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Study of the electronic and atomic structure
of thermally treated SrTiO3(110) surfaces
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The electronic structure of heated SrTiO3(110) surfaces was investigated with metastable impact electron
spectroscopy and ultraviolet photoelectron spectroscopy (He(I)). Scanning tunnelling microscopy and
atomic force microscopy (AFM) were used to study the topology of the surface. The crystals were heated
up to 1000 ◦C under reducing conditions in ultrahigh vacuum or under oxidizing conditions in synthetic
air for 1 h, respectively. Under both conditions microfacetting of the surface is observed. The experimental
results are compared with ab initio Hartree–Fock calculations, also presented here, carried out for both
ideal and reconstructed SrTiO3(110) surfaces. The results give direct evidence for Ti termination of the
faceted TiO2 rows. Copyright  2003 John Wiley & Sons, Ltd.
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INTRODUCTION

Surfaces of SrTiO3 single crystals are investigated intensively
because of their importance for high-temperature oxygen
sensors, in photocatalysis, as substrates for high-Tc super-
conductors and as dielectric material.1 – 5 Most studies up to
now have been concerned with non-polar (100) surfaces. Dur-
ing heat treatment in oxygen-rich atmospheres, SrO phases
appear on top of these surfaces.4,6 – 10 Under reducing condi-
tions Ti–O-containing islands were observed on SrTiO3�100�
surfaces.4,10 – 12 The composition and number of these islands
depend on the oxygen partial pressure and on the dopant
concentration, and both factors were described successfully
using point defect chemistry models.

Up to now, polar SrTiO3�110� surfaces have not been
investigated a great deal. Brunen et al. examined undoped
SrTiO3�110� single-crystal surfaces heated to ¾1000 °C in
ultrahigh vacuum for different durations.13 According to
their scanning tunnelling microscopy (STM) results, the
surfaces display TiO2�100� and TiO2�010� microfacetted
planes resulting from the desorption of Sr from the SrTiO-
terminated surface.13 A schematic illustration of the ideal
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reconstructed surface is shown in Fig. 1. The removal of
Sr and O leads to the �1 ð 1� periodicity in Fig. 1(b). The
removal of additional Sr, Ti and O leads to the reconstruction
with �1 ð 2� periodicity shown in Fig. 1(c). The spacing
between the rows amounts to 0.55 nm (Dp

2 ð 0.391 nm)
for the �1 ð 1� periodicity and 1.1 nm for the �1 ð 2�
periodicity. In the [001] direction both reconstructions
possess the same periodicity as the SrTiO3�110� surface.
These reconstructions are observed regularly and they
depend on heating temperature and duration. This will be
discussed in the results section.

During STM measurements, the electron tunnelling from
the STM tip into partially unoccupied surface orbitals is
observed on top of the rows at low bias voltages. This means
that the Ti 3d states contribute to the electron tunnelling.
Auira et al. observed, for SrTiO3�110� surfaces heated at
1000 °C, similar reconstructions accompanied by electron
states near the Fermi level �EF�.14 After heating at 950 °C in
ultrahigh vacuum two additional XPS Ti 2p emission peaks
were observed that were attributed to ionization from Ti3C

2p and Ti2C 2p states, respectively. The Ti3C 2p emission was
attributed to oxygen vacancies whereas the Ti2C 2p emission
was attributed to TiO located on top of the TiO2 microfacets.14

Similar observations also have been made during heating
at 1200 °C in ultrahigh vacuum.15 Annealing for extended
periods at higher temperature leads to the formation of holes
and islands on these surfaces. The composition of the islands
under ultrahigh vacuum conditions and the underlying
formation mechanisms are not well understood and will not
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Figure 1. Schematic representation (top view) of the ideal
(a) and microfacetted SrTiO3�110� surface with �1 ð 1�

periodicity (b) and �1 ð 2� periodicity (c); side view in
[001] direction.

be discussed here. Under oxidizing conditions SrO islands
are formed on top of the (110) surfaces.16 These are similar in
composition to those observed on (100) surfaces, but oriented
perpendicular to the TiO rows and thus minimize the misfit
of the two crystal lattices �dSrO D 0.51 nm�.

Up to now the TiO termination of the rows has not
been confirmed directly. We employed metastable impact
electron spectroscopy (MIES), combined with UPS (He(I)),
in order to investigate the surface electronic structure
of the TiO2 rows on heated SrTiO3�110� surfaces. The
MIES is well suited for such investigations owing to its
extremely high surface sensitivity. In addition, STM and
atomic force microscopy (AFM) were applied to obtain
information on the topology of the surface studied with
MIES. We compare results for SrTiO3�110� surfaces heated
under reducing conditions in ultrahigh vacuum and under
oxidizing conditions in synthetic air, respectively. The
density of states (DOS) of SrTiO3�110� surfaces was obtained
from ab initio Hartree–Fock calculations with different
terminations and compared with the experimental MIES
and UPS spectra.

EXPERIMENTAL

The measurements were performed using two different set-
ups. Both MIES and UPS (He I) were recorded in an ultrahigh

vacuum as described in detail previously.17 – 19 A time-of-
flight technique is used to separate the electrons emitted
in the interaction of HeŁ atoms and He(I) photons with the
surface. The electron spectra were recorded with a resolution
of 250 meV under normal emission within 100 s. The angle
of incidence for the mixed HeŁ/He(I) beam is 45°. The MIES
spectra are displayed as a function of the electron binding
energy EB with respect to the Fermi level EF.

The STM and AFM measurements were performed in a
second apparatus under ultrahigh vacuum conditions with a
base pressure below 1 ð 10�9 mbar in the main chamber and
4 ð 10�10 mbar in the microscope chamber. It is equipped
with a commercial AFM/STM system (Omicron).

Commercially available SrTiO3 (denoted by STO)
monocrystals (Crystec, Berlin) cut in the (110) direction were
heated in a vacuum and in synthetic air, respectively. To
remove surface contaminants, the crystals used in the exper-
iments under reducing conditions were annealed at 750 °C
for 20 h at pressures below 10�8 mbar. Afterwards, the purity
level of the surface was determined using MIES and XPS. The
crystals heated in synthetic air (80% N2, 20% O2) at ambient
pressure were cleaned by heating at 750 °C for 20 min after
introduction into the vacuum. The target temperatures were
controlled by an optical pyrometer (Impac IGA 120) through
view ports in both sets of apparatus. The heating procedures
in the AFM/STM and the MIES/UPS apparatus were repro-
duced with a precision of better than 10 K, respectively. All
measurements were performed at room temperature.

We present our MIES and UPS results together with those
of the ab initio calculations. Before discussing the results in
detail, some remarks concerning the interaction of HeŁ with
surfaces might be useful: metastable HeŁ(23S) atoms interact
with the surfaces via various processes and three different
processes may occur (for further details see Refs 20 and 21):

(1) On pure STO surfaces the impinging HeŁ atoms are
ionized by a resonant electron transfer into localized
Ti3C 3d surface orbitals. Subsequently the remaining
HeC is neutralized in front of the surface by Auger
capture, whereby a surface electron fills the He 1s orbital,
emitting a Ti3C 3d electron. Owing to the fact that the
Ti 3d orbital possesses a rather small full width at half-
maximum (FWHM), the resulting MIES spectrum looks
quite similar to an Auger de-excitation spectrum (see
below), but is shifted towards lower kinetic energies (i.e.
to higher binding energies) by 1.2 eV.19

(2) For work functions below ¾3.5 eV, Auger de-excitation
becomes the dominating process. In this process a surface
electron fills the He 1s orbital and the He 2s electron is
emitted, carrying the excess energy. The energy balance
is similar to UPS with the exception of the different
excitation energy (19.8 eV for HeŁ 23S).

(3) For work functions below ¾2.2 eV and a high electron
density just below the EF the probability for resonant
electron transfer from the surface to HeŁ becomes
sizeable, forming He�Ł 1s 2s2 ions in front of the
surface.22 These species decay rapidly in an intra-atomic
autodetachment process.

We present our results as a function of the binding
energy EB, with respect of EF of the electrons emitted in
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the Auger de-excitation process. In the case of the clean
STO(110), the defect-modified Auger capture process is the
dominating interaction mechanism in MIES. As discussed
above, however, the resulting spectra are nevertheless quite
similar to those from Auger de-excitation.19

COMPUTATIONAL DETAILS

In the present study, the STO(110) surface has been modelled
using a slab model. In this model, the crystal is considered
as a set of seven crystalline planes parallel to the (110)
surface; such a slab has a finite thickness but is periodic in
the surface plane. To avoid problems with cluster boundary
conditions we use a periodic seven-plane slab model of a film
infinite in two dimensions. This model in the framework
of the Hartree–Fock approach was employed successfully
in surface and interface studies.23 To perform ab initio
calculations of the (110) surface we use the Hartree–Fock
formalism as implemented into the Crystal-98 computer
code,24 – 26 which was widely and successfully used in
recent years for modelling solids and surfaces,27 – 31 including
interpretation of MIES data.18,32 This code has the unique
feature of simulating an isolated purely two-dimensional slab
without artificial periodicity in the direction perpendicular
to the surface.

The crystalline orbitals used in Hartree–Fock calcula-
tions as the basis set for the wavefunction expansion are
constructed from a linear combination of atom-centred Gaus-
sian orbitals (HF-LCGO approximation). Thus, the correct
choice of basis set is an important step in ab initio calcula-
tions. In our simulations, we use the all-electron basis set for
both O and Ti atoms: 8(s)–411(sp) and 8(s)-6-411(sp)-31(d),
respectively.26 For the purpose of reducing the computa-
tional efforts for heavy Sr atoms, we employed a small-core
Hay–Wadt pseudo-potential.33 – 35 The initial guess for the
Sr basis set 31(sp)-3(d) has also been taken from Ref. 26
and then has been re-optimized for a strontium titanate
crystal. To test how these basis sets reproduce the main
experimentally observable bulk properties, the lattice con-
stant a0 and the bulk modulus B have been calculated. We
obtained a0 D 3.93 Å and B D 211 GPa, which only slightly
overestimate the experimental values (extrapolated to 0 K):
a0 D 3.89 Å and B D 179 GPa.36 These results allowed us to
conclude that the HF-LCGO method can be considered good
enough to describe the electronic structure of STO surfaces.
It should be noted also that to achieve high accuracy in the
calculations large tolerances were employed for evaluation
of the infinite overlap, Coulomb and exchange series.25 The
reciprocal space integration was performed by a sampling
of the Brillouin zone with the 8 ð 8 ð 8 Pack–Monkhorst
net,37 which provides a balanced summation in direct and
reciprocal lattices.38

The SrTiO3 surface in the (110) direction consists of a
sequence of alternating charged SrTiO and O2 planes. It is
also well known that such a surface is unstable owing to
an infinite dipole moment produced by the charged planes
perpendicular to the surface. This is why cleavage of this
surface should result in the formation of one of the two
stable surfaces: Sr-terminated and TiO-terminated.39 In our

calculations, we simulated a TiO-terminated surface and
its reduction to a Ti-terminated surface when all O atoms
are removed from the first plane (Fig. 1(b)). To compare
our calculations with the MIES experiments, we compare
the DOS projected on the first plane (TiO or Ti-terminated)
and the effective charges of atoms in the slab, as well as
the electron populations of Ti atoms in different situations.
The calculated DOS is convoluted with a Gaussian function
to account for the electron–phonon broadening of the
electron emission spectra and the experimental resolution.18

A value of 1 eV was chosen for the width of the Gaussian
because it gives good agreement between calculated DOS
and UPS spectra.

RESULTS AND DISCUSSION

An STM image �10 ð 10 nm2� of the SrTiO3�110� surface
annealed at 1000 °C in ultrahigh vacuum for 1 h is shown
in Fig. 2. The surface appears to be restructured during the
heating procedure. A reconstruction is observed, indicated
by the lines added to the image. The mean distance between
these lines amounts to ¾5.4 Å. This value corresponds well
to the �1 ð 1� microfacet formation observed previously.13 – 15

No islands could be found on top of these surfaces at
annealing durations of <3 h.

Figure 3 shows an AFM image �10 ð 10 nm2� of the
SrTiO3�110� surface heated to 900 °C in synthetic air for 1 h.
The entire surface appears to be restructured more uniformly
than that in Fig. 2. The �1 ð 1� and �1 ð 2� reconstruction
is evident. The distance between the two neighbouring
rows in the image was found to be 5.4 nm and 10.8 Å,
respectively. These values correspond well to the microfacet
reconstruction, which consists of parallel rows with distances
of ¾5.5 Å or 11.0 Å (see Fig. 1).13 – 15 Again, owing to the mild
and short-timed heating treatment, no islands could be found
on this surface.

The MIES spectra of the clean and unreconstructed
surface are shown in Fig. 4(a), together with spectra of
the surfaces after heating in air at 900 °C for 1 h and in a
vacuum at 1000 °C for 1 h, respectively. The MIES spectra are
compared with the calculated DOS projected (PDOS) on the
Ti 3d orbitals of the reconstructed surface (corresponding to
Fig. 1(b)).

x: 3.3 nm

y: 4.75 nm

0.55 nm 0.55 nm1.1 nm

Figure 2. The STM image �6 ð 10 nm2� of the SrTiO3�110�

surface heated to 1000 °C for 1 h in ultrahigh vacuum (C1 V,
0.1 nA). The lines indicate the ridge tops.
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x: 10 nm

1.1 nm

0.55 nm

y: 10 nm

Figure 3. The AFM image �10 ð 10 nm2� of the SrTiO3�110�

surface heated to 900 °C for 1 h in synthetic air (20% O2, 80%
N2).

The UPS spectra of the clean STO(110) heated in a vacuum
at 1000 °C for 1 h and the clean and unreconstructed STO(110)
are shown in Fig. 4(b). Also plotted in this figure are the
PDOS projected to the first plane of the TiO-terminated slab
of the unreconstructed surface (corresponding to Fig. 1(a)),

projected on the Ti 3p orbitals and projected on the Ti 3d
orbitals belonging to the first layer atom.

The MIES and UPS spectra of the clean unreconstructed
(110) surface are similar to those of SrTiO3�100�:10,11,19 a
dominant structure denoted by O 2p appears at ¾EB D 7 eV
from the ionization of O 2p orbitals. In contrast to MIES,
the UPS (He (I)) spectra display a double-peak structure
in this region. As shown in our previous work on MgO,18

STO(100)36 and Al2O3,32 MIES is particularly sensitive to
orbitals protruding out of the surface. Here, this results
in a higher probability for the detection of O 2p orbitals
directed perpendicular to the surface. The MIES and UPS
spectra of the surface heated in a vacuum show additional
peaks near zero binding energy. The same surface heated
in synthetic air does not show similar features being
investigated without any treatment. But applying a mild
heating procedure (750 °C for 10 min) the additional peak
near EF is found. This treatment is not sufficient for any
surface reconstruction. It is therefore likely to assume that
the discussed reconstruction also takes place during heating
in synthetic air, but immediately the top surface rows are
covered by weakly bound oxygen atoms arising from the
air. To examine this assumption we offered oxygen to a
cleaned surface in an ultrahigh vacuum: an oxygen exposure
of 1 L (1 Langmuir D 1 ð 10�6 Torr ð s) is already sufficient
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to remove this peak completely. Again, the mild heating
procedure (750 °C for 10 min) at low temperatures recovers
the features near EF completely.

The emissions detected beyond about EB D 10 eV are
attributed to secondary electrons and are not discussed here.

In our calculations we used an orientation where the
x-direction was selected parallel to the surface and the y-
and z-axes were oriented to the surface with an angle of 45°.
The DOS projected onto the topmost plane is also shown in
Fig. 4(b). For the Ti-terminated surface, contributions of the
Ti 3p and Ti 3d states are shown separately. Tables 1 and 2
give atomic charges and electron occupancies of the Ti atomic
orbitals in different planes of both surface terminations.
Theory is able to reproduce the double-peak structure from
the O 2p states seen with UPS. Positions and shapes of the
O 2p emission in the DOS and UPS spectra agree well. The
peak at lower binding energies �EB D 5.8 eV� involves the
contributions of 2p orbitals oriented perpendicular to the
surface whereas that at the larger binding energies stems
from orbitals parallel to the surface. The reproduction of
the double-peak structure shows that UPS (He (I)), in the
present case, mainly images the DOS of the initial states. We
found that the reasons for the MIES sensitivity were mainly
due to contributions from the O 2p emission perpendicular
to the surface. Thus, MIES possesses a higher sensitivity
for the detection of initial states at the STO surface with

Table 1. Effective Mulliken charges, Q (e), for two different
SrTiO3�110� terminations (bulk charges of ions: Sr D 1.905,
Ti D 2.558 and O D �1.488)

Effective charge
for different
terminations

Layer Atoms TiO Ti

1 Ti 2.457 1.452
O �1.387

2 O �1.288 �1.427
3 Sr 1.874 1.848

Ti 2.561 2.581
O �1.481 �1.494

4 O �1.566 �1.427

Table 2. Titanium orbital population for two different
SrTiO3�110� terminations. (Ti orbital populations for a bulk
crystal: Ti 3p D 6.003, Ti 3d D 1.226, Ti 4s D 0.160)

Population
for different
terminations

Layer Orbitals TiO Ti

Ti 3p 6.026 5.870
1 Ti 3d 1.292 2.488

Ti 4s 0.171 0.123
Ti 3p 6.022 6.011

3 Ti 3d 1.201 1.194
Ti 4s 0.165 0.162

pyz character. These partial DOS have projections directed
perpendicular to the (110) surface. The superposition of the
DOS contributions from differently oriented O 2p orbitals
combined with the different sensitivity for the detection of
pyz and px orbitals produces a broad single peak in MIES,
rather than the double-peak structure seen in UPS (He (I)).
The reconstructed (110) surface shows a very similar O 2p
contribution in the UPS spectra.

In addition, a novel peak is observed near zero binding for
the reconstructed surface energy in the DOS. The calculations
establish that the Ti 3d states become populated during
reconstruction of the surface and are responsible for the DOS
contribution near zero binding energy; 3p orbitals yield only
a small contribution around 7 eV. The good agreement in
shape and position between DOS and MIES spectra suggests
that MIES directly images the DOS of the initially populated
Ti 3d states of the surface via the Auger de-excitation process.

The values in Tables 1 and 2 confirm these conclusions.
Owing to the Ti–O chemical bond covalence, the effective
charges (e) of Ti and O atoms in the bulk differ considerably
from the ionic model (C4 e and �2 e, respectively), unlike
the charge of the Sr ions (1.9 e instead of 2 e). At the TiO-
terminated surface, the Ti ion charge (2.46 e) does not differ
considerably from that in the central, third plane of a slab
simulating the bulk (2.56 e). The O ion charges at the TiO
surface and in the slab centre are also close (�1.29 e vs. �1.57
e). In contrast, compared with the TiO surface, the Ti effective
charge is decreased by ¾1 e at the Ti-terminated surface (1.45
e vs. 2.46 e). This is accompanied by a strong increase in the
population of the Ti 3d orbitals, from 1.29 e to 2.49 e. Indeed,
these Ti 3d orbitals give the main contribution to the MIES
peak around 1 eV below EF.

Summarizing, the present study constitutes one of
the rare cases where, at the same time, the topological
and electronic properties of a surface were characterized
successfully by both ab initio calculations and sophisticated
spectroscopic and microscopic experiments.

SUMMARY

Short-time heating of SrTiO3�110� at temperatures of 900 °C
results in a microfacetting of the surface observed with AFM
and STM. Rows are formed with �1 ð 1� or �1 ð 2� periodicity.
The electronic structure of the surfaces was studied by
MIES and UPS (He I); the results are compared with ab
initio Hartree–Fock calculations also presented in this paper.
Besides giving good overall agreement with the observed
O 2p emission, the calculations identify an additional peak
close to zero binding energy for the heated, Ti-terminated
surface as being due to Ti 3d occupied states, giving
direct evidence for the termination of the reconstructed,
microfacetted surface by reduced Ti species.
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