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Understanding how defects in solids interact with external electric fields is important for technolog-
ical applications such as memristor devices. Using Density Functional Theory (DFT) calculations,
we have studied the influence of an external electric field on the formation energies and diffusion
barriers of surface and subsurface oxygen vacancies at the (101) surface of anatase TiO2. DFT in the
generalized gradient approximation as well as DFT+U methods with different U values have been
utilized, with the electric field treated self-consistently by adding a sawtooth-like potential to the
bare ionic potential. Our results show that the direction and strength of the applied field can have a
significant influence on the relative stabilities of surface and subsurface defects, whereas the effect
on the subsurface-to-surface defect migration is found to be relatively minor. © 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4893559]

I. INTRODUCTION

Titanium dioxide (TiO2) is a widely used technological
material,1, 2 with applications ranging from photocatalytic en-
vironmental remediation and solar energy conversion3–7 to
electronics.8 Among TiO2 polymorphs, rutile is the thermo-
dynamically stable bulk phase, whereas anatase is dominant
at the nanoscale.2, 9 Anatase is also considered as the pho-
tocatalytically more active TiO2 phase,3, 10, 11 thus motivating
significant interest in the surface properties of this material.

Oxygen vacancies (VOs) play an important role in the re-
activity of TiO2 surfaces.12 At variance with the large concen-
tration of surface VOs usually observed on rutile TiO2(110),11

oxygen vacancies generally reside in the subsurface or in the
bulk at the majority (101) surface of anatase (denoted a-(101)
in the following).13–15 Quite remarkably, however, a large
number of VOs show up on a-(101) after the surface is scanned
with the tip of a Scanning Tunneling Microscope (STM) un-
der high bias conditions (sample bias +5.2 V).16 This finding
has been attributed to the migration of the subsurface VOs to
the surface induced by the strong electric field at the STM
tip.16 Electric field-induced migration of defects is in fact a
well-established phenomenon in TiO2, which is believed to be
operative also in memristor devices.17 Still, the atomic-scale
details of this process are largely unknown.

These findings16 and applications have motivated us to
carry out a Density Functional Theory (DFT) study of the
effects of an external electric field on the energetics and
diffusion of surface and subsurface O-vacancy defects13 at
the anatase TiO2(101) surface. Our results show that electric
fields (perpendicular to the surface) can have an important in-
fluence on the relative stability of surface and subsurface de-
fects, whereas the effect on the subsurface-to-surface migra-
tion barrier is very small at the field strengths considered in
this study.

a)Electronic mail: sselcuk@princeton.edu

II. COMPUTATIONAL SETUP

Calculations were performed using DFT in the Gen-
eralized Gradient Approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE),18 and the plane wave-pseudopotential
scheme as implemented in the Quantum Espresso package.19

Calculations using the DFT+U method with different U val-
ues, notably U = 3.3 eV, as employed by many authors,12, 20, 21

and U = 2.5 eV, as suggested in Ref. 22 for defective
TiO2 crystals, were also performed. Ultrasoft pseudopoten-
tials were used to describe electron-ion interactions,23 and the
wave functions (augmented charge density) were expanded
in plane waves with a 25 (200) Ry cutoff. Ionic structures
were relaxed until all the forces on the ions were smaller than
1 × 10−3 a.u. (∼0.05 eV/Å).

To model the a-(101) surface, we used periodically re-
peated slabs of 5 TiO2 layers and 1 × 3 (10.26 × 11.31 Å2)
surface unit cells (Figure 1), corresponding to 180 atoms per
supercell. The vacuum between consecutive slabs was ∼15 Å.
Test calculations on slabs containing 144 and 216 atoms
(4 and 6 layers, respectively) showed that the dielectric con-
stants computed for slabs of 5 and 6 layers were essentially
identical, while the changes in the defect formation ener-
gies were smaller than 0.05 eV. Additional test calculations
showed that both dielectric constants and defect formation
energies were well converged with respect to the width of
the vacuum region (0.01 eV per 1 Å change in the vacuum
size).

The electric field in the direction perpendicular to the slab
was simulated by adding a sawtooth-like potential24, 25 to the
bare ionic potential. The sawtooth potential has a constant
slope (F) throughout the slab up to the middle of the vacuum
region. The slope is then reversed in a small region of about
0.5 bohr to ensure periodicity (blue line in Figure 1). Calcu-
lations were performed with F = 0, 2.5 × 10−3, 5 × 10−3,
and 7.5 × 10−3 hartree (1 hartree = 51.4 V/Å). Higher F val-
ues were not used, since for some of the structures electrons
leaked into the vacuum with F = 1 × 10−2 hartree.

0021-9606/2014/141(8)/084705/6/$30.00 © 2014 AIP Publishing LLC141, 084705-1

http://dx.doi.org/10.1063/1.4893559
http://dx.doi.org/10.1063/1.4893559
http://dx.doi.org/10.1063/1.4893559
mailto: sselcuk@princeton.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4893559&domain=pdf&date_stamp=2014-08-25


084705-2 S. Selçuk and A. Selloni J. Chem. Phys. 141, 084705 (2014)

FIG. 1. Side view of the a-(101) slab used in this work. The blue line rep-
resents the sawtooth potential used to describe the external electric field. It
varies linearly throughout the cell, and drops rapidly in the middle of the
vacuum region to maintain periodicity. The positions of the oxygen vacan-
cies examined in this work are marked by blue circles. Red (gray) spheres
represent O (Ti) atoms; labels are as in Table II.

Defect formation energies were determined using the
expression

Ef = Edef − Estoi + μO,

where Edef and Estoi are the total energies of the defective and
stoichiometric slabs, respectively, both calculated either in the
absence or in the presence of the electric field, while μO is the
chemical potential of an oxygen atom. This was evaluated as
the difference between the total energies of a water and a H2
molecule, μO = EH2O

− EH2
. Atoms in the bottom trilayer

of the slabs were kept fixed at their bulk positions when cal-
culating defect formation energies so as to better represent the
surface of a bulk material.

The Climbing Image Nudged Elastic Band (CI-NEB)
method26, 27 was used to compute the minimum energy path-
way for oxygen vacancy diffusion. A total of 16 images
throughout the migration path were used and the average
inter-image distance was 0.780 bohr for the converged path.
Calculations were converged until the residual force on all the
images was smaller than 0.05 eV/Å. Migrating O atoms were
selected so as to minimize the root mean squared displace-
ment between the first and the last images (i.e., slabs with
VO1

and VO4
).

III. RESULTS

A. Stoichiometric anatase (101) surface

As a validation of our computational setup, we com-
puted the dielectric constant, ε101, of the (101) slab in
response to the applied electric field in the direction perpen-
dicular to its surfaces. Anatase has two independent compo-
nents of the dielectric tensor, εxx and εzz, z being the direc-
tion of the tetragonal c axis.Gonzalez, Zallen, and Berger28

obtained the static (ε◦) and optical (ε∞) dielectric constants
using polarization-dependent far-infrared reflectivity mea-
surements. Mikami et al.29 computed the dielectric tensor us-
ing Density Functional Perturbation Theory (DFPT)30 within
the local density approximation of DFT. Similar calculations,
performed at the GGA level, have been reported by Giarola
et al.31

A possible procedure to determine ε101 is by calculat-
ing first the polarization (P) and evaluating next the macro-
scopic electric field E in the material from the difference

FIG. 2. Electrostatic potential profile (red line) and its macroscopic average
(small blue circles) in the direction perpendicular to the a-(101) slab in the
presence of an external electric field (sawtooth potential with F = 5 × 10−3

hartree). The slope of the potential outside the slab represents the external
field D. Inside the slab, the field E is given by the slope of the macroscopic
average of the potential. Slightly different E values are obtained depending
on the number of layers included in the macroscopic average. Surface layers
are omitted since they are affected by the interface with the vacuum region.
ε values are calculated as D/E, i.e., the ratio of the slopes outside and inside
the material.

E = D − 4πP, where D is the external field. For materials
with high dielectric constant, however, this involves calculat-
ing the small difference between two relatively large num-
bers, and the result is very sensitive to variables that are diffi-
cult to evaluate accurately, such as the thickness of the slab.32

We found thus more convenient to determine the internal field
directly from the electrostatic potential profile. As an exam-
ple, Figure 2 shows the potential profile for the a-(101) slab
relaxed in the presence of a sawtooth potential with F = 5
× 10−3 hartree. From the slope of the macroscopic average of
the potential in the interior of the slab we estimate ε◦

101 ≈ 35
for the static dielectric constant, obtained by averaging the
two values of ε◦ reported in Figure 2. To calculate the optical
dielectric constant, ε∞

101, we performed similar calculations,
keeping however the atoms fixed at the positions they have in
the absence of the electric field.

Table I shows a comparison between the values of ε◦
101

and ε∞
101 obtained from our slab calculations and those derived

from the values of εxx and εzz reported in previous studies.
While our value of ε∞

101 agrees well with experiment and other
theoretical results, the value of ε◦

101 from our slab calculations
is underestimated. As mentioned above, the latter value is the
average of the two different estimates of ε◦ shown in Figure 2.

TABLE I. Static (ε◦) and optical(ε∞) dielectric constants from this work
and previous studies. Results of this work are from DFT-PBE calculations,
unless specified otherwise, and are obtained by averaging over different esti-
mates of the internal field, as shown in Figure 2.

This work Expt.a Theoryb Theoryc

ε◦
101 35.0d 39.7 41.0 41.9

ε∞
101 5.94 5.76 6.31 6.01

ε◦
001

e 24.65 22.7 24.4 27.6
ε∞

001
e 6.14 5.41 6.21 5.75

aReference 28.
bReference 29.
cReference 31.
dε◦ = 36.5(36.8) with U = 2.5(3.3) eV.
eUnpublished.
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TABLE II. Normal displacements (in picometers) and Löwdin charges of
the atoms in the uppermost layers of the system shown in Figure 2. Atoms
are labelled as in Figure 1.

Oxygen �z Charge Titanium �z Charge

A −0.1 −0.30 a 1.0 +0.80
B −0.7 −0.42 b 1.4 +0.75
C −0.7 −0.39 c 1.3 +0.75
D −0.0 −0.32 d 0.9 +0.75

The agreement with experiment improves when the estimate
from the inner layers of the slab is used, suggesting that the
underestimate is a surface effect. Also reported in Table I are
our computed values of ε◦ and ε∞ for the 1 × 4-reconstructed
a-(001) surface, for which we used the ad-molecule model
(ADM) of Lazzeri and Selloni33 (details of these calcula-
tions will be given elsewhere). In agreement with experiment
and other theoretical studies, our results show a significantly
smaller value of ε◦

001 in comparison to ε◦
101.

In Table I, ε◦
(101) values computed at the GGA+U level

with different U values are also reported. At variance with
Ref. 34, we find that the dependence on U is weak, with only
a small increase of ε◦

101 with increasing U.
Turning next to the influence of the electric field on the

atomic structure, Table II lists the field-induced displacements
of several atoms in the uppermost layers of the a-(101) slab
shown in Figure 2, with atom labels defined in Figure 1. As
expected, Ti and O atoms relax in opposite directions in the
presence of the field and the amount of relaxation is roughly
proportional to the Löwdin charge on the atom, except for
atoms OA and OD, which remain almost fixed at the positions
they have in the absence of the field. Altogether, the effect of
the field on the atomic structure of a-(101) is very small at the
field strengths investigated in this work.

The influence of the electric field is more significant on
the electronic structure. Figure 3 shows the projected density
of states for the oxygen and Ti atoms on the top and bottom
surfaces and in the central layers of the a-(101) slab. Results
shown are at the GGA level, but similar results are obtained
also with GGA+U. From Figure 3, one can notice that the
contributions of the top-layer O atoms to the upper edge of
the valence band (VB) and of the bottom-layer Ti atoms to the

TABLE III. Calculated defect formation energies (eV) without field and in
the presence of an external electric field perpendicular to the surface of the
slab. In the first column, positive values correspond to fields directed outward
from the upper surface (from left to right in Figure 1). The field strength is
defined using the slope F (in hartree) of the sawtooth potential rather than the
true external field D because the latter changes for the different systems (D/F
varies between ∼2.25 and 2.60 for the different systems considered).

U = 0.0 U = 2.5 eV U = 3.3 eV

| �F | × 103 V
O1

V
O4

V
O1

V
O4

V
O1

V
O4

−5.0 2.03 1.45 1.92 1.55 1.56 1.46
0.0 1.84 1.42 1.87 1.63 1.51 1.46
2.5 1.72 1.36 1.83 1.64 1.46 1.47
5.0 1.58 1.30 1.76 1.64 1.41 1.47
7.5 1.44 1.21 1.63 1.58 1.34 1.43

lower edge of the conduction band (CB) are slightly larger in
the presence of the electric field. This effect is more evident
in the isosurface plots of the HOMOs and LUMOs. In the ab-
sence of an external electric field, both the HOMO (consisting
of O 2p orbitals) and the LUMO (consisting of Ti 3d orbitals)
are located mostly in the central part of the slab. In the pres-
ence of the field, the HOMO is shifted towards the oxygens in
the top surface, while the LUMO towards the titaniums in the
bottom surface.

B. Anatase (101) with surface and subsurface oxygen
vacancies

We focus here on the most stable surface (VO1
) and sub-

surface (VO4
) O-vacancy defects, as shown in Figure 1.13 The

formation energies of these defects were computed at the
GGA and GGA+U levels, both without field and in the pres-
ence of external fields of different strengths, see Table III. In
the GGA+U calculations, several low-lying magnetic states
were obtained, and the spin state of the ground state was
not the same for different U values and different fields. The
formation energies reported in Table III thus correspond to
ground states of different spin multiplicities. The strong de-
pendence of the results on the U value is similar to that found
in previous studies.35, 36

FIG. 3. Projected DOS, HOMO, and LUMO (viewed from the [101] direction) for the a-(101) slab in the absence (upper panels) and in the presence (lower
panels) of an electric field perpendicular to its surfaces. Projections of the DOS onto the oxygen and Ti atoms on the top and bottom surfaces and in the central
layers of the slab are color coded. The HOMO and LUMO consist of oxygen p-orbitals and Ti d-orbitals, respectively. Without field, they are mainly localized
in the central layers of the slab. In the presence of the field, they tend to shift to opposite sides of the slab, with a more pronounced effect for the HOMO.
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TABLE IV. Total magnetization (S) and energy levels (ε) of the gap states relative to the CB bottom for V
O1

and V
O4

at the a-(101) surface. “···” indicates that

the level is in the CB. EG is the computed band gap (difference between HOMO and LUMO levels). All energy values are in eV.

U = 2.5 U = 3.3

V
O1

V
O4

V
O1

V
O4

| �F | × 103 EG S −ε1 −ε2 S −ε1 −ε2 EG S −ε1 −ε2 S −ε1 −ε2

−5.0 2.05 2.02 0.76 0.41 1.91 0.39 ··· 2.17 2.00 1.21 0.82 2.00 0.99 0.58
0.0 2.32 2.00 0.62 0.34 1.90 0.26 ··· 2.39 2.01 1.08 0.76 2.00 0.86 0.30
2.5 2.32 2.01 0.54 0.32 1.86 0.18 ··· 2.39 2.01 1.00 0.74 1.94 0.80 0.34
5.0 2.29 1.10 0.62 0.30 1.88 0.12 ··· 2.36 2.00 0.92 0.70 1.91 0.70 0.32
7.5 2.29 1.06 0.60 ··· 1.93 ··· ··· 2.32 2.00 0.72 0.72 2.01 0.58 0.30

In the absence of the field, our results show a higher sta-
bility of the subsurface oxygen vacancy, VO4

, over the sur-
face one, VO1

, in agreement with previous theoretical and ex-
perimental studies.13, 15, 16 The difference in the formation en-
ergies of VO1

and VO4
is large at the GGA level (0.42 eV),

and reduces with increasing U, becoming only 0.05 eV for U
= 3.3 eV. A similar trend was previously found by Cheng and
Selloni,13 with a crossover in the relative stabilities of VO1

and VO4
at around U = 3.0 eV. The (small) difference be-

tween the present results and those by Cheng and Selloni13

can be attributed to the different model sizes in the two
studies.

When an electric field is introduced, VO1
can be either

stabilized or destabilized relative to VO4
depending on the

field direction. Due to the reduced screening at the surface
layer, the formation energy of VO1

has indeed a much stronger
dependence on the field than the formation energy of VO4

.
For instance, the formation energy of VO1

changes by 0.45 eV
(at the GGA level) when the field polarity is reversed from F
= −5 × 10−3 hartree to 5 × 10−3 hartree, whereas the cor-
responding change is only 0.15 eV for VO4

. As a result, also
the thermodynamic equilibrium between VO1

and VO4
can be

modified by the application of an external field; for instance,
our GGA calculations predict VO1

: VO4
to change by ∼1500

at 300 K in the presence of a field F = 7.5 × 10−3 hartree.
As shown in Table III, the same trend is observed in both
GGA and GGA+U calculations, even though the dependency
of defect formation energies on field strength is reduced with
increasing U.

Table IV summarizes the magnetic and electronic struc-
tures of the reduced (101) slab with and without external elec-
tric field. An oxygen vacancy gives rise to two extra valence
electrons. At the GGA level, the extra electrons are predicted
to be in delocalized and spin-paired states at the bottom of the
CB, whereas GGA+U calculations with sufficiently large U
predict magnetic states with unpaired electrons localized on
Ti atoms and energies in the band gap.13 From Table IV, we
note that the gap states induced by VO1

are located deeper in
the gap region in comparison to the gap states associated with
VO4

. This suggests that excess electrons originated from VO4

have a stronger tendency to become delocalized. In fact, one
of the two excess electrons from VO4

is predicted to be de-
localized in calculations with U = 2.5 eV. When an electric

field is introduced, gap states tend to move closer to the CB
edge.

The spatial distributions of representative VO1
and VO4

states are shown in Figure 4. Creating VO1
causes only a lo-

cal relaxation of the crystal structure, and the excess electrons
tend to localize on the Ti atoms in the immediate vicinity.
By contrast, VO4

triggers a large relaxation, and excess elec-
trons tend to localize at larger distance one from the other.
Hence, the stabilization due to the exchange energy becomes
almost negligible for VO4

, and the gap states are located at rel-
atively higher energies. Consistently, we found that VO4

has an

FIG. 4. Isosurface (2 × 10−2 a.u.−3) plots for the spin densities of the V
O1

and V
O4

defects in a-(101), and corresponding spin polarized DOS plots, with

the Fermi levels marked by a vertical line. (a) Triplet state of V
O1

calculated

using U = 3.3 eV; U = 2.5 eV produces a similar result for F ≤ 2.5 × 10−3

hartree, and a doublet state for higher F strengths. (b) V
O4

calculated with U

= 3.3 eV and F = 0. With U = 2.5 eV the second gap state is merged with
the CB. The GGA+U (U = 3.3 eV) minimum energy pathway of O-vacancy
diffusion from V

O1
to V

O4
, including the movement of the excess electrons,

is shown in the online version of this manuscript. (Multimedia view) [URL:
http://dx.doi.org/10.1063/1.4893559.1].

http://dx.doi.org/10.1063/1.4893559.1
http://dx.doi.org/10.1063/1.4893559.1
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FIG. 5. (a) Potential energy profiles along the minimum energy pathways
of surface-subsurface O-vacancy diffusion, with and without external electric
field. While the formation energy of the surface defect is significantly altered
by the presence of an external field, neither the subsurface defect, nor the
TS—which resembles the structure of the subsurface defect—is significantly
affected. (b) Trajectory of O vacancy diffusion shown as a superposition of
the initial and final states, and intermediate steps represented by the small
spheres. O atoms undergoing the largest displacements are colored in blue
and green in the initial (V

O1
) and final (V

O4
) states, respectively. Intermedi-

ate steps are color coded according to their position along the reaction co-
ordinate, blue close to V

O1
, white midway through the diffusion, and green

close to V
O4

.

open-shell singlet state that is virtually degenerate with its
triplet ground state.

To evaluate the kinetics of defect diffusion in the pres-
ence of the field, we performed GGA-NEB calculations with
16 images to determine the minimum energy pathway of O-
vacancy diffusion from VO1

to VO4
. We found that this path-

way mainly involves three O atoms (shown in blue and green
for VO1

and VO4
, respectively, in Figure 5(b)), and occurs al-

most sequentially in three steps: (i) the O atom below VO1

moves towards the surface, to fill the vacancy creating a new
vacancy in between VO1

and VO4
, (ii) the O atom in VO4

posi-
tion moves to fill the place of this new vacancy and create VO4

,
and (iii) the O atom below VO4

relaxes upward to partially fill
up the empty space.

A similar pathway was obtained from a GGA+U-NEB
(U = 3.3 eV) calculation at zero field, which allowed us to
visualize the movement of the excess electrons during the
VO1

–VO4
migration. Throughout the diffusion, one of the ex-

cess electrons is located on the 5-fold surface Ti atom (see
Figure 4). However, the orbital character for this electron
changes from a dz2 to dyz immediately after the transition state
(TS). The other excess electron, initially located on a 6-fold
surface Ti atom, becomes delocalized on most of the bulk Ti
atoms before the TS. Then at the TS it localizes again, this
time on a few Ti atoms below VO4

. Finally, after the transi-
tion state, it migrates to the location shown in Figure 4(b).
The whole process of migration of the excess electrons can
be seen in the online version of this manuscript (Multime-
dia view). Note that the VO1

–VO4
migration barrier is signifi-

cantly smaller in DFT+U (0.28 eV) than in GGA (0.53 eV at
F = 0). This is consistent with the fact that also the relative
energy of VO1

with respect to VO4
is much smaller in DFT+U

(0.05 eV) compared to GGA (0.42 eV, at F = 0).
The effect of the field on the diffusion pathway, computed

at the GGA level, is also illustrated in Figure 5. We can see
that the field induces a significant change in the activation bar-

rier of surface to subsurface diffusion, whereas the barrier for
the reverse process remains nearly constant. This is due to
two reasons: (i) as mentioned earlier, the effect of the field is
larger on VO1

than on VO4
, due to the reduced screening at the

surface; (ii) the TS has a structure similar to VO4
and is thus

affected to a similar extent by the field. Based on this result, a
possible consequence is that, even though the thermodynamic
equilibrium of VO1

and VO4
can be changed in favor of the

former, the high subsurface-to-surface diffusion barrier could
still prevent VO4

from diffusing to the surface.

IV. CONCLUSION

In this work we have used DFT-GGA and GGA+U cal-
culations to investigate how the structure and electronic prop-
erties of stoichiometric and reduced anatase (101) surfaces
are affected by the presence of an external electric field per-
pendicular to the surface. Focusing on the effect of the field
on surface, VO1

, and subsurface, VO4
, oxygen vacancies, we

have shown that the relative stabilities of these defects de-
pend significantly on the direction and strength of the field.
The effect of the electric field is more pronounced on VO1

than on VO4
however, and a small effect, similar to that on

VO4
, is found also for the transition state along the minimum

energy pathway for surface-subsurface defect migration. As
a result, the electric field-induced changes of the barrier of
surface-to-subsurface O-vacancy diffusion are similar to those
in the relative stabilities of VO1

and VO4
, whereas the barrier

of the reverse subsurface-to-surface process remains almost
unchanged in the presence of the field.
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