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First-principles calculations have been performed to study the interface electronic structure of Pt /TiO2 and
to analyze the rectifying property of the Pt /TiO2 /Pt structure. For the stoichiometric interface, the metal-
induced gap states �MIGS� have amplitude appreciably only at the interface TiO2. We will show that the
presence of MIGS makes oxygen-vacancy formation energy small at the interface. It is therefore expected that
the interfacial TiO2 layer can be easily reduced. We will then demonstrate that the Schottky barrier height is
strongly affected by oxygen deficiency. According to the present calculation, the interface is of Schottky-
contact type for the fully oxidized interfacial TiO2 while it becomes almost ohmic for strongly reduced one.
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I. INTRODUCTION

Reversible resistance-switching phenomena in transition-
metal oxides such as NiO,1 TiO2,2 and SrTiO3 �Ref. 3� have
attracted considerable attention for application to resistance-
switching random access memory �ReRAM�. Among these
metal oxides, TiO2 has been also expected as memristive
switching material4,5 and diode polarity switching material,6

and the rectifying behavior of Pt /TiO2 /Pt structures is re-
quired for both switching mechanisms. A recent study7 on
the rectifying property of Pt /TiO2/metal structures suggests
that TiO2 in contact with Pt top electrode �TE� may be well
oxidized, causing the Schottky barrier at the TiO2 /Pt-TE in-
terface, and that the interface between Pt bottom electrode
and TiO2 may be in an ohmic-contact state. Although it has
been pointed out that the stoichiometry near interfaces af-
fects the conductive property, the microscopic origin is not
yet clear.

On the theoretical side, the density-functional theory
�DFT� �Refs. 8 and 9� has become a widely used tool for
calculations of properties of solids and molecules. A standard
implementation of DFT is based on the Kohn-Sham equation
and the use of the local-density approximation �LDA� �Ref.
10� or the generalized gradient approximation �GGA�.11 Ac-
cording to standard DFT calculations, the defect states of
oxygen vacancy in TiO2 are located in the conduction band
and the excess electrons are delocalized over several Ti
ions.12,13 These results are in contradiction with the experi-
ments; the introduction of oxygen vacancies creates defect
states in the band gap �0.8 eV below the conduction-band
bottom14,15 and these are assigned to Ti3+ 3d states by the
electron-paramagnetic-resonance experiments.16–18 The fail-
ure of the standard DFT calculation in describing the elec-
tronic structure of an oxygen vacancy in TiO2 have been
reviewed and discussed in recent publications.19,20 Practical
ways to correct some of these deficiencies are to use hybrid
functionals or the so-called LDA /GGA+U approach.21–24,26

As for metal/TiO2 interfaces, some groups have investigated
effects of metal species and stoichiometry at

metal/rutile-TiO2 interface within the standard LDA/GGA
approach.25–30 Since the discussion on the effect of stoichi-
ometry requires the reasonable description of defect states,
beyond LDA/GGA approach should be adopted.

TiO2 crystallizes in the three different phases: rutile, ana-
tase, and brokite. Rutile is the thermodynamically most
stable bulk phase but anatase is technologically more impor-
tant than rutile. Fujimoto et al.31 demonstrated high-speed
resistive change in a ReRAM memory cell with anatase
nanolayer. In this paper, we investigate the electronic prop-
erty of the Pt/anatase-TiO2 interfaces with GGA+U. Particu-
lar attention has been paid to the dependence of Schottky
barrier height �SBH� on the stoichiometry at the interface
and the formation energy of oxygen vacancy.

II. COMPUTATIONAL DETAILS

The present calculations were performed by using our in-
house computational code QMAS �Quantum MAterials
Simulator�.32–34 We adopted the projector-augmented wave
�PAW� method35–37 with GGA �Ref. 11� for the electronic
exchange and correlation interactions and GGA+U �Ref. 38�
with the effective Hubbard-U parameter Ueff=U−J
=5.0 eV for Ti 3d orbitals. Note that Ueff is applied only
within the augmentation region of PAW method. Therefore
the present value of Ueff may correspond to a smaller value
when Ueff is applied to the atomic sphere �see a comment as
Ref. 20 in Ref. 39�. The plane-wave energy cutoff was set to
20.0 hartree. The convergence criterion for maximum force
amplitude was 1.0�10−4 hartree /bohr. The calculations of
the layer-decomposed local density of states �LDOS� were
performed using a real-space projection of the total density
of states, and the calculations of the orbital-decomposed par-
tial density of states �PDOS� were performed using a projec-
tion of the plane-wave states onto a localized linear combi-
nation of atomic-orbitals basis set.40

III. RESULTS

A. Bulk anatase

Structural parameters of bulk anatase TiO2 optimized with
GGA+U are a=3.832 Å, c /a=2.528, and u=0.207. These
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are in good agreement with the experimental values:41

a=3.782 Å, c /a=2.512, and u=0.208, and other theoretical
one in LDA.42 The introduction of the Hubbard U improves
the energy gap from 2.20 eV with GGA to 2.65 eV, which is
still smaller than the experimental value of 3.2 eV.43

B. Oxygen vacancy in bulk anatase

To understand the role of oxygen vacancy near interfaces,
first, we adopted a simple picture of an oxygen vacancy in
bulk anatase TiO2. A 108-atom supercell made of 3�3�1
unit cells was used. The oxygen vacancy was created simply
by taking out one oxygen atom from the supercell. We found
that the ground state is nonmagnetic even with spin-
polarized GGA+U. Surrounding Ti atoms are displaced by
0.08–0.14 Å outward from the vacancy site. Atomic dis-
placement with GGA+U is smaller than that with GGA
�0.21–0.25 Å�.

The removal of one oxygen atom introduces two excess
electrons and there are two possible types of states: the ex-
cess electrons occupy delocalized conduction-band states
which leads to a metallic ground state �with GGA� or local-
ized states in the band gap �with GGA+U�. The former case
with GGA is shown in Fig. 1�a� while the latter case with
GGA+U has the vacancy state located in the band gap,
0.69 eV below the conduction-band bottom �Fig. 1�b��. Fig-
ure 2�a� shows the square of the wave function of the va-
cancy state with GGA+U. One can see the localization on
the three Ti ions surrounding the oxygen vacancy. The partial
density of states for one of the three Ti ions shows that the
localized vacancy state mainly consists of Ti d3z2−r2-type or-
bital with the local z axis along the vacancy-Ti direction
�Fig. 2�b��.

The formation energy of an oxygen vacancy is calculated
using the total energies of the supercell. In general, the for-
mation energy for a neutral oxygen vacancy depends on an
oxygen chemical potential as follows:

Eform�VO� = Etot�VO� − Etot�perfect� + �O, �1�

where Etot �perfect� is the total energy of the nondefective
supercell and Etot�VO� is the total energy of the supercell

containing a neutral oxygen vacancy. �O is an oxygen
chemical potential. Assuming �O is half the total energy of
an oxygen molecule in a triplet state, the formation energy of
an oxygen vacancy is 4.34 eV with GGA and 5.25 eV with
GGA+U. We did not use a correction for the O2 overbinding
suggested in Ref. 44.

Previously reported values, in which half of the total en-
ergy of an oxygen molecule is taken as �O, range from 4.2 to
5.3 eV, and the scattering in the calculated vacancy forma-
tion energy comes mainly from the use of different supercell
size.19

C. Pt ÕTiO2 interface

1. Interface system

In order to investigate the effect of stoichiometry at the
interface on SBH, we have performed the GGA+U calcula-
tions on Pt/anatase-TiO2 interfaces. In this study, we deal
with a simple interface model of fcc-Pt�001�/anatase
TiO2�001�. Figure 3 shows a unit cell of the model system
which consists of four Pt layers epitaxially built on nine TiO2
layers with the vacuum of 15 Å. The x and y dimensions of
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FIG. 1. Total density of states for the system with an oxygen
vacancy with �a� GGA and �b� GGA+U with Ueff=5.0 eV. The top
of the valence band is taken as the zero of energy. The Fermi energy
is also shown. The arrow indicates the vacancy state.
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FIG. 2. �Color online� �a� The electron-density isosurface
for the vacancy state with GGA+U. The isosurface of
0.008 electrons /a .u.3 is shown. �b� The PDOS for one of the three
Ti atoms surrounding the oxygen vacancy is shown. The top of the
valence band is taken as the zero of energy. The arrows indicate the
vacancy state. A red �dark gray� ball denotes an O atom and blue
one �light gray� a Ti atom.
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the supercell are fixed at one of optimized lattice parameters
of bulk anatase �3.832 Å�. This reflects an experimental
condition that a metal electrode is deposited on top of TiO2.
The theoretical lattice mismatch between Pt and anatase
TiO2 is 2.3%. The interfacial Pt atom is located on the on-top
site above the bridging oxygen �O�br�� atom. It might be
necessary to perform a series of calculations with different
interfacial configurations. In real materials, atomic configu-
rations near interfaces are very complicated and it would be
impossible to really separate the effect of atomic configura-
tion and stoichiometry. Furthermore, several TiOx phases at
Pt /TiO2 interfaces have been obtained experimentally and
theoretically.45–47 The present study is a model calculation
where we would like to see the effect of interfacial stoichi-
ometry. For a reduced interface, oxygen atoms �O�br� and
O�3c�� in the interfacial TiO2�1� layer are taken out, which
corresponds to Pt /Ti /TiO2 system. When optimizing the
atomic positions, atoms in four TiO2 layers are fixed as
shown in Fig. 3.

2. Stoichiometric interface

The bond length between interfacial Pt and O atoms is
2.08 Å, which is slightly longer than 1.93 Å in the system
of one monolayer adsorption of Pt on the stoichiometric
rutile-TiO2�110� surface.28

Figure 4 shows the LDOS for each Pt and TiO2 layer. The
Fermi level is taken as the zero of energy. At the interface,
clear evidence of strong O p-Pt d hybridization can be seen
in the LDOS of Pt�1� and TiO2�1�, see also the partial den-
sity of states �PDOS� in Fig. 5 for d state of Pt�1� and p state
of the bridging O �O�br��. The center of gravity of Pt�1�
LDOS is shifted upward in energy and that of the p-band part
of TiO2�1� LDOS downward. The LDOS of the TiO2 �6�
layer, near the middle of TiO2 slab, is very similar to the
DOS of the bulk anatase. The Fermi level is lying in the
middle of a band gap. This interface is characterized as a
Schottky contact with the conduction-band offset from the
Fermi energy being 0.80 eV. In the LDOS of the interfacial
TiO2 �1� layer, one can observe the continuous spectrum of
states in the band gap corresponding to the so-called MIGS
�metal-induced gap states�. To understand more details of the
character of MIGS, we examined PDOS for Pt, Ti, and O
atoms near the interface �Fig. 5�. It is evident that O�br�
contributes dominantly to MIGS, another consequence of hy-
bridization between Pt d and O�br� p orbitals. The PDOS for

O�3c� has very small weight of MIGS and has a shape close
to the bulk one. The partially occupied MIGS at the Fermi
energy are expected to accommodate excess electrons intro-
duced by the removal of oxygen atoms, which would make
reduction easier at the interface.48 This will be discussed fur-
ther in Sec. III C 3.

3. Oxygen-vacancy formation near interface

As mentioned above, the interface would be more easily
reduced than the bulk region due to the existence of MIGS.
In order to confirm this, we calculated the formation energy
of an oxygen vacancy as a function of the distance from the
interface �Fig. 6�. An oxygen vacancy is introduced by re-
moving one oxygen atom from a 2�2 lateral �xy� supercell.
The smaller the value is, the easier it is to create an oxygen
vacancy. It is found that the formation energy is the lowest in
the TiO2�1� layer. The formation energy saturates within the
three TiO2 layers to the value similar to the bulk-anatase
value of 5.25 eV. The formation energy in TiO2�1� layer is
smaller than that in the bulk by 2.33 eV. With GGA, the
formation energy in TiO2�1� layer is 2.36 eV, which is
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FIG. 3. �Color online� A schematic picture of the unit cell of the
Pt /TiO2 interface. The model system consists of five Pt layers epi-
taxially built on nine layers of TiO2. When optimizing atomic po-
sitions, atoms in the outer five TiO2 layers are fixed. A light gray
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smaller than that in the bulk by 1.98 eV. We have obtained a
nonmagnetic solution for an oxygen vacancy in the bulk ana-
tase with GGA+U as described in Sec. III B. On the other
hand, as recently shown in Ref. 22, there are several solu-
tions close in energy for this vacancy and the solutions may
depend on the method used. However, as the variation in the
oxygen-vacancy formation energy among these solutions is
smaller than 0.6 eV, the present result that the formation
energy is the lowest at the interface does not depend on the
method used in the calculation.

Figure 7 shows the LDOS for each layer calculated with
GGA+U for the system with an oxygen vacancy in the
TiO2�1� layer and the TiO2�3� layer. When the oxygen va-
cancy is away from the interface, the vacancy state appears
in the band gap �Fig. 7�b�� similarly to the case of an oxygen
vacancy in the bulk �see Fig. 1�b��. Note that this gap state
could not be reproduced with GGA. Since the excess elec-
trons introduced by the removal of an oxygen atom localize
on the three Ti atoms surrounding the oxygen vacancy as
shown in Fig. 2, a small structure related to the vacancy state
can be observed in the LDOS of the TiO2 �2� layer. On the
other hand, no vacancy state is found in Fig. 7�a� since the
excess electrons introduced by the removal of an oxygen
atom are accommodated in the MIGS. This results in the
lower formation energy at the interface. The fact that the cost
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to creating an oxygen vacancy is lower at the interface than
in the bulk has been found also for other metal/oxide inter-
faces, such as CeO2,48 MgO,49–51 and HfO2 �Refs. 52 and 53�
systems.

4. Reduced interface

In order to study the electronic structure of highly reduced
interface, all oxygen atoms in the interfacial TiO2 �1� layer
were removed. Figure 8 shows the LDOS for each of Pt and
TiO2 layers and the interface Ti layer. The LDOS of Ti�1�
layer seems to be characterized as simply the tail of Pt�1�.
The LDOS of the TiO2 �6� layer is very similar to the DOS
of the bulk anatase as is for the stoichiometric interface. The
Fermi level, however, is lying just bellow the bottom of the
conduction band, indicating that this interface is almost an
ohmic contact. Because of the absence of interface oxygen,
there is no Pt d-O�br�p hybridization and the center of grav-
ity of Pt�1� d band comes down in energy.

IV. CONCLUSION

We have shown that the formation of the stoichiometric
Pt /TiO2 interface induces the MIGS in the band gap of TiO2.
These states have appreciable weight in the interface layer

only and decay strongly into the subinterface layer. In the
bulklike region of the TiO2 slab, the Fermi level lies in the
middle of band gap, which indicates that the stoichiometric
interface is of a Schottky-contact type. We have demon-
strated that the presence of MIGS reduces the formation en-
ergy of oxygen vacancy near the interface and therefore the
interface can be easily reduced. One of the important conse-
quences of the reduction in the interface TiO2 layer is that
the Fermi level shifts up to the bottom of the conduction
band to make SBH smaller. These results are in good agree-
ment with experimental findings of rectifying properties of
Pt /TiO2 /Pt structure. The present analysis provides a strong
theoretical support to the experimental finding that the oxy-
gen deficiency near interfaces plays a key role in the rectify-
ing properties.
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