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Charge transfer mechanism for the formation of metallic states at the KTaO3/SrTiO3 interface
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KAUST, Physical Science & Engineering Division, Thuwal 23955-6900, Kingdom of Saudi Arabia
(Received 9 February 2011; published 29 March 2011)

The electronic and optical properties of the KTaO3/SrTiO3 heterointerface are analyzed by the full-potential
linearized augmented plane-wave approach of density functional theory. Optimization of the atomic positions
points at subordinate changes in the crystal structure and chemical bonding near the interface, which is due to a
minimal lattice mismatch. The creation of metallic interface states thus is not affected by structural relaxation
but can be explained by charge transfer between transition metal and oxygen atoms. It is to be expected that a
charge transfer is likewise important for related interfaces such as LaAlO3/SrTiO3. The KTaO3/SrTiO3 system
is ideal for disentangling the complex behavior of metallic interface states, since almost no structural relaxation
takes place.
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During the past decade, heterointerfaces based on per-
ovskite transition metal oxides have attracted a great deal of
attention due to the discovery of remarkable electronic and
magnetic properties. They are of special importance for device
applications, such as field effect transistors, bipolar transistors,
and light emitting diodes.1,2 Ohtomo and Hwang3 have
reported on metallicity at the interface between LaAlO3 and
SrTiO3, two insulators with sizable band gaps of 5.6 and 3.2
eV, respectively. The creation of metallic states is intimately
connected to the structural relaxation.4 The high mobility
of the charge carriers at this interface has initiated many
investigations,5,6 as did the discovery of superconductivity at
low temperature.7 However, despite huge experimental and
theoretical efforts, many aspects of the physical picture of the
LaAlO3/SrTiO3 (LAO/STO) interface remain open.8–13 To a
large extent, this appears to be the result of a complex interplay
between structural and electronic reconstructions as well as
defects.14

An essential ingredient of the electronic reconstruction is
the transfer of charge between different orbitals, i.e., alterations
of the orbital occupations, which can modify the electronic
properties of transition metal oxides significantly.15 An inter-
esting system to disentangle the effects of the charge transfer
from other parameters is the KTaO3/SrTiO3 (KTO/STO)
heterointerface. KTO has an insulting band gap of 3.75 eV and
does not show the ferroelectric phase transition that is common
for perovskites.16,17 The band gap of STO amounts to 3.2 eV.
Its electronic, transport, ferroelectric, catalytic, and dielectric
properties have been widely studied.18–21 Interestingly, the
lattice match of KTO with STO is much better than that of LAO
with STO. As a consequence, KTO is a promising material
for application as an insulator in STO-based field-effect
devices. Recently, Kalabukhov et al.22 have investigated the
KTO/STO interface experimentally and found close relations
to the LAO/STO interface, even though at the (KO)−(TiO2)0

contact 0.5 holes per unit cell are transferred, while at the
(LaO)+(TiO2)0 contact 0.5 electrons are transferred.

The electronic structures of bulk KTO and STO are well
studied experimentally and theoretically, which does not apply
to the STO/KTO interface. In this context, it is the aim
of our present study to clarify the interaction between the
component materials in the STO/KTO heterointerface. We

deduce a general mechanism based on charge transfer between
the transition metal and oxygen atoms, which is expected
to be of broad importance for related interfaces such as
LaAlO3/SrTiO3.

The calculations are performed by the full-potential lin-
earized augmented plane-wave (FP-LAPW) method in the
framework of density functional theory,23 using the WIEN2K

code.24 The exchange-correlation potential is computed in the
local density approximation. Fully relativistic effects are taken
into account for the core states, while the scalar relativistic
approximation is used for the valence states. Therefore, the
effects of spin-orbit coupling are neglected. We have fully
optimized the crystal structure of the KTO/STO interface
by minimizing the atomic forces. For the wave-function
expansion inside the atomic spheres, a maximum value of
lmax = 12 is chosen and a plane-wave cutoff of RmtKmax = 7.0
with Gmax = 18 employed. In all our calculations, we ensure
a total energy convergence of 3 × 10−5 eV.

For the self-consistent calculations, a 19 × 19 × 1 k-space
grid containing 55 k points within the irreducible wedge of
the Brillouin zone (IBZ) is used. Our basis set comprises the
valence states K 4s, 4p, 3d; Sr 5s, 5p; Ta 6s, 5d; Ti 4s, 4p,
3d; and O 3s, 2p. The muffin-tin sphere radii Rmt (in atomic
units) are set to values of 2.5 for both K and Sr, 1.98 for both
Ta and Ti, and 1.75 for O. To provide a reliable Brillouin zone
integration for the optical properties, a k-space grid of 132 k

points in the IBZ is used. The convergence with respect to the
fineness of the k-space grid is reached by refining the mesh
until no appreciable change in the energy or optical properties
is left. A Gaussian broadening of 0.1 eV is applied to simulate
the experimental finite lifetime effects.

Both KTO and STO crystallize in cubic structures with
space group 221 (Pm3̄m).25,26 The experimental lattice
constants for cubic KTO and STO are 3.988 and 3.905 Å,
respectively.27,28 The interface of the two perovskite com-
pounds is modeled by a supercell of five layers of KTO
attached to five layers of STO perpendicular to the interface.
By the employed periodic boundary conditions, the supercell
contains two interfaces; we will focus on the (KO)−(TiO2)0

interface. The structural setup is illustrated in Fig. 1. For the
supercell, we use an average lattice constant of 3.946 Å for both
the KTO and STO regions. We have increased the thickness of
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FIG. 1. (Color online) Schematic representation of the KTO/STO
interface with the KTO on the left side and the STO on the right
side. Large and medium spheres represent K/Sr and Ta/Ti atoms,
respectively. Small spheres denote O atoms.

the KTO and STO slabs until the bulk behavior was reproduced
in the central layers.

Turning to the results of our calculations, it is observed
that in the vicinity of the interface, the electronic structure
depends critically on structural details. For this reason, it is
necessary to optimize the atomic structure by atomic force
minimization. However, due to the minimal lattice mismatch
between the component materials, the structural optimization
results only in very small modifications of the bond lengths
near the interface. The K-K and Sr-Sr (3.990 Å in the bulk)
bond lengths remain virtually the same and also the changes of
the K-Ta and Sr-Ti (3.455 Å in the bulk) bond lengths are small:
3.453 Å for K-Ta and 3.455 Å for Sr-Ti at the interface. The
same applies to the K-O and Sr-O (2.821 Å in the bulk) bond
lengths, which become 2.823 Å. The Ta-O and Ti-O (2.00 Å in
the bulk) bond lengths slightly shrink at the interface to 1.989
Å for Ta-O and 1.992 Å for Ti-O.

Figure 2 shows the calculated partial densities of states
(DOS), which are obtained by projections on the Ta/Ti and O

layers at the interface. They are compared to corresponding
results for bulk KTO and bulk STO to establish a qualitative
description of the atomic and orbital origin of the different
electronic states. Panels (a) and (b) of Fig. 2 clearly indicate
a semiconducting behavior of both the Ta 5d and Ti 3d
states with an energy gap of approximately 1.7 eV, which
is clearly less than expected from experiment. We note that
such an underestimation of semiconducting band gaps is a
well-known drawback of the local density approximation.
Turning to the interface, we observe that the electronic states
shift considerably, by about 2 eV, to lower energy. This shift
affects both the valance and conduction bands by a similar
amount. Due to the energetic downshift, the conduction states
cross the Fermi energy (EF ) and consequently leave the
interface metallic. The metallic nature perfectly resembles the
experimental findings of Kalabukhov and co-workers.22 We
mention that these authors have expressed concerns about a
possible K deficiency of the samples, which may invalidate
their conclusions. However, according to our results even the
perfect interface exhibits a metallic state.

Moreover, as is shown in panels (c) and (d) of Fig. 2, the
O 2p states shift to higher energy as compared to the situation
in bulk KTO and STO. Therefore, also O 2p states appear at
EF . The metallic interface states are thus mainly due to the
O 2p and Ti 3d states of atoms near the interface. In addition,
there is a small contribution of the Ta 5d states. The number
of unoccupied O 2p states is larger for the O atoms in the TiO2

interface layer than for those in the KO interface layer, see
Figs. 2(c) and 2(d). These findings are confirmed by the band
structure, which we show on the right-hand side of Fig. 2.

We next address the origin of the interface metallicity.
According to our previous discussion, alterations of the bond
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FIG. 2. (Color online) Projected Ti, Ta, and O densities of states obtained for the fully relaxed KTO/STO interface, as compared to the bulk
KTO and STO compounds. In addition, the band structure of the interface system is shown.
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lengths and bond angles at the interface are subordinate.
Thus, an alteration of the chemical bonding due to a modified
crystal structure must be excluded as the origin of the metallic
states. In this respect, the KTO/STO heterointerface behaves
very differently as compared to related systems, such as the
LAO/STO interface, due to the almost optimal lattice match
between KTO and STO. As a consequence, the present system
is an ideal candidate for studying the electronic interface
relaxation without the complication of a simultaneous struc-
ture relaxation. However, the question about the origin of the
metallic states still remains. A careful analysis of the calculated
charges within the muffin-tin spheres paves the way to a
clarification of the situation.

We observe that in the vicinity of the interface, both
transition metals (TM), i.e., Ti and Ta, gain charge while the
O atoms lose charge. We note that due to interstitial electronic
states, outside the muffin-tin spheres, this charge transfer in
reality is stronger than reflected by the following values. While
the muffin-tin charges in the bulk compounds amount to 19.305
for Ti, 7.547 for O, and 68.857 for Ta, we find the subsequent
values for the atoms next to the interface: 19.322 for Ti,
7.507 for O next to Ti, 7.639 for O next to Ta, and 68.905
for Ta. For O within the (KO)− layer forming the interface,
the corresponding charge is 7.560. Therefore, the occupations
of the Ti and Ta orbitals grow by 0.017 and 0.048 electrons,
respectively, and the conduction bands become partially filled.
This explains the shift of the DOS to lower energy. In contrast,
O atoms next to Ti and Ta lose 0.040 and 0.002 electrons,
respectively. This clarifies the shift of the O 2p DOS to higher
energy, which leaves the O orbitals partially empty. Finally, for
the O within the central (KO)− layer, we expect an electron
count given by the average of the KTO and STO bulk values,
i.e., of 7.594. Hence, this site experiences a loss of 0.034
electrons and consequently also develops metallic states. In
the DOS, compare Figs. 2(c) and 2(d), the metallic O 2p
contributions show up as sharp peaks right at EF .

The described modifications of the orbital occupations can
be related to significant changes in the TM-O bonding. In
general, a TM-O bond is characterized by a very strong transfer
of charge from the TM to the O atoms. Therefore, a reduced
charge transfer, as observed for the KTO/STO heterointerface,
indicates a weakening of the TM-O bonding. This could be
explained by the broken symmetry inherent to the Ti-O-Ta
bond across the interface. Concerning the spatial extension of
the metallic interface states, we find that they are restricted to
a narrow region around the interface. Charge transfer effects
mainly occur within the first TiO2/TaO2 layer off the interface,
which shows a clearly metallic nature, see Fig. 2. The second
TiO2/TaO2 layer, in contrast, is at the edge of metallicity, with
only a few metallic states left. Regions even further off the
interface finally are found to be insulating. As a consequence,
the electron gas formed at the KTO/STO heterointerface is
restricted to an area of about 12 Å thickness (perpendicular to
the interface).

Figure 3 depicts the imaginary part of the dielectric
function, Im(ε), and the reflectivity of the STO/KTO interface.
For comparison, we also present corresponding data for bulk
STO and bulk KTO. Our results clearly reflect the metallic
nature of the heterointerface (increased reflectivity in the
low-energy range), while both bulk STO and KTO show an
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FIG. 3. (Color online) Imaginary part of the dielectric function
as well as reflectivity of the KTO/STO interface, as compared to bulk
KTO and STO.

insulating behavior. The reflectivity spectrum obtained for the
KTO/STO supercell is very similar to that of bulk STO, except
for the low-energy region, where we observe the Drude peak
for the interface system. A very similar behavior is seen in the
Im(ε) spectra. The two bulk materials exhibit band gaps, while
the KTO/STO data reflect the metallic nature of the interface.
The availability of the low-energy states for optical transitions
reflects the energetic shifts of the Ti 3d, Ta 5d, and O 2p states,
as described before. The reflectivity spectrum of the KTO/STO
supercell shows two broad peaks at energies of about 4 and 6
eV. The remainders of these peaks are also seen in the Im(ε)
spectrum. The appearance of the peaks is expected because the
band gaps differ in STO and KTO by ∼ 2eV. Consequently,
we can identify them with the optical transition maxima of
STO and KTO at 4.5 and 6.5 eV, respectively. The slight shift
in the peak positions is a relic of the finite size of the supercell
used in the calculations.

In summary, we have studied the electronic and optical
properties of the KTO/STO heterointerface by full-potential
band structure calculations. Due to an almost ideal lattice
match between the component materials, the structural op-
timization of the interface yields only minor alterations of the
chemical bonding. Whereas KTO and STO are band insulators
in the bulk phase, we find that the interface develops a metallic
state, which agrees with experimental results for KTO thin
films deposited on STO.22 Importantly, metallicity in the
present case is obtained even without taking into account
O vacancies or other kinds of structural defects. However,
vacancies could still improve the metallicity. Analysis of the
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site-projected densities of states indicates that the metallic
interface states trace back to the O 2p and Ti 3d orbitals.
The creation of these states can be explained in terms of a
weakening of the bonding between the transition metal and
O atoms across the interface, which induces changes in the
orbital occupations of the involved atoms.

The charge transfer is restricted to a very narrow layer of
about 12 Å thickness, which is also reflected by calculated
optical reflectivity spectra. The spectra comprise the metallic
Drude peak as well as the optical transitions of the component

materials. In general, the relaxation of the electronic structure
at the KTO/STO interface is found to be less complex than
reported for the LAO/STO interface, which is a consequence
of the improved lattice match. Being released from the com-
plications coming along with a strong structural relaxation,
the KTO/STO interface gives rise to a prototypical system
that can help to better understand the physics of related
heterointerfaces, such as LAO/STO. A thorough experimental
characterization of the KTO/STO system is thus expected to
be very fruitful.
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