential(PP calculation shows TigSto be a semiconductor
The titanium dichalcogenide compounds XJi (X  with an indirect gap of about 2 eV.Leventi-Peetz, Kras-
=S,Se,Te) have been studied extensively because of theiskii, and Schattké have calculated the dielectric function
interesting structural and electronic properties<;Tshow a  (DF) for TiSe,, using the extended linearized augmented
great potential for a variety of technological applicationsplane-wave[ELAPW) and the empirical tight-binding meth-
(Wilson and Yoffé). These compounds consist primarily of a ods. Kim et al’® have studied the electronic structure and
hexagonal sheet of Ti atoms sandwiched between two similaghemical bonding in ™, (X=S, Se, and Teby a first-
sheets of chalcogenX) atoms, forming the basiX-Ti-X  principles molecular orbital calculation using the discrete-
sandwich. The sheets are coupled by relatively weak van desariational cluster method and have also studied the intra-
Waals forces while the atoms within the sheet are coupled bynd interlayer chemical bonding properties using the bond
strong covalent bonds. These compounds have highly anis@verlap population. The valence-band structures are in good
tropic physical properties so much so that they can be reagreement with the experimental results obtained by x-ray
garded as two-dimensional solids. As a result of this th Ti  photoemission spectroscopy. Recently Shaetal,'® using
can be intercalated with foreign atoms and molecules leadinghe full potential linear augmented plane-waiRPLAPW)
to significant changes in their electronic properties and makmethod, showed that TETiS, is semimetallic at ambient
ing them technologically useful. For example, the intercalapressure in agreement with the earlier calculations based on
tion of lithium in TiS, has found use in lithium batteriés.  the ASW(Ref. 10 and LMTO(Refs. 11 and 1Pmethods but
There exist a number of band structure calculations of thén disagreement with the PP calculatibh.
1T-TiX, compounds. Umrigaret al,® using the self- Measurement of the polarized x-ray absorption near-edge
consistent linear augmented plane-wal\PW) scheme, spectra’~!° thermoreflectanc®, and infrared spectfa of
showed that Tigis semimetallic. This was in contrast to the these compounds in charged density wd@DbW) states
optical measurements of Greenway and Nitstiwbjch sug-  have further contributed to interest in these compounds.
gested that TiSis a semiconductor with a gap of 1—-2 eV. Claesseret al?? and de Boert al? have studied the elec-
The optical data of Liang and othéfscould not resolve this tronic structure of T-TiTe, by high resolution angle-
discrepancy as it did not extend to low enough energiesesolved photoelectron spectroscopfRPES and found
Murray and Yoffé have calculated the band structure of theagreement with the density functional band calculations. The
titanium dichalcogenides using semiempirical tight bindingresults confirm the semimetallic nature of this material as
parameters fitted to optical reflectivity and absorption datadue to an overlap of Te b and Ti 3d bands. Rossnagel
From the measurements of the Hall coefficient, thermoelecet al?* applied the ARPES to map the shape of Fermi surface
tric power and resistivity as a function of pressure, Klipsteinfor TiTe,. Perfettiet al?® have presented a combined angle-
and Friend concluded that the band overlap betweens 3 resolved photoemission spectroscopy and resistivity study of
states and Ti 8 states increased at a rate 4.5 meV/kbar. ThisTiTe,. From the analysis of the quasiparticle spectral line
work also suggested that Ti% a semiconductor with a gap shape they evaluated the electron-electron, electron-photon,
of around 0.18 eV. Benesh, Woolley, and Umrigaalcu-  and impurity scattering contribution to the quasiparticle life-
lated the band structure of Ti%ind TiSe using the LAPW time. Kidd et al?® have employed the angle-resolved photo-
method as a function of pressure and confirmed this increasamission to measure the band structure of JitBeorder to
in band overlap. However, their calculations also gave alarify the nature of (X2X2) CDW transition. They find a
semimetallic state with a 0.24 /0.55 e\j overlap for TiS  very small indirect gap in the normal phase transforming into
(TiSe,). The calculation of Fang, de Groot, and HRas a larger indirect gap at a different location in the Brillouin
based on the augmented spherical weA8W) method and zone.
of Wu etal!*'? based on the linear muffin-tin orbital ~ The optical properties of the X compounds have been
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measured by several workers. Greenway and Nifsbhge TABLE |. Lattice parameters of K.
measured the reflectivity of single crystals of jSTiSe,,

and TiTe with the electric field vectoE approximately per- TiS,* TiSe,” TiTe,"

pendicular to the hexagonalaxis in the energy range 1-12 4 A) 3.408 3.536 3.777
eV. Beal, Knights, and Liarighave measured the transmis- . A) 5.699 6.004 6.498
sion spectra of Tisand TiSe at liquid-helium temperature 0.25 0.25 0.2628

with EL cin the energy range 0.5—4 eV. Hughes and Lfng
have measured the normal-incidence reflectivity spectra il'iﬁeferenceS 15 and 41.
the photon energy range 4.5—14 eV on single crystals of theReferences 14 and 15.

TiS, and TiSe with ELc. Bayliss and Lian® have mea-  References 15 and 23.
sured the normal incidence reflectivity in the energy range .
0.5 to 5 eV for TiS and TiSe with ElcandElc Bayliss constructed following Von Barth and Hedif Exchange and

o . S " correlation are treated within the local-density approximation
and Liang® haye obtained the optical joint dens_lty of States(LDA) and scalar relativistic equations areyuspepd to obtain
ES;}?S}E;SS@;Z?J%TTfézrzsrﬁ__igrgo?r:gtggﬂ?}i‘rsg;fr;erzgeg_ self-consistency. The Kohn-Sham equations are solved using
0.6—14 eV. Borghesit al?>3°have measured the reflectivity & basis of linear APW's. The potential and charge density in

) ) ) i B the muffin-tin (MT) spheres are expanded in spherical har-

spectrum in the 1-9 eV region for iand TiSg with ELC.  opics with I,,,=8 and nonspherical components up to
Baldassarre, Cingdani, and L_é\b_ha\{e measured the satu- | _g |n the interstitial region the potential and the charge
ration photoacoustic spectra in BiSTiSe, and TiTe at en-  gensity are represented by Fourier series. We expected spin-
ergies above the fundamental absorption edge. The dips iyt coupling to be important in TiTe but have decided not
the photoacoustic spectra may be ascribed to optical refle% include this because in our previous w¥rkn WSe we

tion effgcts inherent to the band structure. They show th.aﬁnd that the spin-orbit interaction has a minor influence on
saturation photoacoustic spectroscopy is a useful alternativg . optical properties.

tool to reflectivity measurements. TiX, (X=S,Se,Te) crystallizes in theTlphase(space

It is clear from the above that there exist a large n“mbebroupP-Bml no. 164. The Ti atom is at & (origin) and the
of band structure calculations for the XL compounds. ’ ZI +('122) positions. We have performed

These calculations are in agreement with the various ARPE&VO X atoms at 2 - : _
experiments. There also exist numerous measurements of tf@/culations at ambient pressure using the experimental lat-

optical properties and a recent photoacostic measurethentlic€ constanta andc for all compounds. The distortion from
However, comparison with the calculated band structure g€ octahedral configuration is expressed by the quanfity
not as profuse as for ARPES. We hope that our work will fill the distance between Ti and the chalcogen plane in units of
this gap. We note that all the calculations of the electronidh€ lattice constant perpendicular to the layers. For the
and optical properties are based on the muffin-tin approxivalue ofc in the case of Tig/Se, and in-layer lattice con-
mation. It would, therefore, seem a natural extension to d&tanta, it should be equal to 0.2404 in the ideal octahedral
more accurate calculations based on full potential method€ase, but actually is equal to 0.%5For TiTe, we use the
Most optical measurements are B c. Since the optical experimental value of. In Table | we collect all the lattice

properties are anisotropic we hope that our work will lead toPar ameters used in our wqu. Sglf—cons_|stency was obiained
. - : : . using 100 and 20& points in the irreducible Brilliuon zone
optical measurements féllc so as to bring out this anisot-

. . . (IBZ). Our calculations show that convergence is obtained
ropy a meaningful comparison with theory. It would also be

interesting to study the effect of replacing S by Se and Te or\Nith 100k points(with respect to band structure and density

: . . SR of states. The BZ integrations were carried out using the
the optical properties. With this in mind, we report calcula- . .
. . . . X tetrahedron metho®. The frequency-dependent anisotropic
tions of the electronic and optical properties oXJicom-

. . optical properties are calculated using 200 and b@@dints
g\?:\irllaclj;eugg:g the FPLAPW methitdand compare with in the IBZ. We find very small differences in the two calcu-

In Sec. Il we give details of our calculations. The bandlatlons' We present calculations with 5@0points in this

structure and density of states are presented and discussed’APe"

Sec. lll. The frequency-dependent dielectric function and

other optical properties are given in Sec. IV, and Sec. V Ill. RESULTS AND DISCUSSIONS
summarizes our conclusions.

A. Band structure and density of states

Il DETAILS OF CALCULATIONS The band sgrgct_ure foro-TiS,, shown in Fig. 1a) (our
previous work®) is in agreement with the ASW calculation
In our calculations we use the FPLAPW method in a scaof Fang, de Groot, and Ha4sand the LAPW calculation of
lar relativistic version as embodied in theiEne7 code®?  Umrigaret al but is in disagreement with the pesudopoten-
including local orbitals for the high-lying “semicore states.” tial calculation of Allanet al*® which predicts Ti$ to be a
This is an implementation of the density-functional theorysemiconductor with an indirect gap of around 2 eV. The total
(DFT) with different possible approximations for the density of state¢DOS) along with the Ti 21, S 3s, and S
exchange-correlatiofXC) potentials. The XC potential was partial DOS are shown in Fig(d). From the partial DOS we
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are able to identify the angular momentum character of the
various structures. The DOS at Fermi enefgyis controlled
by the overlap between the $ States(valencg and Ti 3d
states(conduction. This overlap is small indicating a semi-
metallic state with a DOS dEg, N(Ep) of 0.35 states/eV
unit cell in agreement with the value of 0.39 states/eV unit
cell obtained by Takahira, Suzuki, and Motiztfkiising the
self-consistant APW method, and 0.37 states/eV unit cell ob-
tained by Kimet al® using the discrete-variational (DV)%-
«a cluster method. A strong hybridization is found between S
p states and Td states belovEg.

The band structure of T-TiSe, is plotted in Fig. 1b). It
is similar to the band structure of a previous ASW calcula-
tion by Fang, de Groot, and Hd8snd ELAPW by Leventi-
Peetz, Krasovskii, and Schattk@he calculation of Leventi-
Peetz, Krasovskii, and Schattke shows more overlap between
Sep and Tid states around,. The lowest two bandé&Se
4s stateg are shifted towards lower energy by around 0.7 eV
with respect toEg in comparison with T-TiS, The Se 4
bands are shifted towards higher energy by around 0.3 eV.
The Ti 3d bands are shifted towards lower energy by around
1 eV. The DOS at Fermi energW(Eg), is around 0.9
states/eV unit cell, in agreement with the calculations of Kim
et al'® and smaller than the value of 1.5 states/eV unit cell
obtained by Leventi-Peetz, Krasovskii, and Schatfke.

The band structure of T-TiTe, is plotted in Fig. 1c).
The lowest two bandg$Te 5s state$ are shifted towards
higher energy by around 1 eV with respectEp compared
to 1T-TiS,. The Te P bands are shifted towards higher
energy by around 0.5 eV with respect . The Ti 3d
s bands are shifted towards the lower energy by around 0.5 eV
. _ in agreement with the results of de Bagtral,? Rossnagel
TR TTER Ty « u et al,?* and Claesseret al?> The DOS at Fermi energy,
N(Ep), is around 1.6 states/eV unit cell higher than the value
(b) of 1.35 states/eV unit cell obtained by Kim, Mizuno, and
Tanaka® and the value of 1.1 states/eV unit cell obtained by
de Boeret al?® and lower than the value of 1.8 states/eV unit
cell obtained by Claessest al??

Brergy (eV)

Energy (eV)

IV. OPTICAL PROPERTIES

Measurement of the dielectric properties is nhormally done
on single crystals. For compounds having hexagonal or te-
tragonal symmetry, the experiments are performed with elec-

tric field vectorE parallel or perpendicular to the axis’
The corresponding dielectric functions af¢w) ande’ (w).

Encrgy (cV)

404 F1}

TABLE II. Peak positions of; (w) and eg(w) and plasma fre-

P T “ M quency for Ir-TiX, compoundgall in eV).
8
TiS, TiSe, TiTe,
(©
A 2 1.5 1

B 4.5 4 3.5

FIG. 1. Band structure and total DOS along with the partial C 95 85 75
density of stategstates/eV unit cel] (-----) denotes S/Se/Ts o 0.87 1.94 2.63

. P . . .
states, (—-—-—-—) denotes Tid states and(------ ) denotes wb 1.18 2.60 3.37

S/SelTep states(a) 1T-TiS,. (b) 1T-TiSe,. (c) 1T-TiTe,.
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400

IPZ.(K)|2dS,
2 |nter(w) 2 Vo (K) ,

f 5 [P, (K)[2+|P) (K)|?1dS
Vaoun (k) ,

1 _
€2 inter( a)) - mwz

€am

where the summation is over andn’. The above expres-
sions are written in atomic units wite?=1/m=2 and#
=1. w is the photon energy aria?fn(k) is thex component
of the dipolar matrix elements between initjalk) and final
In’k) states with their eigenvaluds,k andE, (k), respec-
tively. w, (k) is the energy difference

o (K) =En(K) = Ep/ (k)
400 . . andS, is a constant energy surface defined as

Sk:{k;wnn’(k): w}-
300
As the IT-TiX, compounds are semimetallic we must
s include the Drude ternintraband transitiori&)
W 200
612_("") = GJZ_ inter(w) + GJZ_ intra(w)'
where
100
12
wp T
oo 6% intra(w)_ w(1+w272)’
0.0
Enecay(e¥) wherewp is the anisotropic plasma frequerityand 7 is the
mean free time between collisions.
(b)
, =—2 S S ekn),
wheree,, is E (k) — Eg and 9, is the electron velocityin
basal plang squared. Similarly expressions for the parallel
aoo | component can be written. The values @ and w5, ob-
3 tained using the FPLAPW method, are given in Table Il. It is
w clear that a strong anisotropy is present.
The real partse; (w) and e”l(w) are obtained using the
200 } Kramers-Kronig relations® The reflectivity R(w), absorp-
tion coefficientl (w), refractive indexn(w), and extinction
coefficientk(w) in the crystal are related to the reflectivity at
normal incidence b}
8.0
Brwrgy(eV) ) RL( ):ni+ikl—
O ATk L
(©
1 _ 1 2 i 2 L 1/2
FIG. 2. Calculatede(w) (light line) and e (w) (dark ling 1" (0)=V20[ V1 (w)*te5(w) ~e1(0) ]
along with the experimental dat®ef. 29 (dashed lingfor EL c. (o) =1L (0)/2
(@ 1T-TiS,, (b) 1T-TiSe,, and(c) 1T-TiTe,. (0)=1"(0)/20,

nt —(1M3 \/m+ L V2
The calculations of these dielectric functions involve the en- (@)=( Jver(@)™+es(w) ey (w)]

ergy eigenvalues and electron wave functions. These anith similar expressions for the parallel component.
natural outputs of band structure calculations. We have per- Figures 2a)-2(c) show the calculated; () and ey(w)
formed calculations of the imaginary part of the interbandfor 1T-TiX, (X=S,Se,Te) along with the experimental data
frequency dependent dielectric function using theof Bayliss and Liang® We find thate; (w) and eh(w) are
expressions’ anisotropic. The effect of the Drude term is significant for
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FIG. 3. Calculatede}(w) (light line) and e (w) (dark line

along with the experimental dat&ef. 29 (dashed ling for Elc.
(@) 1T-TiS, (b) 1T-TiSe,, and(c) 1T-TiTe,.
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Energy(eV)

(b)

FIG. 4. Calculated reflectivity spectrum off1TiS, along with
the experimental datédashed ling (a) Greenway and Nitsche

(Ref. 4 for ELc. (b) Bayliss and LiangRef. 28 for Ellc.

Peetz, Krasovskii, and Schatikejives a larger peak height
for structure A and the structure B is not so pronounced in
&, () while the structure C is almost missing &é(w). We
note that all the structures in optical response are shifted
towards lower energies as we move from S to Se and Te, in
agreement with the band structures.

e1(w) and €j(w) for 1T-TiX, are shown in Figs. @)—
3(c). In the low energy range the effect of Drude term is
considerable. The calculated,(w) is anisotropic. Once
again main structures are discernible. The experimental data

of Bayliss and Liang’ for TiS, and TiSg for ELc shows
good agreement with our calculations.

In order to make more detailed comparison with the ex-
perimental data, we have calculated the frequency dependent
reflectivity and absorption coefficient. The reflectivity spec-

tra for EL ¢ and Ellc for TiS, and TiSe along with the ex-

. neri 28 o -
energies less than 1 eV. All the compounds show three maiR€fimental data™ are shown in Figs. 4 and 5. A consider-

tures in the T-TiX, compounds is given in Table II. Struc-
ture A is dominated by transitions from a band just beByv
to band just above it in th® M direction. Structures B and
C are dominated by transitions from tégnd botton of the
chalcogem states to Td states. The calculation of Leventi-

reflectivity of TiTe, for ELcisin agreement with the experi-
mental datd. We have calculated the frequency-dependent
absorption coefficient(w) and compare it with the experi-
mental dat&in Fig. 7. These also show three structures as in
the case ok (w) and eh(w).
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060 |

Rw
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020

0.0 510 1 0‘.0 15.0
Energy(eV)

(2)

R

0.40 |

0.20

0.0 50 10.0 18.0
Energy(eV)
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FIG. 5. Reflectivity spectrum of T-TiSe, along with the ex-
perimental datgdashed ling (a) Greenway and NitschéRef. 4

for EL c. (b) Bayliss and LiangRef. 28 for Ellc.

V. CONCLUSIONS

We have calculated the electronic and optical properties

PHYSICAL REVIEW B 68, 245113(2003

300.0
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|(d

100.0

15.0

Energy(eV)

(b)

300.0

200.0

T

of 1T-TiX, (X=S,Se,Te) and find these are semimetallic
because of the overlap between the @i &nd the chalcogen

p bands?® The Fermi energy usually lies in the chalcogen
cluster. The DOS d&Eg increases in going from S to Te. This
can be explained by increase in the overlap between the cha

Energy(aV)

R

0.40

020

°'°°o.o 50 10.0 15.0

Enargy(eV)

FIG. 6. Calculated reflectivity spectrum o iTiTe, along with
the experimental dat@ashed lingfor Greenway and Nitcsh@Ref.

4) for ELc.

©
FIG. 7. Calculated absorption coefficient along with the experi-

mental datgdashed lingfor Murray and Yoffee(Ref. 7) for Elc
(@ 1T-TiS,, (b) 1T-TiSe,, and(c) 1T-TiTe,.

cogenp and Ti 3d bands. The variation dll(Eg) with dif-
ferent methods suggests the inaccuracies inherent in non-
full-potential methods. Although we have not compared our
DOS with the x-ray photoelectron spectra, such a compari-
son has been made by many authdf&“°and they obtain
agreement. Since our DOS agrees with the DOS calculated
by these workeré>**%we expect our DOS to agree with the
x-ray photoelectron spectra also.

We have calculated the frequency dependent dielectric
functions and find considerable anisotropy. The effect of the
Drude term is important at energies less than 1 eV. In the
energy range <5 eV) the perpendicular component domi-
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nates while in the high-energy range  eV) both polariza- properties and the necessity of using them. The only other
tions contribute. The frequency-dependent dielectric funccalculation based on the ELAPW method does not show
tions show three main structures arising primarily from bandsuch encouraging results because they use muffin-tin ap-
transitions from the chalcoggm valence states to the Tid3 ~ proximation. Table Il summaries the effectXfon the loca-
conduction states. We compare our calculated frequency déion of the peaks in optical spectra A, B, and C inX7i
pendent dielectric functions with the experimental data ofcompounds. We hope that our work would lead to more mea-
Bayliss and Lian’ and find good agreement. We have alsosurements of anisotropy of the optical properties.

calculated the frequency dependent reflectivity and the ab-

sorption co_eff|C|e_nt. The_ behawor of thes_e quantities is simi- ACKNOWLEDGMENT

lar to the dielectric function in terms of anisotropy and struc-

ture. The agreement of our calculated and measured We would like to thank the Institute Computer Center
frequency dependent optical properties reiterates our beliefnd Physics Department for providing the computational fa-
in the accuracy of using full potential methods for optical cilities.
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