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Scanning tunneling microscopy study showed that the (2×2) reconstruction on the (001) surface of SrTiO3

should have a surface structure with a 4-fold symmetry. The previously proposed solution for the (2×2)
reconstruction with the p2gm symmetry only has a 2-fold symmetry. In this study density functional theory
study was carried out to propose a possible surface structure with the p4mm surface symmetry which
matches the scanning tunneling microscopy images and suggests that two different (2×2) surface structures
exist. The formation of the (2×2) reconstruction with the p4mm symmetry may be due to the kinetics as it
has slightly higher surface energy than the one with the p2gm symmetry.
+1 847 491 7820.
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The surface structures of strontium titanate (SrTiO3) have attracted
much interest because of applications ranging from photo-catalysis [1]
to thin film and nanostructure growth [2–4], as well as the fact that
SrTiO3 is the archetypal perovskite, so understanding the surface
structures will help understand other, similar materials. For the SrTiO3

(001) surface, a number of reconstructions have been observed
including (1×1) [5], (2×1) [6–8], (2×2) [5,9–15], c(4×2) [6,16,17],
c(4×4) [6], (4×4) [18], c(6×2) [16,19], (√5×√5)R26.6° [20–23] and
(√13×√13)R33.7° [24,25] using various surface sensitive techniques.
The SrTiO3 (001) surface can also form TiOx-rich nanostructures that
order into (n×2), (6×8), or (7×4) surface patterns [26–31]. Among the
reconstructions on the (001) surface, only the c(4×2), (2×1), one form
of the (2×2) [32,33], c(6×2) and (√13×√13)R33.7° [25] reconstruc-
tions have been structurally solved, while the other reconstructions are
still unclear. In the present paper, density functional theory (DFT) and
scanning tunneling microscopy (STM) studies were carried out to
understand a square (2×2) reconstructed structure on the SrTiO3 (001)
surface, which has a 4-fold surface symmetry and is different from the
previously solved SrTiO3(001)-(2×2) (which is rectangular with p2gm
symmetry).

The (2×2) reconstruction on the SrTiO3 (001) surface was first
reported by Cord et al., who used low-energy electron diffraction
(LEED) and annealed the sample in an oxygen-rich vacuum; no
structural model was proposed [5]. A further LEED study of the (2×2)
surface was reported in 1990 and attributed, probably erroneously, to
the influence of Ca impurities [9], as later papers by the same authors
show a (2×2) reconstruction without Ca present [11]. An early STM
study [34] which claimed to show a (2×2) surface reconstruction was
later demonstrated to be a (√5×√5)R26.6° reconstruction [22,23,35].
Recent STM observations of (2×2) surfaces by Silly et al. [13,14] and
Kubo et al. [18] have appeared for samples annealed in ultra-high
vacuum (UHV) at 950 °C and 1000 °C, respectively. Kubo et al. [18]
proposed a structure consisting of Sr adatoms on a TiO2-terminated
surface; essentially all other works indicate that the surfaces of SrTiO3

aremore likely to be TiO2 rich. Nevertheless, both STM studies showed
that the (2×2) surface had a 4-fold symmetry. In 2007, Herger et al.
[33] supported the double-layer TiO2 model using surface X-ray
diffraction and showed that there is a coexistence of (2×1), (2×2)
and (1×1) reconstructions with a temperature dependence. The
(2×2) domains were attributed to the structure which has the lowest
surface energy in the DFT study by Warschkow et al. [32], which is
usually referred to as the solved (2×2) structure. However, the solved
(2×2) has a zigzag surface domain which is unconditionally different
from the 4-fold square domain (2×2) obtained by Silly et al. This
indicates that two different (2×2) surface structures exist. In this
study, new and previously proposed (2×2) models are compared by
using STM image simulations to understand the 4-fold square (2×2)
surface structure.
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Fig. 1. An STM imagewith the dimension of 35×35 nm2 shows a (2×2) surface structure,
with sample bias=+0.7 V, tunneling current=0.1 nA. The inset is the FFT of the STM
image. The b001N crystallographic directions run along the diagonals of the image.
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The empty states STM image shown in Fig. 1 is from a SrTiO3 (001)
epi-polished samplewith 0.5 wt.%Nbdoping supplied by PI-KEM,U.K. It
was chemically etched in a buffered NH4F–HF solution to remove the
polishing damage, and subsequently repeatedly annealed in UHV
around 600 °C until the (2×2) reconstruction was formed. The STM
experiments were carried out in a JEOL JSTM4500S UHV system with a
base pressure of 10−10 mbar. Higher-temperature anneals up to 950 °C
produced the same (2×2) surface [14]. The (2×2) reconstruction can
also be formedbyAr+ ionbombardment of the surface followed byUHV
annealing at 800 °C [13], but this appears to be a more difficult route to
generate this surface. A detailed description of the sample preparation
and STM imaging conditions can be found in Ref. [14].

Fig. 1 shows a large flat area of (2×2) surface reconstruction. To
reveal the detailed structure in the images, a Fourier filtering technique
wasused toaverage the image. Thepower-spectrumof theSTM image is
inset in Fig. 1. A portion of the filtered image is shown in Fig. 3.

Auger electron spectroscopy (AES) study was carried out to
investigate the surface chemistry of samples prepared in this manner.
There was no visible signal of Nb up to the detection limit of AES.
There were suggestions of slightly reduced oxygen coverage of the
(2×2) surface, compared to a UHV-cleaved surface and on this basis
the original paper described the surface as reduced. However, the
oxygen coverage by AES data is almost the same as that of the SrTiO3

(001)-c(4×2) surface, implying that it is not reduced. We will return
to this later.

While it is in principle possible for the reconstruction to be SrO-rich,
the only confirmed SrTiO3 (001) surface structures are TiO2-rich.
Moreover, Kawasaki et al. showed that the chemical etching process in
weakly acidic NH4F–HF solution favors the TiO2-terminated surface by
preferentially removing SrO [36], as expected since SrO is a water
soluble oxide. Hence four possible surface structures were considered.
Three of themare TiO2−x-terminated surface structures of SrTiO3 (001),
as shown in (2×2)A, (2×2)B and (2×2)C in Fig. 2. The (2×2)D shown
in Fig. 2 is the Sr surface adatom model proposed by Kubo et al. [18].
There is no Nb in any of the DFT models, since the AES study suggests
that the Nb presence is negligible in the near-surface region. The (2×2)
A and (2×2)C structures in Fig. 2 are double-layer TiO2-terminated
surface models, whichwere also considered inWarschkow et al.'s work
[32]. Although the (2×2)C structure has been structurally solved and
has the lowest surface energy among the (2×2) reconstructions
according to DFT calculations [32,33], it does not have the 4-fold
rotational symmetry found in the STM images. Note that the symmetry
differences are over rather large distances, so even accounting for issues
with approximations in DFT STM simulations the two will always be
very different and we can rule out this structure for this set of data. The
(2×2)B model, not explored in the aforementioned theoretical study,
was considered because of the slight oxygen reduction observed in the
original AES study comparing to the UHV cleaved sample, which is also
the only qualitative difference with respect to (2×2)A. The (2×2)D
model was also chosen as a candidate surface structure because of its
correct 4-fold symmetry.

TheDFT calculationswereperformedusing the full-electronWIEN2k
code [37]. TheDFT-optimized latticeparametera=3.944 Åwasused for
all the SrTiO3 structures. The TiO2−x terminated surfacesweremodeled
using a repeated slab configuration, consisting of atomic layers with the
following stacking sequence: surface–TiO2–SrO–TiO2–SrO–TiO2–SrO–
TiO2–SrO–TiO2–SrO–TiO2–surface. The vacuum spacing between each
slab was around 14 Å. The Sr adatom surface was modeled using a
similar slab but with one additional layer of both TiO2 and SrO. The
corresponding vacuum spacing was around 13 Å in this case. All atoms
were allowed to relax until all forces were below 0.1 eV/Å. Muffin-tin
radii of 2.36, 1.70 and 1.20 Bohrwere used for Sr, Ti, and O, respectively,
aswell asamin(RMT)*Kmaxof 5.5. ThePBEversion [38]of thegeneralized
gradient approximation for the exchange-correlation energy was
employed; tests indicated that for the large potentials used in the STM
imaging more accurate methods such as on-site hybrids did not change
the images for the experimental resolution. Constant-current STM
images were simulated using a modified Tersoff–Hamann approxima-
tion [39], considering the states from the Fermi energy to about 1.3 eV
above it, after artificially populating these. Also, a weighting term was
applied to account for thevarying effective tunneling barrier, aswell as a
blurring effect through aquarter-cosine curve radial convolution feature
of radius 2 Å to account for tip-size and thermal effects; the method is
described in greater detail in Ref. [40]. The resulting simulated STM
images are shown in Fig. 3.

The simulated image from the (2×2)A structure, as shown in
Fig. 3, is the closest to the experimental STM image. This is because the
row of spots in the filtered image is continuous, as shown in Fig. 3 by
red circles. This feature indicates that there is nonzero local DOS
(within the imaged energy range) between the large spots in the
rows, which is most visible in simulated image from the (2×2)A
model. The other models are quantitatively worse fits. As expected,
the previously solved (2×2) structure has a zigzag appearance; the
difference cannot be corrected by using different simulation param-
eters (bias voltage, isosurface density).

The main characteristics of the proposed model ((2×2)A in Fig. 2)
are the similarity between the structurally solved SrTiO3(001)-c
(4×2) [6,17,32] and the one-fold coordinated surface oxygen atoms
(O(1) in Fig. 2) at the corner of the surface unit cell. Shifting every
second reconstructed cell row in (2×2)A by one bulk lattice constant
will result in the solved stable c(4×2) surface. The geometrical
similarity may suggest that the (2×2) surface is transformed from the
c(4×2) surface by using different sample preparation conditions. The
somewhat unusual one-fold coordinated surface oxygen atoms are
bonded to the subsurface Ti atoms and form double bonds (denoted
Ti_O in the following). The Ti_O has a bond length about 0.3 Å less
than that of the typical Ti\O single bond in SrTiO3 bulk structures. The
Ti_O is known to exist in Ti containing compounds [7,41–43] and
TiO2 nanoparticles [44,45]. A bond-valence sum [46] analysis shows
that the valences for Ti and O atoms of the Ti_O are 3.77 and −1.71
respectively, close to what is expected.

The surface energy calculated for the proposed structure is 1.05 eV
per (1×1) unit cell, as determined by subtracting the energy for bulk
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SrTiO3 and TiO2 from the total energy. This is comparable to other
structures with the same stoichiometry modeled using the same DFT
calculation parameters. Although the (2×2)A surface is not the lowest
energy structure, all other competitors such as the c(4×2) have
drastically different symmetries. Exactly why it forms we leave as an
open question for futurework; clearly it is not just thermodynamics but
kinetics also play a critical role a point which is starting to be clearer for
(2×2)B / p4mm 

(2×2)C / p2gm 

(2×2)A / p4mm 

[001]

[100]

[010]

Fig. 2. Side and top views of four possible (2×2) surface reconstructions. Ti and Sr atoms ar
and dark blue. The dark blue O-atoms are “floating” atoms without bonding to the subsurface
double-layer TiO2-terminated surfaces and only different by the distribution of atoms. (2×2)
the unit cell. (2×2)D shows Sr adatom reconstruction model on a TiO2 terminated sub-sur
oxide surfaces. It is worth remarking that two different reconstructions
with the same stoichiometry and periodicity is possible; our present
report of the (2×2)A does not contradict the identification by Herger et
al. [33] of the (2×2)C.

Usually, annealing in UHV results in a slight reduction of the oxide
surface. However, our model of the (2×2)A is fully oxidized. In the
earlier paper on the (2×2) reconstruction [14] it was stated that Auger
[100]

[010]

O(1)

e represented by small and big red spheres respectively. O-atoms are colored light blue
. The unit cell for each model is indicated by an orange square. (2×2)A and (2×2)C are
A and (2×2)B share a same symmetry but the latter one has no oxygen at the corner of
face.

image of Fig.�2


(2×2)D / p4mm 

Fig. 2 (continued).
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electron spectroscopy showed a reduction of the oxygen signal relative
to a UHV cleaved sample. As mentioned above, the oxygen signal is
comparable with that found for the SrTiO3 (001)-c(4×2) which has a
double-layer TiO2 terminated surface and is full oxidized. Our
subsequent experiments have shown that the oxygen peak height
reduction is between 3 and 7%, but that there is no discernible titanium
enrichment. The origin of the oxygen peak height reduction could be
due to any number of factors that are not related to the structure of the
surface reconstruction. The factors are: the UHV cleaved surface is not
necessarily a good reference of stoichiometry as it can readily adsorb
Fig. 3. The Fourier-filtered STM image with DFT-simulated images based on four
different surface models on the right side. The red circles and arrow indicate the non-
zero local DOS between the bright large spots, which is more compatible with the
feature in the image simulated by the (2×2)A model.
water and other oxygen containingmolecules; the oxygen deficiency is
due to randomly distributed oxygen vacancies; different reconstruc-
tions result in different shadowing andAuger electron diffraction effects
that affect the oxygen peak height.

In conclusion, everything points to the (2×2) p4mm surface being
the structure which had been previously proposed [32]. The surface is a
double-layer TiO2-terminated structure with a p4mm space symmetry
and is not oxygen reduced.
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