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Small polaron formation on the Nb-doped SrTiO3(001) surface
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The cubic perovskite strontium titanate SrTiO; (STO) is one of the most studied, polarizable transition metal
oxides. When excess charge is introduced into this material through doping or atomic defects, STO tends to host
polarons: quasiparticles formed by excess charge carriers coupled to the crystal phonon field. Their presence
alters the properties of this material and is a key for many applications. Considering that polarons form preferen-

tially on or near surfaces, we study small polaron formation at the TiO, termination of the STO(001) surface via
density functional theory calculations. We model several supercell slabs of Nb-doped and undoped STO(001)
surfaces with increasing size, also considering the recently observed as-cleaved TiO,-terminated surface hosting
Sr adatoms. Our findings suggest that small surface polarons become less stable at low concentrations of Nb

doping, in analogy to polarons localized in the bulk. Further, we inspect the stability of different polaron
configurations with respect to Nb and Sr impurities and discuss their spectroscopic properties.

DOI: 10.1103/PhysRevMaterials.7.064602

I. INTRODUCTION

Transition metal oxide perovskites are an incredibly versa-
tile and intriguing class of materials with electronic properties
which are relevant for a wide range of applications. In par-
ticular, SrTiO3; (STO) exhibits many properties arising on its
surface and at the interface with other materials, including
the emergence of a two-dimensional electron gas (2DEG)
[1-3], that are potentially useful for technological applications
in the field of photoemission [4], (photo)catalysis [5—-8] and
superconductivity [9]. Nowadays, STO is one of the most
investigated perovskite materials because it is a promising
candidate in oxide electronics.

The STO(001) surface has attracted a lot of attention in
recent experiments [10,11]. Both the 1 x 1 unreconstructed
TiO, and SrO terminations show a weakly polar character
and exhibit surface rumpling, together with a small dipole
moment [12-14]. During cleaving, the STO(001) surface
imposes challenges to sample preparation, leading to inconsis-
tent and partially contradicting data in the literature [15]. Just
recently, a low-temperature, unreconstructed termination of
the STO(001) surface with 1 x 1 symmetry via cleaving was
obtained [16]. The authors were able to introduce a preferen-
tial cleavage plane by putting n-type (Nb-)doped STO crystals
under strain. Their scanning probe microscopy measurements
on the as-cleaved surface show well-defined, large TiO,- and
SrO-terminated terraces, with a canonical amount of 14% =+
2% Sr adatoms and Sr vacancies, respectively [17]. The spon-
taneous formation of these defects during the cleaving process
was interpreted as a mechanism for polarity compensation.

Intrinsic Sr adatoms and Sr vacancies influence the elec-
tronic properties of the surface by introducing excess charge
carriers into the system. Similar to charge carriers introduced
by doping (e.g., substituting Ti by Nb), extra charge from
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the Sr defects can couple to the crystal phonon field by
inducing local distortions in the lattice. As a consequence,
these distortions can create a potential well for the charge to
localize in a certain region of the crystal, forming a polaron
quasiparticle [18,19]. Polarons have grown to be a major
topic of interest in the field of semiconducting and insulating
materials, particularly in oxides. Recent studies revealed that
these self-trapped charge carriers influence a wide spectrum of
physical and chemical properties of the host material [20-22].
In STO polarons have been reported to affect charge transport
[23], dielectric properties [24], and emission spectra [25].

Depending on the crystal, charge coupling to lattice dis-
tortions and subsequent self-trapping can occur over different
length scales: While small polarons are formed by short-range
coupling and are usually confined within one unit cell, large
polarons spread over many unit cell lengths and are formed in
the long-range coupling regime. As a particularly interesting
behavior, STO not only shows stable electron polarons but can
also exhibit delocalized charge in the bulk crystal [26,27], de-
fect states [28], and a 2DEG on surfaces [1,2]. This multitude
of observed electronic states could hint at localized charge in
the form of small polarons coexisting with delocalized charge
and/or large polarons (e.g., depending on the charge carrier
doping).

Despite Nb being a natural impurity in STO and its tech-
nical relevance in experiments [29,30], theoretical studies
investigating Nb doping in STO crystals are scarce. Hao
et al. investigated small polaron formation in Nb-doped STO
bulk systems, finding a trend towards polaron destabiliza-
tion in doping sparse environments [26]. Eglitis explored the
influence of Nb doping on the structural and electronic envi-
ronment in its surroundings in the STO crystal [31] but did not
consider polaron formation.

©2023 American Physical Society
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TABLE I. Difference in total energy for Nb doping placed in
different layers of the slab. Calculations were done for a 2+/2 x
24/2 x 6 slab and a delocalized excess electron.

Layer SO S1 S2 S3

AE (meV) +3 0 +61 +63

Many theoretical studies facilitating excess charge con-
sider oxygen vacancies Vo to be electron-donating defects,
although they generally do not report small polaron formation
in STO. Defect states in the form of charged Vi were found
using density functional theory (DFT+U+V) methodology
[32], and excess electrons forming charged Vi defect states
or delocalized solutions occupying the conduction band were
reported previously [33]. The influence of doping (other than
Nb) on the carrier lifetime of the defect state associated with
Vo was also investigated recently [34].

Existing literature discussing polaron formation in STO
mostly investigated large polarons, where the experimental
optical response of n-doped STO was reproduced by using
a large polaron picture [35,36], and large polaron formalism
was facilitated to study the transition from a polaronic liquid
to a Fermi liquid regime with increasing doping concentration
in STO [37]. Other studies did not find evidence for small
polaron formation in STO at all [38].

The Sr adatom and Sr vacancy surface defects are even less
studied than Nb-doped STO, with no theoretical work done up
to this point to our knowledge.

The technical relevance of polarons, together with the re-
cent experimental description of a well-defined, as-cleaved
surface motivates a reexploration of the low-temperature,
ground-state STO(001) surface by first-principles calculations
to account for Nb doping, as well as surface defects, at vari-
ance with earlier theoretical studies.

To address this gap in the literature, we perform a
DFT study investigating polaronic properties of the TiO,-
terminated STO(001) surface. The aim of this study can be
divided into two main parts: (1) the investigation of small elec-
tron polarons on the surface, introduced into the n-type doped
STO crystal by Nb atomic substitution, and (2) the analysis of
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polaronic properties of the as-cleaved, low-temperature exper-
imental surface including Sr adatoms, as recently described
in Refs. [16,17]. We consider (self-)trapped small electron
polarons throughout the study; however, for simplicity we
refer to them simply as polarons from now on.

In the first part, a working setup for polaron localiza-
tion in STO is deducted. Using this setup, polaron formation
energies are then calculated for different Nb-doping concen-
trations. Afterwards, results from the first part will be used for
modeling and investigating the as-cleaved TiO, termination,
including Sr adatoms. We compare different polaron configu-
rations and generate simulated scanning tunneling microscopy
(SSTM) images for different environments.

II. METHODS

A. Computational setup

Calculations were done using the Vienna Ab initio Sim-
ulation Package (VASP) [39-41]. Projector augmented-wave
Perdew-Burke-Ernzerhof potentials were used [42—44]. Since
charge localization is spuriously disfavored in standard DFT,
we employed an on-site energy correction term within the
DFT+U framework to describe small polaron localization.
For this, we chose the rotationally invariant implementation,
as introduced by Dudarev et al. [45], with a value of U — J =
4.5 eV, enacted on the d orbitals of Ti and Nb atoms. This
is consistent with the choice of U in earlier works using
values calculated by constrained random phase approximation
[26,46,47].

B. Supercells

To model both the bulklike and as-cleaved, low-
temperature TiO, terminations of the STO(001) surface, we
used asymmetric slabs with a thickness of six unit cell lay-
ers. Each unit cell layer consists of one TiO, and one SrO
monolayer, amounting to 12 stacked monolayers in total.
We adopted the low-temperature, antiferrodistortive (AFD)
phase of STO, consisting of 20 atoms in the bulk primitive
cell, together with experimental lattice parameters (¢ = b =
5.5202 A, ¢ = 7.8067 A [48]). The bottom two unit cell layers
were fixed at the AFD bulk structure, while the atom positions

(©)
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FIG. 1. (a) Schematic representation of the first two layers of the asymmetric STO(001) surface slab. Nb doping is placed in the subsurface
(S1) layer, and the Sr adatom is placed at an Sr lattice position on top of the surface. (b) Cross section of a surface slab showing the six unit cell
layers (six TiO, and six SrO monolayers, respectively). The O octahedra around Ti sites are rotated in an alternating manner and are slightly
tilted due to the antiferrodistortive (AFD) lattice. (c) Top view of the S1 layer of the 4 x 4 supercell. One Ti atom is replaced by Nb for doped
systems; O octahedra are rotated in an alternating manner due to the AFD distortions.
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of the top four layers were relaxed until the norm of all forces
was below 0.01 eV /A. For the ionic relaxation a plane-wave
energy cutoff of 550 eV was used, together witha5 x 5 x 1 k-
point grid. The energy cutoff was increased to 700 eV for the
final electronic ground-state calculations. Due to STO(001)
being a weakly polar surface, a dipole correction along the
[001] direction (normal to the surface) was applied [49,50].

Supercells of increasing lateral size were constructed to
model the bulklike 1 x 1 TiO, termination. For this, the in-
plane dimensions of the slab were scaled by a factor of N =
{2, 2\/5, 4, 34/2, 4ﬁ}, corresponding to a total number of
1 x 1 unit cells Nypjrcen = N x N. This results in cells ranging
from 240 atoms for the smallest (N x N =2 x 2) to 960
atoms for the largest one (4\/5 X 4\/5).

The Nb doping was included by substituting one sub-
surface (S1) Ti atom, leading to one excess electron in the
supercells. The Nb substitution in other layers (in the absence
of charge localization) is less stable, as shown in Table I
for the 2+/2 x 24/2 x 6 slab. To specify the Nb content of
each slab, we define the concentration of Nb in two ways
during our analysis: (1) To be consistent with previous works
we use a definition with respect to the 2D size of the surface
cell (1/Nynitcen), and (2) to achieve better comparison with
experiments we also indicate the Nb concentration as a per-
centage with respect to the total number of Ti sites in the slab
(enp = 1 Nb atom/total number of Ti atoms).

The as-cleaved surface was modeled by adding one Sr
adatom to both a pristine slab and a Nb-doped 2+/2x2+/2x6
slab, corresponding to an adatom coverage of 12.5%, closely
resembling the experimentally observed coverage of 14% =+
2% [17]. For the Nb-doped slab, the Sr adatom was placed
at the maximally allowed distance between the two defects,
as this configuration was found to be the energetically most
stable (see the Supplemental Material [51] for details). A
schematic view of the adopted slabs is shown in Fig. 1.

C. Polaron localization

The Nb doping and Sr adatoms introduce one and two
excess charge carriers, respectively, which can localize in the
form of polarons. The polaron stability can be inspected by
calculating the polaron formation energy E, defined as the
difference between the total energy of the system containing

localized polarons (E[%) and the system with excess charge

tot

being delocalized (E).):
Epol — Etot _ Elot (1)

loc deloc*

Therefore, a stable polaron is characterized by a negative
formation energy, while a positive energy reflects a tendency
towards delocalization.

Different localization sites and polaronic arrangements
were inspected. Two different approaches were adopted to
induce localization of the small electron polarons at the de-
sired Ti site: (1) The first is a stepwise procedure, in which
distortions around the localization site are induced by interme-
diate replacement of the Ti atom with V. After resubstitution,
the polaron forms at the selected site [52]. (2) The second
approach is charge localization using an occupation matrix
control tool (OCCMATRIX) [53], in which orbital occupations
are initialized directly through a hard constraint in a prelimi-
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FIG. 2. Charge isosurface of single polarons and corresponding
formation energies E,, for different supercell sizes. (a) Top and
(b) side views of the S1 polaron, localized at a Ti site next to
Nb. Polaronic charge localized at Ti-O bonds (encircled) creates the
strongest signal in SSTM images discussed in Sec. III C. (c) Top and
(d) side views of a SO polaron, localized at a Ti site on the surface,
directly above Nb. (e) Polaron formation energies as a function of
Nb-doping concentration for SO and S1 polarons. Surface polarons
(S0) are more stable than polarons localized in the S1 layer, where
for the latter charge delocalization is favored for the 32 x3/2 x 6
supercell already. The 2 x 2 supercells (light shaded points) are
excluded from further analysis, as for these systems the DOS and
isosurfaces suggest polaron self-interaction due to finite-size effects
(see [51]).

nary calculation. In this way, polaronic charge can be placed
in the desired Ti orbital explicitly, and distortions are induced
by the excess charge directly.

The polaron solutions obtained using either procedure are
independent of the specific localization method. In both cases,
a final, full ionic relaxation is performed to let the system
relax into the preferable, unconstrained energy minimum. We
further note that only spin-aligned configurations were con-
sidered, as spin ordering does not cause a sizable change in
total energies or charge density distributions (see [51]). This
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means that all polarons are localized within the same spin
channel in our spin-polarized calculations. The OCCMATRIX
approach was used for most results; only the formation ener-
gies for S1 polarons shown in Fig. 2(e) were calculated using
the stepwise procedure.

The advantages of the OCCMATRIX approach are a faster
and more straightforward protocol and the precise control of
the selected trapping site. A downside is that it needs an initial
educated guess for the polaron orbital. These orbital configu-
rations can be extracted from previous calculations with an
already localized polaron. Since the characteristic octahedral
crystal structure is similar for all calculations done here, the
preferred orbitals for polaron localization, governed by the
crystal field, do not change drastically between supercells.
Further, even when starting from a rough initial guess, the
excess charge typically has enough freedom to find the lowest-
energy solution during the final, unconstrained self-consistent
calculation and relaxes into the lowest-energy orbital. This
was generally true during our work and also confirmed by the
OCCMATRIX developers [53]. However, in some cases, when
two solutions are close in energy, the initial orbital guess
can lead to different polaronic orbitals. One critical aspect
is that the induced distortions need to be large enough for
the polaron to localize. In some calculations this required an
increase of the polaron orbital occupation in the initial guess,
i.e., placing more than one additional electron, to guarantee
electron trapping.

SSTM images of the STO(001) surface were obtained by
considering the partial charge density of the in-gap polaron
states at approximately 3 A above the surface.

III. RESULTS

A. Polaron stability on the bulklike termination

We calculated polaron stability depending on the doping
concentration by localizing one polaron in the Nb-doped
slabs with varying lateral size (see Fig. 2). The polaron was
localized at a Ti site next to (S1 polaron) or above (SO polaron)
the subsurface Nb dopant. These represent the most favorable
localization sites, as obtained in a preliminary search in which
we tested all possible Ti sites within the SO and S1 layers of
the 4 x 4 x 6 slab (see Fig. SF1 in [51]). The calculations
suggest that the polaron binding energy is largest (more neg-
ative) when the polaron is located closer to the Nb impurity,
meaning that there is a certain tendency of the trapped electron
to be pinned by Nb defects. However, stable polarons can also
form in sites farther away from the Nb defect (see Fig. SF1(c)
in [51]).

Figures 2(a)-2(d) show the polaronic charge density of
these two kinds of polarons. In both cases, the polarons oc-
cupy d orbitals of Ti atoms in the f,, symmetry group (d.,
and d,, orbitals, preferably). This leads to orbital lobes being
aligned with the O octahedron surrounding the polaronic Ti
ion [see Figs. 2(a)-2(d)]. We note that it was energetically
unfavorable to obtain different solutions, even when making
use of the occupation matrix constraints. However, the pres-
ence of defects might alter this scenario, as discussed later in
Sec. III B for the as-cleaved surface with Sr adatoms.
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FIG. 3. Polaron charge isosurfaces of the undoped surface slab
with a Sr adatom (Sraq) in (a) top and (b) side views. (c) Correspond-
ing in-gap region of the partial density of states (PDOS) of the two
polaronic Ti sites (solid lines), as well as the total DOS (gray shaded
area).

The formation energy Ep,; trend for SO and S1 polarons as
a function of Nb doping is shown in Fig. 2(e). Clearly, at high
doping levels (corresponding to a dense polaron population)
the formation energy of both the SO and S1 polarons follows
a seemingly linearly decreasing trend for increasing doping
concentration within the investigated regime. Conversely, a
polaron instability arises at low doping concentrations. For
the S1 polaron the crossover to the unstable regime is reached
in the 3+/2 x 34/2 x 6 STO(001) supercell, corresponding to
a doping concentration of cx, = 0.93% (1 Nb and 107 Ti
ions). When estimating a similar trend, the crossover for
the SO polaron is estimated to take place at a Nb doping
concentration of cn, = 0.33%. At lower concentration lev-
els, polaron formation becomes highly unfavorable, deviating
from the linear trend: For example, the S1 polaron in the larger
44/2 x 44/2 x 6 surface slab (doping level of cxp, = 0.52%)
shows a positive formation energy of E,, = 2.346 eV (not
shown in Fig. 2). These critical values are in very good agree-
ment with earlier studies investigating the bulk system, where
a transition to the unstable regime was found at a doping con-
centration of cnp = 0.8% [26]. Thus, a stable polaron in STO
is linked to a critical concentration of defects (or other po-
larons) in its vicinity. Our data do not suggest a sizable overlap
between a polaron and its periodic image, ruling out polaron-
polaron interaction as the driving force for the stabilization
of a small polaron, which is rather due to the interaction
with the Nb defect, as previously elaborated. An appreciable
overlap between polaron charges in neighboring supercells is
observed only for the higher doping level (1/Nypitcen = 0.25),
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FIG. 4. (a) Top and (b) side views of the lowest-energy polaron configuration for the experimental slab. Two polarons are localized in the
S0 layer, and the third one is localized in the S1 layer. (c) PDOS plot for the lowest-energy polaron configuration; surface polarons (Ti 2 and 3)
appear as distinct peaks and are lower in energy than the subsurface polaron peak (Ti 1). (d) Top and (e) side views for a different three-polaron
configuration. This configuration is higher in energy due to one surface polaron (Ti 2) now being localized farther away from Nb, as well as
unfavorable polaron orbital rotations. (f) Corresponding PDOS, where polaron peaks of the surface polarons (Ti 2 and 3) are shifted higher
up in energy compared to the lowest-energy configuration. The PDOS shows a strong charge sharing between polaronic sites, resulting in the

formation of a multipolaron complex.

but the corresponding polaron formation energy is higher than
the one expected from the linear decrease.

The change in polaron stability can be attributed to a
twofold effect: (1) a reduced flexibility of the lattice at lower
doping concentrations, as already suggested for the bulk sys-
tem [26], and (2) an electronic effect, in which the Nb doping
atom creates a stabilizing positive potential in its vicinity.
Both these contributions lead to increased polaron stability in
doping-rich environments (see also Fig. SF5 in [51]).

B. The as-cleaved TiO, termination

We modeled the as-cleaved TiO, termination considering
two different setups: (1) an undoped 2+/2 x 2+/2 x 6 slab
with one Sr adatom adsorbed, leading to two small electron
polarons in the supercell, and (2) an Nb-doped slab of the
same size together with the adsorbed Sr adatom, resulting in
three excess charge carriers total.

For the first case, only the Sr adatom acts as an electron
donor, and the lowest-energy configuration is represented by
two small polarons localizing at SO Ti atoms (see Fig. 3).
This appears to be a reasonable solution, considering that
SO polarons are more stable than S1 polarons, as shown in
Fig. 2(e) for the bulklike termination. Further, with only two
polarons occupying the same layer, there is enough space to
prevent strong repulsion between them. The charge of the
two polarons is aligned in parallel directions, as shown in

Figs. 3(a) and 3(b): This orientation shows minimal overlap
of the polaronic charge densities, minimizing the repulsive
interaction.

The polaron localized at the Ti atom next to the Sr adatom
shows a slightly lower formation energy, as indicated by the
two in-gap polaron peaks in the density of states in Fig. 3(c).
The expected pattern would be localizing both (negatively
charged) polarons near the (positively charged) Sr adatom,
at Ti atoms on opposite sides of the adatom. However, this
configuration is disfavored by 38 meV, possibly due to the po-
laronic charge of one polaron spreading towards the adatom,
creating a repulsive environment for the other (as evident also
from the simulated STM images reported in Sec. IIIC). All
other available SO Ti sites show very similar formation energy
for the localization of the second polaron.

In the Nb-doped slab, the scenario becomes more compli-
cated due to the higher number of charge carriers (one induced
by the Nb, two induced by the Sr adatom). As discussed for
bulklike termination, the Nb atom creates an energy minimum
for polaron localization at its nearest-neighbor Ti atoms in
both the S1 and SO layers. The lowest-energy configuration
for the Nb-doped slab with the Sr adatom is retrieved by
localizing two polarons in the SO layer, one directly on top
of the Nb atom and the other at a Ti site next to the Sr adatom,
and localizing one polaron at a Ti site next to Nb in the S1
layer [see Figs. 4(a) and 4(b)]. The corresponding density of
states is shown in Fig. 4(c). The S1 polaron peak is clearly
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FIG. 5. Simulated STM images taken 3 A above the surface of the 2+/2 x 2+/2 x 6 cell. The image is replicated in lateral directions for
better visualization of the features. A single supercell is indicated by the overlay, in which different defects and polaron positions are marked.
For overlapping features at the same lattice position, the respective markers are superimposed. (a) System with one polaron localized in the
SO0 layer, directly on top of the Nb doping. (b) One polaron localized at a Ti atom next to the Nb doping within the S1 layer. (c) Two polarons
localized in the SO layer, introduced by the Sr adatom. (d) Lowest-energy configuration for three polarons with both defects present in the
supercell, Nb doping and the Sr adatom. One polaron is localized in the S1 layer next to the Nb atom, and two are localized in the SO layer. (e)
Another configuration with three polarons for which charge sharing between different polaronic sites is especially pronounced [see Fig. 4(f)].

higher in energy, in line with a less favorable E,y, as discussed
for the bulklike termination. The degeneracy in energy for
the two SO polarons is lifted due to the defects, where the
lower-energy peak is associated with the SO polaron being
directly above Nb. Due to the large density of carriers, the
polaronic states can get affected by a sizable overlap of the
charge densities: The density of states (DOS) clearly shows
that the S1 polaron spreads over the Ti site hosting one of the
two SO polarons (see the red and blue peaks in the DOS).

For comparison, Figs. 4(d) and 4(e) show a different
polaron configuration, characterized by a less stable total
formation energy, AEp,, = +124 meV. The corresponding
in-gap DOS [Fig. 4(f)] reveals a similar electronic structure,
with the polaronic peaks shifted towards higher energy, in line
with the less favorable Ej,;. This might arise from increased
polaron-polaron repulsion due to the enhanced overlap of the
polaronic orbitals (see the smeared peaks in the DOS), as well
as a less favorable orientation of polaron orbitals.

C. Simulated STM

The SSTM pictures of all previously discussed polaron
systems are collected in Fig. 5. Single-polaron systems with
one polaron in SO and S1 are shown in Figs. 5(a) and 5(b),
respectively. These are the systems discussed in Sec. IIT A
using a Nb-doped slab with bulklike termination. For both
S0 and S1 polarons, a double-dot signal is observed for each
single polaron. The strongest signal originates from charge
localized at Ti-O bonds at the surface but not directly adjacent
to the localization site. The bond lobes creating this signal are
marked in Fig. 2(b).

Figure 5(c) depicts the SSTM image of the undoped slab,
with only the Sr adatom present as an electron donor. Both
polarons are localized in S0, as shown in Fig. 3, and again, the
strongest signal is located at surface Ti-O bonds. Furthermore,
charge is accumulated around the Sr adatom.

The lowest-energy configuration for the as-cleaved slab
with a Sr adatom and Nb doping is shown in Fig. 5(d). This

surface slab recreates the experimental surface the most ac-
curately of all systems investigated here. The SSTM picture
looks very similar to the undoped slab in Fig. 5(c), with SO
polaron charge accumulating around the Sr adatom. However,
there is also a stronger signal visible at a Ti-O bond farther
away from the adatom, caused by the additional S1 polaron.

A SSTM picture of the alternative polaronic configura-
tion depicted in Figs. 4(d) and 4(e) is shown in Fig. 5(e).
This system has enhanced charge accumulation around the Sr
adatom, resulting in a stronger and more symmetric feature in
the SSTM signal. The S1 polaron signal is suppressed, and
the charge is most likely incorporated in the strong signal
around the adatom. This shows that multiple polarons close
to each other may lead to very different patterns in SSTM, in
which charge spreading between polaronic sites can suppress
or enhance certain features in the picture.

Summarizing, from the generated SSTM images two main
findings can be deducted: (1) An isolated, double-lobed signal
in STM images likely corresponds to a single polaron, and
(2) the polaronic charge tends to accumulate around the sur-
face defects. These SSTM results could be beneficial in the
interpretation of future STM measurements, as they provide
clear references to the electronic hallmarks of surface charge
carriers.

IV. CONCLUSIONS

In the presented work we modeled polaron formation on
an unreconstructed STO(001) surface with TiO, termination
while taking into account chemical doping and defects. Our
thorough classification of polarons hosted in this system leads
to several relevant findings, all of which could help unravel
the specific roles of these quasiparticles in STO in future
theoretical and experimental research.

First, we were able to extend a known trend for STO bulk
systems, that polarons tend to be more stable in doping-rich
environments, to the STO(001) surface. Consequently, when
moving towards the dilute limit, e.g., low doping concentra-
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tion, polarons are progressively destabilized until they become
unstable for sparse doping environments. For polarons local-
ized in the subsurface (S1) TiO, layer this crossover occurs
at roughly the same doping concentration as for bulk systems
[26], while polarons at the surface (S0) are more stable. This
result provides further support for the claimed competition
between small polarons and delocalized charge states, e.g.,
in form of large polarons or 2DEG in this system, or the
possible coexistence of such localized and delocalized charge
in different regions of the crystal. A thorough classification
of the less localized charge or large polarons in the system,
however, would require a different methodology as employed
here [54-56].

Next, we modeled the recently obtained, as-cleaved
STO(001) surface with a TiO, termination, a prime example
of a flat (001) perovskite oxide surface. This was achieved
by considering Sr adatoms and Nb doping simultaneously in
the same simulated slab. Using realistic defect and doping
concentrations, our data suggest that under these conditions
the STO system hosts three polarons per supercell. The result-
ing polaron patterns are rationalized by several overlapping
effects: On the one hand, the negatively charged small electron
polarons energetically favor a separation between each other
due to repulsive polaron-polaron interactions; on the other
hand, they are attracted to the positively charged defects, in
this case the positively charged Nb and Sr ions. The resulting
configuration is formed by two polarons localized in the SO
layer and the third polaron being pushed down to the S1 layer.
Further, polarons localized directly on the surface in the SO
layer are more stable and energetically preferred, suggesting
that they can more easily interact with external adsorbates.

An additional mechanism that influences the stability of
the studied multipolaron system is polaron charge spreading
over several different polaronic Ti sites, as well as polaron
orbital ordering, which leads to rotations and reorientations
of polaron lobes with respect to each other [57]. In a very
hybridized configuration, one polaron orbital rotates out of the
typical lowest-energy position, no longer aligning its orbital
lobes with the surrounding TiOg octahedra. Charge sharing or

polaron clustering may be a way to increase polaron stability
in a densely populated environment.

The spectroscopic signal of polarons was analyzed by
means of SSTM images. A single polaron, localized in either
the SO or S1 layer, creates a distinct, double-dot signal (rather
than a single feature), while more complex patterns emerge
in environments hosting multiple polarons. Polaronic charge
is found primarily in Ti-O bonds at the surface and accumu-
lated around the surface defects, when present. This charge
accumulation could lead to altering adatom appearances in
experimental images. Charge spreading between polaronic
sites can lead to the suppression or enhancement of cer-
tain features in the STM picture, further complicating the
interpretation.

Overall, our study provides additional theoretical evidence
for the polaronic behavior of STO(001) and helps interpret
the growing amount of experimental data measured on its
pristine and unreconstructed terminations. Future work will
follow this analysis. Possible directions involve exploring po-
laron transport, multipolaron interactions, and the possible
formation of bipolarons [58,59]. Another natural continuation
would be the investigation of more complex scenarios, specifi-
cally, the interaction between polarons and adsorbates, as well
as the possible coexistence of small electron and hole polarons
as self-trapped excitons, two aspects key to designing energy
applications based on STO.
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