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Motivated by recent developments concerning coloration and energy storage in lithium intercalated nano-
structural TiO2, quantum chemical Hartree-Fock calculations have been carried out to study lithium atom
intercalation in rutile and anatase. Equilibrium geometries and effective atomic charges were obtained for the
rutile ~110! and anatase~101! clean surfaces. Li-induced local one-electron energy levels were found in the gap
between the upper valence band and the conduction band and could be attributed to Ti31 states. The absorption
energies obtained are compared with available experimental data. The equilibrium positions of the Li atom and
its surrounding host atoms have been calculated for both structures. The results predict a higher possibility of
lithium intercalation in the anatase structure than in rutile.

I. INTRODUCTION

Titanium dioxide is a fascinating material proving its use-
fulness in a wide range of applications. In catalytic and elec-
trochemical applications, it has been utilized as a stable
semiconductor electrode for the conversion of solar energy
into chemical or electrical energy. Especially, the cleavage of
water over TiO2 using light energy is well known.

1 The deg-
radation of organic pollutants present in wastewaters, using
irradiated dispersions of TiO2, is a fast growing field in basic
and applied research.2 One can also mention the use of TiO2
in pigments, sun lotions, and toothpastes and its biocompat-
ibility. The recent development of nanostructured TiO2
electrodes3 has also become the focus of many investiga-
tions.

The nanostructured TiO2 films are of porous nature and
are distinguished by a very high internal surface area. They
are normally prepared by sol-gel procedures; the colloidal
TiO2 has anatase structure and the particles have a diameter
of about 20 nm. Pores in the nanometer size range are con-
stituted by the voids present between the semiconductor par-
ticles. The voids are interconnected and filled with an elec-
trolyte. The roughness factor, defined as the ratio between
the real and projected surface of the film, is, e.g., for a 10mm
thick film about 1000. The research and development of
these systems are today expanding and one expects to find a
variety of important applications.4 Thus, dye-sensitized
nanostructured TiO2 electrodes have shown strikingly high
photovoltaic conversion efficiencies.5,6 Solar cell efficiencies
up to 10%, at simulated solar intensity~AM 1.5, 96.4
mW/cm2!, have been obtained, showing good stability.6

Based on lithium intercalation these electrodes have been
investigated for their use in batteries7,8 and electrochromic
devices.9,10 Forward biasing of nanostructured TiO2 films
~anatase! in lithium-ion containing electrolytes, leads to elec-
tron accumulation in the TiO2 lattice, charge compensated by
Li1 from the electrolyte. A charge capacity per unit weight of
265 mAh/g has been measured, which corresponds to a
lithium insertion ratio ofx50.8 ~Li xTiO2!.

7 A rocking chair

lithium battery with nanostructured TiO2 ~anatase! as the
negative electrode and LiCoO2 or LiNi0.5Co0.5O2 as the posi-
tive electrode has been studied, showing energy densities
over 100 mW/g and excellent performance over about 100
cycles~the experiments are still in progress!.8 Electron accu-
mulation in TiO2 also leads to a blue coloration, due to the
creation of Ti31 states~the extinction coefficient at 780 nm is
3400 L mol21 cm21!.11 Because of the fact that nanostruc-
tured TiO2 films ~anatase! can be made completely transpar-
ent in the visible region, the electrochromic properties of
these films are very interesting.9,10The investigation showed
that Li intercalation led to rapid and reversible coloration.
Absorption of.90% light throughout the visible and near IR
could be switched on and off within a few seconds. It was
also shown that the nanocrystalline morphology of the film
played a primordial role in enhancing the electrochromic
process.

Some of the fundamental questions which have arised
during the investigations of Li intercalation in nanostructured
TiO2 electrodes concern the morphology of the electrode.
Due to the high surface area of the TiO2 film, one can expect
a large degree of electron concentration in the TiO2 material,
where Li1, situated in the electrolyte Helmholtz layer, charge
compensates the electrons. In other words, one can expect a
deep coloration from these systems simply due to surface
effects, entering of Li1 into the crystal lattice is actually not
necessary. On the other hand, a Li-insertion ratio of 0.8~see
Ref. 7! does indicate Li intercalation in the anatase lattice. To
what extent do we rely on surface effects in these systems
and how efficient is the Li insertion into the TiO2 structure?
From the literature it is known that the uptake of Li1 is much
better in the anatase lattice compared to the rutile structure,
in fact, rutile hardly inserts Li1 at all.12 The chemical nature
of the Ti31 state is also of great interest for a deeper under-
standing of Li intercalation in TiO2. Experimentally, Ti

31 is
said to be a localized energy level just below the conduction
band edge consisting of Ti 3d orbitals~see Ref. 4 and refer-
ences therein!. Finally, the geometry of Li1 ions in the TiO2
crystal is of fundamental importance.
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The objective of this paper is to approach the above-
mentioned questions by means of quantum chemical calcu-
lations. The position of Li1 ions in both the rutile and the
anatase structure is geometry optimized and the electronic
and optical properties of these configurations will be pre-
sented. The surface effect is investigated by trying to put Li
onto different surfaces. Here we have used the~110! surface
and the~101! surface for the rutile and the anatase structure,
respectively. From the literature the~110! surface appears to
be the most stable one for rutile,13 whereas the mostly ex-
posed surface for nanostructured TiO2 ~anatase! films is
~101!.14 Moreover, we also examine the possibility to ex-
change Ti ions by Li ions in the crystal structure and its
consequences.

The paper is organized as follows. In Sec. II the compu-
tational details are described. In Sec. III the results of Li
intercalation in TiO2 structures and investigations of clean
rutile ~110! and anatase~101! surfaces are presented. The
theoretical results are analyzed and compared with experi-
mental data in Sec. IV. Section V, finally, contains conclu-
sions and summary.

II. COMPUTATIONAL DETAILS

A. Modified INDO method

Nonempirical ~ab initio! methods are still cumbersome
and time consuming in the treatment of the electronic and
spatial structure of complex systems, especially with par-
tially covalent chemical bonding, like TiO2 crystals. In this
sense, the modified semiempirical intermediate neglect of
differential overlap~INDO!15 method as it is implemented in
theCLUSTERDcode16 is very useful. It has been successfully
employed to investigate a number of perfect and defective
oxides17–21 and materials with simpler structure. This tech-
nique is based on molecular orbital~MO! theory22 and the
periodic large unit-cell~LUC! method,23 which calculates
both the electronic structure and the total energy of the per-
fect crystal via MO as a linear combination of atomic orbit-
als. Usually an eightfold or even fourfold symmetric exten-
sion of the unit cell reproduces the distribution of the
electronic density in the perfect crystal with sufficient accu-
racy. We used eight-times extended LUC with a total of 48
atoms~Ti16O32! and 96 atoms~Ti32O64! in the calculations of
the perfect rutile, bulk and surface, and anatase bulk struc-
tures, respectively. A four-times extended LUC~48 atoms!
was used in the calculations of the clean~perfect! anatase
~101! surface.

The Fock matrix elements in the modified INDO
approximation15,16 contain a number of semiempirical pa-
rameters. The orbital exponentz enters the radial part of the
Slater-type atomic orbitals:

Rnl~r !5~2z!n11/2@~2n!! #21/2r n21 exp~2zr !, ~1!

where n is the principal quantum number of the valence
shell. A valence basis set including 4s, 4p, 3d atomic orbit-
als ~AO! on Ti and 2s, 2p on the O atoms was used. The
diagonal matrix elements of the interaction of an electron
occupying thek8th valence AO on atomA with its own core
are taken in the form

Ukk
A 52Eneg

A ~k!2(
m

S Pmm
~0!Agkm2

1

2
Pmm

~0!AKkmD , ~2!

wherePmm
(0)A are the diagonal elements of the density matrix

~5mth AO populations!, Eneg
A (k) is thekth AO electronega-

tivity, gkm andKkm are one-center Coulomb and exchange
integrals, respectively. The matrix elements of an interaction
of an electron on thek8th AO belonging to the atomA with
the core of another atomB are calculated as

VkB5ZB$1/RAB1@^kkumm&21/RAB#exp~2akBRAB%, ~3!

whereRAB is the distance between atomsA andB, ZB is the
core charge of the atomB, akB is an adjustable parameter
characterizing the nonpoint character of the atomic coreB
and additionally the diffuseness of thek8th AO, ^kkumm& is
the two-center Coulomb integral. The last, so-called resonant
integral parameterbAB , enters the nondiagonal Fock matrix:

Fkm
u 5bABSkm2Pkm

u ^kkumm&, ~4!

where thek8th AO belongs to atomA and themth AO to
atomB, u is an electron subsystem witha or b spin,Skm is
the overlap integral matrix between electrons on thekth and
mth AO’s, andP km

u is the spin-density matrix.
Thus the parametrization scheme contains the following

set of parameters:z, Eneg, P
~0!, a, andb. The INDO param-

eter set for the Ti atom was optimized by calculating the
following data and comparing with experimental values: the
main features of rutile and anatase crystals~width of the
forbidden gap, widths of the O 2p and O 2s valence bands,
the effective charges of the ions, and the structural param-
etersa,c,u for the bulk crystal! and the basic properties of
Ti-containing molecules~equilibrium distance between the
atoms in the molecule, the binding energy and the first ion-
ization potential! ~see Ref. 24!. The details of the parametri-
zation scheme of the modified INDO method are described
in Ref. 16, where the standard parameter set for O atom is
given as well. To find the nondiagonalakB , i.e., aTi-Li and
aLi-Ti parameters, the equilibrium distance between the atoms
in the 4TiLi molecule was fitted to the value, 2.91 Å, ob-
tained from density-functional theory~DFT! calculations us-
ing the hybrid ‘‘Becke3-LYP’’~Refs. 25 and 26! functional
of theGAUSSIAN 92/DFT~Ref. 27! program, with a reasonably
large basis set.28 As a result these parameters have been cal-
culated to be

aTi-Li50.1 a.u.21, ~5!

aLi-Ti50.32 a.u.21. ~6!

Combining the LUC method with the INDO computa-
tional scheme described above we managed to explore the
perfect TiO2 crystals, bulk and surface. However, the peri-
odic model has its limitations; the main one is the mutual
perturbation of periodically arranged defects. That is why we
chose theembedded molecular cluster~EMC! model32 to
study Li intercalation in the rutile and anatase crystals. The
method is based on a strict treatment of the total energy of
the whole crystal, accounting for the perturbation~polariza-
tion! that the remaining crystal has on the EMC region
thereby leading to the so-calledquantum clusterapproach.
The residual part of the crystal located beyond the EMC is
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considered in the nonpoint charge approximation: the Cou-
lomb interaction of the EMC electrons with atoms adjacent
to the EMC boundary is considered in the same way as that
for the atoms lying inside the EMC, although the AO’s of the
atoms adjacent to the EMC are constrained to have the same
Löwdin populations33 as those of the perfect lattice, i.e., us-
ing the density matrix of the perfect crystal obtained in a
separate LUC calculation and taking into account explicitly
the AO’s of the outside atoms. The contribution of the infi-
nite number of the latter atoms is calculated exactly by
means of the Ewald method.34 The matrix elements of the
total Coulomb field produced by the non-point-charge outer
region is added to the diagonal elements of the Fock matrix
of the EMC, although the angular dependence of the AO’s in
the Coulomb integrals is neglected. Thus, the Coulomb part
of the interaction of the cluster atoms with the atoms in the
remaining crystal is taken into account, while within the
cluster all interactions between atoms are included at the
INDO-level approximation. The difference in the interaction
between cluster atoms and those between cluster and the
nonpoint embedding ions, results in a relaxed cluster con-
figuration in which the boundary atoms are slightly displaced
inwards~4–5 % and 2–4 % of the interatomic distances for
the rutile and anatase, respectively! from their positions in
the perfect lattice. Because of the ionic-covalent bonding in
the titanium dioxide, the clusters were constructed following
the idea of localized groups of electrons orstructural ele-
ments~SE!.32 The crux of this procedure is to construct a
cluster having an integer number of SE’s~TiO2 molecular
units, in our case! which allows one to consider more cor-
rectly the interaction between such a cluster and the remain-
ing crystal due to smaller correlation effects between the
SE’s mentioned above~for more details see Ref. 32!.

B. Calculation of the hole trapping energy

It is known ~see review articles, Refs. 35 and 36! that
[M ] 0 and [M ]1 impurity centers~M5Li, Na! can cause hole
trapping in II-VI compounds by simply changing their
charge state. Something similar is found theoretically in
TiO2, the rutile polymorph, when a Li ion substitutes Ti in
the regular lattice site~see below!. Since Li1 is differently
charged than the Ti atoms in the perfect TiO2 lattice, its
presence strongly perturbs the occupied 2p states of the sur-
rounding O ions. This results in the formation of resonant
states within the valence band and rapid hole self-trapping in
the lattice. To calculate the energy gain due to this process,

DETH5ETH2EF
~k! , ~7!

whereETH is the hole energy for the fully relaxed trapped
hole ~TH! state, whileEF

(k) is the energy of the free-hole
state, we used the method described in Refs. 37 and 38. This
method realizes the idea of Gilbert and Stoneham39,40 who
considered hole self-trapping as a hypothetical two-stage
procedure: localization of a free hole in a local perfect crystal
region in the first stage, and the subsequent relaxation of the
lattice with accompanying electronic redistribution in a local
region during the second stage. The hole acquires a positive
energy due to the loss of kinetic energy in the local state in
the first stage. In the second stage the hole acquires a nega-
tive energy due to~i! the crystal relaxation around the defec-

tive region,~ii ! the gain in the energy caused by the forma-
tion of chemical bonds in the local region, and~iii ! the
polarization energy associated with the rest of the EMC lat-
tice outside the local region. Therefore the energy gain can
be calculated as a difference:

DETH5Eloc1Erel , ~8!

whereEloc.0 but Erel,0. The relaxation energy,Erel , was
calculated using the EMC method with a quantum cluster
@LiTi 15O32#

1. To calculate the localization energy,Eloc , we
used the quantum cluster@Ti16O32#

1 and an eight-times ex-
tended LUC, i.e., in the latter case we calculated the local-
ization energy of a hypotheticalself-trappedhole occurring
in a pure rutile lattice ~for more details see Ref. 37!.

III. RESULTS

A. Clean rutile „110… surface

The exploration of the clean rutile~110! surface was per-
formed using the periodic LUC, 23232, i.e., eight-times
extended unit cell, method. This is equivalent to a band-
structure calculation at eightk points in the Brillouin zone.
The surface features were calculated with a single-slab
model, consisting of six atomic layers, 48 atoms in total,
which was finite in the ^110& direction and had two-
dimensional~2D! periodicity in the^001& and ^1̄10& direc-
tions. The bulk lattice constants,a54.418 Å, c53.014 Å,
u50.307, were fitted before;24 the corresponding
experimental41 values area54.594 Å,c52.959 Å,u50.305.
We assumed that the surface is nonmagnetic and therefore
the restricted Hartree-Fock method was used in all clean sur-
face calculations.

A relaxation of the atomic layers was performed which
showed the following pattern: two atomic layers consisting
of bridging oxygens, situated on both sides of the slab, re-
laxed inward by 0.12 Å, the two next surface layers relaxed
inward by 0.03 Å, whereas no displacements of the atoms of
the two middle layers were observed. The optimized atomic
geometry configuration was then used for the electronic-
structure calculations.

A consistent picture for the effective charges of the ions
was observed: the charges reach their maximal value,Q~Ti!
512.45 e andQ~O!521.23 e, in the middle of the slab.
These values are close to the bulk charges,Q~Ti!512.52e
andQ~O!521.26 e, found in our previous investigation24

using a LUC with 3D periodicity. The effective charges re-
duce in the direction̂110& until they reach the value ofQ~O!
520.91 e for the bridging oxygens. Note that the charge
difference for theunrelaxedslab was even larger, i.e.,Q~O!
521.24 e for the O atoms placed in the middle slab and
Q~O!520.78 e for the bridging O atoms. Due to surface
effects the one-electron bandgap, i.e., the gap between the
upper valence band and the conduction band, decreased from
the calculated bulk value ofDEg

b57.4 eV toDEg
s55.9 eV.

The values of the calculated optical bandgaps by the self-
consistent field~DSCF! method ~i.e., as the differences of
total energies of the LUC before and after the excitation of
an electron from the highest occupied MO to the lowest un-
occupied MO! differ in the same manner:DEg

b55.7 eV and
DEg

s55.0 eV.
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The density of states~DOS! for Ti 4s, 4p, Ti 3d, O 2p,
and the total DOS are plotted in comparison with the corre-
sponding bulk patterns in Figs. 1 and 2, respectively. The
upper valence band is composed mainly of O 2p states, al-
though at the top there is a considerable contribution of Ti
3d and a smaller amount of Ti 4s. This suggests a rather
covalent character of the chemical bonding in the rutile
structure. The degree of the admixture of Ti states in the
upper valence band is higher for the~110! surface band in
comparison to the bulk band structure. The conduction band
is in both cases composed mainly of Ti 4s, Ti 3d ~lower
part! and Ti 4p states~upper part!.

B. Clean anatase„101… surface

The exploration of a clean anatase~101! surface was done
using 23132, i.e., four-times extended LUC with a total of
48 atoms. This was simulated as a single-slab, consisting of
nine atomic layers and having 2D periodicity in the^1̄01&
and ^010& directions and being finite in thê101& direction.
The bulk constants,a53.641 Å,c59.197 Å,u50.203, fitted
previously24 were used. The corresponding experimental41

values area53.784 Å,c59.515 Å,u50.208.
Relaxation of the atomic layers was performed which

showed an inward displacements of the outer layers from
both sides of the slab by 0.05 Å, the next-outer layers by

0.03 Å, and next two layers by less as 0.02 Å. No displace-
ments were observed of the atoms situated in the central
atomic layers. Similarly to the rutile~110! surface described
above, the optimized geometry was used later for the elec-
tronic structure calculations.

The effective charges calculated for this model did not
differ so much depending on their position in the slab. The
maximal effective charges were observed in the center of the
slab,Q~Ti!512.35 e andQ~O!521.22 e, the minimal ef-
fective charges were found on atoms situated on the slab’s
periphery,Q~Ti!512.26 e andQ~O!521.04 e. The calcu-
lated effective charges of the ions in the anatase bulk, LUC
with 3D periodicity were found to beQ~Ti!512.30 e and
Q~O!521.15e. The one-electron bandgap in Figs. 3 and 4 is
only a little larger for the bulk band structure,DE g

b57.5 eV,
than in the case of the~101! surface, for which we obtained
DEg

s57.2 eV. The values of the calculated optical bandgaps
by theDSCF method areDEg

b55.8 eV andDEg
s55.5 eV for

the four-times extended LUC with 3D and 2D periodicity,
respectively. The DOS pattern for the anatase~101! surface
is described in Fig. 3, while the anatase bulk band structure
is shown in Fig. 4. The most significant distinction from the
similar rutile DOS patterns is that in the case of anatase, Ti
4p states were found only in the upper part of the conduction
band, while in the rutile case they are spread over the whole
conduction band.

C. Li intercalation in the rutile bulk and surface

A 49-atom quantum stoichiometric cluster@LiTi 16O32#
0,

consisting of 16 molecular units TiO2, with an added Li

FIG. 1. Density of states~DOS! for the upper valence band and
the conduction band of the rutile~110! surface. Note that the band-
gap, obtained directly from the one-electron energies, is overesti-
mated in this figure, and also in Figs. 2–4~see text!.

FIG. 2. DOS for the upper valence band and the conduction
band of the rutile bulk.
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atom, was taken for the Li intercalation simulations in bulk
rutile. After geometry optimization of the perfect@Ti16O32#

0

cluster and lithium insertion, the Li atom was allowed to
relax, assuming noa priori pattern of its possible interstitial
position. The automated relaxation was carried out using the
facilities of theCLUSTERD code. During the relaxation two
equilibrium interstitial positions of Li atom were obtained,
marked further ascase Aandcase B.

For caseA, the equilibrium position of the inserted
lithium is shown in Fig. 6. It is situated on the line connect-
ing the two titanium atoms, Ti~1! and Ti~2!, 1.49 Å from the
Ti~1! and 1.46 Å from the Ti~2!. After the Li found its mini-
mal energy state, the ten nearest atoms were allowed to relax.
The outcome of the displacements is shown in Table I. As
one can see, due to the positive effective charge of the Li
atom, the surrounding titanium ions move outwards while
the negatively charged oxygen ions move towards the Li
impurity. Li is expected to lose its valence electron which
transfers to the closest Ti~2! ion, see Table II. As a result the
local one-electron energy level in the gap between the upper
valence band and the conduction band is composed mainly
of Ti~2! 4s AO’s. This level, markeda in Fig. 5, is situated
1.6 eV above the top of the upper valence band, with respect
to the perfect rutile bands, and is responsible for the absorp-
tion transitions given in Table IV. The latter were found as
the difference of the total energies for the self-consistent
ground and excited states~DSCF method!. Note that the un-
occupied statesb ~composed mainly of Ti 4px and Ti 4py

AO’s! andc ~composed mainly of Ti 4pz AO’s! are situated
in the conduction band whereas after population by an ex-
cited electron they fall into the gap between the upper va-
lence band and the conduction band.

FIG. 3. DOS for the upper valence band and the conduction
band of the anatase~101! surface.

FIG. 4. DOS for the upper valence band and the conduction
band of the anatase bulk.

TABLE I. Displacements of atoms surrounding the Li impurity
in @LiTi 16O32#

0 cluster~rutile structure! ~in Å!. A ‘‘ 2’’ sign denotes
displacements of the atoms towards Li while a ‘‘1’’ sign denotes
displacements in the opposite direction.

Atom CaseAa CaseBb

Ti~1! 10.18 10.06
Ti~2! 10.14 10.06
Ti~3! 10.02
Ti~4! 10.02 10.35
Ti~5! 10.10
O~1! 20.18 0.14c

O~2! 20.16 0.14c

O~3! 20.05
O~4! 20.06
O~5! 20.02 20.39
O~6! 10.03 20.02

aThe ten atoms closest to Li were allowed to relax.
bThe eight atoms closest to Li were allowed to relax.
cAtoms O~1! and O~2! in caseB move as shown in Fig. 6, angle
b512°.
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In caseB, the Li atom finds itself placed 1.76 Å from
Ti~4!, 1.95 Å from Ti~1!, 1.58 Å from O~2!, 1.60 Å from
O~1! and 2.65 Å from O~5! ~see Fig. 6; the anglea is equal
to 42°!. After relaxation of the eight atoms in the vicinity of
the defect the nearest titanium ions were found to move out-
wards, especially Ti~4! which receives an electron~see
Tables I and II!, while oxygens, on the contrary, move to-
wards the interstitial Li atom, which is obviously due to the
Coulomb electrostatic interaction. The direction of displace-
ments of O~1! and O~2! is apparently caused by two effects:
~i! the considerable outward displacement of Ti~4! which
leaves an extra space for these two oxygens and~ii ! the quite
close initial placing of the O~1! and O~2! atoms to the Li
impurity, not allowing this distance to reduce more. The
chemical nature of the local levela, situated 0.9 eV above
the top of the upper valence band, as well as the virtual

levelsb andc are similar to those in caseA. The calculated
absorption energies are described in Table IV. In caseB the
total energy of the system is lower which implies that this
could be an energetically more favorable position than the
caseA. The distance between the two Li-interstitial equilib-
rium positions is 1.31 Å. For rutile, problems with the self-
consistent convergency were encountered, and large dis-
placements of the surrounding defect atoms were found.
These effects are due to the difficulties of Li intercalation in
the rutile structure, i.e., Li can be intercalated with larger
probability in the anatase structure than in rutile~see Secs.
III D and IV for more details!.

The calculation of Li intercalation in the rutile~110! sur-
face was carried out using a molecular cluster in the form of

FIG. 5. Calculated positions of the Li-induced local levels
within the rutile bandgap for the cases when Li is situated in posi-
tion A ~a! andB ~b! of the rutile bulk and when it finds the equi-
librium position on the rutile~110! surface~c!. Levela denotes the
ground state and levelsb and c unoccupied excited states. The
arrows show the possible transitions. The position of the local level
a is 1.6 eV~a!, 0.9 eV~b!, and 0.7 eV~c!, respectively, above the
top of the upper valence band of the pure crystal.

FIG. 6. The two equilibrium positions of the inserted Li atom in
the rutile bulk: ~i! caseA when lithium finds the minimal energy
position on the line connecting Ti~1! and Ti~2! atoms, and~ii ! case
B when it is situated 1.76 Å from the Ti~4!. The arrows show the
direction of the displacements of the O~1! and O~2! atoms.

FIG. 7. The equilibrium position between two bridging oxygens
for a Li atom intercalated on the rutile~110! surface~a! and the
directions of displacements of Li-surrounding atoms on the surface
~b!.

TABLE II. The effective charges of the atoms in the perfect
@Ti16O32#

0 and imperfect@LiTi 16O32#
0 clusters~rutile structure! ~in

e!.

Perfect cryst. CaseA CaseB

Li 0.72 0.83
Ti~1! 2.39 2.21 2.37
Ti~2! 2.39 1.50 2.39
Ti~3! 2.39 2.36 2.39
Ti~4! 2.21 2.21 1.15
Ti~5! 2.21 2.24 2.22
O~1! 21.14 21.08 21.04
O~2! 21.13 21.13 21.11
O~3! 21.12 21.12 21.13
O~4! 21.12 21.10 21.12
O~5! 21.13 21.13 21.06
O~6! 21.13 21.02 21.14
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the eightfold extended~23232! LUC of the rutile described
above. It was observed that the equilibrium position of the Li
atom is right on the surface between two bridging oxygen
atoms ~see Fig. 7! almost above the titanium atom Ti~1!.
Similar to the bulk calculations the nearest atoms on the
surface were allowed to relax, which resulted in shifts of the
two bridging oxygens, O~1! and O~2!, by 0.25 Å each and
0.06 Å displacements of the two oxygens, O~3! and O~4!,
towards the Li atom. The closest Ti~1! atom moved away by
0.07 Å. The local levela found in the energy gap is situated
0.7 eV above the top of the upper valence band and is com-
posed of 4s AO’s of Ti~1!, which receives an electron~see
Table III!, with a strong admixture of Ti 3dx22y2 AO’s. The
chemical nature of the corresponding virtual states,b andc,
is similar to those in the bulk band structure. The calculated
absorption energies are shown in Table IV.

D. Li intercalation in the anatase bulk and surface

A 97-atom stoichiometric EMC@LiTi 32O64#
0 consisting of

32 molecular units, TiO2, with an added Li atom was used
for the lithium intercalation study in the anatase bulk. Fi-
nally, the minimal energy position for the Li atom in the
anatase structure was found to be in one of the structural
voids ~see Fig. 8!: it is situated 2.25 Å from Ti~1!, 2.81 Å
from O~1!, 1.86 Å from O~2!, and 1.81 Å from O~5!. After
this procedure, the Li-neighboring atoms were allowed to
relax. As one can see from Table V, the closest Ti atoms
move outwards while the surrounding O atoms move to-
wards the Li atom. These shifts are smaller in magnitude
than the corresponding movements of atoms in the rutile
lattice ~see Table I for comparison!. An electron from the
lithium is transferred to the nearest, Ti~1!, atom ~see Table
V!. As a result the local one-electron energy levela, situated
1.8 eV~see Fig. 9! above the top of the upper valence band,
is composed mainly of Ti 4s AO’s of Ti~1!. The chemical
nature of the three corresponding virtual levels are as fol-
lows: theb state is composed of Ti 4px with a considerable
admixture of Ti 4py AO’s; thec state is composed of Ti 4py
with a considerable admixture of Ti 4pz AO’s; thed state is

composed mainly of Ti 4pz AO’s. The calculated absorption
energies are shown in Table VI.

The calculation of Li intercalation in the anatase~101!
surface was performed using a molecular cluster in the form
of the fourfold extended~23132! LUC of the anatase lattice
described in Sec. III B. The equilibrium position of the Li
atom was found to be in one of the anatase structural inter-
stitial positions ~see Fig. 10!. After the lithium found its
minimal energy position, the four nearest O atoms and the

FIG. 8. The equilibrium position of the inserted Li atom in the
anatase bulk, in one of the anatase structural voids.

TABLE III. The effective charges of the atoms in the clean and
Li-intercalated rutile surfaces~in e!.

Atom Q ~perf. surface! Q ~def. surface!

Li 0.94
Ti~1! 2.18 1.37
O~1! 20.91 21.00
O~2! 20.91 21.02
O~3! 21.20 21.18
O~4! 21.20 21.21

TABLE IV. Calculated absorption energies~in eV! with a Li
atom intercalated in the rutile structure.

Transition CaseA CaseB ~110! surface

a→b 0.9 0.5 1.6
a→c 1.0 0.6 1.9

TABLE V. Displacements of atoms surrounding the Li impurity
in a @LiTi 32O64#

0 cluster~anatase structure! ~in Å! and the effective
charges of the corresponding atoms in the perfect and Li-
intercalated clusters. A ‘‘2’’ sign denotes displacements of the at-
oms towards the Li ion, while a ‘‘1’’ sign denotes displacements in
the opposite direction.

Atom DR Q ~perf. cluster! Q ~def. cluster!

Li 0.79
Ti~1! 10.12 2.24 1.62
Ti~2! 10.03 2.26 2.16
Ti~3! 10.03 2.26 2.17
O~1! 20.05 21.03 21.05
O~2! 20.09 21.17 21.28
O~3! 20.04 21.17 21.16
O~4! 20.06 21.03 21.06
O~5! 20.03 21.04 21.05
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two nearest Ti atoms were allowed to relax. As a result, O~1!
and O~4! moved 0.06 Å while O~2! and O~3! moved 0.04 Å
towards the Li atom. The two nearest titaniums, Ti~1! and
Ti~2!, shifted outwards by 0.03 and 0.10 Å, respectively. The
local one-electron energy level found in the bandgap is situ-
ated 0.9 eV above the top of the upper valence band and is
composed mainly of 4s and 3dx22y2 AO’s of Ti~2! which
receives an electron~see Table VII!. The chemical nature of
the corresponding virtual levels—b, c, andd—is as follows:
b is composed of Ti 4py AO’s, c is composed of Ti 4px
AO’s with an admixture of Ti 4pz AO’s of the same Ti~2!,
and finallyd is composed of Ti 4pz AO’s with an admixture
of the 3d AO’s of the same Ti~2! and 4p AO’s of the nearest
Ti atoms. The calculated absorption energies are given in
Table VI.

E. Trapped hole near a Li impurity in the rutile crystal

The defects responsible for the coloration of materials are
often due to paramagnetic hole centers, most of which ab-
sorb light in the visible and near-visible region. The Li ion
substituting a Ti ion in the regular lattice site of the rutile
crystal, has an effective charge<1.0 e, i.e., it has a consid-
erably lower charge than the Ti ion in the perfect lattice of

the rutile crystal@q~Ti!512.4 e#. This is the reason why Li
ions can trap positively charged holes occurring in the rutile
due to, e.g., ionizing radiation.

We have simulated a Li-induced trapped hole~TH! using
a @LiTi 15O32#

1 EMC with the Li ion substituting the central
Ti ion ~see Fig. 11!. After geometry optimization of the de-
fective region, it was found that the hole can be shared by
two O atoms situated near the Li impurity leading to atwo-
site hole model@see Fig. 11~a!# or it can be localized on a
single O atom when it moves towards lithium~see Fig.
11~b!#.

During the formation of the two-site TH, O~1! and O~2!
move towards each other reducing the O~1!-O~2! distance
from the initial value of 2.39 to 1.95 Å. The direction of
displacement is described by an anglea517° @see Fig.
11~a!#. The hole trapping is accompanied by the creation of a
chemical bond between O~1! and O~2!. The bond popula-
tions were calculated as follows:

qAB5 (
mPA

(
nPB

SmnPmn ~9!

wherePmn are elements of the bond-order matrix andSmn are
overlap integrals for the AO’sm andn of the atomsA andB,
respectively. The obtained O~1!-O~2! bond population is 0.16
e, while in the perfect rutile crystal the bond populations

FIG. 9. Calculated positions of the Li-induced local levels
within the bandgap for the cases when Li is intercalated in the bulk
~a! and in the~101! surface~b! of the anatase structure. Levela
denotes the ground state and levelsb, c, andd unoccupied excited
states. The arrows show the possible transitions. The position of the
local levela is 1.8 eV~a! and 0.9 eV~b!, respectively, above the top
of the upper valence band of the pure crystal.

FIG. 10. Li intercalation into the anatase~101! surface. The
minimal energy position is shown and the Li-surrounding atoms
which are allowed to relax are marked.

TABLE VI. Calculated absorption energies~in eV! with a Li
atom intercalated in the anatase structure.

Transition Bulk ~101! surface

a→b 1.7 1.3
a→c 2.0 1.8
a→d 2.5 1.9

TABLE VII. The effective charges of the atoms in the perfect
and Li-intercalated anatase surfaces~in e!.

Atom Q ~perf. surface! Q ~def. surface!

Li 0.86
Ti~1! 2.27 2.23
Ti~2! 2.35 1.66
O~1! 21.04 21.06
O~2! 21.13 21.14
O~3! 21.15 21.15
O~4! 21.04 21.07
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between oxygen atoms were equal to 0.0e. Note, that this
rather large value, 0.16e, is comparable to the bond popula-
tions between Ti and O atoms in the perfect rutile structure,
qTi-O50.17 e ~apical bond! and qTi-O50.28 e ~equatorial
bond!. The relaxation energy reduces the total energy of the
system by 5.2 eV and as a result the calculated TH energy
~see Table VIII! is 3.9 eV without the inertial polarization
energy associated with the rest of the lattice outside the TH
region. The two-site hole is shared mainly by two O atoms,
about 70% of the hole charge is found on them~see Table
IX !. It occupies an antibondings-type MO along thê110&
axis @see Fig. 11~a!#, wheresu is a one-electron wave func-
tion consisting of the 2px and 2py AO’s of the two O atoms
constituting the TH; its energy level lies within the conduc-
tion band.

The modeling of the one-site Li-induced hole was carried
out within the same EMC. It was found that during the for-
mation of the TH in the direction̂100&, the oxygen, which

receives the hole, moves towards the Li atom by 0.38 Å,
reducing the O-Li distance to 1.19 Å. The calculated relax-
ation energyErel is equal to 3.9 eV. Finally, the TH energy is
2.7 eV which is less than in the case of the two-site hole.
Therefore, one can conclude that the two-site hole trapped by
a Li impurity is energetically more favorable than the one-
site TH.

Our interest in TH simulations was concerned with their
contribution to the absorption spectra of the rutile crystal
with inserted Li. Therefore, a calculation of the absorption
energy for the most energetically favorable, two-site TH, was
carried out using theDSCF method~see Fig. 12!. The excited
statepu is described by a one-electron wave function con-
sisting of the 2pz AO’s of the two O atoms constituting the
TH; its level lies within the conduction band. The value ob-
tained for the absorption energy is 1.2 eV.

IV. DISCUSSION

The main purpose of the calculations was to model Li
atom intercalation in rutile and anatase, both for bulk crystals

FIG. 11. Models of a two-site trapped hole described by an
antibondingsu orbital ~a! and a one-site trapped hole~b! near the Li
impurity in the rutile structure.

FIG. 12. The absorption transition for a two-site trapped hole
occurring in the rutile crystal due to a Li ion substituting a Ti ion.

TABLE VIII. Different contributions to the trapped hole energy
~in eV! for the two-site and one-site holes.

Two-site hole One-site hole

Erel 5.2 3.9
Eloc

a 1.3 1.2
DETH

b 3.9 2.7

aObtained using the method described in Ref. 15.
bWithout the inertial polarization energy around the trapped hole
region.

TABLE IX. The analysis of Li-trapped hole charge density dis-
tribution ~in e! on atoms in the defective region.

Perfect crystal Two-site hole One-site hole

Li 0.89 0.89
O~1! 21.14 20.79 21.07
O~2! 21.15 20.82 21.08
O~3! 21.13 21.06 21.07
O~4! 21.13 21.06 20.55
O~5! 21.14 21.12 21.11
O~6! 21.16 21.14 21.08
Ti~1! 2.39 2.35 2.36
Ti~2! 2.39 2.33 2.37
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and for the above described surfaces. Still, the exploration of
the clean rutile~110! and anatase~101! surfaces is of funda-
mental importance.

The rutile ~110! surface was adopted as a model for our
theoretical investigation because of its stability and because
of the large amount of experimental data reported
recently.42,43The obtained results show rather large displace-
ments of the bridging oxygens of the outer layers~Fig. 7!
while the relaxation of the atoms placed in the central layers
is small and is similar to the previousab initio
computations.44 This suggests that the rutile~110! surface is
stable and does not require a considerable rearrangement or
reconstruction.45,46 The creation of the surface leads to the
appearance of O 2p states in the conduction band and espe-
cially Ti 3d states in the upper-valence-band region~of Figs.
1 and 2!. No occupied O 2p states occur in the bandgap, in
accordance with the experimental observations.47,48The cal-
culated surface bandgap, 5.0 eV, is substantially overesti-
mated compared to the experimental value42 of 1.6 eV. The
error originates from the Hartree-Fock one-determinant
approximation22 which does not take into account correlation
corrections, consisting of short-range and long-range compo-
nents. Only short-range corrections, which, in fact, have
atomic character, are effectively taken into account in the
course of our parameter fitting. The long-range corrections
cannot be taken into account through atomic parameters
since they occur due to crystal polarization by an electron
and hole, obviously having many-center nature. The long-
range corrections are not calculated for TiO2 crystals; esti-
mates for other oxides give values of 3–4 eV.18,49,50Despite
this shortcoming, we have reproduced correctly the decreas-
ing nature of the bandgap value due to the surface effects.
The calculated effective charges, using Lo¨wdin population
analysis,33 point out the strong covalent effects in the chemi-
cal bonding of the rutile crystal and agree very well withab
initio calculations.44

The anatase~101! surface is stable and the mostly ex-
posed one14,51,52but has so far lacked theoretical investiga-
tion. In the present paper, we report a theoretical study of the
band-structure features and geometrical properties using the
periodic LUC method. The qualitative conclusions which can
be drawn from our calculations suggest that the anatase~101!
surface has a larger ionic contribution to the chemical bond-
ing than the rutile~110! surface. This follows from the rather
high effective charges of the atoms, situated even in the outer
layers of the slab. The surface bandgap value, 5.5 eV, is
comparable to the corresponding bulk quantity, 5.8 eV. The
diminutive relaxation of the atomic layers along the^101&
direction implies the stability of the surface under study and
agrees with the experimental expectations.14

The bottom of the conduction band~Figs. 1–4! is pre-
dominantly Ti 3d in character with some Ti 4s, 4p content,
which differs slightly from the previous investigations of
TiO2 band structure

53–55arguing for a pure Ti 3d conduction
band.

The results of Li atom intercalation presented in the Sec.
III argue for the preference of the anatase structure for such
a process. This is because of structural voids, where the
lithium could be placed without a big distortion of the per-

fect crystal lattice. Since the rutile has a more compact ar-
rangement of the host atoms, the insertion of a Li impurity
leads to a reduction of lattice stability and as a result one can
expect rather large displacements of the Li surrounding at-
oms. This showed up as trouble in the self-consistent conver-
gency of the calculations in both cases,A and B, of the
lithium intercalation study in the rutile bulk. The preference
of Li intercalation in anatase follows also from a few known
experimental studies.12,56,57

The exploration of the optical properties of Li-intercalated
TiO2 crystals points to the following mechanism of a charge
transfer; after the Li atom is inserted, the electron occupying
the Li 2s AO moves to the closest Ti atom; as a result, a
local state in the bandgap occurs. This Li-induced local state
can be described by a MO consisting mainly of Ti 4s AO or
Ti 4s with an admixture of Ti 3d AO’s, in the case of bulk
and surface studies, respectively. After the excitation of an
electron to the corresponding excited~virtual! one-electron
level, the latter finds itself situated below the bottom of the
conduction band. Note that theDSCF energies should be
discussed rather than the difference of the relevant one-
electron~orbital! energies, which give only rough estimates
for the absorption energies in the case of local energy levels.
The calculated broad absorption spectra, 1.7–2.5 eV and
1.3–1.9 eV for the anatase bulk and~101! surface, respec-
tively, correspond very well with the experimentally ob-
served coloration of nanoporous TiO2 ~anatase! films after
lithium intercalation.9,10 The absorption energies for the
rutile ~110! surface, 1.6 and 1.9 eV, also fall into the same
region of absorption spectra and can be compared to the
experimental data reported in Ref. 58. One can note that
these excitations are local in nature and therefore not ex-
pected to be subject to the long-range correlation errors
which effect the calculated bandgaps discussed before.

In the case when a Li ion substitutes the Ti ion in the
regular lattice site of the rutile structure, a hypothetical
trapped hole occurrence is expected. If such an object is
stable, which needs additional experimental evidence, then it
contributes to the absorption spectra of Li-intercalated TiO2.
The absorption energy, 1.2 eV, falls into the experimentally
observed58 wide absorption spectra region.

V. CONCLUSIONS

We have presented a theoretical study of lithium interca-
lation in the rutile and anatase structures of TiO2. The calcu-
lations indicate that Li intercalation is easier in the anatase
structure than in rutile. This can be related to the much larger
distortions of the bulk lattice occurring upon Li intercalation
in rutile compared to anatase, where structural voids can ac-
commodate the Li atoms. Moreover, in the case of the rutile
~110! surface, the lithium intercalation seems to be mainly a
surface effect since the Li atom does not penetrate into the
bulk. The calculated absorption energies, due to the lithium
insertion, form a wide absorption spectrum: 1.7–2.5 eV and
1.3–1.9 eV for the anatase bulk and the~101! surface, re-
spectively, and 1.6–1.9 eV for the rutile~110! surface which
agrees with the experimentally measured spectra.9,10
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