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The layered structure dichalcogenide TiS, was studied in thin-film and bulk models, with
the use of the self-consistent linearized augmented-plane-wave (LAPW) scheme. Band-
structure calculations were performed on the single sandwich (S-Ti-S), the double sandwich
(S-Ti-S),, and the bulk to reveal the strength and effect of interlayer interactions on the
electronic structure. Comparisons are made with existing bulk band models. The fully in-
tercalated LiTiS, compound was studied by the same LAPW methods. Changes in the
electronic density of states and charge density induced by the alkali intercalate are

described.
I. INTRODUCTION

There has been considerable interest in the struc-
tural, electrical, optical, and superconducting prop-
erties of the transition-metal dichalcogenides.! One
of the distinctive properties of these materials is
that most of them have a layered crystal structure
consisting of chalcogen-metal-chalcogen sandwiches
that are internally strongly bonded but are only
weakly coupled to each other. Some of their physi-
cal properties, such as electrical conductivity and
shear resistance, are highly anisotropic.> They can
be cleaved easily into thin platelets. Several of these
materials exhibit charge-density-wave phase transi-
tions.> An interesting feature of these materials,
which is related to the weak intersandwich interac-
tion, is that they can be intercalated, i.e., foreign
atoms can be introduced into the intersandwich re-
gion. This is a phenomenon of technological im-
portance because of the possibility of the use of the
alkali intercalated materials in lightweight bat-
teries.* It has been found that in some of these ma-
terials a magnetic moment is developed upon inter-
calation with a transition metal.® Also, intercala-
tion can either enhance or suppress the supercon-
ducting transition temperature.®

The fundamental nature of electronic states in
TiS; and related materials has long been the subject
of controversy from both experimental and theoreti-
cal points of view. The bulk band structure of TiS,
has been calculated by several authors,”~!! and the
experimental literature has become very extensive.
Nevertheless, it is still questionable whether “ideal”
TiS, is a semimetal or semiconductor. With the ad-
vent of accurate band-structure methods for treat-
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ing thin-film geometries it has become literally pos-
sible to take apart crystals in order to analyze in-
teractions between atomic planes. In this way it be-
comes possible to make quantitative conclusions
about critical features of the band structure, which
have been previously discussed qualitatively on the
basis of symmetry arguments. Since intercalation
modifies the interlayer interactions it is important
to develop consistent theoretical models for treating
ideal host and intercalated systems. Such models
will hopefully provide a basis for a better under-
standing of transport and excitation phenomena.

In this paper we study the intersandwich interac-
tion of TiS, by calculating the band structure and
density of states (DOS) of a single sandwich of
TiS,, a double sandwich (S-Ti-S),, and the bulk ma-
terial, and comparing them with each other. The
semirelativistic linearized augmented-plane-wave
(LAPW) method is used for both thin-film and bulk
calculations in order to make meaningful compar-
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FIG. 1. Crystal structure of TiS,.
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— isons between different systems. The self-consistent
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FIG. 2. Brillouin zone for the TiS, structure.
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TABLE II. Small group of k for symmetry points in
the Brillouin zone, and point-group operation used for
partial symmetrization of the LAPW basis.

Small group Operation used

K points of k in symmetrization

r,4 Dy i

M,L Can i

K,H D3 C2 =io

2 ,R ’ U C]h o
r,1,8,S’' C, C,=io

A Csy o

P C;

The space group of the crystal is D3;(P3m 1). In
Fig. 1 we have marked in the rotation axes and mir-
ror planes of the corresponding point group
D3;(3m). The Brillouin zone is shown in Fig. 2
with the irreducible wedge outlined. At symmetry
points that have a subgroup of order 2 linear com-
binations of the basis functions are formed that
transform as the symmetric and antisymmetric rep-
resentations, and thereby block diagonalizing the
overlap and Hamiltonian matrices. In Table II we
give the small group of k for the symmetry points
shown in Fig. 2 and the operation used in sym-
metrizing the basis functions, if any. Compatibility
relations deduced from the character table are use-
ful in drawing the band structure.!”®> Not only does
the symmetrization of LAPW’s reduce the compu-
tation time, but the resulting symmetry labels
denote the interplane nodal structure essential for
intepretation of level ordering and splittings.

B. LAPW band method

The linearized augmented-plane-wave (LAPW)
method used in this work has been described in the
literature'’; here we only present an outline of the
basic approach. A variational basis of the form

¢, 2(0)= (4L, (K)uy(Ep,r)
Im

+ B}, (X)) (Ep 1) Y (F) (1)

is used to expand the Bloch functions inside spheri-
cal regions around each atom. The E; energy
parameters control the shape of the radial functions
and can be given different values for each / and
each atom type. The energy derivative functions
u;=0u;/3E | g_g, are chosen to allow an efficient
“Taylor-series” expansion of the eigenstates for en-
ergies close to E;. The E; are normally chosen to lie
near the center of the bands of interest.

Outside the atomic muffin-tin spheres in intersti-

tial regions, the eigenstates are expanded in plane
waves. In the case of film geometry only two-
dimensional periodicity holds and the interstitial
LAPW’s are represented as

(P =Q 172 Em T )

ghere . Q is a nonrlalizing factor, and
K,.,=k+E, +8,2 Here k is the two-dimensional
(2D) Bloch vector, g, is a 2D reciprocal-lattice
vector, and g,, labels Fourier components for the ex-
pansion in the aperiodic z direction.

The expansion coefficients 4°,B’ of Eq. (1) are
obtained by matching the LAPW’s and their radial
derivatives across the atomic sphere boundaries.
Again for film geometry, it is convenient to consid-
er vacuum regions to develop an efficient expansion
for |z | > D, where D is the film thickness. In this
region we write

™" = (F)=[A2(K )y (E,,2)

vac, k
+B(K)ip, (E,2)]e ™" (3)

in analogy with Eq. (1). The expansion bases
Ui, are solutions of Schrédinger’s equation for
the average of the full potential over the x-y plane.
Depending upon the value of the vacuum energy
parameter E,, the basis function may have either
damped or oscillatory behavior for large |z |.

The LAPW’s are again matched at the vacuum-
film boundary, and a secular equation is set up to
determine the eigenenergies and corresponding
eigenvectors for a discrete grid of K values. The
wave functions of the form

UK, F)=3Cpi(K)§,(F) )

are then occupied according to Fermi statistics to
generate the charge density required for self-
consistent iterations. The energy spectrum E,,( K) is
decomposed or projected in various ways to aid in
interpretation of the atomic character of the states.

C. Self-consistent crystal potential
and charge density

The special K points of Chadi and Cohen'* were
used for calculating the self-consistent charge densi-
ty. They are listed in Table I. For the film calcula-
tions the 3 k-point set was found to yield a poten-
tial that was in surprisingly good agreement with
the 6 E-point set, the largest difference being less
than 4 mRy. Hence, the 3 k-point set was used in
the self-consistency iterations. In the bulk calcula-
tions we used the 12 E-point set obtained from
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FIG. 3. Self-consistent LAPW band structures. Calculated data points for even and odd parity states with respect to
the operations listed in Table II are indicated by X and O, respectively: (a) single sandwich, S-Ti-S, (b) double

sandwich, (S-Ti-S),, (c) bulk TiS,.

Chadi and Cohen’s 6 E-point set for Dg; symmetry,
since the irreducible wedge of a D34 crystal is twice
as large as that of a D crystal with the same lat-
tice constants.

The calculations are performed in the warped
muffin-tin approximation, i.e., no shape approxima-
tions are made in the interstitial and vacuum re-
gions but the potential in the atomic spheres is

spherically averaged. The warping terms in the in-
terstitial region are found to produce level shifts of
as much as 1 eV, compared to levels of the un-
corrected muffin-tin potential. We believe the
atomic nonspherical terms that we have neglected
are much less important for the following reason:
A trial calculation was carried part way to self-
consistency with the radius of the Ti sphere reduced
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from 2.78 to 2.34 a.u., and with the radius of the S
sphere increased by the same amount. The largest
difference found in the eigenvalues was 0.2 eV; part
of this is probably due to the fact that the calcula-
tion with the changed radii was not run all the way
to self-consistency. Since the nonspherical terms
would be largest at the sphere boundary, this shows
that intrasphere angular terms are not very impor-
tant (see, however, discussion of the S p —Ti d band
gap below).

In order to produce accurate charge-density plots
of the individual states useful in discussing bonding
interactions, it is necessary to keep the nonspherical
wave-function terms. Spherical harmonics up to
1 =6 were included in the atomic sphere regions for
the wave functions, and up to / =8 in the charge
density for this purpose. At the end of the self-
consistent iterations a finer k grid was used to cal-
culate properties so as to minimize interpolation er-
rors. The density of states (DOS) for bulk and film
were calculated by the linear tetrahedron and trian-
gle methods,'!® respectively. Twenty-three K
points in the irreducible triangle were used for the
film calculations and a uniform mesh of 75 k
points in the irreducible wedge was used for the
bulk calculations.

III. BAND STRUCTURE
AND DENSITY OF STATES

A. Level structure and bonding

In Figs. 3(a)—3(c) we give the band structure of

(a) the single sandwich S-Ti-S, (b) the double
I

sandwich (S-Ti-S),, and (c) bulk TiS,. The zero of
the energy is chosen to be at the Fermi level Ep.
The two low-lying bands are S 3s-like, the six bands
(twelve for the double sandwich) lying almost en-
tirely below the Fermi energy are S p-like, and the
five bands lying almost entirely above Ep are
Ti 3d-like, though there is considerable admixture in
some of the states as will appear further in the par-
tial densities of states. The nearest S atoms form an
approximately regular octahedron around the Ti
atoms. Hence the d bands split into a t,,-like triplet
and an e,-like doublet of subbands, as one would
expect from crystal-field theory.

If we were to start with two sandwiches far apart
from each other we would have a pair of degenerate
levels for each level in the single sandwich. If the
two sandwiches are brought closer to each other the
levels will split and the extent to which they split is
a measure of the intersandwich interaction. Simi-
larly, to compare with the bulk structure, we may
start with an infinite number of sandwiches far
apart from each other; we then have an additional
quantum number k, that is not present in the single
sandwich. States with all values of k, will be de-
generate, i.e., there will be no dispersion of the
bands along the z direction. On bringing the
sandwiches closer to each other this degeneracy is
lifted; thus the band dispersion in the z direction is
a measure of the intersandwich interaction.

We can make the following correspondence be-
tween the single sandwich levels at the zone center
T and the double sandwich and bulk levels:

Single sandwich Double sandwich Bulk

| I"H_ and T',_ Iy and 4,
Ez_ | E” r,_ A,
Ty, T, Ta Ly, Ay
F3_ F;- F3+ FS— AJ—

We illustrate this with a simple example, the S 3s states. In a single sandwich these give rise to a Ty, and a
T,_ [see Fig. 3(a)]; the phase of the wave function with respect to adjacent layers can be schematically
represented as T and ¥, respectively. In the double sandwich [Fig. 3(b)] each of these givesrisetoa I';, and a
T,_ and in the bulk [Fig. 3(c)] they give rise to a continuum of levels along the I'-4 direction. We visualize
the interplane nodal structure from the following diagrams, keeping in mind that the unit cell of the double
sandwich has two formula units and in the bulk there is one formula unit per unit cell, while k, represents the
change in phase from one unit cell to the next in the z direction:

+ +
+ + +
+ + -
+ —_
T (single) T, T',_(double)

T, A4 (bulk)

+ +
+ p— —
—
—_ + pa—
- +
T',_(single) T, T (double)
r,_ A,_(bulk)
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TABLE III. Energy levels of single sandwich TiS; at T and corresponding levels of double sandwich and bulk. En-

ergies are given relative to Er in eV.

Predominant

atomic TiS, single sandwich (TiS,), double sandwich TiS, bulk
character State Energy State Energy Diff.? State Energy Diff.?
R
L T =
B S L R
. - T =
A - T e
i L S
A T L R
MO T I B
AL S N - SRR S - s

*Splitting between interlayer bonding and antibonding levels.

®%, dispersion in bulk bands.

In Table III we give the energy levels of the sin-
gle sandwich at T and the corresponding levels of
the double sandwich and the bulk. The splittings
within pairs originating from the same state in the
single sandwich are seen to be small in most cases.
Two states do have a fairly large splitting of 0.7 and
1.1 eV in the double sandwich and 1.4 and 2.4 eV in
the bulk. The predominant atomic character of the
states was determined by integrating the /-
component charge densities within the atomic
spheres, and by examining wave-function contour
maps. These states are of S p, character, the very
states we would expect to extend the furthest into
the intersandwich region, and which had been iden-
tified by Mattheiss'” as the critical states for inter-
layer interactions. Very recently Benesh and Wool-
ley have called attention to the effects of shifts in
the bulk I',_ state due to applied pressure.'?

The dispersion of the bulk bands in the I'-4
direction is approximately double the splitting of
the bands at T in the double sandwich. In fact, it is
interesting to note that the single-sandwich bands
are approximately the average of the bulk bands
along the 'MK and the ALH directions and the
double-sandwich bands are similar to those obtained
by superposing the bulk bands from planes one-

quarter and three-quarters of the way up from the
I’MK and the ALH planes.

It is not always possible to make a clear distinc-
tion between bonding and antibonding states in
anything more complicated than a linear molecule,
but it is often possible to make qualitative argu-
ments in terms of these concepts. We have found
that it is possible to characterize all the occupied
single-particle states at I' and A as being either
bonding or antibonding states in the intrasandwich
and intersandwich S—S bond directions, with the
Ti atoms merely mediating the interaction. With
the use of these concepts it is possible to explain
many of the features of the band structure of TiS,
and some of the changes that occur upon intercala-
tion.

From the schematic diagrams just given we see
that the bulk ', and the 4, states have bonding
character in the intrasandwich region, whereas the
I'_ and the A,_ are antibonding in this region.
The I';, and the A4,_ are bonding in the inter-
sandwich region, whereas the I',_ and the 4, are
antibonding in this region. When we examine the
charge density of individual states we see that al-
though the intrasandwich and the intersandwich
distances are equal, there is appreciably more
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FIG. 4. Self-consistent LAPW band structures. Calculated data points for even and odd parity states with respect to
the operations listed in Table II, are indicated by X and O, respectively. (a) Intercalated sandwich (S-Ti-S)-Li~(S-Ti-S),

(b) bulk LiTiS,, intercalated structure.

charge in the intrasandwich S—S bond than in the
intersandwich S—S bond. On the basis of the usu-
al overlap arguments, this confirms our expectation
that the intrasandwich bonds are stronger than the
intersandwich bonds. This being so we would
predict that the states derived from some particu-
lar atomic orbitals would be in order of increasing
energy 'y, <4, <4,_<TI,_. From Fig. 3 and
Table III we see that this is true in all cases. Fur-
ther, we would predict that an increase in the in-
trasandwich S-S distance would reduce both the
I',-T,_ and the 4,,-4,_ splittings, whereas an
incréase in the intersandwich S-S distance would
reduce the Iy -I',_ splitting but increase the
Ay,-A,_ splitting. Upon intercalation, the in-
trasandwich and the intersandwich distances be-
tween the S planes increase by 1% and 16.5%,
respectively. Both these changes act to decrease
the ['y,-T',_ splitting but they have opposite ef-
fects on the A;,-A,_ splitting. Comparing the
pure TiS, results of Fig. 3 with the Li-intercalated
results given in Fig. 4, we see that indeed the cal-
culated [y, -T',_ splittings are considerably re-
duced, whereas there is a slight increase in the
A, -A,_ splitting.

B. Band features and optical properties

The question whether stoichiometric TiS, is
semiconducting or semimetallic has been a matter
of great controversy. It was originally classified as
a semiconductor.>!® Some years ago most experi-
mentalists believed that it was semimetallic,0~2
but the prevalent opinion now is that
stoichiometric TiS, is semiconducting®~2¢ and
that the observed semimetallic properties are due
to excess Ti.

Table IV compares some calculated and experi-
mentally determined band features of TiS, obtained
by several authors. Our calculations are in fair
agreement with experiment and in good agreement
with the linear combination of atomic
orbitals—discrete variational method (LCAO-
DVM) results of Zunger and Freeman!® with the
exception of the value of the p-d gap. We calcu-
late a semimetal with an indirect T-M overlap of
0.1 and 0.2 €V in the single and double sandwiches,
respectively, and an indirect I'-L overlap of 0.5 eV
in the bulk. It is worth mentioning here that
Mattheiss!” has observed that inclusion of the
nonspherical terms in the muffin-tin spheres,
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TABLE IV. Comparison of calculated and experimentally determined band features of
TiS,. Energies in eV. (1) Semiempirical LCAO (Ref. 7), (2) non-self-consistent Korringa-
Kohn-Rostoker method (Ref. 8), (3) self-consistent OPW (Ref. 9), (4) self-consistent LCAO-

DVM (Ref. 10), and (5) LCAO (Ref. 11).

Present
Experiment (1) (2) (3) 4) (5) work
Width of S s band 2-321-2° 2.5 2.0 2.6 2.0
Width of S p band 6—7°4—4.5° 29 50 6.6 5.5 6.1 5.6
6—7°¢
Width of Ti d band 49 2.1 26 7.1 44 3.3 4.5
S s—S p gap 6—7° 5.5 68 59 6.3
S p—Ti d gap 0.2—-0.3¢ 0.8 2.0-2.7 1.5 0.2 0.7 —0.5
tyg-€ splitting 2.292.1° 14 1.3 tags€q 23 20 2.6
are not
distinct

*He photoemission, Ref. 32.

X-ray photoelectron spectra, Ref. 33.
‘Appearance potential spectra, Ref. 34.
4X-ray emission and absorption, Ref. 20.
‘See text.

which we have neglected, caused the p-d band gap
in another transition-metal dichalcogenide NbSe,
to increase by 0.3 eV. This shift is in the right
direction but is not large enough to bring our band
structure into agreement with experimental evi-
dence. Our LAPW calculations are semirelativis-
tic,'® i.e., the main level shifts due to relativistic ef-
fects are included self-consistently. Spin-orbit
splittings of a few tenths eV are expected in a full
relativistic treatment; it would be interesting to
know whether this is sufficient to “open the gap”
again.?’

The optical reflectivity!® and the optical
transmission coefficient?""?® of TiS, have been mea-
sured. The reflectivity has been measured in the
energy range from 0—12 eV and shows much
structure.  Unfortunately, it has not been
transformed (extrapolation of the high-energy re-
gion would be necessary) to obtain the absorption
coefficient, which is the quantity that can be most
directly calculated. The optical transmission of
nearly stoichiometric thin films was measured
from about 0.5 to 3.5 eV by Perry?! revealing a
semimetal with a sharp onset of absorption at 1.03
eV with additional structure at ~1.5, 2.1, 3.2, and
3.4 eV. The results are qualitatively similar to
those obtained by Beal et al. on highly non-
stoichiometric samples. Free-carrier absorption is
observed in the infrared region.

A theoretical calculation of the absorption coef-
ficient would involve evaluating the matrix ele-
ments of the operator &-Ve'*'T where K is the

wave vector of the photon and € is its polarization.
We have not evaluated the matrix elements; howev-
er, structure in the absorption spectrum can at
times be correlated with direct transitions at high-
symmetry points. The bands must have zero slope
at some high-symmetry points and therefore are
parallel there, giving large DOS contributions. In
Table V we give the dipole-allowed transitions
from the S s,p bands to the Ti d bands. Since
current experimental evidence seems to favor the
interpretation that stoichiometric TiS, is a semi-
conductor with a band gap of 0.2—0.3 eV, we have
shifted the calculated Ti d bands up by 0.75 eV to
make quantitative comparisons. In Fig. 5 we
present a histogram of the allowed transitions for
ﬁHx or y polarization since the experiments are
performed with unpolarized light incident perpen-
dicularly to the x-y plane. Our results show that
the edge noted at ~1.0 eV is probably due to
direct transitions at T' and A regions of the Bril-
louin zone (BZ). The shoulder at 1.6 eV is
represented by the beginning of transitions around
the L point. The strong peak at ~2.2 eV
represents the point where M transitions begin, but
it is likely that large regions of the BZ also contri-
bute to the transitions in this energy range. The
shoulders at 3.2—3.3 eV observed at the extreme
end of the measured transmission spectra are seen
to be the beginning of a very intense band span-
ning from ~3.2—7 eV. Electron-energy-loss ex-
periments would be useful to resolve this major
feature of the electronic structure.
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TABLE V. Dipole-allowed optical transitions in bulk TiS, from S s,p bands to Ti d bands
at four high-symmetry k points. The Ti d bands have been shifted up by 0.75 eV relative to

the S s,p bands. Energies are in eV.

irred. Polarization
k point rep.
Ellx or y E|lz
r 2" 1% 1.30,13.44
2- 3% 0.93,4.04,13.07,16.17
33+t 0.84,3.94 0.84,3.94
31t 1.30
A 2- 1t 4.29,14.62
273t 3.34,6.77,13.68,17.14
3- 3% 0.98,4.41 0.98,4.41
31t 1.93
E|ly or z
M -1t 2.23,3.95,6.01
1——2* 3.57,5.88
27 —1* 2.23,3.95,4.49,6.01,6.21
8.27,12.7,14.42,16.48
27 2% 4.75,5.83,7.06,8.14
14.04,16.35
L 1I——1* 1.72,3.7,6.23
1——2t 3.35,5.31
2-—1% 1.6,3.58,4.98,6.11,6.97
9.49,12.23,14.21,16.74
27 2% 3.23,5.19,6.61,3.57,

13.85,15.81

C. Comparison with intercalated structure

A semiempirical LCAO calculation of the ener-
gy bands of Li-TiS, has been made by McCanny.?
McCanny finds that the following changes occur
upon intercalation: (i) The S3s bands move down
to lower energies and are split apart further at T.
(i) Some bands, particularly the S p,-like bands,
have a smaller dispersion along I'-4. (iii) There is
an increase of about 0.8 eV in the S p —Ti d gap.
(iv) A state that lies above the Ti3d-like states in
pure TiS, is pulled down in energy at " by about 7

eV into the Ti 3d band region.
o [”JL I
| 3

I3 s 1 9 315
ENERGY (eV)

FIG. 5. Optical absorption of TiS,, estimated from
joint density of states due to dipole-allowed transitions.

TRANSITIONS

Our calculations confirm some of these changes
but disagree with others. We find that the S 3s
and 3p bands move down in energy by ~0.7 eV re-
lative to the Ti3d-t;, bands; the Ti3d-e, bands
also move down relative to the Ti 3d-t,; bands but
by a smaller amount, ~0.3 eV. As discussed be-
fore we obtain a decrease in the I'-4 dispersion in
agreement with McCanny and our bonding argu-
ment based upon the lattice expansion. The I'y-
I',_ splitting is found to decrease in agreement
with our prediction, but in disagreement with
McCanny’s results. Comparing Figs. 3(c) and 4(b)
we see that high-lying states are pulled down by
about 1.5 eV relative to the Ti3d-e, bands but that
this shift is not large enough for the band to inter-
sect the Ti3d bands, as McCanny finds. Aside
from these shifts the band structures of the
stoichiometric and lithiated films are indeed very
similar. There is no evidence of the formation of
additional “Li-bonding” bands in the valence re-
gion, supporting the simple idea of charge dona-
tion to form Li* upon intercalation. However, we
can see from the relative band-structure shifts, and
from analysis of the charge density, that the rigid-
band model is an oversimplification.
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FIG. 6. Layer projected density of states, in units of states per (eVspin). (a) Single sandwich, TiS,, (b) double

sandwich, (TiS,),, (c) bulk TiS,.

In Figs. 6(a)—6(c) we show the layer projected
density of states for TiS, films and bulk,
broadened by convolution with a Gaussian of
width 0.2 eV, in the same sequence as the bands in
Fig. 3. In most metallic materials the DOS ob-
tained from a thin-film calculation are consider-
ably narrower than the bulk DOS because there are

fewer neighbors with which to interact.’®> The
similarity of the single-sandwich, double-sandwich,
" and bulk DOS seen in Figs. 6(a)—6(c) is indicative
of relatively weak intersandwich interaction, and
thus of the quasi-two-dimensional nature of the
electronic structure. In particular, we note that al-
though the inner and the outer S atoms in the dou-
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FIG. 6. (Continued.)

ble sandwich are inequivalent they have nearly the
same DOS. In all cases we note the sizable partici-
pation of Ti3d4sp states in the occupied valence-
band region, clearly indicating shortcomings of the
fully ionic Ti**, S~ bonding models. The ¢,, and
e, subbands are nevertheless seen as expected in
the region just above Ep. Splitting of the t,, band
into two subbands is seen even in the single layer,
and is thus a feature of the intrasandwich bonding.

The DOS of the intercalated double sandwich,
shown in Fig. 7(a), reveals a difference between
inequivalent sulfur layers. The states that have
most of their weight on the inner S atoms are
lower in energy by about 0.7 eV than those with
most of their weight on the outer atoms, clearly a
result of the attractive Li-site potentials. In the
bulk material all S sites are equivalent; however, an
experimental technique that is sensitive to both the
surface and the bulk should be able to detect the
upward shift of the S s and p bands on the surface
atoms. Chemical shift measurements on S core
states in stoichiometric versus lithiated materials
would provide similar information.

In order to display the Ti—S bonding in bulk
TiS, and the distribution of Li character in the in-
tercalated materials, we present the layer decompo-
sition of charge for states at I, near the Fermi en-
ergy, in Table VI. This table, along with Fig. 7,
makes it clear that the Li contributions to the
spectral density are spread across both chalcogen
and metal valence and conduction bands.

IV. CHARGE DENSITY

In Fig. 8 we show the charge density of the 16
valence electrons (Ti 1s,2s,2p,3s,3p and S 1s,25,2p
states were included in the core) of bulk TiS,: (a)
in the y-z plane through the atoms in the unit cell,
(b) in the x-y plane through the Ti atoms, and (c)
in the x-y plane halfway between the sandwiches
(empty octahedral site at the center). Figure 9(a)
shows the same plot for the 17 valence electrons of
bulk Li-TiS,. From Fig. 9 we notice that the
charge density is highest around the S atoms.
Since the occupied valence levels are of mostly S s
or S p character, with nominal valence state S,
this is to be expected. The charge around the Ti
atom in TiS, shows some noticeable angular polari-
zation, but in Li-TiS, it is considerably more
spherical. In both cases there is a clear qualitative
difference compared to the orthogonalized-plane-
wave (OPW) results’ of von Boehm et al. The
present LAPW densities exhibit metal-ligand

~ charge sharing consistent with a mixed covalent-

ionic bonding structure, while the OPW densities
appear to represent a purely ionic structure. The
midpoint of the intrasandwich S—S bond is at the
midpoint of the side edges of the contour plots
(point A) and the midpoint of the intersandwich
S—S bond is at the top right or the bottom left
corners of the plots (point B). As mentioned be-
fore we see that even in the unintercalated materi-
als, where the intrasandwich and the intersandwich
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FIG. 7. Layer projected density of states, in units of states per (eV spin). (a) Intercalated sandwich, (b) bulk LiTiS,.

S—S distances are equal, there is appreciably more
charge in the intrasandwich bond than in the inter-
sandwich bond.

The charge density in the x-y plane through the
Ti atoms, except for the region close to the atom
site, is surprisingly uniform in both materials.
That is, there are regions of conduction-electron-

like density not found in ionic bonded compounds.
This emphasizes again the complex mixed-bonding
character of the transition-metal chalcogenides
similar to that found for the oxides.

Except for a very narrow peak around the Li
site, and the reduced Ti polarization, the introduc-
tion of Li into the intersandwich region has affect-
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TABLE VI. Layer decomposition of selected states for bulk TiS, and LiTiS,. Energies
are given relative to Ef in eV.

TiS, Li-TiS,
Fraction of charge in Fraction of charge
layer in layer
State Energy Ti S Energy Ti S Li
ry, —13.57 0.17 0.83 —1405 0.15 0.77 0.06
T, —11.89 0.09 091 —12.81  0.07 0.86 0.05
T, -527 0.41 0.58 —5.88 038 0.37 0.21
| —2.43 0.49 0.50 —277 043 0.55 0.01
| Y +0.24 0.24 0.75 —141 022 0.59 0.18
| Y +0.33 0.06 0.93 —0.53  0.06 0.88 0.04
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FIG. 8. Valence electron charge density for bulk TiS, (contour levels differ by a factor of \/5), in units of electrons
per unit cell. (a) y-z plane including atoms of unit cell, (b) x-y plane through Ti atoms, (c) x-p plane halfway between
sandwiches.
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FIG. 9. Valence electron charge density for the intercalation compound LiTiS; (contour levels differ by a factor of
V2), in units of electrons per unit cell. (a) y-z plane including atoms of unit cell, (b) x-y plane through Ti atoms, (c) x-y

plane through Li sites, midway between sandwiches.

ed the shape of the density contours very little. In
order to obtain a better idea of the redistribution of
charge upon intercalation we have plotted the
charge density averaged over the x-y plane, p|, as a
function of z in Fig. 10,

puz)=A"" fA p(T)dx dy .

The additional charge due to intercalation is seen
to lie primarily between the Li and the S planes.
This is at first a very surprising result since the ad-

ditional electron “donated” by Li occupies a band
that is predominantly Ti3d-like. We find that this
charge is compensated in that the other valence
states relax in such a way as to transfer part of
their charge away from the Ti layer. We have
studied the effect of intercalation on the fraction
of the charge in layers associated with each atom
type, the layer boundaries being defined to lie half-
way between the planes containing atoms of a
given type. We have found a shift in the charge
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FIG. 10. Charge density averaged over x-y plane and
plotted vs z.

away from the Ti layer to occur for all the occu-
pied states studied throughout the Brillouin zone.
In Table VI the layer weights for a few states are
shown for bulk TiS, and bulk Li-TiS, in order to
display this relaxation of the occupied orbitals.

V. CONCLUSIONS

The band structures and DOS of TiS, were cal-
culated for a single sandwich of the material, a
double sandwich, and the bulk. The similarity of
the DOS of the three systems indicates weak inter-
sandwich bonding; at the zone center I' we can
identify the two states, dominantly of S p, charac-
ter, that interact appreciably across the inter-
sandwich region. The band structure and DOS of
a double film with a full intercalated layer of Li
and of the bulk-lithiated material were also calcu-
lated. Upon intercalation the S s and p bands
move down in energy by about 0.7 eV and the Ti
d-e, bands move down by about 0.3 eV relative to
the Ti d-tp, bands. Many features of the band
structure of TiS, and some of the changes upon in-
tercalation can be explained by making simple ar-

26 BAND STRUCTURE, INTERCALATION, AND INTERLAYER ... 4949

guments concerning the bonding or antibonding
character of states in the intrasandwich and inter-
sandwich S—S bond directions. Our semirelativis-
tic LAPW band results predict that both thin-film
and bulk TiS, are semimetallic with a
band overlap of 0.5 eV in the bulk.

Contour plots of the valence charge density were
presented and used to characterize general features
of the bonding. None of the occupied levels has
dominant Li character, according to a state-by-
state analysis. The additional charge of the “Li
electron” is not localized around the Li atom but is
spread out in the region between the Li and the S
layers, consistent with ideas of the character of the
mobile Li* ion in this material derived from NMR
and other measurements.’!

After this work was completed we became aware
of the angle-resolved photoemission experiments of
Chen et al. on TiSe, and TiS,.* The uppermost
sulfur p band of TiS, that they observe comes close
to Ep at I" but does not cross Er. From this they
conclude that TiS, is a semiconductor. However,
they also find an appreciable filling of a Ti d band
near M and L. It is possible to have completely
filled sulfur p bands and a partially filled Ti d
band only if the sample contains excess Ti. How-
ever, the authors claim that their sample is
stoichiometric to better than 0.5%. Hence, it
seems possible that the experiment may have failed
to see a sulfur p band that crosses E.
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