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Surface of Strontium Titanate
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We report the first complete determination, using surface x-ray diffraction, of the surface structure of
TiO,-terminated SrTiO3(001), both at room temperature in vacuum, and also hot, under typical conditions
used for thin film growth. The cold structure consists of a mixture of a (1 X 1) relaxation and (2 X 1) and
(2 X 2) reconstructions. The latter disappear over several minutes upon heating. The structures are best
modeled by a TiO,-rich surface similar to that proposed by Erdman et al. [Nature (London) 419, 55
(2002).]. Both reconstructions have been shown by density functional theory to be energetically favorable.
The calculated (1 X 1) surface energy is higher, indicating that it may be a disordered mixture of the
reconstructions. Atomic displacements are significant down to three unit cells, which may have important
implications on possible surface ferroelectric phenomena in SrTiO;.
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Strontium titanate (SrTiO;, STO) is the paradigmatic
substrate material for epitaxial growth of thin films of the
technologically important family of perovskites, includ-
ing high-temperature superconductors, colossal magneto-
resistive materials, ferroelectrics, and heterostructures con-
taining two-dimensional electron gases [1—4]. The surface
structure of STO has therefore been the subject of intense
research in recent years and a detailed description of the
surface with sub-A resolution is hence of great importance.
Despite this effort, the surface structure of STO remains a
subject of controversy, due on the one hand to its sensitivity
to the preparation and processing conditions, and on the
other, to the limited spatial resolution and chemical sensi-
tivity associated with most surface characterization tech-
niques. According to preparation and ambient conditions,
at least 8 different reconstructions and relaxations have
been reported for the STO(001) surface alone [5—14].

Among these, the unusual (2 X 1) reconstruction pro-
posed by Erdman et al. [5] has provoked much debate
[9,11,12,14,15]. In this model, the surface terminates not
with one, but two TiO, layers, i.e., the surface is Ti rich,
while the topmost Ti atoms cluster to form a ““zigzag”
motif. Such structural distortions and rearrangements
could affect the nucleation mechanisms in thin film growth
and may also induce different physical properties from
those of the bulk, including ferroelectricity [2,16], catalytic
behavior, and spin-polarization/double exchange mecha-
nisms at thin film interfaces to manganites [17].

For thin film growth, a reliable chemical and thermal
preparation of the STO substrate surface has become es-
tablished, which ensures 100% termination on the TiO,
sublayer (SL) and smooth terrace edge profiles [18—20]. In
this Letter we present the temperature-dependent structure
of STO(001) prepared in this standard manner, first at room
temperature (‘“‘cold”) and in ultrahigh vacuum (UHV),
and, subsequently, under conditions typical for perovskite
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thin film growth (heated to 750 = 30 °C in 1073 Pa O, —
“hot’’). The structures were determined using surface
x-ray diffraction (SXRD) [21,22], which is one of only a
few techniques capable of providing the sub-A resolution
necessary to predict the detailed physical properties of
crystalline surfaces. The different surface structures pre-
sented here were found to all exhibit Ti clustering and a
surface TiO, double layer.

The morphology of the prepared STO substrate surface
was checked using atomic force microscopy (AFM) and
found to consist only of straightedged terraces of 0.4 nm
height (i.e., one unit cell) and 250 nm width, while x-ray
photoelectron spectroscopy confirmed termination with
TiO,. Substrates were then introduced in a UHV chamber
equipped with a large beryllium window [23] mounted on a
(2 + 3) circle surface diffractometer at the materials sci-
ence beam line of the Swiss Light Source, Paul Scherrer
Institut. Thanks to the availability of a fast x-ray photon-
counting pixel detector [24], it was feasible to reliably
record the large data set of independent structure factors
necessary to obtain a convincing model within the limited
allocated beam time. Two independent sets of data from
two different samples were recorded with 1 A synchrotron
radiation for both the cold and hot conditions, to confirm
reproducibility.

In addition to crystal truncation rods (CTRs), super-
structure rods (SSRs) associated with (2 X 2) and (2 X 1)
surface reconstructions were identified in the SXRD sig-
nal for the cold sample. These SSR and CTR signals
were stable in the cold conditions over the measurement
time of over 24 h, though the SSRs vanished over several
minutes when the substrate was brought to the hot con-
ditions [25].

A representative subset of the cold data is shown in
Fig. 1(b), along with the error bars, which derive primarily
from systematic differences between symmetry-equivalent
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structure factors. The complete data set consists of 9 CTRs
and 18 SSRs, totaling 1668 nonequivalent structure factors,
(plus 806 equivalent data points) and spans | 4|, |k|,and [ =
0 to 3. The fits were generated by the program FIT [26]
using 394 parameters (i.e., an oversampling factor of 4).
These included atomic coordinates, Debye-Waller (DW)
factors, and fractional contributions from each surface-
structure type. Although the final goodness of fit is given
in terms of the crystallographic R factor, fit optimization
was via y?-minimization, in order to avoid artificial
weighting of the most intense signal near the Bragg max-
ima in the CTRs [27].

The structure comprises all 3 surface domains shown in
Fig. 1(a), including their symmetry-equivalent orienta-
tions, and significant relaxations are observed down to a
depth of 3 unit cells. The final model, shown in Fig. 1(c),
has a crystallographic R factor of 4.5% [28] and no un-
physical positions or DW factors. It is dominated by the
(2 X2) (43%) and (2 X 1) (37%) reconstructions, plus a
smaller contribution (20%) from a (1 X 1) relaxation.

The model shown in Fig. 1 was only one of 50 that were
tested for the cold data, including selected models from the
literature [5,6,9,11,13,29,30]. In arriving at this model, we
were guided by clear and consistent trends: all models
which contained both the surface TiO, double layer (DL)
and a zigzag motif of the top Ti-atoms in the (2 X 1) and
(2 X2) [5,14,30] produced significantly better fits than
other models. A detailed description of all investigated
models will be given elsewhere [31].

The SXRD data of STO(001), recorded under the hot
conditions, consisted of 837 structure factors plus 764
equivalent data points (|A|, |k|, and I = 0 to 3) and showed
no SSRs. The data was fit with 57 atomic positional and
DW parameters, i.e., an oversampling factor of more
than 10. Seven models were tested. The best final surface

structure contained no unphysical parameters and is shown
in Fig. 2. It has a crystallographic R factor of 11.2%. It is
very similar to the DL (1 X 1) structure for the cold data,
but with more puckering of the top TiO, SL, as the topmost
Ti atom moves further out from the surface.

The physical correctness of the models is supported on
the one hand by previous experimental evidence regarding
the DL (2 X 1) domain [5], but also by theoretical calcu-
lations, which predicted the low surface energy of
STO(001) terminated in much the same manner as the
DL (2 X 2) described here [30]. Indeed, our own density
functional theory (DFT) calculations [32,33] using the
PBE functional [34] have shown that the three lowest
surface energy configurations of STO that were tested
include the two reconstructions we have found experimen-
tally (see Table I). The DL (2 X 2) surface can be consid-
ered as consisting of alternately flipped DL (2 X 1) surface
cells, and hence their similar chemistry explains their
comparable surface energies.

The other low-energy configuration is the bulk (1 X 1)
surface (i.e., that without the TiO, overlayer). Fits of
the data using this bulk (1 X 1) termination produced sig-
nificantly poorer results. Also, this surface would be
half a unit cell lower or higher (£0.2 nm) than adjacent
DL reconstructions, and yet we see no evidence of this in
the AFM images. It has been suggested in the literature that
such “ideal” bulk (1 X 1)) surfaces do not exist in practice,
due to surface oxygen vacancies [12]. Although we have no
evidence of such vacancies from our fits, the slightly
enlarged Debye-Waller factors of the surface oxygen
atoms may reflect less than unity occupation.

Transformation between the DL (1 X 1) relaxation and
either reconstruction only requires a diagonal hop of every
second Ti-atom across half a surface (1 X 1) unit cell.
However, the surface energy of the TiO, DL (1 X 1) seems
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FIG. 1 (color online). The surface structure of cold STO: (a) Starting models of the 3 different domains. SL = sublayer. The 2nd SL
(TiO,) and 3rd SL (SrO) together make up a bulk STO unit cell. Note the zigzag motifs in the (2 X 1) and (2 X 2) reconstructions
highlighted in red. (b) Subset of the SXRD data (black) and fits (red). We have included the (5/2 11) SSR, which shows the largest
deviations between the fit and experimental data for the entire set. (c) The final models for the three domains, including their
symmetries and percentage contributions. The (1 X 1) structure is viewed from the side, while the reconstructions are from above.
Blue, O; red, Ti; green, Sr.
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TABLE I. Surface energies in eV/(1 X 1) unit cell (with re-
spect to the SrO chemical potential) of 4 domain types calculated
using DFT. The bulk (1 X 1) model does not contain the extra
TiO, sublayer shown upper left in Fig. 1(a).

Bulk (1 X 1) DL (1 X 1) DL (2 X 1) DL (2 X 2)
0.78 1.39 0.78 0.38

anomalously high (Table I). The presence, in spite of this,
of a (1 X 1) structure could have two reasons: either this
domain is metastable with a significant activation barrier to
lower-energy states, or in fact consists of a (possibly dy-
namic) disordered matrix of the zigzag motif of the (2 X 1)
and (2 X 2), randomly flipped and mirrored [35]. This
disordered (1 X 1) domain would have a surface energy
comparably low to those of the two reconstructions, and
the average structure is adequately described by the (1 X 1)
structure shown in Fig. 1. Such a model would not have to
invoke coordinated and concerted Ti hopping across the
surface over large distances (of the order of 100 nm) to go
from the reconstructions to the (1 X 1) relaxation. Disorder
could also explain how such a (1 X 1) surface can domi-
nate at elevated temperatures, where the surface thermal
vibrational energy becomes comparable to the activation
barrier between the (2 X 1) and (2 X 2), leading to a dis-
ordered mixture of these. Indeed, the difference in surface
energy between two (2 X 1) cells and a single (2 X 2) cell
is AE; = 1.6 eV (see Table I). On the other hand, the
vibrational energy of the surface atoms of the same system
is, to a first approximation, equal to E,, = 3kT(4n,), where
k is Boltzmann’s constant, T is the temperature, n, is the
number of atoms per top sublayer and unit cell (here, for
TiO,, n, = 3), and the factor 4 accounts for the fact that 4
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FIG. 2 (color online). The surface structure of (1 X 1) hot
STO: (a) Subset of three rods from a total of nine of the
SXRD data (black) and their fits (red), based on the same starting
model as the DL (1 X 1) domain for the cold data shown in

Fig. 1(a). (b) The final model for the hot DL (1 X 1) surface
(p2mm symmetry). Color code as in Fig. 1.

surface (1 X 1) cells are needed to describe this system. We
therefore obtain E, = 3.2 eV under hot conditions, i.e.,
twice the difference in reconstructions’ surface energies.
The size of the activation barrier between the two recon-
structions will affect the time needed to reach this mixed
equilibrium state. From the Arrhenius rate constant of the
disappearance of the SSR signal of the order of k; =
0.01 s™! and assuming a preexponential factor A ~ 10'2,
we obtain an activation energy of E, = 3 eV. For the room
temperature sample, E, = 0.9 eV and the reaction rate
constant is of the order of 10740 s7!; i.e., the system is
completely kinetically hindered [36].

A further argument supporting the DL model is based on
the electrostatic requirements of polar surfaces. The par-
tially covalent nature of the bonds in STO results in the
sublayers of the bulk (TiO, and SrO) having nonzero and
opposite net charges = o [37]. For such polar systems, the
top sublayer of stable surfaces are required to have a charge
of o/2, in order to avoid a physically unreasonable linear
increase in the electric field with depth into the crystal.
This condition is met by the top TiO, sublayer in bulk-
terminated STO(001), which differs from lower TiO, sub-
layers by having a reduced number of bonds. The addition
of the extra TiO, sublayer in the DL model modifies the
charge of the second TiO, sublayer. However, simple cal-
culations show that this TiO, overlayer in all three pro-
posed DL surface structures compensates for this change
and satisfies the criterion of electrostatic compensation.

Displacements, Az, of the atomic positions in the final
models compared to the high-symmetry positions in the
starting models are shown in Fig. 3 in the direction of the
sample normal, as it is in this direction that they are most
prominent. These data, derived from experimental results,
are very similar in trend to those theoretically predicted by
Johnston et al. [12], with the uppermost atoms on average
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FIG. 3 (color online). Displacements of Sr (green triangles), Ti
(red circles), and O (blue crosses) in the z direction (i.e., normal
to the surface) from the high-symmetry positions in the starting
models, as a function of z for the proposed cold and hot models.
The nominal surface is at z = 0 and positive values of Az
indicate displacements towards the vacuum.
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displaced outwards to the vacuum. The loss of centrosym-
metry of the Ti atoms within the oxygen octahedra may
lead to a permanent surface dipole moment and surface
ferroelectricity [2,16,38]. Indeed, surface polarity is tacitly
implied in the electrostatic arguments given above.

In conclusion, we have solved the surface structure of
the scientifically and technologically important perovskite
material SrTiO;(001) using surface x-ray diffraction,
under optimal preparation and typical thin film growth
conditions. For the first time, 3 structures simultaneously
present on the same surface could be refined from a single
data set. All three structures contain a characteristic double
TiO, top layer, while the two reconstructions, predicted by
DFT calculations to be energetically favorable, are formed
by repetition of a common zigzag motif. It is suggested that
the (1 X 1) structure may be an energetically favorable,
disordered mixture of the two reconstructions. This would
help explain the presence of only the (1 X 1) structure
upon heating the sample, as the surface vibrational energy
exceeds the difference in surface energy between the
(2 X 1) and (2 X 2) domains, resulting in their complete
mixing. The final models exhibit significant deviations
from their high-symmetry starting positions down to a
depth of 3 unit cells, which may have important conse-
quences on the surface’s ferroelectric and other nonlinear
properties. Finally, it is hoped that theoretical calculations
based on these models will provide a deeper insight into
the physics of this fascinating surface.
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