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The atomic and electronic structure of a tilt grain boundary in rutile TiO2 has been calculated in anab initio
manner. The method employs a plane-wave basis set and optimized pseudopotentials and is carried out within
the local-density approximation of density-functional theory. The study focuses on the structure and energy of
the(515 36.9°~210!@001# tilt boundary, which is relaxed to equilibrium using a conjugate gradients iterative
minimization technique. The calculations confirm the stability of a proposed atomic model for the boundary
and provide some insight into its electronic structure.@S0163-1829~96!08444-5#

I. INTRODUCTION

Rutile TiO2 is a ceramic semiconductor that displays
some useful physical properties that can be exploited in vari-
ous electrochemical and device applications. It is well known
as an opacifying pigment in paints, fabric, and paper but can
also be used as a gas and humidity sensor and as a low
voltage surge protector.1,2 In this paper we focus on the ma-
terial’s electronic rather than optical properties and view it as
a model semiconducting oxide upon which first principles
calculations can be performed. In the application of TiO2 as
a surge protector~a varistor!, the operation and efficiency of
the device is critically dependent on the microstructure and
chemistry of the material and, in particular, on the presence
of internal interfaces such as grain boundaries.3,4 This is the
case for all polycrystalline semiconductors that exhibit non-
linear conduction, the most well known being ZnO, where
the effects are largest.

Grain boundaries are principally responsible for the for-
mation of interfacial electronic states and Schottky barriers
which, in principle, control the functionality of the device. It
is therefore extremely important to be able to systematically
and predictably engineer the properties of these grain bound-
aries. A key issue in this process is an understanding of the
boundary properties at the microscopic level since it is here
that the electronic phenomena of interest have their origin.
Despite the importance of interfaces in varistor materials,
surprisingly little is known about their structure. Varistor be-
havior and nonlinear conduction are explained in terms of
phenomenological models such as the double Schottky
barrier,4 which do not specify the microscopic origin of the
phenomenon. Interfacial defects or defect complexes are pro-
posed as the cause of the observed states in the band gap, but
the precise nature of these defects is unknown. It is clear that
as a prerequisite to understanding how such imperfections
affect the electronic properties of the material, it is necessary
to obtain microscopic information concerning the interfaces
at both the atomic and electronic level.

Experimentally, very few atomic resolution observations
of the structure or chemistry of individual grain boundaries
in TiO2 have been reported. Exceptionally, some@010# twin5

and @001# tilt boundaries6,7 have been studied using high-
resolution electron microscopy and atomic models for their
structures have been proposed. However, no information is
available on their electronic structures, primarily because of
the difficulty in fabricating samples containing single grain
boundaries upon which spectroscopic measurements could
be made. The(515 36.9° ~210!@001# tilt boundary is an
example of a grain boundary whose atomic structure has
been deduced experimentally.6,7 Moreover, it has also been
studied theoretically using a classical simulation approach.6

The main characteristic of this boundary structure, which is
reproduced by the simulation, is a relative translation of the
two grains parallel to the boundary equal to;1

5@120#. The
microscopy also suggests a small~;0.1 nm! contraction nor-
mal to the boundary which may be due to a local loss of
oxygen or an excess of titanium ions. The classical simula-
tion does not reproduce this effect, probably because it was
performed under stoichiometric conditions. Since the atomic
structure of this particular tilt boundary has been relatively
well characterized, it is chosen for study using first-
principles methods. The immediate aim, described in this
paper, is to confirm the structural stability of the proposed
atomic model and to gain some insight into its electronic
structure particularly with regard to the presence and distri-
bution of any new electronic states in the band gap. The
results represent the first completelyab initio investigation
of a grain boundary in a transition metal oxide.

II. METHOD

The calculations are based on the well-established meth-
odology of density-functional theory in the local-density ap-
proximation~LDA ! as parametrized by Perdew and Zunger,8

combined with the pseudopotential technique.9,10 There are
extensive reviews of this method in the literature.9 Only va-
lence electrons are represented explicitly in the calculations,
and the effects of electron exchange and correlation included
in the LDA have been shown to be reliable for a wide range
of materials, including oxides such as MgO. The total self-
consistent ground-state energy of the system for any set of
positions of the ion cores is determined using the conjugate
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gradients iterative minimization technique due to Payne
et al.11 In this method, the total energy is minimized with
respect to the plane-wave coefficients of the self-consistent
occupied valence electron orbitals. The interactions between
these electrons and the Ti and O cores is described by non-
local pseudopotentials, generated byab initio calculations on
isolated atoms. The calculations are performed in periodic
boundary conditions, with every occupied valence orbital
represented as a plane-wave expansion. The expansion in-
cludes all plane waves whose kinetic energy is less than
some chosen plane-wave cutoff energy. Calculations can
therefore easily be taken to convergence with respect to size
of basis set simply by increasing the cutoff.

The calculations were performed with the all-bands code
CETEP12 @the parallel version of the sequential codeCASTEP
~Ref. 11!#, running on the 512-node Cray T3D machine at
Edinburgh Parallel Computing Centre. The all-bands code is
significantly more memory intensive than the band-by-band
version of the code, but has the advantage of giving much
faster electronic convergence.

Pseudopotentials for first row elements such as O, and
transition metals such as Ti, need to be carefully constructed
if basis-set convergence is to be achieved with a manageable
number of plane waves. In the generation of these pseudo-
potentials, the kinetic-energy filter tuning optimization tech-
nique due to Leeet al.13 has been used. Details of the
pseudopotentials are as follows. The oxygen pseudopotential
was generated using the reference atomic configuration
2s22p4 for thes andp angular momentum components, and
2s12p1.753d0.25 for thed component, with core radii equal to
1.8 a.u. for the three components. For titanium we used
3d24s2 for thes andd components, and 3d24s0.754p0.25 for
the p component with core radii of 2.5 a.u. for all three
components. The Kleinman-Bylander representation14 is
used for all the pseudopotentials, with thes component local
for Ti, and thep component local for O. The electronic ex-
change and correlation energy is represented using the com-
monly used Ceperley-Alder form.15 Brillouin zone sampling
is performed using the Monkhorst-Pack scheme,16 or adapta-
tions thereof. Note that use of a plane-wave formalism al-
lows for straightforward, accurate determination of the
Hellmann-Feynman forces,17 which can be used forab initio
relaxation of the ionic positions to the lowest-energy con-
figuration. This ionic relaxation was carried out with a
Broyden-Fletcher-Goldfarb-Shanno Hessian update
scheme,18 found to give convergence in a significantly
smaller number of steps than conventional conjugate gradi-
ents. The relaxation continued until all the residual forces on
ions were less than 0.1 eV/Å.

The grain boundary structure was relaxed using a super-
cell having the form shown in Fig. 1~a!. It extends periodi-
cally in all directions and contains two identical, but sym-
metrically equivalent,(515 tilt boundaries related to one
another by inversion symmetry. Two different cell sizes were
used: one containing 60 atoms in which the tilt boundaries
are separated by 10.25 Å along@210#, and one twice this size
in which the boundary separation is 20.5 Å. The larger cell
was used to determine the influence of boundary separation
on the results. For both cells, a layer of atoms between each
boundary was held crystallographically fixed in order to
simulate the bulk boundary condition. The cells were held at

constant volume and the system was assumed to be perfectly
stoichiometric. The effects of the constant volume condition
is discussed in the next section. The atomic structure of the
boundary at the start of the calculation was based on the one
observed in the electron microscope and simulated using em-
pirical potentials. It is characterized by a relative translation
of the two grains at the boundary of;1

5@120#. The 60-atom
cell consisted of 20 titanium and 40 oxygen atoms, amount-
ing to 160 occupied valence bands. The larger cell had twice
this number of atoms. A kinetic-energy cutoff of 500 eV was
used in the calculations, corresponding to 51 200 plane
waves for the larger cell. Thek points ~14,0,

1
4! and ~14,0,2

1
4!

were used for Brillouin zone sampling.

III. RESULTS AND DISCUSSION

Before starting the grain boundary calculations, the
pseudopotentials were tested to determine how accurately
they reproduce various bulk properties of TiO2. In calcula-
tions using fourk points and the same cutoff of 500 eV, the
atomic and electronic structure of bulk rutile were deter-
mined. Table I shows that the calculated lattice parameters
agree with experimental values to within approximately 2%.
The band gap is of course typically underestimated within
LDA, at 1.6 eV, compared to the experimental value19 of 3

FIG. 1. ~a! Atomic structure of the(515 ~210!@001# tilt grain
boundary in TiO2 showing the unrelaxed 60-atom supercell geom-
etry ~for clarity the figure has been extended to show more than 60
atoms!. Note that the cell contains two symmetry related but
equivalent grain boundaries, indicated by the arrows. The cell is
viewed along@001# with Ti atoms shown light and O atoms dark.
The initial unrelaxed configuration incorporates the observed in-
plane translation of;1

5@120#. ~b! The relaxed supercell geometry,
showing little change from~a!.
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eV. The calculated bandwidths agree well with photoemis-
sion spectra, the error being only 5–10%.19

Figure 1~b!, shows the 60-atom supercell after relaxation,
where it is seen that the displacements away from the starting
structure in Fig. 1~a! are small. An analysis of the forces
remaining on the atoms, including the forces parallel to the
boundary, shows that they are also small~less than 0.1 eV/Å!
confirming the stability of the observed translation state of
the boundary. Furthermore, the sum of the forces parallel to
the grain boundary on the atoms that were held fixed is ap-
proximately zero, indicating a minimum with respect to
translation. This sum is significantly smaller than the forces
on the individual atoms. This stability is not affected by us-
ing a larger supercell and, indeed, all the structural and en-
ergetic characteristics of the boundary calculated with the
small cell are confirmed when the larger cell is employed.

To illustrate this we have determined the differential dis-
placements normal to the boundary of the atomic layers after
relaxation for both cell sizes. These displacements were cal-
culated by subtracting the starting atomic positions normal to
the boundary from the normal positions in the final crystal-
lographic configuration. Figure 2 compares the form and
magnitude of these displacements, where it is seen that the
maximum displacements occur in the immediate vicinity of
the boundary~labeled by an arrow! and are almost the same
for the 60- and 120-atom models. This is the case for both
the titanium and oxygen sublattices; for clarity the figure
shows only the oxygen sublattice. In addition, the variation
of these displacements with respect to distance away from
the boundary is also very similar for both model sizes. This
variation is characterized by alternating positive and negative
displacements, which fall off rapidly from the boundary.
Thus, we are confident that our use of a 60-atom supercell
does not impose a major constraint on the relaxation. More-
over, by doubling the cell size we have shown that the con-
stant volume condition is also not a serious limitation since
the grain boundary structure remains essentially the same. In
particular, the local volume change at each boundary for
both cell sizes is estimated to be 0.05 nm, which is similar to
the classical value of 0.04 nm obtained6,7 under constant
pressure conditions. This gives a total volume change of or-
der 0.1 nm for two grain boundaries. We would expect a
quantum mechanical constant pressure calculation to pro-
duce a similar result but have not attempted such a calcula-
tion here since it is more computationally demanding and
would require determination of the Pulay stress.20 There spu-
rious internal stresses are a result of the finite number of

basis states used in the calculations. The experimental obser-
vation of a boundary contraction is most likely to be caused
by the presence of point defects in the boundary as men-
tioned earlier. Since we are satisfied with the reliability of
the 60-atom supercell, most of the results presented here will

TABLE I. Comparison between experiment and theab initio
calculated lattice parameters and bond lengths for bulk rutile
~TiO2!.

Parameter Theory Experiment

a ~Å! 4.603 4.594
c ~Å! 2.976 2.956
u 0.3039 0.3048
c

a
0.6465 0.6434

~Ti-O!1 ~Å! 1.961 1.949
~Ti-O!2 ~Å! 1.978 1.980

FIG. 2. Differential displacements normal to the boundary plane
of the oxygen sublattice atomic layers for~a! the 60-atom model
and ~b! the 120-atom model. The arrows indicate the locations of
the two boundaries in the models. Note the difference in the hori-
zontal scales for~a! and ~b!.
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focus on that system and reference will only be made to the
larger cell to show when the differences are small.

The symmetry of the oxygen sublattice at the tilt bound-
ary is indicated in Fig. 1~b! by the kite-shaped structural
units. It is seen that this sublattice is mirror symmetric across
the boundary ensuring that the oxygen bond distortion is
minimized. This is new structural information that is not de-
rived from the electron microscope observations since these
observations were made under conditions in which the oxy-
gen ions are not imaged. The relaxed boundary configuration
thus removes the mirror symmetry of the titanium sublattice
~by the in-plane translation! but conserves the mirror sym-
metry of the oxygen sublattice. The symmetry of the oxygen
sublattice is further highlighted in Fig. 3 where, for the large
supercell, only the oxygen ions have been displayed. Figure
4 illustrates the distribution of~Ti-O! bonds in the relaxed
small supercell. In bulk TiO2, there are two sets of~Ti-O!
bonds: those of length 1.96 and 1.98 Å. In the tilt boundary
region, the bond lengths vary from between 1.81 and 2.03 Å
~i.e.,26% to12% of the bulk values!. The oxygen octahe-
dra in the boundary core, also shown in Fig. 4, are corre-
spondingly distorted.

Figure 5 displays a shaded contour plot of the calculated
pseudocharge density on a~001! plane passing through Ti
and O sites for the relaxed 60-atom supercell. A similar plot
for the 120-atom supercell is shown in Fig. 6. Such plots are
useful in understanding exactly how the bonding at grain
boundaries differs from bonding in the bulk. The identifica-
tion of regions of increased electron density may be useful in
understanding phenomena such as segregation to grain
boundaries and diffusion along grain boundaries. Notice that
in the bulk region between the two grain boundaries~more
easily identified in the large supercell!, the charge density is
highly localized on the oxygen ions and is nearly spherically
symmetric. Since this is a pseudopotential calculation, only
the valence electron density is shown. The highly ionic na-
ture of the material means that the valence electron density
is concentrated almost entirely on oxygen sites and the tita-
nium ions are invisible. However, there is certainly non-
negligible covalent bonding present in the bulk and there
seems to be an even greater degree of covalency in the
boundary core. This is illustrated by the small flares of
charge density located along the@110# ~Ti-O! bond direc-
tions. Thus, as expected, the structural properties of TiO2
in the bulk or near a defect cannot be completely described
by a fully ionic model. The covalent nature of the~Ti-O!
bond has been noted before in previous experimental and
theoretical studies.19 The distribution of charge density

about the grain boundary plane is not completely mirror
symmetric due to the influence of the titanium sublattice,
which is not seen in these plots but is translated along the
boundary.

Since some of the bonds are distorted in the relaxed tilt
boundary structure, electronic states should be present in the
band gap. We therefore expect the boundary to have some
intrinsic electrical activity which, if significant, would have

FIG. 3. Relaxed atomic structure of the(515 tilt boundary in the 120-atom supercell showing only the oxygen sublattice in thez50
plane. The ‘kite’ shaped structural units illustrate the equivalence of the two boundaries in the cell and the mirror symmetry across each
boundary plane.

FIG. 4. Atomic structure of the(515 tilt boundary in the 60-
atom supercell illustrating the Ti-O bonds and the distortion of the
oxygen octahedra in the boundary core. The labels Ti1, Ti2, and O6

refer to undercoordinated atoms also shown in Fig. 9.
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important consequences for device applications as described
earlier. To determine the presence of grain boundary inter-
face states, the electronic Kohn-Sham eigenvalues of the re-
laxed ionic configuration have been calculated at the~14, 0,
1
4 ! k point. Figure 7 shows the total normalized valence-band
density of states for bulk TiO2 and the 60-atom grain bound-
ary supercell. The top of the valence band and bottom of the
conduction band in the bulk are located at22.9 and20.3
eV, respectively. The peaks at219.0 and25.0 eV corre-
spond to the O-2s band and hybridized O-2p/Ti-3d band.
The calculated total density of states for the grain boundary
model is seen to have similar characteristics to that of the

bulk, i.e., the peak positions remain at roughly the same
energies, suggesting no major change in the bonding. The
only major difference, for both the 60- and 120-atom models,
is that several localized filled states extend into the band gap
from the valence-band edge. This is as expected because of
the bond length and bond angle distortions inherent in the
grain boundary core region. The states extending into the
band gap are distributed between22.89 and22.72 eV and
are too small to be seen on the scale of this figure. There are
no deep levels introduced into the fundamental band gap
consistent with this boundary being of low energy and hav-
ing a reasonably well-coordinated structure. The valence-
band density of states~DOS! for the large model has almost
exactly the same characteristics as the 60-atom model, apart
from the loss of some features near the top edge of the O-2s
band, most likely arising from interaction between the two
interfaces in the small model. In all other respects the 60-
atom and 120-atom DOS are the same. The calculated
boundary energy was found to be 1.91 J m22 for the small
supercell and 1.72 J m22 for the large model. Clearly the
larger boundary energy found for the small cell indicates that
a certain level of interaction does exist between the two
boundaries contained in the small model. The large cell
boundary energy is quite close to the classical value of 1.70
J m22.6

FIG. 6. Calculated valence charge-density distribution through a
~001! section of the 120-atom supercell showing few differences
compared to the smaller supercell.

FIG. 5. Calculated valence charge-density distribution through a
~001! section of the 60-atom supercell passing normal to each
boundary. Thex andy axes are along@120# and@2̄10#, respectively.
The electron density varies from approximately zero in the light
areas to about 4.5 electrons per cubic Å in the dark areas. Most of
the electron density is concentrated on the oxygen sites and is
spherically symmetric. Observe the mirror symmetry of the oxygen
sublattice across each grain boundary plane.

FIG. 7. Total normalized valence band density of states~DOS!
at ~ 14,0,

1
4! for bulk rutile and the relaxed 60-atom supercell. Note

the increased bandwidth in the boundary system. This is consistent
with the overall trend towards bond length reduction in the bound-
ary core. A decrease in bond length means that the atoms are
pushed closer together, i.e., there is greater orbital overlap than in
the bulk, hence a larger bandwidth. The band gap is from22.9 to
20.3 eV.
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A Mulliken population analysis21 of the plane-wave
pseudopotential calculations has been performed on both
bulk TiO2 and the 120-atom grain boundary supercell. This
is done using a scheme described in Ref. 22, to project the
plane-wave eigenfunctions onto a linear combination of
atomic orbitals basis set.23 The projection technique calcu-
lates the density matrixPmn~k! and the overlap matrixSmn~k!
of the atomic basis set, which are sufficient to perform popu-
lation analysis of the electronic distribution. The Mulliken
charge associated with a given atomA is given in this
scheme by

Qm~A!5(
k

~wk!(
m

onA

(
n

Pmn~k!Smn~k! ~1!

and the overlap population~bond order! between two atoms
A andB by

nm~AB!5(
k

~wk!(
m

onA

(
n

onB

2Pmn~k!Smn~k!. ~2!

In both of these equationswk are the weights associated
with thek points in the Brillouin zone. The bond population
is indicative of the strength of the bond between a pair of
atomsA andB.

Figures 8 and 9 show the results of the analysis for both
the perfect bulk system and a section of the interface in the
120-atom cell. The quality of the projection of the plane-
wave eigenstates is assessed by the calculation of a spilling
parameter. This is zero when the projected wave functions
perfectly represent the plane-wave states, and 1 when the
atomic basis set is orthogonal to the plane-wave eigenstates.
In both calculations this parameter was of order 0.001, suf-
ficiently small for our purposes. In the bulk it is found that
each Ti atom, which is sixfold coordinated, has a Mulliken
charge of11.45 electrons, and each O atom is threefold
coordinated with a Mulliken charge of20.73 electrons. The
two sets of~Ti-O! bonds have bond populations of 0.35 and
0.43 electrons, respectively. In the interface core region, oxy-
gens are found with only twofold coordination. One of these
is shown labelled O6 in Fig. 9. In order to maintain the same
total bond population as a bulk O, it forms a particularly
strong bond~population 0.77! with a nearby Ti atom, la-
belled Ti2. This Ti2 atom is found to be only fivefold coor-
dinated. The twofold coordinated O6 has a Mulliken charge

of 20.59, and the corresponding fivefold coordinated Ti2 has
a Mulliken charge of11.31. These changes are due to the
reduction in coordination of these atoms.

The ~Ti2-O6! bond is strengthened at the expense of the
~Ti2-O10! bond, which is significantly weakened, with a
population of only 0.27 electrons. In order to maintain the
total bond population of the fivefold coordinated Ti2 the
bond population of the~Ti2-O8! bond is found to be in-
creased, in a similar manner to that of the twofold coordi-
nated O6. The changes in the strengths of these bonds have a
knock-on effect as we move along the boundary. The
~Ti3-O10! and ~Ti4-O10! bonds are found to be strengthened
while the~Ti5-O7! and~Ti6-O7! bonds are found to be weak-
ened. This charge transfer effect is known as bond-order al-
ternation.

IV. CONCLUSIONS

Our finding that the(515 36.9°~210!@001# tilt boundary
introduces localized shallow states mainly associated with
the upper edge of the valence band and no deep states in the
band gap is consistent with the computational results of oth-
ers on similar well-coordinated tilt boundaries in alumina,24

germanium,25 and silicon.26 It suggests that these types of
boundary structures may not in themselves be responsible for
the observed electronic properties of polycrystalline semi-
conducting oxides. Grain boundary defects, such as impuri-
ties and vacancies, have been proposed as a major contribu-
tor to these properties. Having established the microscopic
characteristics of a clean defect-free boundary, further work
is now in progress to examine the influence of point defects
and impurities in the boundary.
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