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We report on the structural determination of the surface of TiO,-terminated SrTiO5(001) using surface x-ray
diffraction. The detailed analysis of two surface diffraction data sets are presented, one (cold) taken at room
temperature in vacuum, and the other (hot) under typical conditions used for thin film growth. 49 different
combinations of possible surface terminations are described for the cold structure, from which the final struc-
ture was chosen, consisting of a weighted mixture of a (1 X 1) relaxation and (2 X 1) and (2 X 2) reconstruc-
tions, simultaneously present at the surface. The structures are best modeled by a TiO,-rich surface similar to
that proposed by Erdman et al. [Nature (London) 419, 55 (2002)]. The reconstructions are energetically
favorable according to density functional theory. They disappear within several minutes upon heating to the hot
conditions, forming a termination very similar to the cold (1 X 1), but more puckered and higher in energy. Six
additional models, suggested by direct methods and the literature, to describe the hot surface are also discussed.
Direct methods confirm the TiO,-rich termination and the atomic positions of the hot surface. The atomic
coordinates for the two TiO,-rich surfaces exhibit significant displacements down to three unit cells, which
may have important implications on possible surface ferroelectric phenomena in SrTiOj;. Surface energy
considerations suggest a temperature-induced order-disorder transition, produced by a mixing of the (2X 1)
and (2 X 2) reconstructions, to form the hot pseudo (1 X 1) structure. Electrostatic stability arguments provide

circumstantial support for the experimentally determined TiO,-rich surfaces.

DOI: 10.1103/PhysRevB.76.195435

I. INTRODUCTION

Perovskites have been subject of intense research in re-
cent years due to their intriguing physical properties, such as
high-temperature superconductivity, colossal magnetoresis-
tance, ferroelectricity, and heterostructures containing two-
dimensional electron gases.'™ The potential technological
applications of perovskites in mass storage devices, as read
heads or ferroelectric random access memories, to mention
just two examples, underline the importance of understand-
ing the atomic structures of such complex metal oxides. Be-
cause in most applications, these materials are used in the
form of thin films, it is especially important that their surface
and interfacial structures are understood. Subtle structural
differences in these regions may lead to fundamentally dif-
ferent physical properties, due to the strong correlation of the
valence electrons. On the one hand, surface effects such as
reconstructions can set a lower limit to downsizing of de-
vices that exploit bulk effects, while on the other, unexpected
new phenomena, for example, ferroelectricity, may occur at
the surface.>?

Strontium titanate (SrTiO3, STO) is the paradigmatic sub-
strate material for thin film growth of perovskites. While the
surface of STO has been the subject of intense investigations,
there remains a notable lack of a detailed description with
sub-A resolution after typical ex sifu chemical and thermal
preparation and, subsequently, under thin film growth condi-
tions. As a result, no concise picture of the surface structure
exists, and thus, the STO surface remains a controversial
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subject. This is partly due on the one hand to the sensitivity
of the surface to the preparation and processing conditions,
and on the other, to the limited spatial resolution associated
with most surface characterization techniques. Consequently,
at least nine different surface terminations have been re-
ported for STO(001), depending on the various preparation
and ambient conditions, including (1X1), (2X1), (2X2),
(6X2), c(4X2), c(6X2), c(4X4), (V5%X5)R26.6°, and
(V13 X \13)R33.7° reconstructions and relaxations."'° Of
these observations, two report the simultaneous presence of
more than one surface termination at the same time.>!°

Of particular relevance among the above terminations to
this Report is a Ti-rich (2 X 1) reconstruction proposed by
Erdman et al.,'* where the surface terminates not with one,
but two TiO, atomic layers (ALs), determined by transmis-
sion electron microscopy. The topmost Ti atoms form a char-
acteristic “zigzag” motif, while the Ti sites in the next AL,
i.e., one layer deeper down, occupy bulk positions. This TiO,
double layer (DL) structure, and adaptations of it, have been
widely discussed.!?1317:19:20

We recently reported on coexisting DL terminations on
STO, consisting of a (2X 1) reconstruction similar to that
described by Erdman et al.,'* plus a novel (2 X 2) reconstruc-
tion, as well as a TiO, (1 X 1) DL relaxation on the surface
of STO.?! In this work, we present a detailed account of the
many models we considered for the large surface x-ray dif-
fraction (SXRD) data set of the STO(001) surface that we
acquired, and how we finally determined the DL model de-
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FIG. 1. (Color online) AFM image of STO after chemical etch-
ing and thermal annealing. The step height of 4 A corresponds well
to a unit cell step, while no 2 A steps, indicative of mixed
SrO/TiO, termination, were observed. The line profile (right) was
generated by horizontal integration over the region marked by the
white box.

scribed in Ref. 21. In arriving this model, we were guided by
complementary experimental data, possible models sug-
gested by phase-retrieval methods, and our own theoretical
calculations, all of which are also described here. Structures
were refined for two data sets, the first taken at room tem-
perature and in ultrahigh vacuum (henceforth referred to as
“cold”), and the second recorded at elevated temperature and
in an oxygen atmosphere, typical for the growth of perov-
skite thin films (henceforth referred to as “hot™).

II. METHODS
A. Experimental

1. Substrate preparation

STO(001) substrates (space group Pm3m, ay=3.9045 A)
with low vicinality (<0.1°) and an impurity content of
<5 ppm Ca (Ref. 22) were purchased from CrysTec GmbH,
Germany. Substrates of 10X 8X 1 mm® were prepared ac-
cording to an established chemical and thermal treat-
ment,”3?* in order to ensure 100% termination on the TiO,
AL and smooth terrace edge profiles.

2. Characterization

Atomic force microscopy (AFM, Fig. 1) performed on
prepared STO revealed a uniform terrace step height of about
4 A (i.e., one unit cell). Comparison with AFM images of
unannealed surfaces (not shown) confirmed that annealing
smooths the terrace-edge contours. The terraces are 200 nm
wide, consistent with the nominal vicinality.

X-ray photoelectron spectroscopy (XPS) using an Al Ka
source at 1487 eV was used to confirm TiO, termination.
The angle-dependent electron yield of the oxygen ls signal
showed two peaks that could be assigned to bulk and surface
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FIG. 2. (Color online) LEIS measurements of as-received (blue)
and etched (red) (Refs. 23 and 24) and re-etchted STO (green) (Ref.
27). In addition to Sr, Ti, and O, also Ca/K, P/S, Na/Mg, and F are
present in the outermost layer. The spectra show decreased intensi-
ties for the Sr and Ca species, but an enhanced Ti signal for pre-
pared STO. The main contaminant Mg could be explained by ad-
sorbates arising from the MgO crucible during the anneal process.

contributions. Due to the insulating properties of STO, only
relative shifts in energy, i.e., the chemical shifts, could be
established. The chemical shifts between the bulk and sur-
face contributions were 2.6 and 2.0 eV for as-received and
prepared STO, respectively. This is consistent with the
chemical shifts found for SrO (2.7 eV) and TiO, (1.9 eV).?
This suggests a TiO, termination for etched STO, whereas
for unprepared samples both TiO, and SrO terminations are
present.

Low-energy ion scattering (LEIS) was performed by
Calipso B.V. at the Technical University of Eindhoven, the
Netherlands.2® The *He" ions had an energy of 3 keV. In Fig.
2, we present the LEIS spectra of as-received STO and STO
prepared according to Refs. 23, 24, and 27. The red and the
blue spectra were taken after exposing the samples to atomic
oxygen of thermal energy for 20 min, in order to remove
environmental pollution. The green spectrum was taken after
an additional etch and rinse step of the etched sample (i.e., of
the one that gave rise to the red LEIS spectrum). One or two
chemical elements are assigned to each of the peaks, depend-
ing on whether the measurement could adequately separate
the masses. Section III D will further discuss the LEIS re-
sults shown in Fig. 2.

3. Surface x-ray diffraction

SXRD experiments were carried out at the surface diffrac-
tion station of the Materials Science Beamline at the Swiss
Light Source, Paul Scherrer Institut.?® The substrates were
introduced via a vacuum loadlock into an ultrahigh vacuum
(UHV) chamber equipped with a large beryllium window?’
mounted on a (2+3) circle surface diffractometer. Owing to
the availability of a fast single photon-counting two-
dimensional x-ray pixel detector, it was feasible to reliably
record a data set of independent structure factors which was
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sufficiently large to refine a highly complex structural model
within a limited beamtime. From the pixel images, the inte-
grated intensities were extracted and the standard geometri-
cal correction factors applied.>® Data were recorded using
1 A synchrotron radiation and a fixed glancing incidence
angle of 0.5°, well above the critical angle of 0.20° for total
reflection at this energy. Two independent sets of data of two
different samples were taken for both the cold and the hot
conditions, to confirm reproducibility.

The cold surface showed both crystal truncation rods
(CTRs) at integral (h,k) positions in reciprocal space and
superstructure rods (SSRs) at half-integral-half-integral posi-
tions [h=m/2, k=n/2; m,n odd] and half-integral-integral
positions [h=m/2, k=n/2; m odd/even, n even/odd]. It be-
came clear during the structure refinement that the latter re-
flections could not be exclusively associated with a (2 X?2)
reconstruction, and that a (2 X 1) reconstruction also had to
be invoked. Both the CTR and SSR signals were stable under
UHYV conditions over the measurement time of over 24 h.

The cold data set consists of 9 CTRs and 18 SSRs, com-
prising a total of 1668 nonequivalent structure factors. In
addition, we recorded 806 equivalent data points in order to
determine systematic differences between symmetry-
equivalent structure factors. Indeed, the total error is prima-
rily associated with such systematic differences, most likely
due to (a) the known imperfections of Verneuil-grown STO
crystals’! and (b) a slight bowing of the surface caused by
the clamping mechanism to the heater. The error was deter-
mined to be 11.7%, and symmetry-equivalent structure fac-
tors were averaged. The data set spans ||, |k|, and /=0 to 3
(0=<8.36 A™).

The SXRD data of the hot sample was taken under typical
conditions for thin film growth of perovskites, i.e., the STO
was heated to 750+30 °C in 1073 Pa O,. The SSRs gradu-
ally weakened during the heating period of about 30 min.,
with only CTRs remaining. The SSRs did not return upon
subsequent rapid cooling to cold conditions, indicating either
an irreversible change in the surface structure or a kinetically
hindered transition.

A set of 837 nonequivalent structure factors in 9 CTRs
plus 764 equivalent data points was taken under the hot con-
ditions. The systematic error between symmetry-equivalent
structure factors was, at 28.9%, significantly higher than for
the cold data, and is probably attributable to mechanical dis-
tortions produced by thermal strain due to the heater/
clamping mechanism. The hot data set also spans reciprocal
space for |A|, |k|, and [=0 to 3.

In order to record nonspecular CTRs (and SSRs) in the
stationary geometry, i.e., with a detector acceptance that is
sufficiently large to integrate the complete diffraction signal
over the entire in-plane direction in one single exposure, one
can work out the minimum outgoing angle B,y min, and (with
respect to the STO lattice) the minimum /,;, of a rod, above
which independent structure factor amplitudes for a given
sampling resolution A/ are possible.’> Using an area pixel
detector, this limit depends on the quality of the crystal and
the energy resolution of the diffractometer. In the case of
STO, typical in-plane rocking curves had widths of AQ,
=0.0044 A~! (i.e., Aw=0.02°). We thus obtain ,,;,=0.90 and

k]

PHYSICAL REVIEW B 76, 195435 (2007)

lin=0.48 for the sampling resolution used of A/=0.025 and
Al=0.05 for CTRs and SSRs, respectively. This means that
the diffraction data in the case of the CTRs are not com-
pletely resolved in the low-/ region. If we assume for this
low-[ region that only half of the data points are reliable for
the CTRs (but all for the SSRs, in agreement with the used
sampling resolution), we get 1566 and 727 independent
structure factor amplitudes for the cold and the hot data sets,
respectively.

B. Theoretical
1. Structure refinement

Both the cold and the hot surface structures were deter-
mined using the program FIT.>* To refine parameters, it uses
a robust grid search algorithm. A serious problem in all
simple fitting procedures is the possibility of getting trapped
in a local minimum. We tried to overcome this obstacle by
iterative cycles of resetting fit parameters and refining the
structure. For the presented surface structures, typically 50
iterations for both cold and hot STO were needed to obtain a
final fit.

Domains were added incoherently. The sharp diffraction
signals indicate large domain sizes, while the longitudinal
coherence length of the focussed beam is 40 nm at a beam
energy of 14 keV for our source.”® Equivalent domains were
equally weighted with regard to the surface symmetries, i.e.,
no a priori preferential orientation of the domains was as-
sumed.

The final goodness-of-fit (GOF) is given in terms of the
crystallographic R factor,>3 although optimization was car-
ried out via X2 minimization, in order to avoid artificial
weighting of the most intense signal near the Bragg maxima
in the CTRs. To be able to compare different models Xf, i.e.,
the reduced values,’® are always given. It is noted that, for
the final model, changing from x> to minimization of the R
factor and back led to the same final model, within a reason-
able set and range of reset fit parameters.

For the structures presented in this work, atomic coordi-
nates, Debye-Waller (DW) factors, a general scaling factor,
and, for the cold surface, fractional contributions from each
surface-structure type were refined. Atomic movements are
therefore represented by up to three parameters per site, de-
pending on the surface symmetry assumed. The underlying
bulk atoms had one isotropic DW factor for each Sr, Ti, and
O. In each of the lower ALs, isotropic DW factors were used
for any particular atom type. Each atom of the top four ALs
(or five in the DL surface terminations) was modeled using
an anisotropic DW factor, with separate in- and out-of-plane
components. As lower limits of the DW factors, 50% of the
bulk values for Sr, Ti, and O were chosen. FIT uses DW
factors in terms of B values, according to international
standards.?” For convenience, the DW factors presented here
are converted into root mean squared displacements
(RMSDs), i.e., the uncertainties of the atomic position due to
thermal effects are given as the amplitudes of Gaussian-
distributed oscillations, represented in units of the STO unit
cell (see Tables II-V). Note that the DW factor accounts for
both the dynamic motion and the static disorder with Gauss-

195435-3



HERGER et al.

ian distribution and may be called the “atomic displacement
parameter” to stress explicitly the static component.®® Unless
otherwise stated, every atom had an occupation parameter of
unity. Note, however, that a high DW factor may also imply
partial occupation. To model the two different surfaces with
sets of parameters as described above, we used 394 param-
eters for the 112 atoms of the cold and 57 for 16 sites of the
hot data, implying an oversampling of the independent struc-
ture factors by a factor of 4 and more than 10, respectively,
i.e., well above the Nyquist criterion.

2. Density functional theory calculations

Density functional (DFT) calculations were performed us-
ing periodic slab models with a periodicity normal to the
surface of 100qa, units. This results in a slab separation of
about 25 A for the thickest slabs, and more for thinner slabs.
The slabs have a mirror symmetry (possibly combined with
glide or inversion symmetry), resulting in a vanishing dipole
moment across the slab. DFT equations were solved using
the DMOL? program, using default settings as described in
Refs. 39-41.

The reciprocal space integrations were performed by sam-
pling the Brillouin zone with unshifted 4 X4, 2 X4, and
2 X 2 meshes for the (1 X 1), (2X 1), and (2 X 2) surface unit
cells, respectively. To estimate the sensitivity with respect to
the density functional approximation, two sets of calcula-
tions were carried out, one with a local density functional
Perdew-Wang-correlation (PWC),*? and the other including
gradient corrections according to Perdew, Burke, and Ernzer-
hof (PBE).*?

Wetting the surfaces by a high dielectric liquid, such as
water, may change the relative surface energies. A simple
estimate of the wetting effect is obtained by the conductor-
like screening model applied to a surface (later referred to as
“e-wet”). In this model, dielectric screening charges (i.e.,
mimmicing a conductorlike charge distribution) are semiem-
pirically applied to the surface in order to simulate the effects
of contact with water.** Removing the Sr and its complexes
by etching is also our rationale for comparing surfaces of
different stoichiometry at low Sr chemical potential.

3. Direct methods

The challenge in diffraction based structure determination
is the fact that the measured diffraction intensities are pro-
portional to the squared amplitudes of the complex structure
factors, but contain no information about their phases (the
so-called “phase problem”). Therefore, a direct inversion of
the Fourier components to retrieve the electron density in the
crystal is impossible.

Conventional fit optimization programs such as FIT and
ROD (Refs. 33 and 45) rely on detailed a priori knowledge of
the system (i.e., the starting model) to overcome this prob-
lem. However, the probability of convergence to the correct
solution depends very strongly on how well the initial model
approximates the true structure. This problem becomes pro-
gressively severe with increased system complexity.

Although the missing phase data cannot be measured di-
rectly, 2D periodic structures such as crystal surfaces, in con-

PHYSICAL REVIEW B 76, 195435 (2007)

trast to 3D systems (i.e., bulk crystals), may provide this
information by other means. Bulk diffraction data do not
allow one to measure at least twice as many independent
structure factors to reliably determine every single refine-
ment parameter, as demanded by the Nyquist criterion, since
only a discrete set of nonzero Fourier amplitudes, the Bragg
peaks, can be determined. In surface diffraction data, how-
ever, the continuous signal along a CTR provides the neces-
sary redundant information (“oversampling”) needed for the
application of so-called direct-or phase retrieval methods.

Several direct method attempts to solve the phase problem
in surface crystallography have been reported.*~4° We used
the PARADIGM method proposed by Saldin et al. to study the
surface of hot STO. The algorithm aims to recover the sur-
face structure by an iterative algorithm?® that alternately sat-
isfies constraints in real and reciprocal space and exploits the
fact that scattering from the unknown surface structure may
be regarded as a perturbation of that from the truncated bulk
structure.

II1. RESULTS AND DISCUSSION
A. Room-temperature structure
1. Starting models

The presence of SSRs at half-integral-half-integral posi-
tions in k space can in principle be explained by a (2X2)
reconstruction completely covering the surface. However, as
mentioned above, structural modeling showed that more than
one reconstruction was required. A weighted mixture of a
(1X1) relaxation and (2X 1) and (2X2) reconstructions
best reproduced the data.

In the following, we discuss the starting models for the
three terminations that were combined to model the cold
surface. Coordinates are given in units of the bulk STO cell,
with the origin in the lower left corner.

(1) (1 X 1) models. Figure 3 summarizes the cold (1 X 1)
models. The bulk STO unit cell terminates with an AL of
TiO, (a) placed on top of an AL of SrO (b). For the Ti-rich
DL structures, either an AL of TiO, (c) or TiO (d) was added
on top of the bulk TiO, layer (a). The structure in (e) is O
deficient and was proposed to be energetically favorable
compared to (a).! Another rowlike structure that was con-
sidered is produced by moving the O in (a) on top of the Ti
atom (model f), instead of removing it (as in model e). To
test the idea of Sr-enriched surfaces due to segregation dur-
ing annealing suggested in Ref. 27, we added another SrO
AL onto the Ti-rich DL structure shown in (c), either with the
Sr in the (1/2 1/2) position (g) or at (0 1/2) (h).

(2) (2X 1) models. The (2 X 1) starting models are shown
in Fig. 4. The AL in Fig. 4(a) sits on top of a bulk TiO, layer,
and together they form a TiO,-rich surface, as proposed by
Erdman et al.'* Note that the Ti atoms form a characteristic
zigzag motif. Two modifications of the top TiO, layer of
bulk STO were discussed by Castell'> in a scanning tunnel-
ing microscopy study (STM): (b) is a TiO,-depleted struc-
ture, in which only one TiO,-unit is present in a (2X1)
reconstructed cell, whereas in (c) one O is removed to form
a reconstruction with Ti,O5 stoichiometry. In (d), the Ti at-
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FIG. 3. (Color) Cold (1 X 1) terminations that are placed on STO bulk unit cells. The first two ALs of an ideal Ti-terminated bulk STO
surface are shown in (a) and (b). All models are viewed from above onto the ab plane and display the unit cell as a grey box, with the Sr
bulk position at the cell corners. The number in the upper right corner indicates the AL of the opaque sites, labeling the surface layer of DL
models as 1. The adopted surface symmetries are noted in black below the cells where they are unambiguous. Other considered symmetry
elements and their descriptions are highlighted in brown and yellow. Atoms shown in lighter shades represent nominal positions that are one
AL deeper down, but are required to unambiguously understand the termination. A detailed description of the structures is given in the text.

Color code: Sr green, Ti red, and O blue.

oms also form a zigzag motif, but in contrast to (a), this is a
modification of the top TiO, layer of bulk STO and is not a
DL structure. The models in (e) and (f) are again O deficient,
forming, respectively, a rowlike structure (as suggested by
Noguera®!), or a structure in which an O atom is moved on
top of the adjacent Ti atom, similar to the cold (1 X 1) struc-
ture in Fig. 3(f). Assuming that an O atom moves with equal
probability from the bulk position to the left or the right Ti
atom, the occupation of the top O was set to 0.5 in model (f).
Model (g) contains a Sr adatom layer with one Sr atom per
(2X1) cell, as proposed in a STM study by Kubo and
Nozoye.'> We note that the stability of Sr adatom surfaces

(b)

has been questioned for high Sr coverages and could only be
explained by first-principle calculations if the surface is far
from equilibrium.?° Finally, models (h) and (i) have the same
basic idea as presented in Figs. 3(g) and 3(h), respectively,
i.e., an additional SrO layer on a Ti-rich DL structure.

(3) (2X2) models. The (2 X 2) reconstructions are shown
in Fig. 5. Structures (a)—(c) all represent Ti-rich DLs on bulk
TiO, layers. In model (a), the fully stoichiometric TiO, top
layer consists of the characteristic zigzag motif and was
found to be energetically favorable by DFT calculations pre-
sented by Warschkow et al.>> Note that this reconstruction is
very similar to the (2X 1) structure in Fig. 4(a): it can be

2

FIG. 4. (Color) The tested
starting models for the cold
(2X 1) structures, using the same
representation as in Fig. 3.
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FIG. 5. (Color) Starting models for the cold (2 X 2) structures. Notation is the same as for Fig. 3.

thought of as consisting of a juxtaposition of such a (2 X 1)
structure and its mirror image. Structure (b) is very similar to
(a), whereby the Ti atom zigzag motif is shifted by (1/2 1/2)
of a unit cell. Structure (c) consists of two adjacent (2 X 1)
reconstructions of the type shown in Fig. 4(a), but due to O
deficiency at the (0 1) position, it forms a true (2 X 2) recon-
struction. The structures (d)—(h) are also based on Ti atom
rearrangements, but in contrast to (a)—(c), no double Ti-layer
is present, i.e., the changes take place in the top TiO, layer of
bulk STO. Model (d) looks thus the same as (b). The motif in
(e) is similar to that in (a), but with the important differences
of having two Ti sites on bulk Sr positions and the other two
Ti atoms directly above bulk Ti. Model (f) shows an unusual
Ti and O arrangement that would be difficult to explain
by electrostatic arguments, but is presented for the sake of
completeness. The two structures (g) and (h) are also based
on the idea of two adjacent (2 X 1) reconstructions (with the
Ti on top of bulk Sr/Ti again) and O deficiencies [missing
either the (1/2 1) or the (3/2 1) site] forming the (2X2)
structures. For the models (i) and (j), we were inspired by an
O deficiency (i) or an O movement on top of a bulk Ti site
(j), analogous to structures already presented for the (1 X 1)
and (2X1) models. The same is true for the Sr adatom
model'? (k), or SrO overlayers on a TiO,-rich DL structure
to form the structures (1) and (m), model (1) having varying
Sr and O occupation (see Table I).

2. Refinement

The models presented in Sec. III A 1 were combined and
fit to the experimental data. Table I shows the most promis-
ing 49 combinations. We note that, in assessing the potential
of a model, we not only considered the Xf or crystallographic
R factor, but also its physical reasonableness. These included
sensible atom positions and distances between different ALs,
or plausible DW factors. The fit procedure used a GOF cri-
terion that was a weighted combination of the Xf and a pu-
nitive energy term proportional to the square of the deviation
from equilibrium bond lengths, similar to the “Keating en-
ergy” used in covalent structures.>® This second term helped
to stabilize the models during the first few iterations. In gen-
eral, we started to fit the top layers only, then subsequently
added deeper ALs as the model relaxed. The weighting of the
punitive energy term could then be reduced and the refine-
ment iterated.

In arriving at the final model (number 36 in Table I), we
were guided by a clear and consistent trend: all models con-
taining a TiO, DL and a zigzag motif of the top Ti atoms
produced significantly better fits than those without these
features. In addition, these models had sensible atomic posi-
tions and DW factors throughout.

The (2X1) and (2X2) reconstructions in models 1-6
have a higher symmetry than other models in Table 1. The
resulting GOF values ( xf and R factor) are high compared to
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TABLE 1. Selected surface structure combinations under identical fit conditions. The letters in column (1X 1), (2X 1), and (2X2)
correspond to those shown in Figs. 3-5, respectively. Subscripted 4 and v depict horizontal and vertical mirror planes, respectively. Column
AL gives the number of fit atomic layers, the last three columns are the fractional contributions of the terminations.

Model (1X1) (2X%X1) (2X2) Surface symmetries ALs Xf(|F|2) R(F)) f(1x1) f2x1) f2x2)

1 a e i pamm p2mm p2mm 4 4.416 0.154 0.150 0.316 0.534
2 a f j pdmm p2mm p2mm 4 6.218 0.166 0.188 0.307 0.505
3 f f J p2mm p2mm p2mm 4 5.686 0.164 0.108 0.312 0.580
4 a g k pdmm p2mm p2mm 5 3.745 0.140 0.341 0.328 0.331
5 c a p2mm p2mg 5 5.146 0.146 0.437 0.563
6 c a a p2mm p2mg p2mg 5 2.903 0.131 0.361 0.180 0.459
7 a f J pdmm pm, pm, 4 2.556 0.144 0.214 0.359 0.427

8 f f j pm, pm, pm, 4 2.647 0.135 0.167 0.411 0.422
9 a e i pdmm pm, pm, 4 3.025 0.140 0.135 0.377 0.488
10 a b e pdmm pmy, Pg 4 3.058 0.134 0.000 0.501 0.499
11 a b d p4mm pmy, pmy, 4 2.228 0.133 0.238 0.340 0.422
12 a b f pdmm pmy, pmy, 4 2.313 0.127 0.172 0.352 0.476
13 a b b p4mm pmy, pmy, 4 2.282 0.131 0.203 0.329 0.468
14 a c e pdmm pmy, pg 4 2.571 0.132 0.214 0.418 0.368
15 a c d pAmm pmy, pmy, 4 2.287 0.132 0.145 0.391 0.464
16 a c f pAmm pmy, pmy, 4 2.759 0.137 0.000 0.468 0.532
17 a c b pamm pmy, pmy, 4 2.328 0.128 0.145 0.416 0.439
18 a a e pdmm pmy, pg 4 2.909 0.123 0.169 0.447 0.384
19 a a d pAmm pmy, pmy, 4 2.169 0.122 0.252 0.470 0.278
20 a a f pdmm pmy, pmy, 4 2.351 0.115 0.187 0.468 0.345
21 a d g pdmm pmy, pmy, 4 2.129 0.111 0.297 0.380 0.323
22 a d h p4mm pmy, pmy, 4 2.183 0.118 0.256 0.341 0.403
23 a b pAmm pmy, 5 3.468 0.135 0.385 0.615
24 a g k pdmm pm, pm, 5 2.624 0.132 0.263 0.345 0.392
25 a a b pdmm pmy, pmy, 5 2.069 0.118 0.185 0.386 0.429
26 a b pmy, pmy, 5 2211 0.120 0.516 0.484
27 c a b p2mm pmy, pmy, 5 1.978 0.114 0.218 0.422 0.360
28 c a b pmy, pmy, pmy, 5 2.059 0.113 0.225 0.383 0.392
29 c a b pm, pmy, pmy, 5 1.869 0.113 0.208 0.421 0.371
30 d a b p2mm pmy, pmy, 5 2.172 0.119 0.170 0.422 0.408
31 d a b pmy, pmy, pmy, 5 2.190 0.113 0.173 0.378 0.449
32 d a b pm, pmy, pmy, 5 1.878 0.112 0.217 0.431 0.352
33 c a® c p2mm pmy, pmy, 5 1.771 0.114 0.272 0.341 0.387
34 c at c p2mm pmy, pmy, 5 2.059 0.108 0.187 0.379 0.434
35 c a c p2mm pmy, pmy, 5 1.713 0.116 0.298 0.353 0.349
36 c a a p2mm pmy, pmy, 5 1.913 0.118 0.244 0.363 0.393
37 c a a p2mm pmy, p2mg 5 2.859 0.116 0.215 0.443 0.342
38 c a a p2mm pmy, Pg 5 2.263 0.120 0.187 0.419 0.394
39 c ab ab p2mm  p2mg/pm,  p2mgl/pmy, 5 2.154 0.118 0.251 0.366 0.383
40° c aP ab p2mm  pglpm, pglpmy, 5 1.784  0.116  0.190 0.401 0.409
41¢ c a ab p2mm pmy, p2mg/pmy, 5 1.873 0.114 0.228 0.343 0.429
42°¢ c a ab p2mm pmy, pg!pmy, 5 1.580 0.112 0.224 0.323 0.453
43¢ c a* a® p2mm pmy, pglpmy, 5 1.676 0.120 0.168 0.404 0.428
44¢ c aP ab p2mm pmy, pglp2mg 5 2,551 0.118  0.218 0.405 0.377
45¢ g¢ hd 1 p2mm pmy, pmy, 6 1.506 0.105 0.342 0.352 0.306
46° g¢ hd IR p2mm pmy, pmy, 5 1.393 0.102 0.181 0.265 0.554
47°¢ g° h¢ 1 p2mm pmy, pmy, 6 1.265 0.103 0.292 0.299 0.409
48¢ g°¢ h® I p2mm pmy, pmy, 5 1.335 0.105 0.238 0.350 0412
49¢ h i m p2mm pmy, pmy, 6 1.971 0.136 0.000 0.427 0.573

%0 moved out of the plane, similar to Ref. 14. 4Sr and O occupation=1.0.
"Top layer has other symmetry than underneath. ¢Sr and O occupation=0.5.

“Refined atomic positions unphysical.
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other models. This suggests that reconstructions with lower
surface symmetries are preferred.

Models 7-25 all have a TiO,-terminated (1 X 1) structure
without a double layer. All the Xf values are higher than 2.1.
Note that models with a Ti atom zigzag motif often display
low Xf and R values within this group.

Models 27-44 contain Ti-rich DLs. The x> values are
around 2 with R factors of 0.120 or lower. Also, the frac-
tional contributions of the different terminations [about 20%
(1X1),40% (2% 1), and 40% (2 X2)] vary less from model
to model than for models 7-25. The first set (27-36) are
modeled with p2mm and pm symmetries, whereas in the
second set (37-44) glide mirror symmetries (p2mg and pg)
are also used, as these belong naturally to the zigzag motif. If
the glide symmetry acted on the entirety of the (2X2) do-
main, the fit was poorer and the models (37 and 38) were
physically questionable. By introducing a physically dubious
mixed-symmetry within either the (2 X 1) or (2 X2) recon-
structions (i.e., the top layer having glide symmetry and ev-
erything below, a mirror plane, models 39-43) the fits im-
proved considerably. However, as can be seen in Table I,
these models have been deemed to be unphysical. This some-
what subjective judgement was based on the fact that the
majority of the atomic positions are unphysically disordered,
although the shifts of the individual atoms are generally not
unreasonable.

In contrast, our preferred model 36, contains atom posi-
tions that appear to remain closer to the starting positions,
especially below the top two or three AL.2! Although it does
not have the lowest Xf at this point of the refinement proce-
dure, it was chosen for the following reasons. First, the
model is supported by previous experimental evidence re-
garding the DL (2 X 1) domain,'* and also by DFT calcula-
tions, which predict the low surface energy of STO termi-
nated with the DL (2 X 2) described here.’? Indeed, our own
DFT calculations (see Sec. Il C) have shown that the three
lowest surface energy configurations include the (2 X 1) and
(2 X 2) reconstructions of model 36. The atomic positions as
well as the DW factors (for the surface and the bulk) seemed
to be most physically reasonable, compared to all other DL
structures. In particular, the Ti atoms of the zigzag motif,
which seems to be so important for producing a low surface
energy, barely shift from their start positions.

The GOF of combinations containing a DL-(1 X 1) relax-
ation are better than those with a bulk (1 X 1) termination,
but are nevertheless of comparable magnitude. At the point
of the refinement procedure presented in Table I, adopting a
TiO,-DL for the (1 X 1) termination does therefore not seem
to be necessary. There are, however, pressing arguments to
postulate such a DL structure. First, the combination of DL
(2X1) and (2X2) reconstructions with a bulk (1X1) do-
main would imply half unit cell (i.e., 2 A) height steps at
their boundaries, of which we see no evidence in the AFM
pictures (see Fig. 1). A second argument lies in the fact that
the reconstructions vanish upon annealing. It seems unlikely
that a mostly DL-reconstructed surface transforms to a bulk-
like terminated (1 X 1) when the substrate is brought to con-
ditions typical for thin film growth, which would require the
evaporation of the uppermost TiO, AL of the (2X 1) and
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(2X2) domains, despite the fact that DFT calculations pre-
dict that they should be the most stable configurations. More-
over, the existence of an “ideal” bulk (1 X 1) termination in
UHV has been recently questioned,!” based on arguments of
surface oxygen loss. Finally, the TiO,-DL (1 X 1) model fits
the experimental data better than a bulk (1 X 1), when the
number of fitted AL is increased.

Models 45-49 investigate the possibility of SrO segrega-
tion during the annealing process.?” The models consisting of
such terminations (i.e., models 45-48), have Xf values and R
factors that are clearly superior than those of any of the other
presented models. This is, however, at the expense of physi-
cal reasonableness. The fitted structures all show the same
trend: The top SrO layer is repelled significantly towards
vacuum for all terminations, resulting in an interlayer dis-
tance of over 3 A, instead of 2 A. In addition, the side views
of the structures appear to be considerably bent.

3. Final structure

The experimental data and the calculated intensities of
model 36 are shown in Fig. 6. The intensity in the SSRs
varies strongly with a periodicity of the order of 1/3 of a
reciprocal lattice unit. Thus, significant atomic displacements
are expected down to three unit cells, which, indeed, we
found in the refinement. The quality of the data and the fits is
evidenced by a final R factor of 4.5% and the absence of
unphysical positions or DW factors. The structure of the final
fit model is shown in Figs. 7(a)-7(c).’* The reconstructions
dominate the surface termination with percentages of 43% of
(2%2) (c) and 37% of (2% 1) (b). A smaller contribution of
20% (a) could be attributed to a (1 X 1) relaxation. Analysis
of four rods of a second STO substrate gave very similar
intensities (within 5%) and thus essentially identical weight-
ings of the different reconstruction/relaxation domains. The
content of impurities may play a role as well, as argued in
Sec. I D.

The atomic coordinates of the (1X1), (2X1), and
(2X2) domains are listed in Tables II-IV, respectively. The
atoms are grouped in ALs with a positive z axis pointing out
of the surface, and the z=0 position referring to that layer
where the atoms are not shifted, i.e., they are on bulk posi-
tions. The first and the second ALs form the DL structure.
The fourth column represents the high-symmetry starting po-
sition of the atom. The coordinates are given in fractions of
bulk STO unit cells, with the associated DW factors as
RMSDs. The atoms near the surface generally undergo more
pronounced movements than do atoms deeper down and
have larger DW factors. A large DW factor may reflect less
than unit occupation for some of the atoms, although we
have no evidence of vacancies from our fits. Note that for the
(1 X 1) relaxation, no in-plane movements are allowed due to
the p2mm symmetry. A further discussion of the cold struc-
ture with regards to an order-disorder transition will be given
in Sec. IIT E.

B. Hot structure

1. Starting models

The hot data set consisted of CTRs, with no SSRs present.
Thus, we only considered the set of (1X 1) terminations
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FIG. 6. (Color online) Set of the SXRD data (black data points) and calculated intensities (gray solid line, red online) for the cold
conditions. The top row contains the six SSRs that can be exclusively associated with the (2 X 2) reconstruction. The central group of 12
SSRs can represent signal from both the (2X2) and (2 X 1) domains, and indeed we see that their intensities are about double those of the
uppermost row, indicative that a (2 X 1) does exist. The nine CTRs at integer positions in k space are presented on a logarithmic scale in the

lowest group.

shown in Fig. 8. All these (1 X 1) structures contain double
layers.

Figure 8(a) shows the top AL of the TiO, DL structure
that was also found in the cold data. The oxygen overlayer
structure in (b) was recently suggested by Vonk et al.,'®
where they studied a chemically etched and thermally treated
(1X1) STO(001) surface via SXRD at room temperature
and in air.

As for the reconstructed (cold) case, both p4mm symme-
try and multiple domains of p2mm are consistent with the
diffraction pattern; PARADIGM treats these cases separately.
When p2mm symmetry was assumed, PARADIGM suggested
the same TiO,-DL surface as for the cold model (model a).
This result will be discussed further in Sec. III B 3. When
p4dmm symmetry was imposed, PARADIGM suggested four
further starting models, all of which contain a metal-rich top
surface layer, shown in models (c)—(f). The top AL either
consists of Sr, Ti or their mixture. Note that all surfaces
suggested by PARADIGM contain a double layer. All of these

models were subsequently tested using conventional struc-
ture refinement with fit, as described below.

2. Refinement

The different structural models for the hot data set were fit
using identical refinement procedures. In Fig. 9, we present
the evolution of the GOF criteria Xf (a) and R factor (b) as a
function of the number of fit ALs. All the models were di-
rectly fit down to the shown number of ALs. The models are
labeled corresponding to Fig. 8, plus a bulk model without a
Ti-rich DL.

The best results are obtained when the TiO,-DL structure
is fit to the data, both in terms of )(f and the R factor. The
bulk and the O overlayer fit worse than the DL structure. In
particular, the O overlayer model reaches unphysical posi-
tions for 3 and 4 ALs, i.e., the O atoms are compressed into
the next underlying layer. Indeed, the shapes of the CTRs
differ significantly between the SXRD data presented here
and that from Vonk et al.,'® which is perhaps not surprising,
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given that their study was performed in air and at room tem-
perature, whereas our data was taken under film growth con-
ditions. We also note that we have observed several times
that metal oxides samples in air exposed to glancing-
incidence synchrotron radiation show clear radiation damage
within less than an hour. Also, from a chemical perspective,
a dense packing of the surface with O is difficult to explain,
either with hydrogen-bonded oxygen, where the experimen-
tally found bonds are too short, or with covalent bonds,
where they are too long. Moreover, it is rather unlikely for a

TABLE II. Refined positions and DW factors (expressed as root
mean squared displacements in brackets) for the (1 X 1) reconstruc-
tion under cold conditions in units of bulk STO.

Nominal

AL No. Atom position x/ag y/ay z/ay
11 T (J03) 0500(54) 0.000(54) 3.187(69)
20  (003) 000020) 0.000020) 3.107(20)
3 0  (533) 0500(118) 0.500(118) 2.940(57)
2 4 T (313) 0500014) 0500(14) 2.529(34)
5 0 (303 050025 0000025 2.457(204)
6 O (033 000020 0500(20) 2.442(20)
3 7 St (002) 000055 0.000(55) 1.916(132)
8 O (332 0500200 0.500(20) 1.962(64)
4 9 Ti (313) 05000127) 0.500(127) 1.455(72)
10 0 (203 050020 0.00020) 1.462(20)
110 (0332 000020 0500(20) 1.458(20)
5 12 St (001) 0.00068) 0.00068) 0.975(197)
130 (331 0500(78) 0.500(78) 0.964(61)
6 14 Ti (311) 050044) 050044) 0.546(44)
15 0 (203 050020 0.00020) 0.505(20)
16 0 (033 0000020 0500220) 0.492(20)
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hot

(d)

FIG. 7. (Color) The final mod-
els for the cold domains (a)—(c)
and the hot structure (d), including
their symmetries and percentage
contributions. The (1X1) struc-
tures [cold (a) and hot (d)] are
viewed from the side, while the
reconstructions are from above.
Color code: Sr green, Ti red, and
O blue.

PN

(1x1), p2mm

perovskite system to have mostly ionic bonds in the bulk and
a covalent nature at the surface.

The bulk model consistently produces marginally poorer
results than the TiO,-DL model. Both models give similar
results when only 1 AL was fit, but successive layers im-
prove the quality of the fit for the DL structure compared to
bulk (see Fig. 9). Moreover, as already argued in Sec.
IIT A 2, a pure bulk termination evolving upon heating from
the cold DL structure seems physically improbable.

The metal-rich surfaces are significantly worse than the
models discussed so far, the only exception being model (f),
a pure Ti surface layer. The other three terminations result in
much higher XE values and R factors, in particular for the fits
of the top 1 or 2 ALs, where improvements in the fit, assum-
ing the model to be correct, should have the most influence.
It can be perhaps argued that the reason that the Ti model (f)
fits the experimental data a little better is because the
TiO,-DL structure is also Ti-rich at the surface. Further in-
vestigations compared the two structures and gave consis-
tently better results for the TiO,-DL model. Both models
looked physically reasonable and had sensible DW factors,
but the x> was always about 15% better for the TiO,-DL
model, and any attempt to reach the same Xf with model (f)
failed. Another argument supporting the TiO,-DL model is
that the cold structure did not exhibit any sign of a metal-rich
surface. To obtain a metal-rich surface would therefore re-
quire comprehensive changes of the surface configuration
upon annealing in a background of oxygen, which appears to
be physically implausible.

3. PARADIGM results

The application of the PARADIGM algorithm on the hot
data set recovers electron densities (ED) in an additional
layer on top of the STO bulk unit cell, as shown in Fig. 10.
The EDs are located at exactly the same positions as one
would expect it for the TiO,-DL model, although with higher
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TABLE III. Refined positions and DW factors (expressed as root
mean squared displacements in brackets) for the (2 X 1) reconstruc-
tion under cold conditions in units of bulk STO.

Nominal

AL No. Atom position x/ag y/ay z/ay
11 Ti  (203) 0481(59) 0.000(59) 3.194(16)
2 0 (003) -0.00520) 0.000(20) 3.119(132)
3 0 (103) 1.03220) 0.00020) 2.975(20)
4 T (133) 0972(204) 0.500(204) 3.345(19)
5 0 (513) 0584(57) 0500(57) 3.260(40)
6 0 (213) 1.50044) 050044) 3.266(20)
2 7 T (313 0536(56) 0.500(56) 2.564(14)
8 0 ($02) 057520) 0.00020) 2.637(20)
9 0 (033) 0017(20) 0.500(20) 2.627(20)
10 Ti (213 15967) 050067 2.647(70)
11 0 (303) 1485020) 0.00020) 2.570(20)
120 (113 0964(109) 0.500(109) 2.579(20)
3 13 St (002) 0016(34) 0.000(34)  2.020(58)
14 0 ($32) 0.60020) 0.500(20) 2.057(20)
15 St (102)  1.02639) 0.000(39) 2.018(51)
16 0 (212 1512(204) 0.500(204) 2.031(204)
4 17 T (333 0511300 050030) 1.560(23)
18 0 (302 0521200 0.00020) 1.515(20)
19 0 (032 002520 0.50020) 1.491(39)
20 T (313) 1516(28) 0500(28) 1.535(14)
20 0 (303) 1.484(20) 0.000(20) 1.425(20)
22 0 (133) 1.00929) 050029) 1.490(86)
5 23 St (001) 001525 0.000(25) 1.003(45)
24 0 (311) 0499(88) 0.500(88) 1.008(140)
25 St (101) 101025 0.00025) 1.007(37)
26 0 (311) 1606(23) 0500(23) 1.061(20)
6 27 Ti (313) 048927) 050027) 0.506(27)
28 0 (303) 0547(50) 0.000(50)  0.499(50)
29 0 (0%3) -0.007(50) 0.500(50) 0.498(50)
30 T (313) 1.49827)  050027)  0.504(27)
3. 0 (303) 1518(50) 0.000(50) 0.529(50)
32 0 (113) 1.020(50) 0500(50) 0.525(50)

intensities on O than on the Ti positions. The agreement in
the heights of recovered ED by PARADIGM (see Fig. 10) and
the FIT results (see Table V) is striking. Therefore, these re-
sults strongly support the double layer model.

The data in Fig. 10 represents the averaged ED for two
coherently added domains.> The ratio of the recovered ED
maxima between (a) and (b) is approximately 3:2. A possible
explanation could involve the presence of Sr impurities on
the surface, as it is indicated by our LEIS data (see Fig. 2).
However, our attempts to model such impurities with FIT
resulted in less than 1.5% Sr remaining at the surface, clearly
insufficient to account for this inversion of ED as seen by
PARADIGM. The origin of the observed EDs therefore remains
unclear.

PHYSICAL REVIEW B 76, 195435 (2007)

PARADIGM may be applied to SXRD data from either co-
herently or incoherently scattering symmetrically related
domains.’®% There is a probability that the present data
arise from a mixture of coherently and incoherently scatter-
ing domains. The intensities of diffraction rods with (h+k)
even would be expected to be the same whether the domains
scatter coherently or incoherently, and are therefore the most
appropriate to be used as input to the algorithm in this case.
On the other hand, the contributions to the intensities of
these rods of even (h+k) from the two domains of p2mm
symmetry rotated relative to each other by 90° is the same.
The Fourier transform of surface structure factors of even
(h+k) only will necessarily have p4mm symmetry and may
be identified with the average electron density of the two
domains that is seen in Fig. 10.

The only contradiction between the surface electron den-
sity maps from PARADIGM seen in Fig. 10 and the best-fit
model suggested by FIT is that the latter suggests the heavier
atom (Ti) to be associated with the smaller electron density
features in the figure and that the lighter atom (O) with the
higher density. It is entirely possible that this apparent rever-
sal of electron densities is due to the fact that an ideal sub-
strate is assumed in the PARADIGM calculations, whereas FIT
suggests significant reconstructions below the outermost
double layer. Nevertheless, the model-independent nature of
the PARADIGM result gives greater confidence to the conclu-
sions of the trial-and-error fitting to the data of specific struc-
tural models.

4. Final structure

The SXRD data of STO under hot conditions is shown in
Fig. 11. The best final surface structure has a crystallographic
R factor of 11.2% and no unphysical parameters. The struc-
ture is shown from the side in Fig. 7(d).>* It is very similar to
the DL (1X 1) structure for the cold data, but with more
puckering of the TiO, AL, as the topmost Ti atom moves
further out of the surface.

In Table V, the atomic coordinates are presented in the
same manner as for the cold data. The uncertainty in the
positions due to thermal effects is higher compared to the
cold data, as one would expect. The displacements in the z
direction from high-symmetry positions in the starting mod-
els are further discussed in Sec. IIT F 1.

C. DFT results

The DFT results are summarized in Table VI. Seven mod-
els were tested, including the most promising DL structures.
A comparison between our own calculation and recent work
by other groups is also included.!7>>>°

We focus first on the surface energies that were calculated
using the PBE functional. The three lowest surface energies
included the two reconstructions we found experimentally.
As already mentioned, the DL (2 X 2) surface can be thought
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TABLE IV. Refined positions and DW factors (expressed as root mean squared displacements in brackets) for the (2 X 2) reconstruction

under cold conditions in units of bulk STO.

Nominal Nominal

AL No. Atom position x/ag v/ay z/ay AL No. Atom position x/ag y/ag z/ay
11 Ti (503) 0413(160) -0.055(160) 2.920098) 4 33 Ti (213) 052559 0500(59) 1478(152)
2 0  (003) 006220) 0.112(20)  3.015(93) 34 0 (3032 0472(59) -0.013(59) 1.487(204)
3. 0 (103 137867) -0.037(67) 2.798(20) 35 0  (0332) -0.061(40) 0.50040) 1.398(33)
4 Ti (033 -0085(73) 0500(73) 3.013(14) 36 Ti o (333) 1484(65 0.500(65) 1.595(14)
5 0 (213) 1570200 0500(20)  3.001(20) 37 0 (3032 141567) -0.005(67) 1.482(20)
6 0 (513) 053429 050029) 2.885(20) 33 0 (1332 0921(51) 0500(51)  1.466(20)
7 T (313) 0413(160) 1.055(160) 2.920(98) 39 T (323) 0571(64)  1.500(64) 1.349(111)
8 O (013 0062020) 088820 3.015(93) 40 0  (513) 0472(59) 1.013(59) 1.487(204)
9 0  (113) 137867 1.037(67)  2.798(20) 41 0 (023 -0038(20) 150020 1.552(20)
10 T (133) 0988(58)  1.500(58)  3.005(62) 2 T (23 161459 150059 1.440(83)
110  (§33) 0527200  1.500(20)  2.746(20) 43 0 (213) 141567 1.005(67) 1.482(20)
12 0 (233) 1431(34) 150034)  3.226(20) 44 0 (1%23) 1040200 1.500(20) 1.598(204)
2 13 Ti ($13) 0645014) 0.500(14) 2.238(129) S 45 Sr (001) -0.032(78) 0.003(78)  1.010(76)
14 0 (03 041330) -0071(30) 2.436(20) 46 0 (531 045459 0500(59) 0.986(88)
15 0 (033 -0045(38) 0.500(38) 2.384(108) 47 St (101)  0994(77) -0.001(77) 1.012(96)
16 Ti (313) 1.584(48)  050048)  2.642(14) 48 0 (211 148897 0500097) 1.014(60)
17 0  (203) 147361) 0016(61)  2.499(70) 49 Sr (011) -0.032(78) 0.997(78)  1.010(76)
18 0 (132) 0925200 0500020) 2.437(204) 50 0 (321 04220200 1.500(20) 1.020(100)
19 Ti  (223) 0427(44)  150044)  2.343(14) SISt (111) 0994(77)  1.001(77)  1.012(96)
20 0 (313 041330) 1.071(30)  2.436(20) 52 0 (321 153945 1.50045)  1.064(20)
21 0 (0%3) -0025(200 1.50020) 2.607000) 6 53 Ti (313 0504(41) 050041) 0.541(41)
22 T (323) 1.479(100) 1.500(100) 2.631(158) 54 0 (303 0444(31) -0.004(31) 0.538(31)
23 0 (313 1473(61)  0.984(61)  2.499(70) 55 0 (033 001231) 050031) 0528031)
240 (133) 0953(79)  1.500(79)  2.518(20) s6  Ti (211 1516(41)  050041) 0.535(41)
325 St (002) -0.012(81) -0.006(81) 2.018(149) 57 0 (G0l 147531) -0.004(31) 0528(31)
26 0 (312 042437) 050037)  1.862(20) s8 0 (133 099431 050031) 0.532(31)
27 St (102 093598)  0.006(98)  2.039(100) 50 Ti (311 0516(41)  1.500(41)  0.514(41)
28 0 (312 1481(79)  0.500(79)  1.964(20) 60 O (313) 044431) 1.004(31) 0.538(31)
20 St (012 -0.012(81) 1.006(81)  2.018(149) 61 0 (021 000431) 1.50031) 0.555(31)
30 0 (322) 0356(46) 1.500(46)  1.973(20) 62 Ti (221 153041 1.50041) 0.509(41)
31 St (112 093598)  0.994(98)  2.039(100) 63 0 (G1d) 147561 1.004(31) 0528(31)
32 0  (322) 1.503204) 1.500(204) 2.064(22) 64 0 (121 099331 1.50031) 0.566(31)

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 a bulk (1X1),
whereas the experimentally found DL (1 X 1) structure is sig-
nificantly higher in energy. As we will show later, this may
be explained by a (possibly dynamic) order-disorder transi-
tion. Our attempts to model the terminations against a wet
medium instead of vacuum led to energies that were about
15% lower (see column “e-wet” in Table VI).

The surface energies of the two most promising models
for the (2 X2) DL structures were calculated [see Figs. 5(a)
and 5(b)]. Although the top AL of both models differ only by
a lateral shift of (1/2 1/2) bulk STO cell, the surface energy

of model (a) is lower (see LDA-PWC column, Table VI).
This is because a (1/2 1/2) shift means that the bonding to
the next AL below is fundamentally different.

Heifets et al. suggested recently that the surface of STO in
the thermodynamical equilibrium should be terminated with
Sr0.% Experimentally, such SrO terminations are typically
obtained if the sample is not chemically treated (in a buffered
HF solution), but annealed at temperatures above 1000 °C
for 24 h to several days in oxygen.?'**%! In our DFT work,
we did not calculate surface energies for SrO terminations.
Comparing the TiO,-terminated surfaces in Table VI, we see
that the energies are in very good agreement with our values
calculated using the LDA-PWC functional. Thus, if thermo-
dynamical equilibrium is not reached, the presence of kineti-
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FIG. 8. (Color) Hot (1 X 1) starting models using the same rep-
resentation as in Fig. 3.

cally favored TiO,-terminated surfaces remains an interest-
ing suggestion and is compatible with the experimental
observations.

Our DFT results indicate that the (2 X 1) DL reconstruc-
tion should be equally favored as bulk-terminated STO (in
contrast to the results presented by Johnston et al.!”), and
that the (2 X2) DL reconstruction should be most favored.

If we compare the energies obtained using the GGE-PBE
functional with the results of Warschkow et al.,’? we see a
consistent trend for the difference between the (1 X 1)-DL
surface energy and those of the (2 X 1)-DL and (2X2)-DL
reconstructions, which confirms the very low surface ener-
gies for the (2X1) and (2X2) DL reconstructions. It is

T T T
4+ % N (E)}gzun«
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FIG. 9. The evolution of Xf (a) and R factor (b) as a function of
the fit ALs for hot STO under identical conditions and started from

the same initial positions. The dotted lines are guides to the eyes.
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(b)

x/ag

FIG. 10. (Color online) Cuts through the average electron den-
sity recovered by PARADIGM for coherently added domains at two
different heights: O positions at z/ay=2.97 (a) and Ti positions at
z/ay=3.28 (b). Representation is in bulk units of STO and analo-
gously to Table V, for direct comparison. The white line indicates
the STO bulk unit cell.

noted that the (2 X 2) reconstruction observed in this work is
among the three surfaces with the lowest absolute energy.
The ¢(4 X 2) has been experimentally observed by annealing
in (i) O, at temperatures of 850-930 °C,*? (ii) H, at
950 °C,' and (iii) in UHV after Ar ion sputtering at a tem-
perature of 1200 °C,"> while the (v2 X y2)R45° reconstruc-
tion has yet to be experimentally observed.

D. Formation of reconstructions

A possible explanation for the driving force of the forma-
tion of the reconstructions could invoke the role of Ca im-

TABLE V. Refined positions and DW factors (expressed as root
mean squared displacements in brackets) for the (1 X 1) reconstruc-
tion under hot conditions in units of bulk STO.

Nominal

AL No. Atom position x/ay v/ag z/agy
I 1 T (503) 05000204) 0.000(204) 3.256(204)
20 (003) 0000(71) 0.000(71)  2.990(29)
30 (333) 0500204) 0.500(204) 3.102(204)
4 T (333) 050035 050035 2.574(118)
5. 0 (3032 0500125 0.000(125) 2.616(22)
6 O (032 000020 050020) 2.485(62)
37 St (002) 000045 0.000(45) 2.009(44)
8 O (312) 0500(143) 0.500(143) 1.929(41)
4 9 T (212 050027) 0.50027) 1.506(14)
10 0 (203 050022 0000022) 1.545(20)
110 (032 000020 050020) 1.410(20)
5 12 St (001) 0.00036) 0.000(36) 1.004(41)
130 (331 0500(51) 0500(51) 0.947(44)
6 14 Ti (213 0500026) 0.500(26) 0.502(26)
15 0 (203 050043) 0.00043) 0.510(43)
16 0 (033 000043) 050043) 0.474(43)
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FIG. 11. (Color online) Set of the SXRD data (black data points)
and calculated intensities using the TiO,-DL model (gray solid line,
red online) for the hot structure.

purities. On the one hand, these have been demonstrated to
be of great importance to reconstruct and modify surfaces for
a variety of oxides, including SrO-terminated STO(001),°
MgO(001),53%* Ti0,(110),% and Fe;0,(001).% On the other
hand, trace amounts of Ca are a source of impurities in the
production of single-crystalline STO.??

Of particular interest in this context is the work by Ander-
sen and Mgller,® where they used Auger electron spectros-
copy and low-energy electron-diffraction to observe the for-
mation of an overlayer structure (with Ca incorporated in the
surface) for a Ca content of 3%, and a (2 X 2) reconstruction
when the Ca content was below 1%. This reconstruction later

PHYSICAL REVIEW B 76, 195435 (2007)

disappeared completely when the Ca was fully removed. It is
noteworthy that they judged this (2X2) reconstruction to
penetrate at most 3 to 4 MLs into the bulk.

The LEIS spectra shown in Fig. 2 suggest a similar be-
havior of TiO,-terminated STO: As-received samples contain
a higher amount of Ca at the surface and show no reconstruc-
tions. The chemical and thermal treatment of the surface ac-
cording to Refs. 23 and 24 may lead to a decreased Ca con-
tent in the surface that allows the formation of
reconstructions, as observed by us. A further etch cycle, as
suggested by Ohnishi et al.,” diminishes the Ca content fur-
ther and may result in the complete absence of reconstruc-
tions again. This is, indeed, what we observed: Not all of the
re-etched STO samples showed reconstructions. There seems
to be a direct correlation between the presence of reconstruc-
tions and the Ca impurities, the amount of the latter deter-
mined by both the intrinsic Ca content of STO single crystals
and the etching conditions.

The LEIS spectra show further an amount of Sr present in
the outermost layer (see Fig. 2). Here one has to take into
account that the Sr signal compared to Ti is enhanced by a
factor of 1.7 due to the different mass of the nuclei that
change their detection probabilities accordingly.®” Moreover,
even a modest treatment of the surface with pure water or
buffered HF removes residing Sr contaminations.>’” We note
that in our case the re-etch procedure did not remove all the
residuals on the sample on which LEIS was performed.®
The green spectrum in Fig. 2 shows among Sr also a signifi-
cant F peak, an impurity attesting to possibly incomplete
purification: the F peak is likely due to the buffer salt
(NH4F). Although the samples we used for SXRD did not
undergo an additional etching step to remove any residuals, it
seems likely that the use of highly brilliant synchrotron ra-
diation has the same effect. In any case, our attempts to
model the surface with additional Sr at the surface failed.

TABLE VI. DFT surface energies in eV/(1 X 1) unit cell (with respect to the SrO chemical potential) for
selected models. The letters in brackets identify the models in the corresponding figures.

Present work Heifets® Johnston® Warschkow®
Functional LDA-PWC GGA-PBE e-wet GGA-PBE B3PW-PP LDA-7* GGA-91
STO bulk unit cells 6 6 4 4 4 2
(1X1) bulk, (a) and (b) 1.02 0.78 0.67 1.05 1.28
(1x1) DL (c) 1.64 1.39 1.26 1.75 0°¢
(2% 1) DL (a) 1.31 0.78 0.63 0.81 1.3 2.00 -0.10
(2%2) DL (a) 0.79 0.38 0.33 -0.66
(2%2) DL (b) 1.22 -0.16
c(4%x2) 0.49 -0.64
(V2 X \2)R45° 0.33 -0.79

aReference 60 from Fig. 6(a) therein.
PReference 17 from Figs. 4 and 5(a) therein.
‘Reference 52.

dExact functional not specified.

“Subsequent values refer to this configuration as having zero energy.
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FIG. 12. (Color online) A schematic showing the similarity and simple transformation between the top layers of either the (ordered)
(1X1), (2X1), and (2X2) terminations. Transformation of the ordered (1X 1)-DL structure and either reconstruction only requires a
diagonal movement of every second Ti atom, with the possibility of forming a disordered (1 X 1) relaxation (“grain boundaries”) in between
the domains. The gray boxes indicate the surface unit cells of the terminations. Color code: Ti small red, O large blue circles.

E. Order-disorder transition

Transformation between the DL (1 X 1) relaxation and ei-
ther reconstruction only requires a diagonal hop of every
second Ti atom across half a surface (1X 1) unit cell, as
schematically shown in Fig. 12. The surface energy of the
(1X 1) DL structure seems, however, anomalously high (see
Table VI). The experimentally determined presence of a
(1X1) structure could have two reasons: either this (1 X 1)
domain is metastable with a significant activation barrier to
lower-energy states, or in fact it consists of a disordered mix-
ture of the characteristic zigzag motif of the (2X 1) and
(2% 2), randomly flipped and mirrored.® This (possibly dy-
namically) disordered (1 X 1) domain would have a surface
energy approximately as low as the two reconstructions, and
the average structure observed via SXRD could be described
by the TiO, DL (1 X 1). Such a model would not have to
invoke coordinated and concerted Ti-hopping across the sur-
face over large distances (of the order of some 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 dominate
at elevated temperatures, where the surface thermal vibra-
tional energy becomes comparable to the activation barrier
between the (2 X 1) and (2 X 2), leading to a disordered mix-
ture. Indeed, the difference in surface energy between two
(2X1) cells and a single (2X2) cell is AE,=1.6 eV (see
Table VI). On the other hand, the vibrational energy of the
surface atoms of the same system is, to a first approximation,
equal to E,=3kT X (4n,), where k is Boltzmann’s constant, T
is the temperature, n, is the number of atoms per top sub-
layer and unit cell (here, for TiO,, n,=3), and the factor 4
accounts for the fact that 4 surface (1 X 1) cells are needed to
describe this system. We therefore obtain £,=3.2 eV under
hot conditions, i.e., twice the difference in reconstruction
surface energies. The size of the activation barrier between
the two reconstructions will affect the time needed to reach
this mixed equilibrium state. From the Arrhenius rate con-
stant of the disappearance of the SSR signal of the order of
k,=0.01 s7!, 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 con-
stant is of the order of 107 57!, i.e., the system is com-
pletely kinetically hindered. On a speculative note, the dis-

ordered (13X 1) domains suggested here may, in the cold
sample, comprise regions, or “grain boundaries” of disorder
between the ordered (2X 1) and (2 X 1) reconstructions, fro-
zen in as the sample cools at the end of the substrate prepa-
ration procedure.

F. Electrostatic considerations
1. Atomic displacements

In Fig. 13, we show the displacements of the atomic po-
sitions Az in the final model compared to the high-symmetry
positions in the starting models. The displacements are most
prominent in the z direction (i.e., normal to the surface), and,
for the (1 X 1) relaxations, movements only along this axis
are allowed, due to the surface symmetry.

Our data show significant atomic movements for all re-
fined layers down to a depth of three unit cells, the upper-
most atoms on average displaced outwards to the vacuum.
This implies a loss of centrosymmetry of the surface Ti-
atoms within the O octahedra and may lead to a permanent
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FIG. 13. (Color online) Displacements of Sr (green triangles), Ti
(red circles), and O (blue crosses) in the z direction from the high-
symmetry positions in the starting models. The nominal surface is at
z=0 and positive values of Az indicate displacements towards
vacuum.
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surface dipole moment and surface ferroelectricity.>’%7!

The trends shown in our experimental data for the
(2X 1) DL structure are very similar to those theoretically
predicted by Johnston et al.'” Therefore, theoretical and ex-
perimental arguments both support the puckering of the up-
permost Ti sites in STO.

We note that the atomic movements in the z direction for
the (2X 1) and the (2 X 2) reconstruction are different. This
is a surprising result under consideration of the chemical
similarity and the proposed formation mechanism of the two
reconstructions. With respect to Fig. 7 and Tables III and IV,
we see more pronounced movements of the atoms in the xy
plane of the (2X2) reconstruction. A possible explanation
could involve symmetry arguments as follows: The pm sym-
metry applied to the (2X2) unit cell allows movements in
the y direction for certain atoms whereas this symmetry as-
signed to a (2X 1) reconstruction prohibits such shifts com-
pletely. Therefore, the atoms of the (2 X 2) reconstruction are
less constrained to movements out of the surface plane, but
the additional freedom of y movements may help obtaining a
low surface energy.””

2. Polar surfaces

According to classical electrostatics, the stability of a
crystal surface depends on the charge distribution in the unit
cell in the direction perpendicular to the surface. Polar oxide
surfaces can be classified into three different types.”® Type 1
surfaces have neither a net charge o nor a net dipole moment
w perpendicular to the surface. A typical example would be
the MgO(001) surface that consists of layers containing
equal amounts of Mg and O atoms. The type 2 surface dis-
plays a nonzero charge o # 0, but has no net dipole moment
within the unit cell in the normal direction, u=0, e.g., a
TiO,(110) surface. Because w=0, these two surface types
are called nonpolar and are potentially stable. In a polar type
3 surface, 0 # 0 and u # 0 in the repeat units of the structure.
An example of a type 3 surface is MgO(111). Assuming
ionic bonding, the total dipole moment of repeated units nor-
mal to the surface is directly proportional to the slab thick-
ness, and therefore, the surface energy per unit area diverges
even for thin films. This is the origin of the surface instability
of type 3 surfaces.

An STO(001) perovskite crystal consists of repeated TiO,
and SrO layers, and one might assume it to be of type I,
because the formal charges of Ti*, Sr2*, and 02" are com-
pensated layer by layer and no net dipole moment is present.
However, STO is not fully ionic. The partially covalent na-
ture of the bonds (a property later referred to as “back trans-
fer”) in STO results in ALs having nonzero and opposite net
charges 0.3 Thus, STO(001) is a “weakly polar” type 3
surface. For polar systems with only a single distorted layer,
this top AL is required to have a charge of ¢’ =0/2 in order
to avoid instability.

One can now calculate the net charge per unit area for a
bulk-coordinated unit cell of STO using a covalency-induced
back transfer of 0.422 electrons (¢~) per Ti and 0.045¢~ per
Sr site, respectively.”* Taking the coordination of the differ-
ent atoms into account, this results in a net charge per unit
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cell area of aa§=—0.484e‘ for a TiO, AL that is compen-
sated by o'agz +0.484¢ of the SrO AL, i.e., STO is indeed a
polar system. The terminating TiO, layer of bulk STO has to
meet the condition of o’=0/2 to be stable. Simple calcula-
tions show that for the reduced number of bonds of a top-
most TiO, layer o’ a’=-0.242¢".

The addition of a second TiO, layer in the DL model
modifies the charge of the original TiO, AL. We can also
calculate the DL structures in order to show that this TiO,
overlayer compensates exactly in all three DL surface struc-
tures for this change. For all three surface terminations, we
can neglect the bulk net charges as we showed the TiO, and
SrO layers to compensate for each other before, and there-
fore, the top three ALs (i.e., one SrO and two TiO, layers)
solely remain of interest. Let us start from the SrO layer and
move towards the surface. For all three terminations, the SrO
layer is bulk-coordinated which leads to a net charge of
o-a%: +0.484¢~ per STO unit cell area. The following TiO,
layer is coordinated differently compared to a bulk TiO,
layer, and the coordination depends on the structure of the
terminating surface layer. However, the resulting net charge
for the TiO, layer under observation is the same for (1 X 1),
(2X1), and (2X2) domains, and thus a’a§:—0.242e‘, al-
ready meeting the electrostatic stability criterion. Therefore,
the top TiO, layer should have no net charge in order to be
stable. Calculating this net charge for every TiO, layer of the
(1X1), (2X1), and (2X2) individually, we indeed obtain
o”a(2)=0 for every termination. As a consequence, the
(IX1), (2X1), and (2X2) termination all satisfy the elec-
trostatic requirements. Note, however, that this criterion is
met neither by the Sr adatom model nor the O overlayer
model. If the metal-rich surfaces suggested by our direct
methods result in a metallic layer, the required compensation
could occur, but the electronic structure of such an overlayer
is not known.

IV. CONCLUSIONS

We have presented a detailed and broad study of the sur-
face structure of the technologically and scientifically impor-
tant perovskite material SrTiO3(001) using SXRD, both at
room temperature in UHV and at conditions typical for the
growth of thin films. The surface was also characterized ex
situ by AFM, XPS, and LEIS, and a TiO, termination was
found.

The cold surface simultaneously contains three different
terminations, namely, (2 X 1) and (2 X 2) reconstructions and
a (1 X 1) relaxation. During the refinement of the cold data
set, over 70 models were tested, of which 49 are described in
more detail in this work. The atomic coordinates of the final
model are given. It consists of a characteristic double TiO,
top layer, whereby the two reconstructions contain a repeti-
tion of a distinctive zigzag motif, similar to the one proposed
by Erdman et al. for the (2X 1) termination.'* Both recon-
structions are energetically favorable according to our DFT
calculations, in agreement with other theoretical work.’>

The hot surface can be modelled using a double-layered
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TiO, termination, very similar to the cold (1 X 1), but with
more pronounced puckering, and the atomic coordinates are
shown. Direct methods analysis using PARADIGM supports
the TiO,-rich surface and the atomic positions.

Both the cold and hot surfaces have significant deviations
from the high-symmetry starting positions down to a depth
of three unit cells. This may have important consequences
regarding surface ferroelectricity and other nonlinear proper-
ties of the surface.

Surface vibrational energy considerations suggest the pos-
sibility of the (1X 1) in fact being a temperature-induced
disordered mixture of the two types of reconstructions. This
would explain the presence of only the (1 X 1) structure upon
heating the sample. Finally, our experimental results are in

PHYSICAL REVIEW B 76, 195435 (2007)

agreement with electrostatic considerations on the stability of
the polar surface of STO.
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