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Abstract

Strontium titanate (STO) is a preferred substrate material for functional oxide growth, whose surface properties can be adjusted
through the presence of Ruddlesden—Popper (RP) phases. Here, density functional theory (DFT) is used to model the (100) and
(00 1) surfaces of SrO(SrTiOs3),, RP phases. Relaxed surface structures, electronic properties and stability relations have been deter-
mined. In contrast to pure STO, the near-surface SrO-OSr stacking fault can be employed to control surface roughness by adjusting
SrO and TiO, surface rumpling, to stabilize SrO termination in an SrO-rich surrounding or to increase the band gap in the case of
TiO; termination. RP thin films have been epitaxially grown on (0 0 1) STO substrates by chemical solution deposition. In agreement
with DFT results, the fraction of particular RP phases n = 1-3 changes with varying heating rate and molar ratio Sr:Ti. This is discussed

in terms of bulk formation energy.

© 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Strontium titanate (STO) is an oxide crystallizing in the
perovskite structure at room temperature, exhibiting a phase
transition to a tetragonal low-temperature phase at 105 K
[1]. Because of its low reactivity, high and strain-dependent
dielectric constant [2], large-scale tunability of electric
[3,4], dielectric and optical properties [5,6] and a good lattice
match with a variety of materials (¢ = 3.905 A), it is used
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alforschung, FZ Dresden-Rossendorf, D-01314 Dresden, Germany
E-mail  address:  matthias.zschornak@physik.tu-dresden.de (M.
Zschornak).

extensively as a substrate material, e.g. for the growth of fer-
roelectric thin films [7], ferroelectric tunnel junctions [8],
high-Tc superconducting or colossal magnetoresistive films
[9,10]. Changes in properties can be induced by dopants, but
to some extent they can also be varied within the ternary sys-
tem Sr-Ti-O by introducing defects. Point defects such as
intrinsic oxygen vacancies [4,11-13], line defects such as
screw dislocations [14,15] and two-dimensionally extended
grain boundaries [16-21] and stacking faults [22-24] change
the mechanical, electrical and optical properties of STO.
Under Ti-deficient conditions during synthesis, additional
SrO planes are introduced as ordered SrO-OSr stacking
faults, which occur as Ruddlesden—Popper (RP) phases with
a body-centered tetragonal unit cell in the space group
14/mmm [23]. One of the most obvious advantages of these
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defect structures is their structural stability at high tempera-
ture [25], which reaches decomposition temperatures above
1600 °C for RP phases with n =1 and 2, although growth
of single crystals from the melt is prohibited by peritectic
decomposition. Further, they exhibit a strong anisotropy
of the dielectric response due to the ordered array of SrO
(00 1) excess planes [26-29]. Experimental studies of such
ordered stacking faults by high-resolution transmission elec-
tron microscopy (HRTEM) and wide-angle X-ray diffrac-
tion (WAXRD) have been reported (e.g. [30-35]).

Besides ceramic bulk materials or small anisotropic crys-
tals [36] the availability of RP phases in the form of thin
films is of particular importance for technical applications.
In this context we have lately reported on the oriented
growth of SrO(SrTiOs), thin films by chemical solution
deposition (CSD) [37]. The applied approach is based on
a modified Pechini process, which has been proven also
by other authors to be a feasible low-temperature method
for the preparation of RP phases [38-40]. Thin films of
RP phases have also been prepared following sophisticated
layer-by-layer deposition growth techniques realized with
molecular beam epitaxy or pulsed-laser deposition setups
[32,33,41-43]. More recently, rare-earth doped and thus
electrically conducting ceramics and thin films of SrO-
(SrTi0O;),, that are promising candidates for thermoelectric
energy conversion materials, have been reported [44-46].
An unconventional application of RP phases in adaptive
X-ray optics, based on an electric field induced reversible
formation of near-surface RP phases in an STO crystal,
has been proposed by Meyer et al. [47].

Structural stability as well as electronic, microscopic and
elastic properties of STO- and SrO-based layered com-
pounds [48-51] have been theoretically studied within the
last decade. Various atomistic simulations, Hartree-Fock
(HF) and density functional theory (DFT) calculations are
available for RP phases with n < 3, but the stability of the
phases has been discussed controversially so far, with respect
to both the tendency within the homologous series and their
absolute formation energies [31,52,53]. Especially for the
formation of the RP phase with n = 3, no clear trend could
be obtained from previous calculations. Recently the atom-
istic interactions for larger structures with up to » = 30 have
been simulated with the classical shell model [54]and an anti-
ferrodistortive ground-state based on an ¢ a a Glazer sys-
tem of STO was found.

There has been significant research dedicated to the deter-
mination of the surface structure and stability of STO, both
experimentally [55-57] and by calculation [58-62]. Scanning
probe microscopy studies have recently been reviewed by
Bonnell and Gara [63]. Herger et al. summarize DFT calcu-
lations for TiO,-terminated surfaces [64]. Extensive recon-
structions of different surface terminations have been
reported [64-67] for both TiO, and SrO terminations. The
near-surface SrO-OSr stacking faults, characteristic for
RP phases, introduce even more termination variants, which
to our knowledge have not been modeled so far. Thus, we
study relaxation and energetics of the SrO(SrTiO3),, RP sur-

faces by DFT, aiming at STO surface modifications with a
specific variation of surface properties.

Due to the interesting possibilities for the application of
RP phases there is a high demand on understanding their
stability and energetics as well as their surface properties.
Therefore, we investigated the formation process of RP
phases using a CSD technique and X-ray diffraction analy-
sis (in Section 2.1). To understand the observations made,
theoretical modeling by DFT was employed on the bulk
structures (in Section 2.2) and, based thereon, on the sur-
faces (Section 2.3). Herewith, the stability of certain mem-
bers of the homologous series is investigated. Their
surface properties are evaluated and are discussed in terms
of surface structures and electronic properties. Conclusions
for dedicated STO surface modifications with a specific var-
iation of surface qualities are given.

2. Materials and methods
2.1. Thin film preparation and characterization methods

Thin films of SrO(SrTi0O3),, RP phases with n = 1-3 have
been prepared by CSD via dip coating of (0 0 1) STO sub-
strates from Sr-Ti polymeric precursor solutions followed
by three annealing steps for drying, pyrolysis of residual
organics and crystallization, respectively. A detailed
description of the solution preparation, dip coating proce-
dure and thermal treatment can be found elsewhere [37]. In
the present study thin films have been prepared from solu-
tions with two different molar ratios of cations Sr:Ti = 2:1
and 1.75:1, respectively. For heteronucleation at the sub-
strate interface and thus epitaxial growth of crystalline
phases in the film, the heating rate for the final crystalliza-
tion step (hold temperature of 700 °C for a time of 1 h)
should play a significant role [68]. Therefore three different
heating rates of 15, 20 and 100 K min~' — the latter refers
to a rapid thermal annealing realized by direct insertion
of the sample into the preheated furnace — were applied.
All samples were cooled to room temperature in the fur-
nace at a rate of about 2 K min~".

WAXRD was applied to examine the phase content in
the films after annealing and to clarify the crystallographic
orientation relation of RP phases in the film relative to the
(00 1) STO substrate. Diffraction patterns were recorded in
the symmetrically coupled w—20 scan mode (with incident
angle w and detection angle 20) using an X-ray diffraction
system Bruker AXS D8 with secondary Johansson-type
graphite monochromator, Cu Ko radiation and scintilla-
tion counter. An analysis of diffraction patterns was con-
ducted by comparison with reference data from Powder
Diffraction File 2 [69]. For HRTEM, cross-sectional speci-
mens were prepared by the focused ion beam lift-out tech-
nique at a final ion energy of 5keV. The HRTEM
investigations were carried out using a FEI Tecnai F30
transmission electron microscope. Simulations of HRTEM
images were done using the java version of the EMS soft-
ware package [70].
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2.2. Bulk modeling

For an extended stability discussion according to the
formation reaction

SrO + n - SrTiO; — SrO(SrTiOs), (1)

and for the calculation of surface energies in the framework
of grand canonical thermodynamics, the bulk SrO(Sr-
TiO3),, RP homologous series (n = 0-5, o) has been stud-
ied by DFT with the ABINIT code [71]. To assess the
influence of the error of the exchange—correlation func-
tional both the generalized-gradient approximation
(GGA) with the Perdew—Burke—Ernzerhof functional [72]
and the local density approximation (LDA) in Teter—Pade
parametrization (TP) [73] were used for comparison in our
calculations. Extended norm conserving Teter potentials
[74] were employed, which allow for an explicit treatment
of semi-core and valence states. We retained the common
tetragonal symmetry and did not consider an antiferrodis-
tortive bulk structure, because neither preliminary WAXRD
investigations of RP phases [23,37] nor our DFT calcula-
tions of an antiferrodistortive STO structure showed a
rhombohedral distortion of more than 0.2° («=f=
y = 89.8°, energy difference <20 meV).

The total energy was converged better than 2.7 x 1077 eV
with a maximum kinetic energy of the plane wave basis set of
823 eV and a k-point grid equivalent to an 8 x 8 x 8 Monk-
horst-Pack grid for STO. A small Fermi-Dirac broadening
of 0.027 eV (equivalent to 316 K) was applied to facilitate
convergence. LDA calculations were carried out for both
the body-centered tetragonal and the primitive unit cell.
All structures have been fully relaxed with respect to cell
geometry and atomic positions up to 2.5 x 107> eV Al

2.3. Surface modeling

Experimental studies of CSD prepared thin films with
WAXRD and HRTEM reported here show the coexistence
of different RP phases stacked along the STO [0 0 1] epitax-
ial growth direction. Those investigations suggest that dif-
ferent phase sequences between surface and substrate may
be obtained depending on the preparation conditions.
Studies of such STO-RP interfaces examining interface
energy and strain can be found, e.g., in Ref. [31]. Here
we focus on the modeling of the surfaces of RP phases with
n values of up to n =3 normal to (100) and (00 1). We
investigate all possible unreconstructed crystal termina-
tions in a search for the most stable surface structure.

Local DFT calculations were performed with the same
parameters as given above and a k-space sampling of 1
point in surface direction. To apply periodic boundary con-
ditions, the supercells for surface calculations comprise a
slab of material and sufficient vacuum in surface direction
in order to reduce the interaction between periodic replica
to less than 1 meV. The number of layers for the slabs was
determined by convergence of the surface energy (better
than 1 meV); a minimum of 11 oxide layers was found to

be necessary for (0 0 1) surface structures. Atomic coordi-
nates were fixed to bulk values for the central atomic plane
of the slab between the vacuum layers and all other coordi-
nates were fully relaxed (with remaining force components
smaller than 2.5 x 107 eV A*l).

In general, surface energies are positive, because bonds
are broken at the surface of the otherwise perfectly coordi-
nated bulk. Surface energies can be calculated by subtract-
ing the total energy of a relaxed bulk structure from the
total energy Es;ap of a relaxed surface slab with bulk stoi-
chiometry. Surface energies of non-stoichiometric surfaces
can be determined by introducing constituent structures
[79], i.e. neighboring phases within the phase diagram, as
well as their chemical potentials p [80]. By those means,
the surface energy of a termination can be related to the
energy of the reference bulk structure. For the (00 1) sur-
faces of the RP phases studied here, STO and SrO were
chosen as constituent structures. Being in equilibrium with
the according RP bulk phase and taking into account the
stoichiometry of the system the stoichiometrically weighted
sum of the chemical potentials has to be equal to the for-
mation energy Ef:

Usro + 1 tisto = Er = Erp — Esio — 11 - Esto (2)

As given in Eq. (2), Ef can also be calculated from the dif-
ference of the total energies per unit formula of the relaxed
bulk structures following Eq. (1). This leaves either ug.o or
Usto as a free parameter and restricts their equilibrium
ranges to Er < pig,0 < 0 and Er < n- ugro < 0. At the two
limits the according RP phase is in equilibrium with either
bulk SrO or STO, respectively, and out of the ranges crys-
tallization of the constituents is energetically favorable.
The grand canonical potential per surface unit cell (factor
1/2 accounts for two slab surfaces) then reads

Q = 1/2[EsLap — Nsro(Esro + Us;0) — Nsto(Esto
+ tisTo0)] (3)

with Ng,0 and Ngro being the number of corresponding
units to form the slab. Applying Eq. (2) and introducing
U0 = Heo/Er normalized to the RP formation energy,
Eq. (3) can be expressed as

Q =1/2[Esiag — Nsio(Esro + g0 - Er) — Nsto(Esto
+1/n(1 = ugo) - Er)] 4)

Thus, by variation of p,,, in the interval [0, 1] the appro-
priate equilibrium condition with the environment can be
applied and the correction with respect to the RP forma-
tion energy can be weighted between SrO and STO units.

3. Results and discussion

3.1. Influence of preparation parameters on thin film phase
content

First we here describe the results of RP phase formation.
As shown in Fig. 1, several members of the RP phases
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Fig. 1. WAXRD patterns of thin film SrO(SrTiO;), RP phases prepared by CSD under (a) variation of the heating rate of the final annealing step (700 °C,
1 h duration, molar ratio of Sr:Ti = 1.75:1) and (b) variation of the molar ratio Sr:Ti in the precursor solution (heating rate of 20 K min™").

could be synthesized. It was possible to modify the synthe-
sis parameters such that the phase content could be specif-
ically changed. The influence of selected preparation
parameters on the formation of SrO(SrTiOs3),, RP phases
after the final annealing step of 700 °C can be extracted
from the WAXRD patterns in Fig. 1. After drying, the
films were X-ray amorphous, but already after the second
annealing step (pyrolysis of organics) a formation of inter-
mediate crystalline SrCO; and STO grains was observed in
all thin film samples [37]. The present study shows that,
besides varying the molar ratio Sr:Ti, the heating rate of
the final annealing step alters the fraction of epitaxially
grown RP phases with n=1-3 in the films. Neither the
duration of annealing nor the cooling rate was observed
to affect the phase content in the films. It is well known that
in CSD preparation numerous factors, including precursor
chemistry, lattice match with the substrate, heating rate
and temperature of annealing steps for crystallization and
pyrolysis, have a significant effect on film microstructure
and orientation (see e.g. Ref. [68] and references therein).
In general, a rapid thermal processing is expected to result
in highly oriented films, because nucleation is delayed to
higher temperatures, thus favoring heterogeneous nucle-
ation at the substrate interface [68]. In the case presented
here there is no influence of the heating rate on the orien-
tation of SrO(SrTiOs), films, i.e. highly oriented films can
be gained even at relatively low heating rates. This can be
attributed to the excellent lattice match of (0 0 1) oriented
SrO(SrTi0s3), and the (00 1) STO substrate, which serves
as ideal nucleation site for (0 0 1) oriented grains. This is
also underlined by the fact that after a similar annealing
schedule of solution prepared powders and films deposited
on Si (00 1) substrates (having a large lattice mismatch),
no RP phases crystallized at all [37].

For films prepared with a molar ratio Sr:Ti=1.75:1 a
slow heating rate of 15 K min~! resulted in the growth of
almost solely Sr,TiOy4, whereas at the higher heating rate
of 20K min~! also oriented grains of Sr3Ti,O; and
Sr4Ti50;o developed. A rapid thermal processing (heating
rate of 100 K min ") resulted in a preferred growth of both
Sr,TiO4 and Sr3Ti,O; with a lower volume fraction of the
latter phase compared to films annealed with a heating rate
of 20K min~!. Films prepared with a molar ratio
Sr:Ti = 2:1 (as in Sr,TiO4) and a heating rate of 20 K min '
were not single-phase — also RP members with n =2 and 3
were present — but the fraction of Sr,TiO4 was higher com-
pared with films prepared with the smaller molar ratio. Con-
cerning the influence of the heating rate on the volume
fraction of competing RP phases, we propose the following
interpretation: since the molar ratio Sr:Ti of 1.75:1 in the
films lies in between the stoichiometries of the RP phases
n=1 and n=2, a coexistence of both phases can be
expected. From the viewpoint of bulk formation energies
the RP phases with n = 2 and 3 should be favored compared
ton = 1, if their formation energy increases (see Section 3.2).
Furthermore, a higher heating rate implies a higher mobility
of constituents in the films during the nucleation process.
This is suggested to be the reason for a preferred growth of
RP phases n = 2 and n = 3 in the films annealed at increased
heating rates of 20 and 100 K min~', although the effect is
less pronounced at 100 K min~", implying that other factors
have to be taken into account, too.

TEM investigations of the film microstructure revealed
that the films are not homogeneously crystallized. Amor-
phous regions and pores were identified between the hetero-
nucleated grains of RP phases, indicating that the hold
temperature of 700 °C is slightly too low for a complete crys-
tallization of the film [81]. Besides TEM investigations of the
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Fig. 2. HRTEM image near Scherzer defocus of an RP phase n = 1 film cross-section with an inset (white frame) corresponding to a simulation (a). From
comparison of experimental and simulated data the position of the atomic columns (Ti-O in white, Sr in gray, and O in black) can be obtained as shown in

the magnification (b).

microstructure and the local chemistry, HRTEM images of
RP phases were also recorded. Fig. 2a shows an experimen-
tal HRTEM image of the RP phase n = 1 with a simulated
inset (marked by the white frame). A comparison of the
HRTEM simulation with the experimental data reveals the
position of the atomic columns as sketched in Fig. 2b. The
HRTEM image simulation considers the most important
parameters defocus and specimen thickness to match the
experimental image. Further experimental details like a mis-
tilt of the specimen lead to slight variations of the contrast
pattern, but do not change the periodicity which defines
the RP phase.

In summary, for a more thorough understanding of cat-
ion stoichiometry and heating rate dependence further
studies including intermediate heating rates, higher hold
temperatures for crystallization and variation of molar
ratio of Sr:Ti are necessary.

3.2. Bulk structure modeling

Before the surface properties have been evaluated, the
reference RP bulk structures n = 0-5, oo have been investi-
gated. As presented in Table 1, cell parameters of the
relaxed structures agree excellently with our WAXRD
results [37] and tabulated experimental data [23], as well
as with comparable TEM studies, e.g. Ref. [34]. The devi-
ations amount to less than 0.3% for GGA calculations.
Atomic positions differ less than 0.18% on average (max
0.7%). The energies of formation of the homologous RP

Table 1

series from the constituents STO and SrO according to
Eq. (1) are shown in Fig. 3 as a function of the SrO-STO
ratio. The choice of LDA or GGA exchange—correlation
functional and the simulation cell size (body-centered
tetragonal or primitive cell) have no effect. We found a gain
of formation energy up to the phase n = 3, then a satura-
tion threshold at 215 meV is reached, which remains con-
stant for phases of higher order. 150 meV of the total
energy gain due to integration of the additional SrO layer
is already reached at the phase with n = 1, whereas between
RP phase n =2 and n =3 the gain further increases by
15 meV. These results imply a consecutive driving force
going from phases of lower to higher » up to the RP phase
with n = 3. They confirm the trends obtained in calcula-
tions by Le Bacq et al. [53] but are in general smaller by
about 50 meV for both LDA and GGA calculations. Fur-
thermore, these results explain the experimental observa-
tions made that the RP phases with n=2 and n=3
occur preferentially at higher heating rates (see Section
3.1). Since we identify a plateau for RP phases with
n>3, we can estimate the maximum range of interaction
between two neighboring stacking faults to about 11.7 A.
An endothermic formation of the RP phase n =3 [52] or
an alternating formation energy within the homologous
series [31] could not be confirmed (see Table 2). The differ-
ence between DFT and shell model results is typical (see
e.g. Refs. [21,16] for grain boundaries), the deviation of
the HF results from the general trend may be caused by
the complete neglect of differential overlap (CNDO)

Cell parameters of the relaxed RP phases with n = 0-3, oo calculated with LDA and GGA in comparison to tabulated experimental data Exp. [69] as well

as results from our measurements [37].

RP LDA GGA Exp.[69] WAXRD [37]
n a(A) ¢ (A) a (A) ¢ (A) a(A) ¢ (A) ¢ (A)

0 5.045 - 5.153 - 5.140 [75] - -

1 3.820 12.313 3.892 12.555 3.884 [76] 12.600 [76] 12.571

2 3.838 19.944 3.907 20.306 3.903 [77] 20.372 [77] 20.350

3 3.843 27.587 3.909 28.065 3.900 [23] 28.100 [23] 27.83

0 3.845 - 3.909 - 3.905 [78] . .
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Fig. 3. Calculated energies for the formation of RP phases according to
Eq. (1). The integration of the SrO-OSr stacking fault into STO shows
exothermic character for all phases and saturates at n = 3. Choice of LDA
or GGA exchange—correlation functional and unit cell sampling (tetrag-
onal or primitive cell) do not influence the results.

Table 2
Formation energies Er (V) from bulk STO and SrO calculated according
to Eq. (1) for RP phases with n = 1-5 (GGA) compared to other results.

RP»n This SM [54]* GGA PW [53] HF CNDO [52] SM [31]
work

1 —0.152  —0.059 —0.200 —0.04 —0.15

2 —-0.203 —0.050 -0.252 -0.10 -0.21

3 —-0.217  —0.049 —0.269 +0.02 —0.19

4 —0.215 —0.048

5 —-0.217  —0.048

@ Most stable of several configurations.

approximation, which is less sensitive to subtle details of
the electronic structure.

3.3. Surface modeling

3.3.1. Surface relaxations

From total energy convergence tests the influence of the
surface was determined to penetrate into the bulk up to a
maximum of two tetragonal unit cells (or about 8 A) in
the [1 0 0] direction within 10 meV and up to five atomic
layers (or about 9 A) in [0 0 1] direction within 1 meV accu-
racy. The optimized geometries exhibit relaxations of near-
surface Ti and Sr atoms towards the interior of the slab,
whereas for certain terminations oxygen is pushed out
(see Table 3 and the left section of Fig. 4). For the (1 00)
RP surface with n =1 this relaxation symmetrically dis-
torts the Ti-octahedra along the [1 0 0] direction, while
for the RP surface with n = 2 additional rotational degrees
of freedom within the (0 1 0) plane occur (Fig. 4).

For a comparison of displacement parameters of all
modeled (0 0 1) surfaces (schemed in Fig. 5) with reference
to the bulk structures we summarize our results in Table 3.
In general, within one (0 0 1) or (1 0 0) layer the relaxation
of metal atoms away from the bulk position is much larger

Fig. 4. Two distinct cross-sections of the density difference of valence
electrons before (i.e. red maxima) and after surface relaxation (i.e. blue
minima) for the RP n=2 (100) surface (blue). Scaled displacement
vectors (square root of length) visualize TiOg octahedral distortions and
twisting as well as a large atomic displacement where the SrO stacking
fault perpendicularly hits the surface (upper center of right section).
Isosurfaces of the electron density outline the type of atoms and their
relaxed surface positions. The inset shows a unit cell of the structure of the
same orientation.

24 (001)
1 g ® SrO
2 o 9% o |f o oo
= 20+ 5 | -8F0: SrO_
i e B—p g * | d—E— O:Ti
o g c—m— Sr0
8 161 « | P ® Osr
=2 441 - B a ® TiO2
= a—
= e e (100)
L 0] p— 21— 8 —a—
Q x o 9.
0.8+ 8 = *¥ GGABES2
0.6 * X LDA 6
04 X1+ LDA™

Sr[O RIID1 RII:’Z Rll33 S'I"O
Fig. 5. Grand canonical potential Q of the RP (1 0 0) and (0 0 1) surfaces
of different terminations in SrO-rich surrounding. SrO terminations
(green) show in comparison to TiO, terminations (brown) smaller surface
energies. Configurations with interacting stacking fault (squares) give
intermediate values. Reference calculations for SrO and STO surfaces are
included.

than the displacement of oxygen atoms of the same layer.
Comparing metal atoms of consecutive layers we find a
contraction of the surface atoms towards the slab and an
alternating sign of the displacements 6z for all systems
and terminations, with the exception of pure SrO. This is
in agreement with results from other calculations of regular
STO surfaces (Table 3). The rumpling s of the surface layer
describes the absolute distance between metal and oxygen
atom in the surface direction and is defined positive when
oxygen atoms form the outmost frame of the slab. Rum-
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Calculated atomic displacements 0z of near-surface layers with respect to bulk phases (note: for n =1, 2, 3 layers out of mirror planes have Azye_o 7 0 in
the bulk phase already) and Me-Me interlayer distance changes djj as a per cent of the bulk lattice constant ay next to absolute surface rumpling s in A
compared to experimental data. Positive signs denote displacements towards the slab and rumpling with an outer layer of oxygen. Termination types are

labeled according to surface cut sketches in Fig. 5.

n 001 Surface 2nd layer 3rd layer 4th layer s (107! A) dy» dr3
Conf. Sr/Ti (6] Sr/Ti (6] Sr/Ti o Sr/Ti o Me-O Me-Me Me-Me
0 LDA' 0.48 1.90 0.03 —0.60 —0.04 0.20 —0.01 —0.09 —0.72 —-0.45 —0.07
LDA? —0.64 —1.38
GGA® 0.77 0.96 -0.96 —0.39 —-0.59 -1.73 0.96
1 a 412 1.08 -2.13 0.79 0.44 —0.15 —0.20 —0.04 1.17 —6.25 2.58
b 0.38 0.33 —0.60 —0.33 0.21 —0.06 —0.05 0.01 1.79 —0.93 0.81
¢ 1.97 -0.16 -0.53 —0.15 0.13 0.01 —0.15 —0.04 —0.94 -2.51 0.66
2 a 3.49 0.58 -3.59 0.21 0.91 0.32 —0.34 0.23 0.77 -7.08 4.49
b 0.54 0.37 —0.49 —0.26 0.38 0.00 —0.08 0.00 2.15 —-1.04 0.87
¢ 2.51 —-0.26 -0.57 0.00 0.25 0.09 —0.16 0.04 —-1.02 -3.08 0.82
d 3.51 1.41 -1.58 0.83 0.53 0.05 —0.02 0.10 1.16 —-5.09 2.11
e 3.92 —-0.83 —1.47 -0.32 0.63 —0.25 —0.14 0.07 1.82 -5.39 2.11
3 a 2.93 0.04 -4.25 —0.35 0.39 —0.18 —0.92 —0.20 0.70 -7.18 4.65
b 0.44 0.27 —0.55 —-0.33 0.35 —0.04 —0.08 —0.01 2.24 —-1.00 0.91
c 2.30 —0.62 —0.84 —-0.20 0.06 —0.10 —0.32 —0.12 -1.05 -3.14 0.90
d 2.60 0.63 -2.23 0.09 0.01 —0.38 —0.34 —0.26 1.17 —4.82 2.24
e 4.32 -1.22 —1.92 —0.61 0.52 —0.53 —0.29 —0.02 1.84 —6.24 2.44
f 2.51 0.53 -3.18 —0.10 0.55 0.12 —0.43 0.01 2.17 —5.70 3.73
g 4.14 -0.76 —1.34 —0.18 0.96 —0.17 —0.30 —0.08 0.70 —-5.47 2.29
0 Sro* 542 —0.45 —-1.18 0.15 1.41 0.09 —0.11 0.14 2.26 —6.60 2.59
GGA’® 2.23 —6.96 3.21
B3¢ 5.15 —0.67 -1.86 —0.78 1.22 —0.01 2.27 -7.01 3.08
LDA’ 6.00 0.31 —0.65 0.47 1.22 0.26 2.19 —6.65 1.87
LDAS 6.63 —1.02 —1.79 —-0.26 1.53 —-0.26 —0.26 0.00 3.02 -84 3.4
LDA’ 5.70 —0.10 —-1.19 0.00 1.19 0.10 1.42 —6.9 24
Exp!° 1.60 2.6 1.3
Exp!! 1.640.8 —5+1 241
Exp'? —0.5+4.7 —03+3.6 —6.7+28
00 TiO,* 2.49 0.72 -3.05 —0.06 0.51 0.12 —0.54 0.01 0.68 —5.54 3.56
GGA’® 0.91 —6.81 4.63
B3¢ 2.45 0.27 -3.59 —0.38 0.44 0.05 0.85 —6.04 4.03
LDA’ 3.22 1.79 -2.35 0.61 0.64 0.53 0.55 —5.58 2.99
LDA? 1.79 0.26 —-4.59 -0.77 0.26 —0.26 -1.02 —0.26 0.71 —6.4 4.7
LDA’ 3.39 1.61 —2.51 0.49 0.70 0.49 0.69 -59 3.2
Exp!° 1.00 1.8 1.3
Exp'! 0.840.8 1+1 —1+1
Exp'? —5433 03+1.0
Method a (A) Layers Ref. Method ay (A) Layers Ref.
"LDA TP 5.045 13 This work SLDA CA 3.92 11 [59]
2LDA SIC 5.10 8 (87] °LDA PW 3.86 7 (58]
3GGA 5.19 7,9, 11 [88] 1'RHEED 3.90 (exp.) [56]
‘LDA TP 3.845 17 This work "LEED 3.90 (exp.) [55]
’GGA PW 3.94 11 [62] 2SXRD 3.905 (exp.) [57]
hybrid B3PW 3.903 9 [61] 3Not Me-Me but average
"LDA 3.85 7 [60] Bold font: Sr, italic font: 77, metal: Me

pling is found to be negative for the SrO double layer (DL)
surfaces and positive for all other configurations. Within
the experimental error bars the DFT results agree well with
RHEED and LEED analysis of pure STO surfaces listed in
Table 3. The apparently contradictory results between
experiment and simulation for the distance change di, of
the first two metal layers for TiO, terminated STO may
be attributed to the simplified data refinement model
employed for the analysis of the measurements.

Within the homologous RP series, the TiO, (SrO) sur-
face rumpling systematically decreases (increases) for
higher n and approaches the pure STO limit as the stacking
fault is located further away from the surface (configura-
tions a and b, respectively). The rumpling of the SrO-
OSr stacking fault termination ¢, however, is enhanced
with an increasing number of STO layers underneath
(n — o0). For d and e type configurations, representing
an STO layer on the SrO DL (in case of n = 1 same
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configuration as a and b), surface and stacking fault inter-
action have opposing effects on the atomic displacements,
which cause intermediate rumpling values. Higher configu-
rations (f and g) show no significant change compared to
pure STO surfaces. These results are in agreement with
experimental findings from in situ RHEED analysis of
PLD grown RP phases (e.g. Ref. [42]), which report a gen-
eral roughening and smoothing of the surface during
sequential deposition of SrO and STO, respectively.

3.3.2. Density of states

To discuss the electronic structure of different surface ter-
minations in more detail, density of state (DOS) simulations
are presented in Fig. 6. The energy range was chosen to cover
the first unoccupied states in the conduction band, i.e. tita-
nium 4d and 5s states, and to include the oxygen 2s semi-core
states, which can be taken as an indicator for the local mean
oxygen crystal potential due to the angle independence of the
s states. All surfaces show insulating character, following the

0O2s Srdp

_(ooww

02p(Ti3d)  Ti3d,4s

RP3

Density of states (a.u.)

-20 -15 -10 -5 0 5 10
Energy (eV)

Fig. 6. Density of states of (1 0 0) and (0 0 1) RP surface structures. Solid,
dashed and plotted lines indicate TiO,, SrO and SrO DL configuration
types according to surface cuts sketched in Fig. 5. For (1 0 0) plots, the
DOS of the bulk RP phases was included in shaded gray. Surface states
shift the valence band for TiO, terminations which is less effective for a
near-surface SrO DL. Additional energy splitting for Sr 4p states is
induced by an SrO DL surface (see arrows).

experimental [82,83] and theoretical results for pure STO
surfaces (e.g. Refs. [58,59,84,85]). In addition, the stacking
fault interaction with the surface does not change the con-
ducting behavior. Comparing the DOS characteristics, two
strikingly differing features are observed. First, the band
gap of TiO, terminations is decreased by surface states. This
causes a shift of the valence band to lower energies with
respect to the values calculated for SrO-terminated slabs
and is due to charge redistribution from lone-pair oxygen
2p orbitals of the split Ti-octahedra [86]. For a termination
layer neighboring the stacking fault (configuration d), the
shift amounts to about 0.5 eV and increases up to 1.0 eV
for higher surface—stacking fault distances. Supporting the
results from the stability discussions, the ionic SrO termina-
tions show a bulk-like valence band edge without surface
states. Second, an energy splitting of the strontium 4p states
can be observed exclusively for the stacking fault termina-
tion ¢ and may be taken as an indicator for this type of ter-
mination. Electron densities in real space have been
studied and a comparison between types c and b implies that
intraplanar Sr—O bonding gets stronger and more covalent
with higher densities between the atoms. This is connected
with the large Sr rumpling of the surface layer. Experimen-
tally, this energy splitting might be confirmed with modern
photoelectron spectroscopy.

3.3.3. Surface energies

Our studied RP films have been crystallized on STO in a
solution of excess SrO, which approaches the limit of
Ugro = 0. A summary of the surface grand canonical poten-
tials calculated following this condition is given in Fig. 5.
The examined RP surface cuts are sketched and surface
energies per 1 x 1 unit cell area a,° are shown for all mod-
eled RP phases. Energies are found in an interval of 0.77—
2.2 eV per unit cell area. SrO terminations with maximally
“buried” stacking fault (green circles) form the energeti-
cally most favorable surfaces and their grand canonical
potentials approach the value of STO for n — oo. The rup-
ture of Ti-octahedra, which occurs for TiO, termination
(brown circles), costs about 1.3 eV of additional surface
energy. Interaction of the stacking fault with the surface
reduces the surface grand canonical potential for TiO,
(brown squares) and increases it for SrO termination (green
squares). Since (1 0 0) surfaces are constructed of both SrO
and TiO, terminations, the energies consistently take inter-
mediate values between the limiting “pure” terminations.
The intersection area of the stacking fault, which hits the
surface perpendicularly, lowers the surface energy like a
stripe of SrO termination and favors RP phases of smaller
n, in which SrO-type termination occupies a higher surface
fraction.

Considering RP surfaces in thermodynamic equilibrium
with a reservoir between the limits of bulk SrO and STO,
we calculated the grand canonical potential 2 as a function
of the normalized SrO chemical potential pg,, using Eq.
(4), as outlined in Section 2.3. The results are summarized
in Fig. 7 for all discussed surfaces. SrO and STO precipita-
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Fig. 7. Calculated grand canonical potential Q as a function of the
normalized chemical potential u§ . for all considered types of surfaces.
Symbols correspond to the RP phase n=1 (O), 2 (O) and 3 (A),
respectively. Configuration types a—f are labeled according to surface cut
sketches in Fig. 5. The precipitation lines limit the stable equilibrium
region out of which SrO and STO crystallites can form, respectively. For
SrO terminations in SrO-rich environment a near-surface SrO DL
configuration e and g is energetically more favorable than an STO-like
configuration b.

tion lines separate the range of RP stability from the
regions, where formation of bulk crystallites of SrO or
STO is energetically favorable. Stoichiometric terminations
such as configuration b (surface cut along the SrO-OSr
stacking fault) and (100) surfaces are invariant under
change of the chemical potential. Within the set of SrO ter-
minations the crossing of the grand canonical potential
curves of types b, e and g indicates a change of stability rela-
tion. Configurations e for RP with n =2 and g for RP with
n =3 (inclusion of near-surface SrO DL) are preferred in
an SrO-rich surrounding. Configurations b (largest possible
SrO DL distance to surface) occur preferentially in an STO-
rich environment. TiO, terminations a and f with a deeply
buried stacking fault exhibit similar changes, whereas termi-
nations with a near-surface SrO-OSr DL (cand d, forn =1
also a) keep their preference order with respect to energy.

4. Conclusions

We have presented a systematic theoretical study of
(100) and (0 0 1) surfaces of SrO(SrTiO3),, RP phases with
n=0,1,2,3, oo and determined optimized structures, elec-
tronic properties as well as phase stability relations for all
possible unreconstructed crystal terminations. Local den-
sity-functional band-structure calculations with a plane-
wave pseudopotential code yielded the electronic structure
of valence and semi-core states and derived properties. We
have shown that the characteristic SrO-OSr stacking fault
has significant influence on both surface energies and
atomic displacements if it is located close to the surface.
In particular, SrO (TiO,) surface rumpling is decreased
(increased), which allows the control of surface roughness

in layer deposition growth techniques (e.g. MBE, PLD).
Pure STO-like SrO terminations are found to be energeti-
cally most stable in STO-rich surrounding, whereas a
near-surface SrO-OSr DL is more favorable in contact
with an SrO-rich reservoir. The effect of surface states
intruding the band gap for TiO, termination is decreased
by the stacking fault and crystal field splitting of the Sr
4p states is enhanced for an SrO DL surface. In summary,
we showed that the vicinity of the RP stacking fault
strongly modifies the structure and stability of the surface.
This gives rise to a specific and controlled change of surface
properties by means of STO near-surface modifications.
From DFT modeling we confirmed a general gain of
formation energy for bulk RP phases with increasing n,
most significant between n =1 and 2 saturating at n = 3.
In agreement with this result, thin films of SrO(SrTiO3),
RP phases with n=1-3 have been prepared by CSD on
(00 1) STO substrates starting from Sr—Ti polymeric pre-
cursor solutions followed by dip coating and three anneal-
ing steps. It was found that variation of the heating rate
during the final annealing step and of the molar ratio Sr:Ti
alters the fraction of epitaxially grown RP phases with
n = 1-3 in the films, whereas the orientation of RP phases,
grown with the c-direction perpendicular to the perfectly
matching (00 1) STO substrate, was not influenced. To a
certain extent the volume fraction of RP phases present
in the films could be discussed in terms of bulk RP phase
formation energy but still further studies are necessary
for a consistent understanding of the interdependence of
preparation parameters and phase formation in these films.
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