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Density functional theory is used to study the electronic properties of the oxide heterointerface
CaHfO3 /SrTiO3. Structural relaxation is carried out with and without O vacancies. As compared to
related interfaces, strongly reduced octahedral distortions are found. Stoichiometric interfaces
between the wide band gap insulators CaHfO3 and SrTiO3 turn out to exhibit an insulating state.
However, interface metallicity is introduced by O vacancies, in agreement with experiment. The
reduced octahedral distortions and necessity of O deficiency indicate a less complicated mechanism
for the creation of the interfacial electron gas. © 2011 American Institute of Physics.
�doi:10.1063/1.3573808�

Heterostructures based on insulating transition metal ox-
ides have acquired a lot of interest ever since it has been
reported that a quasi-two-dimensional conducting electron
gas can form at the interface. For example, an interface be-
tween the two wide band gap insulators LaAlO3 �LAO� and
SrTiO3 �STO� forms a conducting layer when LAO is grown
on the TiO2 terminated surface of an STO substrate.1,2 Vari-
ous experiments reveal that this interface displays a number
of unusual and exciting physical phenomena such as magne-
tism, magnetoresistance, and superconductivity.3–6 Presently,
its potential for use in nanoelectronic oxide devices is
discussed.7,8

Of the three mechanisms proposed to explain the in-
duced metallicity at the interface, the polar catastrophe
mechanism seems to hold the upper edge. However, the other
two mechanisms, namely, O defects and intersite disorder,
also have to be given due consideration. In the polar catas-
trophe model, the diverging potential which arises from the
polar discontinuity at the interface is reflected by an elec-
tronic reconstruction of the interface states. In the LAO/STO
system, half an electron per areal unit cell is transferred to
the n-type �TiO2�0 / �LaO�+ interface by partially filling the
Ti 3d states of the STO conduction band so that the internal
electric field is completely compensated. As a result, the
interface becomes doped and behaves as a quasi-two-
dimensional conducting electron gas. However, for this con-
ductivity mechanism, the multivalent nature of the transition
metal ions is quite fundamental. In the LAO/STO system the
Ti ions exist in both Ti3+ and Ti4+ valence states.1 The polar
catastrophe model gives a fairly good estimate of the experi-
mental sheet carrier density. However, it does not explain
why interfaces that are grown or annealed at high O partial
pressure remain insulating.9,10

Depending on the growth conditions, experiments have
found the O sublattice to be nonstoichiometric. Such O de-
fects play a crucial role in determining the transport proper-
ties, since it is well known that they are responsible for the
metallic behavior of bulk STO. To a certain extent, the inter-
face conductivity, therefore, should be attributed to this bulk
mechanism. However, even for defect free interfaces both
experiment and theory find conductivity. Hence, also the po-
lar catastrophe mechanism seems to play a role, which may

be complex intertwined. In addition, there exists a third
mechanism; the intersite chemical disorder. According to Na-
kagawa et al.,5 the formation of the electron gas increases the
electric dipole energy, which, however, can be reduced by
exchanging Sr with La across the LAO/STO interface. The
presence of such disorder has been emphasized in Ref. 11.

Recently, the interface between the two wide band gap
insulators CaHfO3 ��5.6 eV band gap� and SrTiO3 �3.2 eV
band gap� was found to show conductivity, but no polar dis-
continuity was observed.12 Since Ca and Sr as well as Ti and
Hf are isovalent ions, neither the polar catastrophe model nor
an intersite chemical disorder can explain the conductivity.
The metallic nature consequently hints at O defects, but the
mechanism is not yet resolved in detail. In this work, we thus
perform a systematic investigation of the CaHfO3 /SrTiO3
�CHO/STO� interface. We study the interface relaxation, ad-
dress the possibility of a critical thickness of the CHO layer,
and finally discuss the effects of O vacancies.

Our study relies on density functional theory, applying
the full potential linearized augmented plane wave method
�WIEN2K package13�. The electronic exchange correlation po-
tential is parametrized both in the local density approxima-
tion �LDA� and the generalized gradient approximation
�GGA�. The core states are treated fully relativistically, while
the scalar relativistic approximation is used for the valence
states �the effects of spin-orbit coupling are neglected�. We
have fully optimized the structures of the different CHO/
STO interfaces by relaxing the atomic forces. The lattice
constants have been optimized for the two parent com-
pounds. A maximal angular momentum of lmax=12 for the
wave function expansion in the atomic spheres and a plane
wave cutoff of RmtKmax=7.0 with Gmax=18 are used. For the
interface calculations, we apply a 9�9�2 k-space grid
which contains 30 points within the irreducible wedge of the
Brillouin zone. Our basis set consists of the Ca 4s, 3p, 3d;
Sr 5s, 5p; Hf 6s, 5p, 5d; Ti 4s, 4p, 3d; and O 3s, 2p va-
lence states. The muffin-tin sphere radii, Rmt, �in atomic
units� are chosen as 2.5 for both Ca and Sr, 1.98 for both Hf
and Ti, and 1.75 for O.

CHO as well as STO crystallize in a cubic structure with

space group Pm3̄m �no. 221�. The lattice constants are 3.99
Å and 3.905 Å, respectively.14,15 Therefore, the lattice mis-
match is less than 2%. We first address the structural and
electronic properties of the bulk compounds. For LDA anda�Electronic mail: udo.schwingenschlogl@kaust.edu.sa.
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GGA, we find CHO lattice constants of 3.95 Å and 4.19 Å,
respectively, while for STO they are determined to be 3.87
and 3.99 Å. These results are in good agreement with
experiments.14,15 The energy gaps of CHO calculated by the
LDA and GGA are 3.08 eV and 3.10 eV, respectively, which
also agrees well with previous reports.16 For STO, the LDA
and GGA band gaps are 1.85 eV and 1.89 eV, respectively.
Even though these values are consistent with previous band
structure calculations,17 the LDA and/or GGA underestima-
tion of the band gap is a well known problem. Since there is
little difference between the LDA and GGA results, we use
only the LDA in the interface study.

The heterostructures are modeled by setting the lattice
constant to the average value of STO and CHO. For all cal-
culations, the STO slab is terminated by the TiO2 layer. In
order to check whether there exists a critical thickness of the
CHO slab to impart conductivity, we have carried out calcu-
lations for growing thicknesses of the CHO slab on a STO
substrate which is 12 unit cells thick. Hence, we investigate
�CHO�n / �STO�12 multilayer systems. The interface structure
is illustrated in Fig. 1. Note that for LAO grown on an STO
substrate it has been reported that the interface becomes me-
tallic when a critical thickness of four LAO unit cells is

reached.18 Moreover, it is known that the interface electronic
states depend sensitively on structural details,19 which, there-
fore, have to be taken into account in the calculation by
means of a structure optimization. For the CHO/STO inter-
face, we obtain much less pronounced distortions of the O
octahedra as compared to related interfaces, such as LAO/
STO. The Ti-O bond lengths change by less than 0.012 Å.
Note that we have not taken into account possible effects of
octahedral rotations.

Densities of states �DOSs� for �CHO�n / �STO�12 multi-
layers of thicknesses n=1, 2 , 3 , 4 are displayed in Fig. 2.
Contradicting the experiment,12 the data show an insulating
behavior with a considerable band gap of 1.85 eV before and
after the structure relaxation. The same result is obtained for
n=5 and 6 �not shown� and confirmed for the other configu-
rations under consideration �band gaps between 1.83 and
1.85 eV�. We find no systematic change in the DOS as a
function of n which would indicate that there exists a critical
thickness beyond which the system becomes metallic. The
electronic states near the Fermi energy �EF� mainly trace
back to the Ti 3d and O 2p states, while the Hf states are
located about 11 eV below EF. Hence, interface charge trans-
fer and effects of the interface structure relaxation do not
play a central role for the metallicity of the CHO/STO inter-
face, in contrast to other perovskite interfaces.20,21

In order to explain the experimental findings, we next
introduce O vacancies into both the parent compounds and
the heterointerface. The structures are fully relaxed after the
introduction of the vacancies. For vacancy studies in oxide
interfaces see Refs. 5 and 22, for instance. Our results show
that bulk STO becomes metallic by introducing one O va-
cancy into a 2�2�2 supercell, which corresponds to an
off-stoichiometry of approximately 4%. This finding has al-
ready been reported by Djermouni et al.23 In contrast, bulk
CHO retains its insulating nature as a consequence of the
larger band gap.

FIG. 1. �Color online� Schematic representation of the CHO/STO interface
with the CHO on the left side and the STO on the right side. Large and
medium spheres represent Ca/Sr and Hf/Ti atoms, respectively. Small
spheres denote O atoms.
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FIG. 2. �Color online� Projected Ti 3d and O 2p DOSs at the interface for the �CHO�n / �STO�12 heterostructure: ��a�–�d�� without O vacancy, �e� with one
O vacancy, and �f� with two O vacancies. In each case the interface structure has been fully relaxed.
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We next address the heterointerface by means of a 2
�2�6 supercell which consist of three layers of CHO and
three layers of STO. We obtain an insulating state without O
vacancies �both with and without structure relaxation�. How-
ever, metallicity is established by introducing an O vacancy
at the interface on the STO side �both with and without struc-
ture relaxation�. On the right side of Fig. 2 the DOS pro-
jected on the Ti 3d and O 2p states is shown for the relaxed
CHO/STO interface, clearly indicating a metallic nature.
Therefore, O vacancies on their own can already explain the
experimentally observed metallicity.12 As O deficient bulk
CHO stays insulating, it is not surprising that the introduced
O vacancy does not result in metallic states on the CHO side
of the interface.

Figure 2�e� implies that the metallic states are related to
the Ti 3d orbitals, which become partially occupied. We
conclude that the charge provided by the O vacancy is trans-
ferred to the localized Ti 3d states. As a consequence, the
Ti 3d states shift to lower energy, crossing EF and leaving
the interface metallic. The spatial extension of the metallicity
perpendicular to the interface is small as the metallic states
are strongly suppressed with the distance to the interface.
Already the fourth TiO2 layer is found to be fully insulating.

Moreover, we observe that the metallicity is enhanced
when a second O vacancy is added to the CHO/STO inter-
face, see Fig. 2�f�. As compared to Fig. 2�e�, the chemical
potential is shifted significantly toward higher energy, which
further increases the occupation of the Ti 3d orbitals �rigid
band shift�. We, therefore, conclude that the metallicity of
the interface is the result of O defects and can be controlled
by the O partial pressure. If the vacancy is not located at the
interface but one atomic layer further away �on the STO
side�, the interface is still metallic but the number of occu-
pied Ti 3d conduction states is reduced significantly to
about 10%.

In conclusion, we have studied the metallic conductivity
of the CHO/STO interface of wide band gap insulators,
which was recently reported.12 We have applied all electron
band structure calculations based on density functional
theory. We find for stoichiometric interfaces with CHO layer
thicknesses of up to six unit cells as well as for multilayers
an insulating state both before and after structure optimiza-
tion. This result strongly disagrees with the experimental
findings. However, it turns out that O vacancies on the STO
side of the interface give rise to metallic states, in agreement
with the experimental situation.

Therefore, we attribute the CHO/STO interface metallic-
ity to additional charge carriers available for occupying the
Ti 3d orbitals, which are set free at the O vacancy sites. In
fact, we observe that the metallicity is enhanced when the O
deficiency grows. The mechanism resulting in metallic states

at the CHO/STO interface appears to be less complex than
for many other heterostructures, since there is no polar
discontinuity and only a minor structure relaxation, com-
bined with a minimal lattice mismatch. Consequently, the
CHO/STO interface has potential in applications of two-
dimensional electron gases in nanoelectronic oxide devices,
as it will be easier to tailor the properties of the electron gas.
However, while the O vacancy concentration can be reliably
controlled during growth, a device application additionally
requires an environmental control.

We thank KAUST research computing for providing the
computational resources used for this investigation.
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