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We report results of first-principles total-energy calculations of structural and optical properties of the TiS,
single crystals intercalated with copper. Calculations have been performed using an all-electron, full potential,
linearized, augmented, plane-wave method based on density functional theory using generalized gradient
approximation for the exchange correlation energy functional. To complete the fundamental characteristics
of these compounds, we have calculated and analyzed their linear optical susceptibilities. We demonstrate
the efficiency of using a full potential on the band structure, density of states, and the optical properties. We
compare our results of the intercalated Cu in different sites and concentrations with the host TiS, compound
to ascertain the effect of Cu intercalation on the electronic and optical properties. Our calculations have
shown that the electronic and optical properties are influenced significantly by the location and concentration
of the Cu intercalate in the host compound. The Cu-s and Cu-p bands are very broad and do not contribute
much to the density of states. The density of states and the electron charge density show that all Ti—Ti and
S—S bonds are basically of ionic character and that Ti—S bonds are of covalent character. No covalent electrons
are found between Cu and S atoms; that is, no covalent bond exists between the Cu and S atoms. The Cu
atoms are ionic in the intercalated compounds.

I. Introduction:

Copper batteries are among the best battery systems in terms
of energy density. This makes them very attractive for hybrid
automobiles and portable electronics. Layered Cu metal chal-
cognides described by the formula CuMX, have been the focus
of much attention as Cu insertion cathodes for use with a Cu-
intercalated carbon anode. These materials are of great interest
because they act as host lattices by reacting with a variety of
guest atoms or molecules to yield intercalation compounds, in
which the guest is inserted between the host single-crystal
layers.' In layered MS, materials, atoms within a layer are bound
by strong ionic-covalent forces, while the individual layers are
held together by weak van der Waals (vdW) interactions. The
weak interlayer vdW interactions allow doped atoms or mol-
ecules to be introduced between the layers through intercalation.

High-energy-density researchable batteries are needed for
development of long-range electric vehicles to improve the air
quality in congested cities and as acceptable good alternative
power sources for the future. For versatile uses, the availability
of an ambient temperature researchable battery is then an
essential goal. The most promising approach to achieve this goal
so far has been the effort directed toward the production of the
third nonaqueous system, Cu batteries; that is, batteries based
on Cu metal or a Cu ion source anode, a Cu ion conducting
electroyte, and a Cu ion accepting cathode material. The latter
is generally an open-structured compound capable of accepting
and releasing Cu ions into and out of its crystal lattice. Typical
examples are transition metal dichalcogenides.? The group IVB,
VB, and VIB transition metal disulfides have a rather unusual
two-dimensional layer structure which can intercalate atoms
rapidly and reversibly.*’
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As far as the intercalation process is concerned, lamellar
transition metal disulfides remain the best example, even if they
are no longer considered as attractive materials in rechargeable
battery design. Among these sulfides; TiS; is especially interest-
ing because it is one of the very few examples of a host structure
that is deeply modified by Cu intercalation, resulting in dramatic
loss of crystallinity.

The titanium dichalcogenide compound TiS, has been studied
extensively because of its interesting structural and electronic
properties. TiS, shows a great potential for a variety of
technological applications.® This compound consists primarily
of a hexagonal sheet of cationic Ti atoms sandwiched between
two similar sheets of chalcogenic (S) atoms, forming the
principal X—Ti—X sandwich. The sheets are coupled by
relatively weak van der Waals forces, whereas the atoms within
the sheet are coupled by strong covalent ionic bonds. The TiS,
compound has highly anisotropic physical properties, so much
so that they can be regarded as two-dimensional solids. As a
result of this, the TiS, can be intercalated with foreign atoms
and molecules, leading to significant changes in their electronic
properties, in particular, in the energy dispersion, and making
them technologically competitive.

There exist a number of band structure calculations for the
TiS; compound.””!* Measurement of the polarized X-ray
absorption near-edge spectra,~?? thermoreflectance,” and
infrared spectra® of these compounds in charged density wave
(CDW) states has further contributed to the interest in these
compounds. The optical properties of the TiX, compounds have
been measured by several researchers.®*>%2>"2 Ag a natural
extension of our previous work®*~3* of 2H-MoS,, 1T-/2H-TaS,
/Se,, 1T-TiX, (X =S, Se, Te), 1T-TiS, intercalated with lithium,
and 2H-WSe, intercalated with Cu. We thought it would also
be interesting to perform calculations of TiS, intercalated with
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different sites and concentrations of Cu and to study the effect
of intercalated Cu on the structural and optical properties.

Even though there are experimental measurements®~*° which
throw light on the electronic properties of Cu-intercalated TiS,,
to the best of our knowledge, the theoretical calculations of the
structural and optical properties of these compounds are
nonexistent. It would be useful to do natural extension and more
precise calculations based on full potential methods. Such
calculations are reported in this paper. With this in mind, we
report calculations of the electronic and optical properties of
TiS, and its intercalated compounds using the full potential
linearized augmented plane wave (FPLAPW) method and
compare them with available experimental data. Our calculations
will demonstrate the effect of using a full potential on the band
structure, density of states (DOS), and the optical properties.
In particular, our calculations could throw light on the effect of
intercalation on band structure, DOS, and optical properties.
We compare our results with TiS, (our previous work)*>* to
ascertain the effect of Cu intercalation (different sites and
concentrations) on the electronic and optical properties.

The recent explosion in the portable electronics market has
provoked a need for more environmentally friendly batteries,
away from such toxic heavy-metal based concepts as Pb-acid,
Hg, and NiCd. This has meant that research effort in electrode
and electrolyte materials for state-of-the-art rechargeable bat-
teries has greatly intensified. We are studying the structural and
other properties of these innovative materials, as these may well
prove the limiting factor in exploiting otherwise ideal battery
materials.

In Section II, we give details of our calculations. The band
structure and density of states are presented and discussed in
Section Ill.a. The frequency-dependent dielectric function is
given in Section IILb, and Section IV summarizes our conclusions.

II. Structural Aspects and Computational Details

The host compound, TiS,, is crystallized in hexagonal
structure with space group P3m1, no. 164. For the intercalated
compounds, the structural calculations were performed with Cu
atoms occupying the octahedral and tetrahedral sites (see Figure
1). Here, we used two concentrations of Cu (x = 0.384 and
0.2106) in the octahedral sites and one concentration of Cu (x
= 0.36) for the tetrahedral sites. These are CugzssTiS,,
Cu2106T1S,, and Cuy36TiS,, respectively, which are crystallized
in the hexagonal structures (space group P3m1, no. 164). The
other intercalated compound is Cuy¢s,Ti,S4, with a Cu concen-
tration of 0.652, crystallized in a face center cubic structure
(space group Fd3m, no. 227). For Cug 35 TiS, and Cug»106TiS5,
we intercalated the Cu atom at the (0, 0, 0.5) position, and for
Cuy36TiS,, at the (0, 0, 0.526) position. The Ti atom is located
at 1c (origin), and the two S atoms at the 2d (1/3, 2/3, z) and
(2/3, 1/3, —z) positions; for Cuges,Ti,S4, the Cu atom was
intercalated at the (0.125, 0.125, 0.125) position, the Ti atom
is located at the (0.5, 0.5, 0.5) position, and the S atom at the
(0.254, 0.254, 0.254) position. We have performed calculations
at ambient pressure using the experimental lattice constants a
and c for the host and the intercalated compounds. The distortion
from the octahedral configuration is expressed by the quantity
z, the distance between Ti and the chalcogen plane in units of
the lattice constant, ¢, perpendicular to the layers. For the value
of ¢ in the case of TiS; and in-layer lattice constant a, it should
be 0.2404 in the ideal octahedral case, but actually, it is 0.25.%!
We have performed calculations of the electronic band energy
structure and the optical susceptibilities applying the FPLAPW
method as incorporated in WIEN2K code.*” This is an imple-
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mentation of density functional theory (DFT)* with different
possible approximations for the exchange correlation potentials.
The exchange correlation potential was calculated using the
generalized gradient approximation PBE.* To achieve desirable
energy eigenvalue convergence, the wave functions in the
interstitial regions were expanded in plane waves with a cutoff
Kinax of 9/Ryr, where Ryr denotes the smallest atomic sphere
radius and K, gives the magnitude of the largest K vector in
the plane wave expansion. The valence wave functions inside
the spheres were expanded up to /,,,x= 10, whereas the charge
density was Fourier-expanded up t0 Gpy = 14 (a.u.)”!. Self-
consistency was achieved using 350 k-points in the irreducible
Brillouin zone (IBZ). The IBZ integration was carried out
numerically using the tetrahedron method.***¢ The structural and
optical properties were calculated using 500 k-points in IBZ.
The calculations were assumed to be converged when the total
energy of the system was stabilized within 1075 Ry.

III. Results and Discussion

a. Band Structure and Density of States. For the sake of
consistency and to compare with the results for Cug3g4TiS,,
Cllo»g]o(,TiSz, Cu0,36TiSQ, and Cu0,652Ti284, for different sites and
concentrations of Cu atoms, we have reproduced the results of
our earlier calculation for TiS,.>> The band structure and the
total density of states along with the Ti-s/p/d, S-s/p and Cu-s/
p/d partial DOS for the host compound TiS, and the intercalated
compounds are shown in Figures 2 and 3. The band structure
and the DOS can be divided into four distinct spectral groups/
structures for the host, and three distinct spectral groups/
structures for the intercalated compounds. We note that the third
and fourth groups/structures of TiS, are merged when TiS, is
intercalated with Cu.

From the band structure and DOS of the host TiS,, we note
that the lowest bands in the energy range between —12.0 and
—14.0 eV originated mainly from S-s states. The bands from
—5.0 to 2.0 eV (second group) and the bands around 3.5 eV
(third group) are mainly S-p states and Ti-d states. The last group
is composed of S-p and Ti-s/p/d states.

After Cu is intercalated in the host compound, the band
structure and DOS of the intercalated compounds show that all
the bands/groups are shifted toward lower energies, resulting
in more conduction bands’ being pushed toward the valence
bands. As a consequence of this intercalation, more bands cut
the Fermi energy (Ep), causing the metallic nature of these
compounds to increase.

In all intercalated compounds, the lowest group is mainly
from S-s states. The second and third groups are composed of
Ti-d, Cu-d, S-p with very small contribution from Cu-s/p, and
Ti-s/p. We note that increasing the concentration of Cu in the
octahedral sites will not cause any significant effect, although
as a result of changing Cu from the octahedral to the tetrahedral
sites, there is a significant shift of the whole structures toward
lower energies by around 3.0 eV, with a reduction in the peak
heights and a separations among the second, third, and fourth
groups by a gaps of about 0.5 eV. Moving from hexagonal
structures of Cu,TiS, to the cubic structure Cuggs,Ti,S4, we
notice a considerable increase in the peak heights, also causing
separation of the structures into four distinguishable regions.

The bandwidth to which Ti-d and S-s states make a large
contribution is about 10 eV. Therefore, we can conclude that
Ti-d and S-s electrons should be treated not as localized
electrons but as itinerant electrons.

We found that Ti-s/p/d, Cu-s/p/d, and S-p states controlled
the overlapping around Eg. The DOS at Fermi energy (Ef) is
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Figure 1. The crystal structure of TISZ and its intercalated compounds CUO_384TiSZ, Cll()_szTng, CUO_36Ti82, and CU()_652TiQS4.

determined by the overlap between the valence and conduction
bands. This overlap is strong enough to indicate metallic origin
with different values of DOS at Er, N(Eg) (Table 1). The
electronic specific heat coefficient (y), which is a function of
density of states, can be calculated using the expression,

1
y =3 TNEky’ (1

Here, N(Ep), is the density of states at Fermi energy, and kg
is the Boltzmann constant. The calculated density of states at
Fermi energyN(EF), enables us to calculate the bare electronic
specific heat coefficient (Table 1).

From the partial DOS, we are able to identify the angular
momentum character of the various structures. For the host

compound, the DOS at Fermi energy is determined by the
overlap between the S-p states (valence band) and Ti-d states
(conduction band). This overlap is small for TiS,, indicating a
semimetallic origin with a DOS at Er, N(Eg) of 0.35 (state/eV
unit cell), in agreement with the value of 0.39 (state/eV unit
cell) obtained by Takahira et al.*’ using the self-consistent APW
method and 0.37 (states/eV unit cell) obtained by Kim et al.*8
using the discrete-variational Xao cluster method, whereas when
TiS, is intercalated with Cu, we found the DOS at Eg, N(EF),
increased, depending on the location and the concentration of
Cu in the host compound (Table 1). That is attributed to the
fact that intercalated TiS, with Cu leads to pushing both Ti-d
(CB) and S-p (VB) forward the Ep to overlap very strongly
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Figure 2. Calculated band structure for the host material TiS; and its intercalated compounds Cuy 334 TiS,, Cug2106T1S2, Cug36TiS,, and Cug s, Ti,S4.

around Er. Thereby, intercalated Cu drastically changes the band
structure, resulting in more bands cutting Er, making the
intercalated compounds very good metallic compounds. The
intercalation compounds are of great interest because of their
low dimensional properties**>*° and application as a high-density
energy battery.>!

From the band structure and PDOS of TiS,, one can see that
there exists a strong hybridization between S-p states and Ti-d
states below Eg. This hybridization becomes week in the
intercalated compounds. In all intercalated compounds, Cu-s
strongly hybridizes with Cu-p below and above Er. The Cu-
intercalated compounds have a very small contribution from
the Cu-s and Cu-p states. Cu-s and Cu-p bands are very broad
energetically, extending from —16 to 10 eV. The number of
electrons inside the Cu muffin-tin sphere in the Cu-intercalated
compound is the same as in the pure Cu atom, indicating a very
weak hybridization with the Ti and S states.

Now we elucidate the feature of chemical bonding from the
nature of total DOS and angular momentum projected DOS
(partial DOS). We observe that for the host material TiS,, the
DOS, ranging from —8.0 eV to Ep, is larger for Ti-d states (2.0
electrons/eV), S-p states (1.8 electrons/eV), Ti-p (0.08 electrons/
eV), and Ti-s (0.05 electrons/eV) by comparing the total DOS
with the angular momentum projected DOS of Ti-d, S-p, Ti-p,
and Ti-s, states as shown in Figure 3. These results show that
some electrons from Ti-d, S-p, Ti-s, and Ti-p states transfer
into VBs and take part in weak covalence interactions between
Ti—Ti and S—S atoms and the substantial covalence interactions

between Ti and S atoms. All the Ti—Ti and S—S bonds are
basically of ionic character, and Ti—S bonds are of covalent
character. Accordingly, we can also say that the covalent
strength of Ti—S bonds is stronger than that of Ti—Ti or S—S
bonds. For the Cu-intecalated compounds, the DOS, at the same
range as for the host compound, is larger for Cu-d states (2.5
— 4.0 electrons/eV), Ti-d (1.0 — 1.5 electrons/eV), and S-p states
(0.5 —2.2 electrons/eV). By comparing the total DOS with the
angular momentum projected DOS of Cu-d, Ti-d, and S-p, states
(Figure 3), we found that some electrons from Cu-d, Ti-d, and
S-p, states transfer into VBs and take part in weak covalence
interactions between Ti—Ti and S—S atoms and the substantial
covalence interactions between Ti and S atoms. We also found
that similar to the host compound, all the Ti—Ti and S—S bonds
are basically of ionic character, and Ti—S bonds are of covalent
character. No covalent electrons are found between Cu and S
atoms; that is, no covalent bond exists between the Cu and S
atoms. The Cu atoms are ionic in these compounds.

Turning now to the bonding properties, to visualize the nature
of the bond character and to explain the charge transfer and
bOIldil'lg properties of CUO'36TiSZ, CUO'2106TiSZ, Cu0,384TiSZ,
Cug65,Ti,S4, and TiS,, we calculated the total valence charge
density. We show in Figure 4 the total valence charge densities
in the (110) plane for each material. For TiS,, it seems that a
strong covalent bond exists between the Ti and S atoms (Figure
4a). The Ti—Ti and S—S bonds are found to be weaker than
the Ti—S bond (Figure 4a), which shows that a covalent bond
exists between Ti and S atoms. The electron density distribution
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Figure 3. Part 3 of 3. Total density of states (states/eV unit cell) along with the partial density of states for the host material, TiS,, and its
intercalated compounds CU()_334T152, Cll()}z](mTiSz, CUQ‘36TiSZ, and Cu0,652TiZS4.

of the intercalated Cu atom was compared with that of TiS,,
and it shows that a covalent bond exists between Ti and S atoms.
On the other hand, no extra electrons are found between the
Cu and S atoms, which means that the intercalated Cu atoms
are located as ionic atoms in the layer of the van der Waals
gap and no covalent bond exists between Cu and S.

b. Optical Properties. The optical properties of solids are
a major topic, both in basic research and for industrial
applications. Although for the former, the origin and nature of
different excitation processes is of fundamental interest, the latter
can make use of them in many optoelectronic devices. These
wide interests require experiment and theory. The calculations
of the frequency-dependent dielectric function involve the
energy eigenvalues and electron wave functions. These are
natural outputs of band structure calculations. Cug s, Ti,S4 has
a face-centered cubic structure with space group Fd3m. For
calculating the optical properties of cubic structural material,
we need only one dielectric tensor component to completely
characterize the linear optical properties. This component is
&(w), the imaginary part of the frequency dependent dielectric
function is given by>?

B L, 45
&) = L ) )

3nw?

8
5 .

where P, (k) is the dipolar matrix elements between initial Ink[]
and final In'k[states with their eigenvalues E,(k) and E,(k),
respectively.

The other compounds, TiS,, Cug34TiS,, Cug2106T1S,, and
Cuy36TiS,, having hexagonal symmetry, the experiments are
performed with electric vector E parallel or perpendicular to

the ¢ axis. The corresponding dielectric functions are £'(w) and
£%w). We have performed calculations of the imaginary part
of the interband frequency-dependent dielectric function using
the expressions>?

m, 12 PR dS,
& ()= mw2./;92 ; Ow,,, (k) ¥
o kb
&(w)= e ./1;2 ; Uw,, (k)

The above expressions are written in atomic units with e?> =
I/m = 2 and A = 1. Where hw is the photon energy. P%,(k)
and PZ,(k) are the X and Z components of the dipolar matrix
elements between initial Ink(Jand final In'kCstates with their
eigenvalues E,(k) and E, (k), respectively. w,,, (k) is the interband
energy difference

wnn’(k) = En(k) En,(k) (5)

and Sy is a constant energy surface, Sy = {k; ,,'(k) = w}. The
integral is over the first Brillouin zone.

The optical properties can be described by the mean of the
transverse dielectric function, &(w). For the metallic and
semimetallic materials, there are two contributions to &(w);
namely, intraband and interband transitions. Because the
investigated compounds are metallic, we must include the Drude
term (intraband transitions).>

&5() = £ (@) + &5 () (6)

where
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TABLE 1: The Density of States at Fermi Energy N(Ey) States/Ry Cell, the Bare Electronic Specific Heat Coefficient y
(mJ/mol K?), and the Plasma Frequencies for the Host Material TiS, and Its Intercalated Compounds Cuy33,TiS;, Cuyg106TiS;,

Cuy 36TiS;, and Cuy65:Ti,S4

TiS, Cug2106TiS2 Cuy334TiS, Cuyg36TiS, Cug65:Ti2S4
N(Ey) states/Ry cell 4.76 36.72 36.72 28.56 136
y (mJ/mol K?) 0.82 6.37 6.37 4.95 23.59
wp () 0.22 2.38 2.37 2.09 2.73
o (w) 0.28 4.59 4.55 3.36 2.73
. WET basal plane) squared.. Similarly, expressions fpr the parallel
Eintrad @) = ————55- @) component can be written. In Table 1, we have listed the values
o1+t

where wp is the anisotropic plasma frequency®’ and t is the
mean free time between collisions.

8
©p =3 2 O Oew) ®)

where &, is E,(k) — Eg, and ¥}, is the electron velocity (in

of the plasma frequency for the host and Cu-intercalate
compounds.

Figure 5, shows the calculated sg(w), £5(w), and &x(w) spectra
for host and Cu-intercalated compounds. We have performed
the calculations of e¥(w), 5(w), and &y(w) with and without
inclusion of the Drude term. The effect of the Drude term is
significant for energies <1 eV. The sharp rise at low energies
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Cug2106T1S,, Cug36TiS,, and Cug s, TiS4. In comparison with the available experimental data of E [ ¢? (dashed curve), for the host material TiS,.

is due to the Drude term. We note that there is a considerable
anisotropy between &5(w) and e5(w). Our calculations show that
intercalated Cu causes a shift of all the structure toward lower
energies, with significant reduction in the height of the peaks,
except that in the compound in which Cu occupies the
tetrahedral sites, the height of the peaks is significantly increased
in comparison with the structures in TiS,. The shifting of the
structures is consistent with our calculated band structure and
corresponding density of states. In contrast to the host com-
pound, &¥(w) dominates in the low energy range for the
intercalated compounds. Thereafter, both polarizations contribute
in both the host and Cu-intercalated compounds. We compare

our calculated dielectric constant with the available experimental
data;?® for E ¢, good agreement was found.

Generally, the spectral peaks in the optical response are
determined by the electric dipole transitions between the
occupied and unoccupied bands. These peaks can be identified
from the band structure. To identify these peaks, we need to
look at the optical transition dipole matrix elements. We
analyzed the optical spectra of l(w), £5(w), and ex(w). We have
found that the transitions that are responsible for the structures
below 5 eV in &i(w), ¥ (w), and ex(w) are dominated by
transitions from bands just below Fermi energy (Eg) to bands
just above it, whereas the transitions that are responsible for



1644 J. Phys. Chem. A, Vol. 113, No. 8, 2009

40

30

5 10
Energy (eV)
25

Cllu_zmsTiSz

Reshak

25

Cllo_3s4TiSz

0 5 10 18
Energy (eV)

Cuy.36TiS;

20
15
£ 10
w
5
0
-5
-10
10 15 0 5 10 15
Energy (eV) Energy (eV)
20 [ .
C“0_652T1284
15
S0
w
5
0
-5
0 15

5 10
Energy (eV)

Figure 6. Calculated &;(w), ef(w) (dark curve), and &l(w) (light curve) for the host material_TiS, and its intercalated compounds Cuy3s4TiS,,
Cug.106TiSs, Cug36TiS,, and Cug s, TioS4 in comparison with the available experimental data of E [J ¢* (dashed curve), for the host material TiS,.

the structures above 5 eV in &)(w) and &5(w) are dominated by
transitions from the top (and bottom) of occupied Cu-s/p/d, S-s/
p, and Ti-s/p/d states to the top/bottom of unoccupied Cu-s/p/
d, S-s/p, and Ti-s/p/d states. The real parts &;(w), £}(w), and
£f(w) are obtained using the Kramers—Kronig relations.>

w @' &(w
1<w)—1+ Pl ——— o), ©)
ol — o*
where P implies the principal value of the integral.
Figure 6 shows 8‘1‘(0)), e (w), and &,(w) for the host and the
Cu-intercalated compounds. The first structure around 1 eV
shows the highest peak intensity in these spectra. The main peak

is followed by small structures oscillated around the zero
position, then takes on negative values at the high energies. At
the low energy range, the effect of Drude term is considerable.
The calculated s,(a)) and &} (a)) spectra are anisotropic. In the
low energy range up to 5 eV, &)(w) dominates; thereafter, both
polarizations contribute. We compare our calculated dielectric
functions with the available experimental data;* for E [ ¢, good
agreement was found. This agreement is attributed to use of
the full potential method, which has proven to be one of the
most accurate methods®>*° for the computation of the electronic
structure of solids within DFT. It is necessary to emphasize
that use of the full potential approach has substantial advantages
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compared to the pseudopotential method,?” which is not sensitive
to the anisotropy in the layered crystalline structures.

We have made a detailed comparison with the host material
and its experimental data to ascertain the effect of Cu intercala-
tion on the optical properties. We find that the optical properties
of Cu-intercalated compounds are significantly influenced by
the location and the concentrations of the intercalated Cu atoms.

IV. Conclusion

The structural and optical properties for TiS, and its
intercalated compounds with different sites and concentrations
of Cu have been calculated using the full potential method. We
demonstrate the effect of using a full potential method on the
band structure, density of states (DOS), and the optical properties
of intercalated compounds. We compare our results of Cu-
intercalated compounds with the host TiS, to ascertain the effect
of changing the sites and concentrations of the intercalated Cu
on the electronic and optical properties. We notice that changing
the sites and the concentrations of the intercalated Cu causes
dramatic changes in the band structure, resulting in more bands
cutting Er. From the PDOS of the host compound, we note that
there is a strong hybridization between S-p states and Ti-d states
below Efr. This hybridization becomes weak in the intercalated
compounds. In all compounds, Cu-s strongly hybridizes with
Cu-p below and above Eg. Our calculated optical properties of
the host material show reasonable agreement with the available
experimental data. This agreement is attributed to our use of
the full potential method, which has proven to be one of the
most accurate methods for the computation of the electronic
structure of solids within density functional theory.

The Cu-s and Cu-p bands are very broad and contribute much
to the density of states. Our calculations show that the electronic
and optical properties are influenced significantly by the location
and the concentrations of the intercalated Cu in TiS,.

Our calculated density of states and the electron charge
density show that in the host and the intercalated compounds,
all the Ti—Ti and S—S bonds are basically of ionic character,
and Ti—S bonds are of covalent character. No covalent electrons
are found between Cu and S atoms; that is, no covalent bond
exists between the Cu and S atoms. The Cu atoms are ionic in
the intercalated compounds.
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