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SrTiO; Surfaces
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Nicholas C. Plumb, J. Hugo Dil,* and Milan Radovic*

The 2-dimensional electron gas (2DEG) found at the surface of SrTiO; and
related interfaces has attracted significant attention as a promising basis for
oxide electronics. In order to utilize its full potential, the response of this
2DEG to structural changes and surface modification must be understood in
detail. Here, a study of the detailed electronic structure evolution of the 2DEG
as a function of sample temperature and surface step density is presented. By
comparing the experimental results with ab initio calculations, it is shown
that local structure relaxations cause a metal-insulator transition of the
system around 135 K. This study presents a new and simple way of tuning the
2DEG via surface vicinality and identifies how the operation of prospective

devices will respond to changes in temperature.

1. Introduction

StrTiO, (STO) features amid the most popular transition metal
oxides, being widely used as a substrate, buffer layer, and high
dielectric medium due to its structural and electronic properties.
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The interest in STO and STO-based het-
erostructures boosted in the last years
due to the plethora of intriguing prop-
erties found in these systems. Promi-
nent examples are the 2D electron gas
(2DEG),ll and the giant spin-charge conver-
sion found in the LaAlO,;/STO (LAO/STO)
interface, as well as in STO.?) These
features render STO a crucial material
for the implementation of oxide-based
electronics.’] Quickly after the report on
the remarkable transport properties emerg-
ing at the LAO/STO interfacel!! and other
STO-based heterostructures,[*’] a 2DEG
was directly observed by angle-resolved
photoemission (ARPES) on the surface of bare STO,!®! renewing
the interest in the basic physics of this material.

STO is a wide-gap insulator that crystallizes in a cubic struc-
ture at room temperature in its bulk form.'%1 At T = 105 K,
STO goes through a second-order phase transition from cubic
to tetragonal symmetry, doubling its unit cell.'>13] Although
the softening of the phonon mode at the I'-point during cool-
ing down favors a polar ground state, quantum fluctuations
prevent the system from actually becoming ferroelectric at low
temperatures.['*17] With this behavior, STO remains on the verge
of its paraelectric phase as incipient or weak ferroelectric.'®]

Intriguingly, it has been shown that the cubic-tetragonal
phase transition of the surface layers occurs at a higher tem-
perature (T, ~ 150 K),["*?] indicating a surface atomic struc-
ture distinct from the bulk. Indeed, many different surface
structures of STO has been observed by low-energy electron
diffraction (LEED),[?2?%] reflection high-energy electron diffrac-
tion (RHEED),[?* medium energy ion scattering (MEIS),[?] sur-
face X-ray diffraction (SXRD),I26%’] and grazing incidence X-ray
scattering (GIXS),!?8] but there is only little agreement among
the extensive list of results. Although the techniques employed
have different sensitivities and probing depths, all results show
altered interlayer distances (referred to as surface relaxation) and
off-centering of atoms in the same layer (known as rumpling).
These distortions extend through a few unit cells.[?®] The diverg-
ing experimental results make it difficult for a direct comparison
with the calculated structures, which in turn show more consis-
tent figures for the surface relaxation and rumpling. Although
discrepancies are still present when comparing different meth-
ods and exchange-correlation functionals,*®! most of the results
seem to indicate that the formation of surface dipole moments is
stable at the STO surfaces, notably in SrO-terminated slabs and
at low temperatures.[3%-33]
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Figure 1. Fermi surface mapping of metallic state at SrTiO; (001). a) Fermi surfaces map covering four Brillouin zones in the k,-k, plane, measured with
hv = 85 eV and right-handed circular polarization (C*). The arrows indicate the high-symmetry direction in (001) surface projection of the simple cubic

Brillouin zone shown in (b). ¢) LEED pattern showing a 1x 1 surface. d) Fermi surface maps covering [y- and I'y;-points in the k,-k, plane, measured
with C*-polarized light. In the conversion to k,, we used an inner potential Vy = 14.5 eV, and the dashed lines indicate hv = 41 eV and hv = 85 eV.

e) Band dispersion maps obtained along the dashed line in (a).

Concerning the metallic states on the STO surface, there is a
particular focus on the role of oxygen vacancies in the formation
of both 2DEG and the accompanying in-gap states (IGS),[893435]
including tight-binding models, density functional theory (DFT),
and dynamical mean-field theory (DMFT) calculations.[30:36-381
Further ARPES experiments!***!] and ab initio calculations!****]
highlight the strong interaction between the lattice and the elec-
tronic system, giving rise to both large and small polarons, shown
to be temperature- and carrier density-dependent. More recently,
resonant inelastic X-ray scattering (RIXS) data on STO and the
LAO/STO interface confirmed the formation of large polarons
in these materials.** All these findings emphasize that the sur-
face structure of STO and the underlying layers are strongly cou-
pled to the 2D electronic system, and may even be dependent on
each other.

ARPES is the most direct tool to study the 2DEG on the STO
surface and can also give information about the surface order.
The vast majority of ARPES studies of the 2DEG on STO were
performed at fixed, low temperatures (typically 20 K), where the
sample is nominally in the tetragonal phase. In this work, we in-
vestigate the 2DEG on Nb-doped STO wafers with temperature-
dependent ARPES across the bulk and surface structural phase
transitions and interpret the changes in the spectra with the aid of
ab initio calculations. We tracked the electronic structure’s evolu-
tion through an extensive temperature range to identify the influ-
ence of the bulk phase transition, surface relaxation, and defects.
Here we explicitly considered the role of the surface structure on
the formation and properties of the 2DEG on STO. Our results
show that the appearance of a 2DEG on STO (001) surface re-
quires a SrO termination. More importantly, within a simplified
slab model, we relate the 2DEG observed for surfaces with differ-
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ent step densities and at different temperatures to varying levels
of structural distortion. Our study reveals that the 2DEG is very
sensitive to surface structure distortions, and strongly influenced
by temperature and surface vicinality.

2. Results

2.1. Flat SrTiO, Surface

At the first exposure of the sample to photons of 85 eV, we do not
observe any intensity at the Fermi level (E;). During the experi-
ment parabolic states develop with a continuously increasing in-
tensity, until the ARPES signal reaches saturation. All data shown
were measured in this condition. In this work we used 0.05 wt%
Nb-doped STO samples to ensure that the sample is grounded
through its bulk, this way avoiding the need to create a conduc-
tive path with light.

Figure 1a shows an extended Fermi surface map of a flat
(€0.2% miscut) STO(001) wafer, measured with circular polar-
ized (C*), hv = 85 eV photons. The data spans four surface Bril-
louin Zones (SBZ), shown in red in Figure 1b and labeled accord-
ingly. The distance between the points match with the in-plane
reciprocal-lattice vector (|G| ~ 1.6 A~"), indicating the absence
of any long-range electronic reconstruction, in agreement with
the LEED pattern in Figure 1c. It is worth noting, however, that
a recent work employing non-contact atomic force microscopy
pointed out that surface reconstructions on STO sometimes can-
not be detected by techniques such as photoemission or LEED.[*’]

Figure 1d show the Fermi surfaces measured in the k,-k, plane
(for k, = 0, marked by the dashed line in Figure 1a), around Ty, (at
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Figure 2. Temperature dependence of the 2DEG on STO (001). The color maps in (a) and (b) illustrate the evolution of the 2DEG across temperature
ramps 1 and 2, showing the energy distribution curve (EDC) intensity at Ty, as a function of temperature. The dashed lines indicate the temperatures
at which the high-statistics band maps shown in c—f) were acquired: 15, 45, 95, 135 K, and then after the cycle at 17 K, respectively. The dashed lines
in c—f) indicate the bottom of the d, -derived band. Panel (a) also shows the EDCs (with arbitrary units) of c-e), while each respective band bottom is

marked with a circle.

k,=0)andT,, (atk, ~1.6 A1), obtained with circularly polarized
(C*) light. For the conversion from hv to k, an inner potential
V, = 14.5 eV was used.[*] The two pairs of straight lines corre-
spond to the non-dispersive, 2D light bands with d,, character,/*"!
split by a Rashba-like spin-orbit interaction.l*’] The ellipsoidal-
shaped features observed in the vicinity of the I'-point (k, =~
4.8 A7) correspond to the heavy bands with d,., ,, character.*!

Although metallic states are already formed, the intensity in
the ARPES spectrum at the Fermi level is negligible for hv <
41 eV. This observation indicates that the transition probability
to the photoemission final states is very low, and these states can
hardly be detected. Besides, this effect indicates that the Ti 3p-
Ti 3d resonant process (the onset of the Ti** M edges is around
38 eV) is a crucial step for the observation of the 2DEG with pho-
toelectron spectroscopy, as also suggested in ref. [34].

The drastic variation in intensity distribution around the differ-
ent I'-points (Figure 1a) and its dependence on photon energy is
due to strong matrix elements effects.[*8] Such effects also hinder
the observation of the bottom of the d,,, band in the first Brillouin
zone, whereas it is observed at E,, = 190 meV in the adjacent
zone, as seen by the electron dispersion in Figure le. The esti-
mated 2D carrier density of this band is n,;, = 4.6 x 10" cm™2,
with the electronic dispersion matching a parabolic band with
m* = 0.58m, (with m, the free electron mass). In turn, the ellip-
soidal 3d,,- and 3d,,-derived bands match well with degenerate
parabolas with E,, |, = 40 meV and effective masses m* = 10m,
and m* = 0.24m,, respectively.

For the temperature-dependent ARPES, shown in Figure 2, we
focus on T, using C* photons with hv = 85 eV. Slow (x0.1 K
min~') heating ramps were performed in order to keep the pres-
sure in the experimental chamber well below 5 X 10~ mbar,
which was reached only at the highest temperature studied. Al-
though the temperature ramps were performed very slowly, the
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error in the temperature reading is expected to be between 5%
and 10% due to thermal lag between the sample and the diode.
Band dispersion maps were acquired continuously during the
ramps, allowing us to track the position of the bands and of the
Fermi level E with temperature. In Figure 2a we show the energy
distribution curve (EDC) intensity (grey color scale) at T';, mea-
sured during ramp 1, from 14 Kto 125 K. Up to 100 K, E remains
at around 80.7 eV (in kinetic energy scale E;). Close to 100 K it
drastically shifts about 0.5 eV to lower E, then slowly moves to-
wards the original position. After reaching 125 K, the sample was
cooled down to 100 K and heated again to 145 K (ramp 2, Fig-
ure 2b). This time the “jump” of E happened at around 112 K, a
slightly higher value than observed during ramp 1. This change
is attributed to a temperature offset acquired during the temper-
ature cycle. We cannot exclude, however, the possibility that this
is partially due to an intrinsic property of the sample. After the
jump, Ep smoothly moves back towards higher Ey, stabilizing
around 20 meV below the initial value, until the metallic states
vanish at around 135 K.

In a photoemission experiment, the kinetic energy of electrons
at E;; is determined by the work function of the (grounded) an-
alyzer, and shifts can only occur if there is an additional poten-
tial difference between the sample and the ground. Hence, the
jump in E; indicates that at around 100 K the sample surface
was suddenly subject to a more positive potential—that is, the
sample tends to charge due to photoemission. This indicates a
sudden increase in electrical resistance between the surface elec-
tron gas and the instrument ground. At higher temperatures a
discharge process helps the system to reach electrostatic equilib-
rium. The temperature of the jump is close to the bulk tetragonal-
cubic phase transition in STO (105 K), and can be explained
by the measured electrical transport behavior of Nb:STO crys-
tals, which in the 85-110 K range show a variation while going
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Figure 3. Temperature dependence of the XPS of STO (001). a) Ti 3p core-level measured at normal emission at low (15 K) and high (135 K) temperatures,
as well as at 17 K after the cycle. b) Equivalent data for the Sr 3d core-level and c) the valence band. d) Evolution of the IGSs measured at 15, 45, 95, and

135 K, as well as 17 K.

through the crystallographic phase transition, shown in Figure
S1, Supporting Information.!*" Indeed, it was already reported in
NDb-STOP®I and LAO/STOP! that the resistivity exhibited a very
pronounced change around 100 K. For Nb-STO, this observation
was explained via the “carrier freeze-out phenomenon,” while, in
the case of LAO/STO interfaces, it was associated with the struc-
tural domain formation in the tetragonal phase of STO. In this re-
gard, the sudden change of the Fermi level’s kinetic energy in Fig-
ure 2a,b can be understood as the response of the surface metallic
states to the bulk tetragonal-cubic phase transition. It will be in-
teresting to study this effect in more detail with complementary
bulk sensitive techniques.

Band dispersion maps were acquired continuously, while at
selected temperatures, represented in Figure 2 by dashed lines,
the ramp was paused, and high-statistics maps were measured
(the time evolution of the sample temperature is shown in Figure
S2, Supporting Information.[*)) For clarity, apart from the data in
Figure 2a,b, E; has been set to zero binding energy in all other
spectra. With increasing temperature, the d,, state progressively
shifts to lower binding energies; at 15 K it is located at 190 meV
(Figure 2c), with a small shift to 166 meV at 45 K Figure 2d, and
a more pronounced change to 116 meV at T = 95 K (Figure 2e),
until the metallic states vanish at 135 K (Figure 2f). These energy
positions are plotted in (Figure 2a), along with each respective
EDC at T, where the upwards shift of the bottom of the d,, band
can also be visualized. In turn, we could not observe a shift of the
bottom of the heavy bands (50 meV) within the energy resolution
of 6 meV. Consequently, the splitting A, between the d,, and
d,,, ,» bands decreases from around 140 meV at 15 K to 66 meV
at 95 K. The carrier density of the outer d,, band is monotonically
reduced from ~4.6 X 10 cm™2 at 15 K, to ~3.1 x 10" cm™2 at
95 K, while the effective masses were found to fall in the 0.58—
0.64 m, range.

Adv. Sci. 2021, 2100602

Figure 3 shows core-level and valence band X-ray photoe-
mission spectroscopy (XPS) using hv = 170 eV measured at 15
and 135 K, i.e. the base temperature and the one at which the
2DEG has just vanished. At low temperature (purple), the Ti 3p
core-level features the main Ti** peak and the Ti** shoulder,
associated with the formation of in-gap and metallic states, !¢
while the Sr 3d spectrum shows the characteristic surface and
bulk contributions (dashed lines) reported for thin films.[?! The
calculated Sr/Ti signal ratio, taking into account each photoion-
ization cross-section,>3] is 1.4. With respect to the detailed XPS
investigation on MBE films grown with controlled termination
reported in ref. [54], the Sr content observed for etched and
annealed STO wafer falls in the SrO-terminated range. Naturally,
using XPS only we cannot determine the atomic structure of
our surface, thus we regard our STO wafer as Sr-rich, possibly
TiO,-terminated (see sample preparation on Section 4), but with
oxidized Sr (SrO,) on top. It is noteworthy that a Sr-rich surface
was also found on PLD-grown films.[? A detailed discussion on
the surface composition of the present sample and a comparison
with other STO samples is shown in.[*!

At 135 K (orange), the Ti** shoulder vanishes and the Ti*+
peak shifts ~480 meV to lower binding energy, while the Sr 3d
peaks shift 340 meV to lower binding energy. Changes in shape
are also seen across the valence band (Figure 3c), mainly com-
posed of O 2p states from 3 to 8 eV below the Fermi level, with
an additional peak around —11 eV at 135 K, usually assigned to
OH™ adsorption.l>>] Additionally, the peaks in the O 2p band be-
come sharper, and a shift of #340 meV toward E; is observed.
Closer to E, the in-gap states (IGSs) (Figure 3d) are likely com-
posed of several overlapping peaks, with local maxima around
1.3 and 2.8 eV which we refer to as low- and high-binding energy
states. Despite the broad features, we observe that with increasing
temperature the low-binding energy state shifts away from E by

2100602 (4 0f10) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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approximately 180 meV and becomes gradually weaker until its
suppression at 135 K. The high-binding energy state also shifts
further down to higher binding energy (about 800 meV) while
only showing a small reduction of intensity, which we assign to
the reduced tail of the low-binding energy IGS.

After completing ramp 2, the sample was once again cooled
down to low temperature (17 K). The electronic band dispersion
shown in Figure 2g reveals that a band is filled only around
100 meV, with a carrier density of 2.7 x 10%cm= (similar to
that observed around 95 K in ramp 1). The Ti 3p, Sr 3d, and
valence band XPS spectra show differences with respect to the
first measurements at 15 K. While the total Sr/Ti signal ratio re-
mains unchanged, the intensity of the Ti** is reduced in the Ti
3p spectrum, and the Sr 3d core-level broadens and changes its
shape, seemingly gaining an additional component. This indi-
cates the presence of an additional chemically different Sr atom,
but whether this is related to the presence of OH~ combined with
UV irradiation at 135 K would require further investigations that
go beyond the scope of this manuscript. In the valence band, the
low- and high-binding energy IGSs shift further to lower binding
energy, with a pronounced increase in the intensity of the second.

The IGSs have been associated with the existence of differ-
ent kinds of point defects in the crystal, including oxygen va-
cancies, interstitial oxygen, Ti-Nb anti-sites, and Sr-O vacancy
complexes,>*>° the individual assignment of which goes be-
yond the scope this work. Such defects can electrostatically trap
charges such as in doped semiconductors or, more intricately, re-
flect the formation of small polarons, quasiparticles arising due
to strong, short-range electron-phonon interaction, which show
a typical binding energy of 1 eV.[*2436061] The low- and high-
binding energy IGSs in Figure 3d exhibit significantly different
temperature evolution, which indicates they do not have the same
physical origin. More importantly, the complete disappearance of
the low-binding energy IGS at higher temperatures can only be
explained by a weakening of the electronic trapping mechanism
around the defect, rather than by the disappearance of the defect
itself, given their almost zero mobility at these temperatures.[®?]

Itis also intriguing that the low-binding energy IGS and metal-
lic states vanish at the same temperature, which can be related
to the reported surface structural phase transition at 150 K.["-21]
This may indicate that some particular surface structure (some-
how related to the tetragonal phase) is crucial both for stabilizing
the metallic states and the small polarons. Moreover, the distinct
chemical shifts observed in the Ti 3p, Sr 3d, and valence band in-
dicate a site-specific component of the total energy shift, which
suggests a structural origin.

2.2. Stepped SrTiO; Surfaces

To further understand the observed changes in 2DEG during
the temperature cycle, we performed the same set of photoe-
mission experiments on a stepped STO wafer with a 10° mis-
cut in respect to the [001] direction. This sample is expected
to show atomic terraces of 22 A (Figure 4a), in contrast to the
typical 500-2000 A found on flat STO(001) crystals. This high
density of step edges grants the surface an additional degree of
freedom for relaxation. As seen in Figures S5- S9, Supporting
Information,*’! both this sample and the 5°-miscut one host a
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2DEG without any signs of surface reconstruction, although the
data for these samples are less sharp than for the flat one due to
the increased incoherent scattering of photoelectrons off the step
edges.

Matrix element effects allow us to probe states with different
orbital characters, depending on the chosen light polarization. In
our experimental geometry, using linear vertical (LV) polarization
probes states with d,, and d,, character, while linear horizontal
(LH) polarization highlights the d,,-derived bands.[*] The Fermi
surfaces measured with hv = 85 eV and each light polarization
are shown in Figure 4b, while Figure 4c show the band dispersion
maps along the dashed lines in Figure 4b. The bottom of the d,,
band is located around 85 meV, while the bottom of the d,, band
is around 35 meV. A small shift associated with different electron
affinity on the stepped surface is expected, which may account
for the 15 meV shift of the heavy bands relative to the flat sur-
face. However, the large upward shift of around 110 meV of the
d,, band suggests that the extra degree of freedom provided by
the stepped surface strongly affects the band filling of the 2DEG,
making the step density a viable knob to tune it.

The temperature dependence of the 2DEG on this sample is
summarized in Figure 4d. Similarly to flat STO, the d,, state is
found to not shift as a function of temperatures, whereas the d,,
band shifts towards E;. The variation of the splitting A,,, and k;
of the d,, band with temperature is monotonic, until the disap-
pearance of the metallic states at around 150 K. The sample was
then cooled down to 20 K, after which we again observe a shal-
lower band bottom and smaller k. than previously observed at the
same temperature. Finally, the Sr 3d, Ti 3p, and valence band XPS
spectra measured at 20, 150, and 20 K after the temperature cycle,
are shown in Figure 4e. The data reveals a behavior very similar
to the flat STO, with the suppression of the Ti** component of
the Ti 3p core level with temperature, a change in the shape of the
Sr 3d core-level, and the disappearance of the low-binding energy
IGS concomitantly with the Ti* * and metallic states.

Along with the reduced occupied bandwidth found in the 10°-
miscut STO, the similar evolution with temperature for both flat
and stepped samples, namely the irreversible change in occupied
bandwidth of the d,, band, as well as the non-rigid core-level en-
ergy shifts and intensity ratio changes after the temperature cycle,
suggest that the 2DEG is intimately connected to the particular
surface structure.

2.3. Ab Initio Calculations

Theoretically, structural effects on the electronic band structure
can be captured by density functional theory (DFT), which we
employed to evaluate whether surface structural changes could
be responsible for the observed changes in the 2DEG band struc-
ture. Our strategy was to compare the measured A,,, at different
temperatures with the ones obtained from DFT calculations for
STO slabs with different crystal structures as described below.
We used slab models with both TiO, and SrO terminations,
but only the SrO-terminated slab resulted in a band structure
where the lowest-lying surface-derived d,, band is below the
bulk-derived counterpart, as shown in Figure S12, Support-
ing Information.*”) This means that the formation of the
2DEG is favored on the SrO termination, as already shown

2100602 (5 0f10) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. 2DEG on 10°-miscut STO. a) lllustration of the 10° miscut to the (001) surface with resulting terrace sizes. b) Fermi surface measured around
o with hv = 85 eV, LV- and LH-polarized light and c) corresponding band dispersion maps acquired along the dashed lines in (b). d) ks and band
bottom of the d,,, state for different temperatures. e) Temperature-dependent XPS spectra of Ti 3p and Sr 3d core-levels, valence band and IGSs.

theoreticallyl®®! and experimentally,’>>* and in agreement with
our XPS results. Henceforth we refer only to SrO-terminated
slabs. To focus on the role of the surface atomic structure on the
band structure, we opted to not include oxygen vacancies in our
calculations.

Figure 5a shows the relaxed crystal structure ofa1 x 1 x 7 STO
slab. The band structure along the I'X direction is depicted in Fig-
ure 5b, highlighting the contributions from the 3d,, and d, or-
bitals originating from the topmost Ti atoms. The band structure
reveals an electron-like band with Ti d,, character almost entirely
originating from the surface layer, as well as the d , band (and d,,,
shown in Figure S11, Supporting Information(*l) with a mixed
bulk-surface origin, in good agreement with previous works.[*¢]
The calculated A,,, amounts to 189 meV, approaching our ob-
served splitting of 150 meV, and in good agreement with values
reported in previous studies.®#*] However, the upper branch of
the d,, band, arguably the Rashba-pair of the lower branch,*’]
was not captured by the calculations since we do not include the
spin-orbit interaction. We note that the surface-derived d,, band
shows a small breaking of degeneracy of 3 meV, which we as-
cribe to finite-size effects and we further address this point in
Section III, Supporting Information.[*’]

From the relaxed SrO-terminated slab, we computed the
atomic displacements concerning each respective bulk-truncated
(unrelaxed) structure and used them to generate slabs with differ-
ent degrees of distortion with fractions of the final displacements,
whose total energies and band structures were calculated. The

Adv. Sci. 2021, 2100602

inset of Figure 5¢ shows a zoom around the surface layer, where
the atomic displacements &g, _g,, 85,_ o, and ; _ , are defined,
and a is the relaxed in-plane lattice parameter. Changing the
degree of distortion will alter these values, which are described in
Section 111, Supporting Information.[**] In DFT, all calculations
are performed at 0 K, for which the relaxed structure provides
the minimum energy. However, the model structures in our
scheme correspond to higher energy configurations accessible at
higher temperatures. This model aims to show how one effective
parameter, a set of atomic displacements following a parabolic
path in the potential energy surface at 0 K, affects A,,. (The total
energy differences of the slabs with respect to the relaxed one
are shown in Figure S13, Supporting Information.*”) Although
we capture the correct trend within this simple model without
defects, electron-phonon interaction, and light, we are not
able get the correct energy scale involved in the formation and
temperature evolution of the 2DEG. Therefore, we decided to
use direct comparison with the experimentally observed A, to
assign each corresponding temperature to a different structural
distortion.

Figure 5c shows the calculated A,,, (blue markers) for selected
degrees of distortion (bottom horizontal axis), where we see that
the splitting monotonically decreases with distortion. For direct
comparison, we plot the experimentally observed splittings as
a function of temperature (top horizontal axis) for the flat STO
sample of Figure 2 (black markers), which nicely correspond to
the behavior and magnitude of the calculated A,,,. (The band
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Figure 5. Ab initio calculations of STO (0071) slabs. a) Relaxed 1% 1% 5 SrO-terminated STO slab. b) Electronic band structures of highlighting different
orbital projections (xy, xz, yz) and origins (bulk and surface). c) Comparison between calculated A,,, for different degrees of distortion (blue) and
measured A, for flat, 5°- (green) 10°-miscut (red) STO at different temperatures. The origins of the green and red temperature axes were shifted to
match the closest point for the flat sample, see text for details. The inset further details the distortions present at the surface layer. The crystal structure
was generated with the VESTA software;[%4] Sr atoms are represented by green, O by red, and Ti by light blue spheres. The band structures were plotted

with the PyProcar code.[®%]

dispersion maps measured at 70 and 115 K are shown in Fig-
ure S3, Supporting Information.*)

In addition, we plot the observed splittings for the 10°-miscut
STO sample of Figure 4 (red markers), as well as the splitting
measured at 20 K for a 5°-miscut STO sample (green marker) (of
which the Fermi surfaces and band dispersion maps are shown
in Figure S7, Supporting Information(*)). The data for the miscut
samples are plotted with a shift in the origin of their temperature
axis to match he corresponding A,,, of the flat STO sample. This
analysis also relates the splitting found in stepped surfaces with
a respective degree of distortion. The good match with the cal-
culated trend indicates that the differences found in the 2DEG
on flat and stepped STO surfaces can be attributed to different
surface atomic structures, likely induced by the extra degree of
freedom for structural relaxation in the miscut surfaces.

Due to the symmetry of the slab, atomic displacements are re-
stricted to the z-direction only. These may either cause a change
in the surface lattice parameter (5, _ ¢,) with regard to the bulk
value g, or induce interatomic displacements (55, _ , and 65 _ ).
We have also investigated the band structure of SrO-terminated
1 x 1 x 6 slabs of STO in the AFD phase, although we do not ob-
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serve the doubled unit cell characteristic of this crystallographic
phase in our LEED and ARPES results. Upon decreasing the lat-
tice distortion, which in this case corresponds to the AFD angle,
the calculations reveal the same trend as observed in the cubic
case. This indicates that the polar (out-of-plane) atomic displace-
ments play a key role in generating the observed band structure.
Further details on the AFD calculations can be found in Sec-
tion 111, Supporting Information.!*!

3. Discussion and Summary

Our DFT calculations show that the relaxed structure of a SrO-
terminated STO (001) surface results in a band structure with
correct orbital character (xy, xz, or yz) and layer origin (bulk- or
surface-derived), as well as a closely matching A,,,, when com-
pared to the ARPES data. Further, the experimental variation of
A, with increasing temperature can be captured by atomic dis-
placements, suggesting that surface structural distortions are re-
sponsible for determining the properties of the 2DEG on STO.
We expect that further improvements in the theoretical treat-
ment of the system will lead to a more accurate description of the

2100602 (7 0f10) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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crystal and band structures with regard to which type and degree
of distortion corresponds to each value of A ,,.

The above calculations are not meant to explain the origin
of the 2DEG, but rather how it responds to structural changes.
Thus, we did not consider any particular source of electron dop-
ing. In particular, the choice not to include oxygen vacancies in
this model is based on several factors. On the one hand, the ob-
served evolution of the spectra with temperature and step density
cannot reasonably be explained by oxygen vacancies, given their
almost zero mobility at these temperatures.[®?] On the other hand,
there is enough evidence, from both theory and experiment,
pointing towards the influence of structural distortions and re-
lated electronic states (such as polarons) in STO (see discussion
in Section 1). The abundance of charges generated during the
photoemission experiment grants the availability of free charges
to occupy the empty Ti t,, states at the surface. In our model,
the primary role of the oxygen vacancies, in this case, is not of a
charge donor, but instead of a promoter of structural distortions,
necessary for the stabilization of the polaronic states.** This
effect can be understood in more detail by considering the fact
that the presence of an electric field will induce a polar atomic
distortion at the surface of STO.[*] Photoexcited electrons will
be a natural source of this electric field, as are charges from
other sources such as overlayers. The polar distortion becomes
stabilized by trapping the electron and thus forming a large po-
laron, similar to the trapping and stabilization of small polarons
like the in-gap states. Once the trapped charge density becomes
high enough, any field can be effectively screened and the pro-
cess saturates,|®] explaining the quasi-universal band filling of
the 2DEG.[® In light of the polar distortions, it is interesting to
note that recently an onset of ferroelectricity in STO based het-
erostructures has been found below 50 K.[?!

In this picture it is clear that DFT cannot reproduce the band
filling of the 2DEG, because it is not the ground state of the sys-
tem, but rather a metastable state. On the other hand, the ob-
tained A, in a first approximation only depends on the local
structure and can thus be captured by DFT. That the structural
distortion depends on the sample temperature can be understood
from the dependency of the polar structural distortion and po-
laron stabilization on the electron phonon coupling. The tem-
perature will have a direct impact on the coupling constant, and
an indirect impact (through a different equilibrium structure) on
the phonon modes’ frequencies and amplitudes. Similarly, the
presence of step edges significantly alters the available phonon
modes, and typically leads to a softening.[*”:%8] This also explains
why a larger vicinality is equivalent to an increase in temperature
on the flat surface.

To conclude, we have shown that the changes of the 2DEG
found on STO surfaces as a function of sample temperature and
surface step density can be explained by considering the struc-
tural relaxation of the surface layer, strongly influenced by tem-
perature and step edges. Our results show that the step density
is a viable way of tuning the 2DEG on STO. Furthermore, our
results provide additional evidence that the SrO surface termina-
tion has to be considered to explain the presence of the 2DEG,
and suggest a temperature range where prospective STO-based
devices potentially operate. These findings will help to steer the
engineering of orbital and lattice degrees of freedom in oxide-
based electronics.
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4. Experimental Section

Sample Preparation:  For this study, commercially available 0.05 wt%
Nb-doped STO substrates (SurfaceNet GmbH) with miscuts of <0.2°, 5°,
and 10° to the nominal (001) surface were used. The samples have a size
of 5 x 10 X 0.5 mm3 and are cut and polished by the manufacturer. The
samples are submerged in deionized water for approximately 30 min and
then etched in buffered HF solution for 30 s. After this step, the samples
are washed in a sequence of baths in deionized water to terminate the
etching. Subsequently, the samples are dried by annealing them in a con-
stant high-purity oxygen flow to 1000 °C. After the ex situ treatment, the
samples are annealed to 550 °C in 100 mbar of O, in situ. Finally, the sam-
ple is low temperature annealed at 300 °C for approximately 12 h. After this
treatment, the samples were in situ transferred to the ARPES manipulator
and measured without further treatment.

Angle-Resolved Photoemission: All the ARPES data presented were
measured at the high-resolution angle-resolved photoemission spec-
troscopy endstation at Surface and Interface Spectroscopy (SIS) beamline
of the Swiss Light Source. The photoelectron analyzer in use is a Scienta
R4000 hemispherical analyzer. The sample is cooled by a liquid helium
cryostat which allows measurements at temperatures as low as 15 K, while
higher temperatures were achieved by slowly heating the cryostat away
from the sample. This method allows changing the temperature without
significantly influencing the pressure, but also creates the thermal lag dis-
cussed in the main text.

Ab Initio Calculations: The density functional theory calculations were
performed within the Perdew—Burke—Ernzehof generalized gradient ap-
proximation (PBE-GGA),I%] using projector augmented wave (PAW)
potentials,7%l as implemented in the Vienna Ab initio Simulation Package
(VASP).[71.72] |n addition, the DFT+U functional of Liechtenstein et al.[7’]
was employed with U =5 eV and J = 0.64 eV, as similarly performed in
ref. [74]. A basis set of 500 eV were used, and the structures were relaxed
until the forces on atoms were less than 0.01 eVA~'. The relaxation of
atoms were done using a 4 X 4 X 1 k-mesh, whereas the band structures
were evaluated using a 8 X 8 X 2 k-points set.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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