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Abstract: The conductive behavior of the perovskite SrTiO3 is strongly influenced by the presence of
oxygen vacancies in this material, therefore the identification of such defects with spectroscopic methods
is of high importance. We use density functional theory to characterize the defect-induced states in
SrTiO3 and Sr2TiO4. Their signatures at the surface, the visibility for scanning tunneling spectroscopy and
locally conductive atomic force microscopy, and the core-level shifts observed on Ti atoms in the vicinity
of the defect are studied. In particular, we find that the exact location of the defect state (e.g., in SrO or
TiO2 planes relative to the surface) are decisive for their visibility for scanning-probe methods. Moreover,
the usual distinction between Ti3+ and Ti2+ species, which can occur near defects or their aggregates,
cannot be directly translated in characteristic shifts of the core levels. The width of the defect-induced
in-gap states is found to depend critically on the arrangement of the defects. This also has consequences
for the spectroscopic signatures observed in so-called resistive switching phenomena.
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1. Introduction

The electronic properties of many insulating oxides, such as SrTiO3, are strongly determined by
defects, in particular (but not exclusively) oxygen vacancies. Probably the most dramatic evidence for this
influence can be seen in the phenomenon of resistive switching where a voltage pulse, smaller than the
band gap of the material, leads to electric conductance [1–4]. While different models have been proposed
that aim at an explanation of this behavior (e.g., [5–7]), they all agree in the fact that some region of
increased deviations from stoichiometry in the material is necessary to enable the observed conductivity,
separated by a more or less insulating matrix. One could assume that the question how and under which
condition such an increased concentration of defects is likely to form can easily be addressed by ab initio
theory. Indeed, several studies based on density functional theory (DFT) have investigated this problem
and, rather counter-intuitively, under certain conditions tendencies for vacancy clustering were found [8,9].
This behavior is not unknown in other oxides, e.g., TiO2, where it is actually well accepted that extended
defects act as precursor phases for the formation of Magnèli phases such as Ti5O9 or Ti4O7 [10,11]. DFT
calculations indeed find that such tendencies towards linear ordering of defects exist and relate that to
observed resistive switching phenomena [12].

Next to the question of energetics, i.e., whether and under which condition vacancy ordering is
favorable, another important aspect concerns the impact of these vacancy arrangements on the electronic
structure. While an isolated defect forms a shallow donor state near the conduction band, extended
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defects can give rise to band-like features in the band gap [4]. However, also near surfaces or otherwise
electronically inactive stacking faults, e.g., in SrO-rich Ruddlesden–Popper phases, the electronic properties
of oxygen vacancies can vary considerably depending on their position and arrangement. Even though
it is presently possible to map out Ti3+ and Ti4+ by the combination of atomic-resolution imaging and
spectroscopic methods [13], it is difficult to relate the spectra to the precise chemical environment of the
observed species. Moreover, the detection limit of a method like X-ray photoelectron spectroscopy is
usually limited (among other factors) by the peak separation of the species (e.g., in rutile TiO2 a limit of
0.5% was assumed for the Ti4+/Ti3+ ratio [14]). Therefore, the knowledge of the expected peak positions
can help in the deconvolution of the spectra. In our study, we want to address these questions based
on DFT calculations that help to interpret experimental findings, e.g., by relating them to spectroscopic
signatures that can be obtained from the inner regions of a defective crystal.

Various ab initio calculations were performed to study the bulk properties and the electronic structure
of cubic perovskite phases [15–17]. Formation energies of a single O-vacancy in bulk SrTiO3 were
analyzed using different DFT exchange-correlation functionals and different super cell sizes [18–21]. It was
realized that the DFT band gap underestimation can severely affect the energetics of the vacancy states
inside the gap. All these previous DFT calculations showed that the formation energy of neutral single
O-vacancy decreases with increasing super cell size, i.e., low defect concentration is favorable in the SrTiO3

bulk. Asta et al. calculated lower formation energies for singly and doubly positively charged vacancies,
compared to the neutral species [22]. Samanta et al. analyzed the stability of O-vacancies and interstitials in
their different charge states. They found that at low oxygen partial pressure, neutral O-vacancies are most
dominant. On the other hand, doubly charged oxygen vacancies (V2+

O ) are dominant at intermediate and
high oxygen partial pressure [23]. A recent study, combining DFT and model Hamiltonians, found that the
oxygen vacancy-induced localized state is highly one-dimensional and is mainly composed of Ti 3dz2−r2

orbitals, and that the oxygen vacancy does not lead to Ti t2g-based localized states [24]. By studying the
electron correlation effects, it was concluded that oxygen vacancies in SrTiO3 can produce a deep in-gap
level state in photoemission spectroscopy [25]. Using DFT+U calculations, polarons could be stabilized
near oxygen vacancies giving rise to states between 0.8 and 1.1 eV below the conduction band [26]. Given
this variety of findings, establishing firm relations between experimental signatures and a microscopic
picture is again of prime importance.

First, we will explore the electronic properties of individual defects in the bulk and at or near the
(001) surfaces of SrTiO3, investigating their visibility for scanning tunneling microscopy and core-level
spectroscopies. Then we focus at linearly arranged oxygen vacancies in the bulk of SrTiO3, identifying
again strong geometrical effects. Finally, similar observations can be made in Ruddlesden–Popper phases.

2. Results

2.1. Bulk and Surface of SrTiO3

2.1.1. Isolated Defects

Our calculations using a 2 × 2 × 4 bulk unit cell show a narrow defect state with 0.12 eV bandwidth
located 0.19 eV below the conduction band minimum. Note that we consider an overall charge neutral
system without the formation of polarons [27]. As mentioned above, depending on the calculational model,
DFT calculations and their extensions (DFT+U, hybrid functionals) can lead to different descriptions of
the defect state [28]. In our model, the two electrons that are left behind near the vacancy distribute
evenly between the two neighboring Ti atoms forming orbitals of dz2−r2 shape. Although it is tempting to
associate these Ti atoms with a formal charge +1, the analysis of the charge density shows that within a
sphere of 2 Å diameter the local charge is increased by only 0.05 d-electrons as compared to Ti sites far
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from the vacancy. The shift of the 2p1/2 (1s) core levels of these atoms amounts to 0.63 eV (0.53 eV) to lower
binding energies, i.e., smaller than expected for nominal Ti3+ but larger than anticipated from the small
increase of charge [29]. E.g. in LaAlO3/SrTiO3 heterostructures, where the presence of Ti3+ is expected at
the interfaces, binding energy shifts of about 1.5 eV were found in X-ray photoelectron spectroscopy [30].

Recent scanning tunneling spectroscopy experiments on SrO and TiO2 terminated SrTiO3 (001)
surfaces found signatures of defect states created by oxygen vacancies at the SrO terminated surface, while
no such signals were observed at TiO2 terminated ones [31]. On the SrO terminated surface, an oxygen
defect has only a single Ti nearest neighbor and formally, this could be labeled as Ti2+ species. Nevertheless,
our calculation gives only a moderate shift of the 2p1/2 core level of 0.60 eV. This can be attributed to a
strong inwards relaxation of the nearest-neighbor Ti atom resulting in a strongly decreased distance to
the oxygen atom directly below it. On the other hand, next-nearest-neighbor Ti atoms that show smaller
relaxations show slightly higher core-level shifts (0.70 eV).

At finite temperatures there might be the possibility that oxygen vacancies migrate from the surface
to deeper layers or a small but finite oxygen partial pressure leads to a filling of the surface defects. But
even if the oxygen vacancy is located not directly in the surface layer but in the next SrO layer underneath
the surface, there should be visible traces of the defect state at the surface. In Figure 1 we show the density
of states and the charge density profiles of the neutral defect state that is located at the conduction band
minimum. At the position of the surface oxygen atoms we observe a square-like charge density profile
with its corners oriented towards the neighboring Sr atoms.

Figure 1. Electronic structure of a sub sub-surface oxygen vacancy at the SrO terminated (001) surface of
SrTiO3: (a) Density of states (DOS) around the Fermi level: the total DOS is shown in gray, the local DOS at
the Ti atoms adjacent to the vacancy in red. (b) Charge density associated with the shallow in-gap state at
the conduction band edge shown in panel (a). The cut is taken in the (100) plane. Red (gray) circles indicate
oxygen (titanium) atoms. (c) Charge density of the same state in a (001) plane 2.4 Å above the surface.
In the calculations, a p(2 × 2) unit cell was assumed.

For oxygen vacancies in the TiO2 planes we assumed a (
√

5 ×
√

5) unit cell following the
periodicity observed with scanning tunneling microscopy measurements of the TiO2 terminated surface by
Tanaka et al. [32]. DFT+U calculations for oxygen defects at the surface have been performed e.g., by Fang
and Terakura [33] who found a spin-polarized split-off state in the gap, while another DFT study used
hybrid functionals found a nonmagnetic defect level in the TiO2-terminated surface [21]. Yet another DFT
study found a significant surface reconstruction after introducing oxygen vacancies [34]. The different
charge density distributions at the two different surfaces were shown in Ref. [31], where it was argued
that the in-plane orientation of the defect states could be responsible for the fact that the defects are not
visible at the TiO2 terminated (001) surface.
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the DFT+U results for vacancy dimers [8,9]. Similar effects are also found in rutile TiO2 where linear
vacancy clusters involving Ti2+ are very stable [12]. Looking at the 2p1/2 core-level shifts now large values
of 2.41 eV (2.29 eV) for the majority (minority) states are found.

Figure 3. Electronic structure of aggregated oxygen vacancies in SrTiO3: (a) Charge density of the
vacancy-induced in-gap state of an oxygen vacancy row in an SrO plane. Red (gray) circles indicate
oxygen (titanium) atoms. (b) Density of states (DOS) corresponding to panel (a): The local DOS of the Ti
atoms next to the vacancies is shown in red, the total DOS in gray. (c) Like in (a), but now the vacancy
row is situated in a TiO2 plane. (d) Density of states (DOS) corresponding to panel (c): the color scheme
follows panel (b), spin-up and spin-down DOS are shown by positive and negative values, respectively.
(e) The oxygen vacancies are arranged in a (110) plane of SrTiO3. The corresponding DOS is shown in
panel (f).

Interestingly, this large core-level shift is not related to the presence of Ti with nominal charge +2,
as can be seen from the calculation of the defect row in the (110) direction of SrTiO3 shown in Figure 3e.
Also, here we have a significant broadening of the defect level, but the core levels shift only 0.87 eV to
higher binding energies. Although the nearest-neighbor distances from the vacancies to the Ti atoms are
identical to the case of the TiO2 (001) plane discussed above, the fact that the angle between VO− Ti − VO is
now 90◦ instead of 180◦ is sufficient to lead to a completely different bonding situation. Also, in the case of
vacancy dimers this configuration is energetically almost 0.8 eV less stable than the 180◦ configuration [8].

Comparing the three studied extended defects it can be seen that the defect levels are differently
broadened to defect bands. A larger overlap of the wavefunctions along the defect row leads to increased
bonding and to a larger bandwidth. In turn, the core-level shifts increase with the width of the defect band.
This leads to peaks that are easier to resolve in core-level spectra, in particular if the defects occur in the
vicinity of the probed surface.

2.2. Sr2TiO4

Finally, we investigated the electronic structure of Sr2TiO4 with oxygen vacancies. This is the first
member of the Ruddlesden–Popper phases Srn+1TinO3n+1 that are formed by the insertion of SrO layers
into the SrTiO3 matrix. This process is energetically cheap [38] and often observed in the surface region
of SrTiO3 under oxidizing conditions [39]. It results in a stacking sequence of TiO2− SrO − SrO (001)
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2.4 eV. This peculiar arrangement is also energetically significantly more stable than other investigated
extended defect structures and might be formed in regions of large defect densities. The observation of
metallic conductivity in samples with low defect density [42] suggests that regions of locally enhanced
deviation of stoichiometry exist in these crystals (Assuming a homogeneous, random distribution of
isolated defects and taking the Mott criterion as guideline, about 4 × 1018 free charge carriers per cm3 are
necessary to initiate an insulator to metal transition. Assuming further that they are thermally activated
from a shallow donor level, a rather high defect concentration is necessary (about 1020/cm3 as observed
in other perovskites [43])). Whether the simulated defect rows are a good model for the actual situation
is difficult to decide by ab initio methods, but they feature signatures that are sometimes observed in
conductive SrTiO3 (like the strong core-level shifts [5]).

4. Methods

We use in our calculations the full-potential linearized augmented plane wave (FLAPW) method [44]
as implemented in the FLEUR code [45]. We apply the generalized-gradient approximation (GGA) of
Perdew, Burke and Ernzerhof [46], leading to a SrTiO3 bulk lattice constant of 3.94 Å which is only 0.9%
larger than the experimental lattice constant of 3.905 Å. GGA gives a good description of the structural
parameters, but grossly underestimates the band gap. Unfortunately, for the calculation of defects such as
an O-vacancy (VO), this leads to unphysical results since these defect levels overlap with the conduction
band and the wavefunctions are spread out over many unit cells [47]. A hybrid method based on the
B3PW functional was applied in Ref. [21], giving a good lattice constant with a 0.3 eV overestimation of the
band gap. Consequently, the neutral defect state is considerably split from the conduction band. As shown
in Ref. [27], hybrid functionals such as HSE can give a good account of the structure and the band gap.
Computationally, they are more costly than DFT+U methods which affects in particular the calculation of
large supercells.

To give a similar correction of the band gap at moderate computational cost, we propose the DFT+U

model [48], which both accounts for correlation effects on the Ti3+ sites and can be applied to open the
band gap of the material. We apply a Hubbard-U not only on the d-shell of the Ti atoms, but also on the p

electrons of the oxygen. If the U is applied to the Ti d-electrons only, the hybridization between these states
and the O p electrons is weakened leading to an overestimation of the lattice constant and underestimation
of the bulk modulus. A similar behavior was found in TiO2 rutile [49]. Like in that reference, we use
Ud = 8 eV (Jd = 0.6 eV) and Up = 6 eV (Jp = 0.1 eV) here to get a good description of structural and
electronic properties. The large Ud value is caused by the relatively small muffin-tin (MT) radius of Ti
(1.9 Å) that is dictated by the large radius of O (1.7 Å) that must be used to localize a substantial fraction of
the O p electrons in the MT where the DFT+U procedure is applied [50]. The charge density plots were
produced using the xcrysden software [51].
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