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Electronic and structural reconstructions of the polar (111) SrTiO; surface
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Polar surfaces are known to be unstable due to the divergence of the surface electrostatic energy. Here we
report on the experimental determination, by grazing incidence x-ray diffraction, of the surface structure of polar
Ti-terminated (111) SrTiO; single crystals. We find that the polar instability of the 1 x 1 surface is solved by a
pure electronic reconstruction mechanism, which induces out-of-plane ionic displacements typical of the polar
response of SrTiO; layers to an electron confining potential. On the other hand, the surface instability can be
also eliminated by a structural reconstruction driven by a change in the surface stoichiometry, which induces a
variety of 3 x 3 (111) SrTiO; surfaces consisting in an incomplete Ti (surface)-O, (subsurface) layer covering
the 1 x 1 Ti-terminated (111) SrTiO; truncated crystal. In both cases, the TiOg octahedra are characterized by
trigonal distortions affecting the structural and the electronic symmetry of several unit cells from the surface.
These findings show that the stabilization of the polar (111) SrTiO; surface can lead to the formation of quasi-
two-dimensional electron systems characterized by radically different ground states which depend on the surface

reconstructions.
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I. INTRODUCTION

The discovery of a quasi-two-dimensional electron system
(q2DES) at the interfaces between (001) SrTiO3 (STO) single
crystals and other transition metal oxides, like LaAlO; (LAO)
[1], LaGaO3 [2], LaVOj3 [3], and LaTiO3 [4], renewed the
interest in the study of the electronic and structural properties
of STO surfaces and related heterostructures. In these oxides,
the charged planes stacked on top of a TiO, terminated
(001) STO surface form a net dipole moment, giving rise to
a divergence of the electrostatic surface energy. This well-
known problem is commonly referred to as the “polarization
catastrophe.” In (001) LAO/STO, the polarization catastrophe
can be avoided by an electronic reconstruction taking place
alternatively or in addition to classical structural reconstruc-
tions. The consequent insulator-to-metal transition has a direct
impact on atomic-scale structural lattice distortions across the
(001) LAO/STO interface as shown in Refs. [5,6]. Beyond
the electronic reconstruction, other mechanisms can induce
the formation of a q2DES. In this respect special attention
deserves the role of defects like oxygen vacancies, believed
to be at the origin of the q2DES at the (001) STO surface
[7,8], and the role of surface/interface stoichiometry, which
theoretically can solve the polarization catastrophe problem
also in (001) LAO/STO [9,10].

Besides (001) STO and LAO/STO, more recently scien-
tists explored the properties of polar (111) heterostructures,
which can also host a 2DES [11-13]. The stacking of atomic
layers in (111) STO consists of alternating Ti and SrO3 sheets
[Figs. 1(a) and 1(b)]. In the ionic limit, where Ti, Sr, and O
ions have nominal Ti**, Sr?*, and O?~ charges, the (111) STO
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surface is classified as a type-III polar surface [14,15]. Due to
the strong polarity, the stability of an ideal Ti-terminated 1 x 1
(111) STO is debated, as it requires either a change of surface
composition through adsorbates [16], surface reconstructions,
or an electronic reconstruction.

(111) STO surfaces were previously investigated by atomic
resolved scanning tunneling microscopy (STM) [17-19] and
high-resolution transmission electron microscopy (HRTEM)
[20,21]. Several kinds of reconstructions, including 3 x 3,
4x4,5x5,6x 6, and even more complex ones [22] were
identified on samples treated by Ar ion sputtering, and an-
nealed in ultrahigh vacuum (UHV) or in oxygen atmosphere,
for which there is no report of a q2DES at their surfaces or
at the interface with LaAlO3;. More recently, a Ti-terminated
1 x1 (111) STO surface was reported in the case of sin-
gle crystals treated using a recipe similar to the Kawasaki
etching used to get a Ti-terminated (001) STO [23,24]. This
procedure consists of a chemical etching, using a buffered
hydrofluoridric acid (BHF) solution, and annealing in flowing
atmospheric pressure of O, at 950 °C [25]. The BHF method
of preparation creates a Ti-terminated surface, which is known
to be crucial for the formation of a q2DES at the (111) STO
surfaces and at the interface with LaAlO5 [11]. However, the
experimental surface structure of these single crystals is not
reported in the literature.

Besides the formation of a q2DES in (111) STO het-
erostructures, the study of polar (111) heterostructures is
attractive because of the theoretical prediction of unexpected
phenomena, like nontrivial topological states and quantum
Hall effect up to room temperature [26]. In particular, a
massive symmetry breaking was predicted in the case of (111)
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FIG. 1. (a) Top view of the 1 x 1 Ti-terminated (111) STO
surface. (b) Lateral view of a stepped surface characterized by
alternating terraces which are Ti terminated. The distance between
two consecutive Ti layers is about 0.22 nm. (c) RHEED image of a
1 x 1, unreconstructed, (111) STO. The incoming 30-keV electrons
impinge at grazing angles with a direction parallel to the steps. The
diffraction spots correspond to the [1 1 —2] in-plane distance (in the
cubic indexing units). (d) Noncontact AFM topography of the 1 x 1
(111) STO surface and corresponding line profile across the steps
(bottom panel). (e) SPA-LEED image taken on a 3 x 3 reconstructed
(111) STO at 142 eV of incoming energy. Integer order diffraction
spots are indicated by white circles. (f) Noncontact AFM topography
of the 3 x 3 (111) STO surface and line profile (bottom) showing the
presence of step heights equal or multiples of 0.676 nm.

LAO/STO quantum wells, with ordering of the titanium 3d
orbitals (ai,, €g) derived bands depending on the strain and
on the confinement [27]. One of the crucial ingredients for the
realization of these unconventional ground states is a change
of the bulk Dy, crystal field of the TiO¢ octahedra to a trigonal
one, not only at the surface, where the structural symmetry is
naturally broken, but also in the inner layers where the q2DES
is located [28].

Motivated by these results, here we report a detailed
study of the surface structure of Ti-terminated (111) SrTiO3
crystals, prepared by a combination of chemical etching and
high-temperature annealing, which exhibit a q2DES at their
surfaces. We demonstrate an electronic reconstruction in the
case of stoichiometric 1 x 1 surface of (111) STO crystals
and a structural reconstruction in the case of Ti-rich surfaces
exhibiting an unreported 3 x 3 surface lattice. The 3 x 3
reconstruction consists in an ordered (TiO;);,3 layer on top of
the 1 x 1 Ti-terminated (111) STO, and hosts a q2DES only

after annealing in UHV which introduces oxygen vacancies
at the surface. Moreover, we find that in both cases several
layers, in the same region where the q2DES resides, are char-
acterized by trigonal distortions which depend on the surface
reconstruction and can drive different kinds of unconventional
ground states.

II. EXPERIMENTAL RESULTS

All the (111) SrTiO3 single crystals studied in this work
were prepared by buffered hydrofluoric acid (BHF, NH4F:HF
87.5:12.5, pH 5.5) chemical etching and subsequent high-
temperature oxygen annealing [23-25]. The surface structure
was studied by UHV spot profile analysis low-energy elec-
tron diffraction (SPA-LEED), reflection high-energy electron
diffraction (RHEED), atomic force microscopy (AFM), STM,
and grazing incidence surface x-ray diffraction (SXRD). In
Figs. 1(c)-1(f) we show typical RHEED, SPA-LEED, and
AFM data on BHF etched (111) STO surfaces. Single crystals
annealed in O, flow at 950 °C show a 1 x 1 RHEED diffrac-
tion pattern [Fig. 1(c)] and a surface composed by alternating
terraces (widths of the order of 50 nm or less) with heights of
0.22 nm [Fig. 1(d)], corresponding to the distance between
two consecutive Ti layers [Fig. 1(b)]. On the other hand,
(111) STO single crystals annealed at temperatures between
1050 and 1200°C exhibit a 3 x 3 reconstructed surface, as
shown by the SPA-LEED diffraction pattern in Fig. 1(e). Their
surfaces reveal much wider terraces (up to 200 nm width) with
step heights compatible with the distance between two unit
cells along the (111) direction, ¢ = 0.676 37 nm, or multiples
[Fig. 1(f)].

SXRD experiments were performed in UHV and at room
temperature at the ID0O3 beamline of the European Syn-
chrotron Research Facility. Crystal truncation rod (CTR) and
fractional order rod (FOR) data, i.e., the profile along the
direction perpendicular to the surface (L) of the structure
factor, Fyg., were acquired using a two-dimensional (2D)
Maxipix detector and a 24-keV x-ray beam. The large data
sets were corrected and integrated using the data reduction
and analysis software BINocular developed at the ID03 of
ESRF [29]. The structural refinement was performed using
the program ROD [30], by fitting simultaneously, for each
sample, several nonequivalent CTRs, and FORs in the case
of reconstructed surfaces, following the method of Ref. [31].
The models used were built on the basis of the (111) SrTiO3
cell within the p3ml space group (with a = b = 0.552 nm,
¢ =0.67637 nm, o« = =90°, y = 120°). For the 1 x 1
structure, we used eight inequivalent CTR’s corresponding to
2332 Fyk structure factor points. For the 3 x 3 reconstructed
surface, we acquired a total of 7513 reflections which reduced
to 5420 after averaging between the equivalent reflections
involving 12 FORs and 15 CTRs.

First we discuss the simpler 1 x 1 surface structure. Ideal
SrOs, titanium [Fig. 2(a), blue lines], or mixed terminated sur-
faces do not provide good solutions of the experimental data.
Howeyver, for the Ti-terminated surface model, the X2 factor
reduces down to about 2.0 after letting the atomic positions
to relax up to four unit cells along the surface normal and
allowing possible in-plane relaxations. Further improvement
of the data fitting requires us to explicitly take into account the
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FIG. 2. (a) CTR data vs L (in reciprocal-lattice units, r.l.u.,
of the p3m1 unit cell) for the 1 x 1 (111) STO surface (scatter
black squares), the ideal Ti-terminated model calculations (blue
lines, x2 = 6.18), and the two terraces Ti-terminated fit (red lines,
x2 = 1.0). (b) Upper panel: displacements along the surface normal,
with respect to the bulk, of Sr, Ti, and O ions as function of the
z coordinate in p3ml units (z = 0 is the surface); lower panel:
rumpling of the SrO; planes, defined as (zs, — z0)/2, i.e., half of
the distance between Sr and oxygen planes.

peculiar terrace structure of the surface shown in Figs. 1(b)
and 1(d). Since the terraces are less than 50 nm wide [see
Fig. 1(d)], the scattered x rays coherently interfere resulting
in distinctive truncation rod profiles. Thus the data can be
very well reproduced by a two-terrace, Ti terminated, model
[Fig. 2(a), red line] [32], which gives the best reduced X2 of
the order of 1.0 and an R factor = ) |Fuae — Fexpl/ Y Fexp
of 19%. It is worth noting that the two-terrace model does
not increase the number of free parameters, since we use the
same displacements for equivalent ions in each of the two
terraces [33]. Interestingly, according to the refined model, the
surface layers exhibit substantial ionic relaxations extending
up to three unit cells from the surface (i.e., about 2.5 nm),
consistent with the formation of a confined electron doped
q2DES. In particular, we find that the cations relax towards
the bulk [Fig. 2(b), upper panel] and the SrO; layers get
substantially rumpled [Fig. 2(b), bottom panel], because the
negative charged oxygen ions move out from the Sr planes
towards the surface. These ionic displacements are typical of
the polar response of STO as a consequence of the presence
of an electric field confining electrons [5]. The results are in
qualitative agreement with ab initio theoretical calculations
[34,35], although the experimentally refined structure shows
lower distortions possibly due to the screening effect of local-
ized and delocalized charge carriers not captured by theory.
The out-of-plane ionic relaxations found are sufficiently
large to trigonally distort the TiOg octahedral cages [36]. This
observation has profound effects on the electronic properties
of the system, as it implies that the crystal field has a trigonal
symmetry for several layers starting from the surface. In
particular, the trigonal axis (i.e., the ¢ axis in p3m1 symmetry)
is compressed (up to —0.25%), corresponding to a lowering
of the a;, derived band’s energy with respect to the €7 one. A

g
qualitatively similar band splitting was recently found for the

q2DES formed in conducting (111) LAO/STO, as shown in
Ref. [28].

In order to analyze the more complex 3 x 3 reconstructed
surface, we considered different possible structural models.
First, we examined a 3 x 3 lattice (¢ = b = 1.656 nm, ¢ =
0.67637 nm) terminated by an incomplete, ordered, SrO3
and/or Ti layers, following the natural bulk sequence. How-
ever, these models are unable to fit the experimental data
(reduced x2 > 3.5). On the other hand, a very good fit is
obtained using the model described in Fig. 3 (reduced x2 =
1.1, R factor of 15.6%). Starting from an ideally Ti-terminated
surface, we add a complete oxygen layer and on top a Ti
overlayer [Figs. 3(a) and 3(b)]. Furthermore, we introduce
occupation parameters for the subsurface oxygen and surface
titanium ions. In the initial model each surface Ti ion is
coordinated to three oxygen ions. The final fit converges
to a 1/3 occupation of each Ti ion on the surface and to
a 1/4 occupation of the oxygen ions in the second layer.
As a consequence each topmost Ti ion is coordinated in
average with two, instead of three, oxygen ions, which ensures
charge neutrality but results in a configurational disorder of
the subsurface ions. The solution can be understood as the
coherent superposition of three Ti-O, sublattices, labeled with
numbers 1-3 in Fig. 3(b), each of them forming a 3 x 3 lattice.

Additionally, we find substantial displacements of the ions
from the ideal bulk positions, inducing again trigonal distor-
tions of the TiOg octahedra [36]. The trigonal axis is again
compressed with respect to the bulk value (up to —1.1% in
the first unit cell below the surface). However, both oxygen
and cations relax towards the bulk and the rumpling of SrO3
is opposite to the 1 x 1 case, i.e., opposite to the one expected
in the case of a screening of an electron confining potential,
thus inconsistent with an electronic reconstruction.

The structural model shown in Fig. 3 differs from other
3 x 3 structures reported in the literature, in particular from
the one recently reported in Ref. [22] on (111) STO surfaces
prepared by Ar sputtering and high-temperature annealing.
The 3 x 3 model of Ref. [22] consists in ordered tetrahedral
TiO4 units positioned on top of octahedral TiOs units. As
shown in Fig. S1 of the Supplemental Material [36], a fit of the
diffraction data with the model proposed in Ref. [22] shows
large discrepancies for all fractional rods, with a x? value of
1.8 and an R factor of 37%, much larger than the one obtained
with the model reported here. The two 3 x 3 structures found
in the present work and in Ref. [22] are then quite different.
In particular, the overall Ti/Sr ratio of the surface unit cell
is in our case 1.33, lower than the value of 1.66 reported in
Ref. [22]. We attribute the observed differences to a larger
excess of Ti created at the surface by Ar sputtering.

We find that the 3 x 3 reconstruction found in this work is
rather stable and it does not show the formation of a q2DES
without additional treatments. In particular, we find that the
3 x 3 surface reconstructions, studied by measuring the FORs
profiles, is not substantially modified during in situ thermal
treatments either in vacuum (P < 10~% mbar) and in oxygen
flow [P(O,) = 10~ mbar] up to a temperature of 700 °C.

However, annealing in UHV can introduce oxygen vacan-
cies at the surface and the formation of a q2DES. In Fig. 4
we show in situ I-V and dI/dV local STM spectroscopy
data on the 3 x 3 (111) STO surface annealed in UHV at
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FIG. 3. (a) Lateral and (b) top view of the initial average surface model used to fit the diffraction data on the 3 x 3 reconstructed STO
(111) surface. On top of a Ti-terminated ideal truncated crystal, we add a complete oxygen layer and a complete titanium layer (topmost Ti**
ions are denoted with red spheres). Occupational parameters for the top Ti and oxygen ions are added to the model. The average model in
(b) can be considered as the superposition, with equal 33% occupancy, of the three 3 x 3 lattices formed by the TiO, units labeled 1, 2, and 3,
respectively. (c) Comparison between experimental (black circles) and calculated (red lines) CTRs and FORs vs L (in reciprocal-lattice units,
r.l.u., of the p3m1 unit cell). (d) Average displacements along the surface normal, with respect to the bulk, of the Sr, Ti, and O ions as function
of the z coordinate in lattice units (p3m1 space group; z = 0 is the surface). (e) Rumpling of the SrO; planes.

250 °C for 12 h. While the surface morphology is substantially
unaffected by the additional low-temperature annealing, as
shown by the STM image in Fig. 4(a), local spectroscopy
demonstrates that the surface is conducting [Figs. 4(b) and
4(c)]. The low-temperature annealing procedure used does
not create enough vacancies to induce bulk conductivity. In
particular, as for the 1 x 1 surface, when exposed to ambient
pressure, the 3 x 3 (111) STO becomes fully insulating.

In order to investigate the properties of the Q2DES formed
at this variety of 3 x 3 reconstructed (111) STO after low-
temperature UHV annealing, we acquired a complete set of
SXRD data and performed a structural refinement using the
same model shown in Fig. 3. We find a reduction of the oxy-
gen stoichiometry in the first layers (<10% oxygen vacancies)
and a slight decrease of the trigonal compression (—0.7%
instead of —1.1%). Thus the 2D electron system created is
characterized again by a splitting between the a;, and the
e, derived bands, and a trigonal compression larger than the

one estimated in the case of the 1 x 1 (111) STO surface.
Thus, a larger trigonal crystal-field splitting is expected, which
will have an impact on the electronic ground state of the
system.

III. DISCUSSION

Our study reveals two fundamental reconstruction mech-
anisms, either electronic or structural, solving the polar in-
stability of the polar Ti-terminated (111) STO surface. The
ideal Ti-terminated surface is strongly polar and in the ionic
limit has a charge of +4e/unit cell (e is the electron charge).
Even taking into account the covalent character of the Ti-O
(and Sr-O) bonds, the Ti and SrO; layers are characterized by
a net charge op = £2.25¢/unit cell [34]. Thus the stability
of this system requires a compensation mechanism. Here,
the large electric field induced by the charged layers can be
only compensated by a transfer of electrons from SrO; to the

1 1 1 1 1 1 1 1

*l®)

20
—~ 10+ 5
<< g 20
£ 0 .
= 3
-10 1 =
T 10+
-20
-30 4
0

w
o
1

(c)

42 08 04 00 04 08 12
Tip bias (Volt)

T T T T T
12 -08 -04 00 04 08 12
Tip bias (V)

FIG. 4. (a) In situ scanning tunneling microscopy image on a 3 x 3 reconstructed (111) STO single crystal annealed in ultrahigh vacuum
at 250°C for 12 h. The image has been acquired in constant current mode with a tunneling current of 50 pA and a bias voltage on the
tip (electrochemical etched iridium wire) of 1.0 V. (b) Typical tunneling current / and (c) differential conductance dI/dV vs bias-voltage

characteristics demonstrating the metallic nature of the surface state.
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Ti surface layer. According to theory [34,35], this electron
transfer shows up as polar distortions and consequently as a
rumpling of the planes within a finite region at the surface
which gradually reduces to zero into the bulk [Fig. 2(b)].
In the rumpled region, the electrons transferred into Ti-3d
states can form a q2DES. Thus the picture, emerging from the
experimental data, is in good qualitative agreement with ab
initio calculations [34,35]. It is worth noting that at room tem-
perature the polar distortions are present within a thickness of
about 2.5 nm from the surface, comparable to what is found
in the case of LAO/STO (001) heterostructures [5]. However,
the electronic reconstruction and the formation of a q2DES
at the surface of (111) STO is metastable. Indeed, when the
sample is exposed to air it becomes insulating. We conjecture
that the disappearance of the q2DES is due to adsorbates on
the surface which form at ambient pressures and compensate
the surface polarity [16]. These adsorbates can desorb during
x-ray irradiation in UHV, and the consequent surface polarity
triggers an electronic reconstruction. X-ray irradiation can
also promote oxygen vacancies at the surface [13], however,
while they are likely unavoidable defects, their creation is not
the main mechanism of the realization of the q2DES in this
case. Indeed, by introducing oxygen occupation parameters in
our model the structural solution converges to a x? less than
5% lower than the case of full oxygen occupation, and to an
amount of oxygen vacancies between 2% an 5% in the first
three unit cells unable to compensate the divergence of the
electrostatic potential.

The structural reconstruction of (111) STO, solving the
polar instability by creating a 3 x 3 lattice, is, on the other
hand, rather stable. This can be explained by a full compensa-
tion of the electrostatic potential by the Ti stoichiometry and
surface reconstruction. The compensation of the electrostatic
potential takes place if the surface charge o; is equal to op/2.
In order to verify if this condition is effectively met, we
recalculate the effective Bader charge of the surface Ti ions,
considering both covalence and new surface coordination.
Here, we use the bulk Bader charge values of Sr, Ti, and O ions
estimated in Ref. [34], and in particular the op value for the
net charge associated to each (bulk) Ti ion. As a consequence,
assuming the initial ionic valence of Ti is equal to +4e, the
charge transfer between Ti and O ions (considering that in the
bulk each Ti ion is coordinated to six O ions) is given by

4-225 : )
Te/umt cell = 0.29¢/umitcell. (1)

Atio =

In our model, the fit converges to an overall 1/3 occupation

for the Ti ions on the surface, and therefore the net charge of
this surface layer is given by

(S)

o5 = % /unit cell, 2)
where ch(iS )
layer.

Assuming at the surface the same charge transfer between
Ti and O ions of the bulk, and considering that each surface
titanium is coordinated with two O ions, we can write

de — GT(S) . .
Tl /unit cell = 0.29¢/unit cell, 3)

denotes the net charge of each Ti ion on the surface
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FIG. 5. Trigonal distortion of the first subsurface unit cell of
the ideal TiOg octahedra (a) in the case of electronic reconstructed
1 x1 (111) STO (b) and of structural reconstructed 3 x 3 (111)
STO (c) hosting a quasi-two-dimensional electron gas. Red arrows
indicate the [111] surface vector.

from which we infer GT(iS) = 3.42¢, and therefore [from
Eq. (2)] we find an effective surface charge of about
os = +1.140e/unit cell, which is very similar to op/2 =
1.125¢/unit cell. This very simple estimate shows that the
bulk electrostatic potential is compensated at the 3 x 3 recon-
structed surface by the change in the surface stoichiometry
alone which does explain its stability.

IV. CONCLUSIONS

In this paper, we present a study of the surface structure,
ionic relaxation, and lattice distortions of 1 x 1 and 3 x 3
(111) STO surfaces hosting a q2DES at their surfaces using
a combination of different surface characterization techniques
and in particular by the SXRD crystallography technique.
We found that the compensation of the strong polarity of
Ti-terminated (111) STO can be achieved either by a purely
electronic reconstruction mechanism or by a structural recon-
struction, depending on the surface stoichiometry, i.e., the
Ti excess at the surface. In both cases, not only the surface
but also several inner layers show trigonal distortions of the
TiOg octahedra which depend quantitatively on the kind of
surface structure and reconstruction realized. This result is
summarized in Fig. 5, where we show a comparison between
bulk and surface TiOg octahedrain the 1 x 1 and 3 x 3 (111)
STO samples hosting a 2DES as obtained from the structural
refinement. The trigonal distortions are the consequences of
the out-of-plane and in-plane displacements of Ti and oxygen
ions within at least three p3ml unit cells from the (111)
surface. As a consequence of these distortions, we found
that 1 x 1 and 3 x 3 (111) STO surfaces realized by BHF
etching and thermal annealing show a compression of the
(111) trigonal axis of the unit cells where the q2DES resides.
This has an impact on the electronic properties of system,
which depend on the trigonal crystal-field splitting [26,27]
and suggests a method towards a control of the symmetry and
splitting of the q2DES in (111) surfaces and interfaces through
a careful tuning of the chemical termination and stoichiometry
which can induce different surface reconstructions.
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