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Abstract – A proper investigation of the valence band electronic structure is the essential first
step towards understanding the intriguing co-existence of several exotic electronic phases like fer-
romagnetism and superconductivity, in LaAlO3-SrTiO3 heterostructures. In order to comprehend
the electronic structure across the LaAlO3-SrTiO3 oxide interface, a detailed valence band inves-
tigation has been carried out using variable energy hard X-ray photoelectron spectroscopy and
signatures of both low-energy coherent and high-energy features have been observed in the valence
band spectra. Our combined experimental and theoretical study suggests that the charge carriers
at the interface are weakly correlated and the high-energy feature does not arise from the lower
Hubbard band. Instead, this high-energy feature is attributed to in-gap states induced by oxygen
vacancies and possible polaron formation.

editor’s  choice Copyright c© EPLA, 2018

Introduction. – The intriguing appearance of a two-
dimensional electron gas (2DEG) [1,2] coupled with
superconductivity [3–6] and ferromagnetism [5–7] in het-
erostructures of two band-insulators, namely LaAlO3

(LAO) and SrTiO3 (STO) has triggered huge enthusiasm
in the field of condensed-matter science in the last decade.
There is a general agreement, supported by experimental
evidence, that these interesting properties arise from elec-
tron doping of the Ti 3d states in SrTiO3 [8–14]. However
there is a substantial controversy concerning the origin of
the mechanism of doping of Ti 3d levels, with suggestions
of a growing polar field within LAO [1,15], various elec-
tronic [1,15] and atomic [16] reconstructions, and oxygen
vacancies [8,17–21] having been proposed as responsible.

(a)E-mail: sarma@sscu.iisc.ernet.in

Irrespective of the exact origin of the doping of elec-
trons responsible for these unusual properties, the fact
that 3d electrons, archetypes of strong correlation physics,
are involved makes it necessary to understand the role of
Coulomb correlation within this 2DEG in order to under-
stand the electronic structure responsible for appearances
of such exotic phases. This aspect can be most directly
probed by photoemission spectroscopy that can map out
the single-electron ionization spectrum for any system in-
cluding electron-doped SrTiO3 [22–24] and it is well known
that the low-energy part of such spectra carry important
information concerning correlation effects [22–24] as well
as oxygen vacancy induced states [25–28]. However, there
are limitations in applying photoemission techniques to
address this question in LAO-STO heterostructures. In
the low carrier concentration limit, states close to the
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Fermi energy, and, therefore, directly responsible for these
physical properties, are far below the limit of detection in
normal photoemission techniques. Even in samples with
higher carrier concentrations, the overlayer coverage of
2–3 nm of LAO makes it challenging to obtain a good-
quality spectrum [29] of these low-energy valence band
states. There are few reports [10–12,30–32] of the valence
band structure from LAO-STO heterostructures, but in
all of these cases, the technique of resonant photoemis-
sion was employed to enhance spectral features of the
Ti 3d manifold, making valence band features more eas-
ily visible. This is achieved in resonant photoemission
as it invokes second-order dipole matrix transition ele-
ments involving core level absorption and decay channels.
However, this second-order process couples different scat-
tering channels differently, which leads to enhancement or
suppression of spectral intensity in the region near Fermi
level that is or not in resonant condition. Furthermore,
a theoretical understanding of such experimental informa-
tion within the single-particle excitation spectra including
correlation effects is difficult. On the other hand, normal
hard X-ray photoemission spectroscopy (HAXPES) yield-
ing high-kinetic-energy photoelectrons is in better agree-
ment to the sudden approximation criterion. Under the
sudden approximation the photoelectron wave function is
assumed to decouple from the rest of the interacting many-
electron wave function left behind. This should allow a
better description of the experimental data using estab-
lished theoretical methods in the sudden approximation
regime of calculating many electron correlation effects in
photoemission. Given the advantages of normal HAX-
PES [8,9,33–37], it is desirable to investigate the strong
correlation effects in the low-energy states, away from any
resonant process, using hard X-ray photon energies. In
this article, we present such results using high photon en-
ergies to carry out photoemission valence band studies,
with the high photon energy allowing us to look deep into
the heterostructure.

For variable energy HAXPES measurements, we have
chosen two different LAO-STO samples that were already
investigated to understand the spatial distribution of the
charge carrier densities and their origin using detailed core
level spectroscopic measurements, as reported in ref. [8].
Core level photoemission spectroscopy helped to estab-
lish [8] that these samples have two distinctly different dis-
tributions of doped Ti 3d electrons, one being tied to the
interface with a narrow thickness of ∼ 1 nm and with an
electron density of ∼ 2–5 ∗ 1014 cm−2 . These carriers, be-
ing separated from the oxygen vacancies, possibly relates
with the 2DEG observed in the LAO-STO system and are
thus named as 2DEG in this letter. The remaining part of
the doped 3d electron density was shown in ref. [8] to be
more like a bulk doping of the STO substrate by oxygen
vacancies with a charge carrier density of ∼ 6∗1020 cm−3,
corresponding to a lightly doped limit with electron den-
sity per unit cell (0.03–0.06 e/uc) much lower than what
is observed for the 2DEG, namely ∼ 0.5 e/uc. In this

h
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Fig. 1: (Color online) (a) A schematic representation of a TiO2

terminated (n-type) LAO-STO heterostructure. 4 unit cells
(uc) and 6 uc of LAO were grown on a TiO2-terminated STO
substrate. (b) Schematic representation of the X-ray photo-
electron spectroscopy geometry.

sense, the average number based on Hall measurements is
misleading as it integrates the bulk doping and projects
it as a two-dimensional quantity leading to a value of
∼ 1017 cm−2 in our samples. Here we focus only on elec-
tronic states close to the Fermi energy and related directly
to the electronic structure of the doped carriers. It should
be noted that these states have not been reported so far
in the literature with non-resonant photoemission experi-
ments owing to their extremely low intensity.

Experimental section. – Pulsed-laser deposition was
used to grow hetrostructures of LAO-STO with n-type
interfaces. The samples were grown at a oxygen pres-
sure (pO2 ∼ 3 × 10−7 Torr), with a laser fluence of
∼ 2 Jcm−2. Two different LAO thicknesses, namely 4 and
6 unit cells (uc) and termed in this paper 4-uc and 6-uc
samples, respectively, were grown for the specific photoe-
mission study. A representative schematics of the super-
lattice is shown in fig. 1(a). Resistivity measurements on
both 4-uc and 6-uc samples confirm the expected metal-
lic nature. Room temperature HAXPES measurements
were performed at the HAXPES end station P09 of the
Petra-III beamline, DESY, Hamburg, Germany, at a base
pressure in the range of ∼ 1–2∗10−9 mbar. Different pho-
ton energies between 3500 and 5400 eV were used for ac-
quiring the photoelectron spectra. The overall resolution
of the measurements were 500meV and 710meV at photon
energies of 3500 eV and 5400 eV, respectively. The typi-
cal HAXPES measurement geometry is shown in fig. 1(b).
In a typical measurement, the sample was mounted on a
sample holder, which was connected to the ground. Ad-
ditionally, a connection was made between the top LAO
layer to the ground to avoid charging effect during pho-
toemission measurements. The Fermi energy of a gold
sample and the binding energy (BE) of the Au 4f core
level spectra were used to calibrate the photon energies.
A more detailed description of the sample synthesis con-
ditions, cross-sectional transmission electron micrograph
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and sheet resistance data are given in an earlier
publication [8].

Results and discussion. – Figure 2(a) shows valence
band spectra of the 4-uc LAO-STO system acquired with
excitation energies of 3500 eV and 5400 eV. The prominent
feature between 3 eV and 12 eV binding energies arises
from O, Ti and Sr derived states. The visible change in
the spectra between 3 and 12 eV BE at different photon
energies is due to the change in the depth sensitivity and
cross-sections [38]. On the other hand, very low inten-
sity, the almost indiscernible spectral feature in fig. 2(a),
appearing between 2.5 eV BE and the Fermi energy, is
mainly due to Ti 3d like states. The nature of these low-
energy occupied Ti 3d states is important as these elec-
trons are responsible for the electronic properties of these
heterostructures. For clarity, we show in fig. 2(b) the va-
lence band spectra close to the Fermi energy measured
at 3500 eV and 5400 eV photon energies on an expanded
scale. The valence band spectra as shown in fig. 2(b) con-
tain two features: one with a peak at ∼ 0.4 eV BE, arising
mainly from delocalized electrons with a finite intensity at
the Fermi level and is commonly known as the coherent
feature, and a second feature at around 1.2 eV BE, marked
as high-energy feature. While fig. 2(b) clearly shows both
coherent and high-energy spectral features, marked by ar-
rows, the spectral intensities, particularly that of the high-
energy feature is enhanced by the overlapping decaying tail
of high-intensity spectral features centered around 6–8 eV
BE. We have removed this spectral contribution from the
decaying tail of high-energy features in the low-energy re-
gion of the Ti 3d spectral features by using a smooth poly-
nomial curve between −1 eV and 2.5 eV BE. The extracted
spectral features corresponding to contributions only from
coherent and high-energy features are plotted in fig. 2(c).
Both these plots show the coherent and high-energy fea-
tures clearly. In order to ascertain that the above result
is not specific to the sample investigated, we studied an-
other sample with 6-uc LAO overlayer on STO. Following
the same approach as the one adopted for the 4-uc sample,
the O 2p contribution was subtracted from the obtained
valence band spectra of the 6-uc sample and the resulting
low-energy spectral features are shown in fig. 2(d). With
a 50% increase of the LAO overlayer thickness of this 6-uc
sample compared to the 4-uc LAO sample, the already
difficult task of obtaining a spectrum of the low-energy
features with a reasonable signal-to-noise ratio is rendered
much harder in the 6-uc sample due to the exponential de-
cay of the spectral intensity with the overlayer thickness.
This difficulty is evident in the lower signal-to-noise ratio
of the valence band spectra of the 6-uc sample recorded
with three different photon energies, shown in fig. 2(d).
In spite of the lower signal-to-noise ratio, the spectra in
this 6-uc sample also exhibit signatures of what have been
termed as coherent and high-energy features in fig. 2(b) for
the 4-uc sample. It is interesting to note that these spec-
tral features including the peak positions are consistent

Fig. 2: (Color online) (a) Valence band spectra recorded with
incident photon energy of 3500 eV and 5400 eV from the 4-uc
sample. (b) Valence band spectra close to Fermi level recorded
with incident photon energy of 3500 eV and 5400 eV from
the 4-uc sample. The peak around 0.4 eV and 1.2 eV bind-
ing energies are known as a coherent and high-energy feature.
(c) Background-corrected Fermi level spectra of the 4-uc sam-
ple are shown. (d) Background-corrected Fermi level spectra
of the 6-uc sample obtained at different photon energies be-
tween 3500 eV and 5200 eV. The BE is referenced to the Fermi
energy, set at zero, in all panels.

with those reported as coherent and high-energy spectral
features in a lightly electron-doped SrTiO3−δ bulk sys-
tem [22,26] using ultra-violet photoelectron spectroscopy.

In order to understand the nature and origin of the
spectral features, we first note that the spread of the
spectral feature being approximately 2 eV, as shown with
good statistics for the 4-uc sample in fig. 2(c), is incon-
sistent with what may be expected on the basis of merely
populating the Ti 3d states with doped electrons. Tak-
ing the well-known density of states of Ti 3d in SrTiO3,
for example as reported in ref. [25] and populating it
with 0.3 e/uc, we estimate the spectral range in this
uncorrelated description including the resolution broad-
ening to be ∼ 1 eV. Thus, the contrasting experimen-
tally observed spread of ∼ 2 eV is clearly indicative of
the existence of an additional high-energy feature dis-
cussed above. A lineshape analysis, presented in the sup-
plementary material Supplementarymaterial.pdf (SM),
suggests this high-energy spectral feature to be centered
around 1.1 eV BE with a substantial spectral weight
(∼ 40% of the total intensity). Such features in the va-
lence band of early transition metal oxides have often
been interpreted as the spectroscopic signature of the
lower Hubbard band, arising from the Coulomb interac-
tion between electrons within the transition metal 3d man-
ifold [22,39,40]. Alternatively, it has also been attributed
to oxygen vacancy-induced states specifically in the case of
electron doping of SrTiO3−δ due to the presence of oxygen
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vacancies [25,26,28,32] or from electron-phonon interac-
tion [41]. In order to understand whether the Coulomb cor-
relation may indeed account for the observed experimental
spectral features, we carried out electronic structure cal-
culations within the combined screened exchange dynam-
ical mean-field theory for lightly doped SrTiO3. We simu-
late the doping by imposing a specific electron concentra-
tion, in the absence of explicit oxygen vacancies. Results
of two occupancies of the 3d level, namely 0.3 e/uc and
0.035 e/uc in close correspondence to the charge carrier
densities at the interface and through the bulk, respec-
tively, are shown in fig. 3(a). The figure makes it clear
that there is no spectral intensity in the occupied part for
energies below about −0.5 eV for the case of 0.3 e/uc to
suggest the existence of a high-binding-energy feature in
the photoemission signal; the spectral extension is even
less in the case of 0.035 e/uc for the obvious reason of a
lower doping of electrons. In order to compare with the
experimental data directly, we have multiplied the Ti 3d
density of states for the 0.3 e/uc case in view of its larger
extension into the higher-binding-energy side, shown in
fig. 3(a), by the Fermi-Dirac distribution and broadened
it with the experimental resolution function. The result-
ing calculated spectral feature of 0.3 e/uc doped SrTiO3

influenced weakly by the Coulomb interactions is shown
in fig. 3(b); for a direct comparison, we also show the low-
energy spectral features of the 4-uc sample obtained with
3500 eV photon energy. Clearly, the calculated spectral
features are inconsistent with the experimentally observed
ones. Specifically, the calculated spectral width is much
narrower than in the experiment. We note that the calcu-
lated spectral weight of the incoherent part is extremely
small at such low doping levels, for example, being 8 and
1% of the total spectral intensity at Ti 3d doping levels of
0.3 e/uc and 0.035 e/uc, respectively. This is clearly incon-
sistent with the experimentally observed spectral weight
of ∼ 40% in the high-energy feature and, therefore, the
feature in the experimental spectra cannot be interpreted
as a lower Hubbard band arising from Coulomb correlation
effects. It is tempting to interpret the high-energy feature
as a plasmon replica of the t2g density of states, in particu-
lar since the plasmon energy seen in optical measurements
of lightly doped SrTiO3 matches with the energy scale
needed (ωp ∼ 0.9 eV). Plasmon contributions to similar
high-energy features have recently raised a lot of interest
in a related SrVO3 system [42–44]. If a plasmonic replica is
present for the low-energy spectral feature of the t2g band,
similar replicas will accompany each and every spectral
feature from the system with similar relative intensity and
energy separation with respect to the primary peak. Thus,
we can test the hypothesis of a plasmonic process being
responsible to contribute a feature with ∼ 40% relative in-
tensity and 1 eV energy separation by carefully analysing
any core level spectral feature from the same sample for an
evidence of existence of such plasmonic replica. We have
carefully analysed the core level Sr 3d spectra, presented
in fig. S3 of the SM, since it provides one of the sharpest

Fig. 3: (Color online)Spectral function of lightly doped SrTiO3

calculated within screened exchange dynamical mean-field the-
ory [45], using the same techniques as described in [42].
(a) Calculated spectral functions for doping levels 0.3 e/uc and
0.035 e/uc are given in terms of number of spin-orbital states
per eV and the integrated area over all frequencies under each
plot is unity. (b) Spectral functions as in (a) is multiplied by
the Fermi function at T = 300 K and convoluted with a Gaus-
sian of FWHM 500 meV. The convoluted spectra is normalized
at the peak height (multiplied by ∼ 6) and is plotted (black
solid line) along with the experimental spectra (blue symbols).
The energy axis of the calculated spectra is adjusted to plot
along with the experimental spectra.

spectral features from this sample. This analysis suggests
that the maximum contribution from the plasmonic ef-
fect in Sr 3d core level spectra can only be ≤ 10%. This
is incompatible with the experimentally observed spectral
weight of ∼ 40% in the high-energy feature and, therefore,
excludes the possibility of plasmonic effects as the origin
of the high-energy feature.

An alternative mechanism for the appearance of a high-
energy spectral feature was proposed in ref. [25] in terms
of in-gap localized states arising from oxygen vacancies.
It is known from charge carrier measurements in oxygen
vacancy doped SrTiO3−δ that the number of free carriers
is in general considerably less than what should be an-
ticipated from the vacancy concentration [46]; also high
mobility of oxygen vacancies and the tendency of oxy-
gen vacancies in SrTiO3−δ to cluster are already known
in the literature [28,47–50]. In fact, it has even been
suggested that the metal-insulator transition and the su-
perconductivity observed in bulk SrTiO3−δ in the low-δ
regime [51] are related to filamentary clustering of oxy-
gen vacancies. [47–49] It is already known that a low level
of oxygen vacancies is present in LAO-STO heterostruc-
tures [8]. It is also interesting to note that the supercon-
ductivity transition temperature observed in LAO-STO
heterostructures [3] is close to that observed in the case of
bulk SrTiO3−δ. [51] This makes it tempting to attribute
the sizable spectral intensity in the high-energy feature to
the localizing potential arising from oxygen vacancies in
these samples much in the same way as observed for bulk
SrTiO3−δ. It is interesting to note in this context that
carrying out a detailed resonant photoemission study si-
multaneously with a novel way to dose different levels of
oxygen into the sample, it has been recently shown [32]
that a spectral feature at 1.3 eV BE, the weight of which
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is correlated with the dose of radiation, can be clearly
observed. This indicates that this feature, made visi-
ble by the strong resonant enhancement of the relevant
cross-section, arises from the presence of oxygen vacancies.
A similar high-energy peak has also been observed in pho-
toemission measurements on a pure STO surface [52,53].
The peak position (1.3 eV) observed for this vacancy po-
tential induced in-gap states is consistent with what we ob-
serve for the feature designated as high energy in fig. 2(b)
(also see fig. S1 in the SM). Thus, our results away from
any resonance, in conjunction with results presented in
refs. [25,26,28,32] help to establish that as much as ∼ 40%,
nearly half of the, spectral intensity in our samples stems
from the localized in-gap states due to oxygen vacancy
potentials.

As mentioned above, in an earlier publication [8], it
was established that two distinct types of electron-doped
states exist in spatially separated regimes in these sam-
ples. Since the dopant sites and doped sites are physically
separated by the thickness of the LAO overlayer (∼ 3 nm)
for the first type, while the dopant and the doped carri-
ers are uniformly spread through the STO layer without
any spatial separation for the second type of carriers, it
is possible that the electronic structure, namely relative
contributions of high-energy and coherent features, corre-
sponding to these two types of doped carriers are different.
Unfortunately, the extremely low intensity in photoemis-
sion spectrum of these doped carriers does not allow a
clear separation of the spectral shapes of the two types
of charge carriers. However noting the importance of this
aspect, we try to estimate limits on the relative contri-
bution of the high-energy feature to the total spectrum
for each type of charge carriers, as follows. First, from
the knowledge of the mean free path for inelastic scat-
tering of valence band photoelectrons at 5400 eV photon
energies [37] (∼ 7.6 nm) and with the width of the 2DEG
found for this sample (see ref. [8]), we estimate that ∼ 50%
of the total spectral weight in fig. 2(c) is contributed by
the 2DEG at a photon energy of 5400 eV. We assume that
the 2DEG, being well separated from the oxygen vacan-
cies, contributes only the coherent feature in the valence
band spectrum, in order to understand the consequence
of this extreme or limiting assumption. This allows us to
extract the valence band features of the 3D doped carri-
ers along with the 2DEG doped carriers by subtracting
a 50% weight of the total spectrum in terms of a coher-
ent feature only, shown in fig. 4(a). Clearly, the above
assumption naturally leads to a spectral feature for the
3D doped part dominated by the in-gap vacancy induced
states, peaking at ∼ 1.2 eV, shown by the open circles in
fig. 4(a). With thus obtained spectral shapes of 2DEG
and 3D doped carriers, we further simulate the expected
valence band spectra with 3500 eV photon energy, where
an estimated smaller mean free path (∼ 5.5 nm) leads to
∼ 57% contribution from the 2DEG. The simulated and
experimental spectra obtained at 3500 eV photon energy
are shown in fig. 4(b). It can be seen from fig. 4(b) that the

Fig. 4: (Color online) (a) The experimental valence band spec-
tra (red solid dots) obtained with 5400 eV photon energy was
simulated (black solid line) with the spectral shapes of the
2DEG (stars) and 3D doped carriers (open symbols). The
spectral shape of 2DEG was assumed to have only the coher-
ent spectral feature. (b) The experimental valence band spec-
trum collected with 3500 eV photon energy (red open symbols)
was simulated (black line) with the help of spectral shapes
of 2DEG and 3D carriers obtained from the analysis shown
in (a). The mismatch is clearly visible. The experimental va-
lence band spectrum of 3500 eV photon energy was convoluted
with a Gaussian of ∼ 500meV to have the same effective reso-
lution as of 5400 eV spectrum. The blue dashed line and green
dotted line represent similar simulations with coherent : high-
energy feature in the 2DEG as (0.85 : 0.15) and (0.58 : 0.42),
respectively. The error bar represents the typical error in the
experimental data.

high-energy part of the simulated valance band has clearly
lower intensity compared to the experimental spectrum
obtained at 3500 eV. This suggests that our assumption
of 2DEG having only the coherent spectral feature is in-
consistent with the experimental valence band spectra and
the 2DEG must also contribute in the high-energy region
of the valance band. While the uncertainties in the exper-
imental data restrict us to estimate the exact contribution
of the 2DEG in the high-energy region, we find that from
a minimum ratio of 0.85 : 0.15 up to a maximum ratio of
0.58 : 0.42 between the coherent and high-energy feature
is consistent with the experimental spectra within the ex-
perimental uncertainties. The result of such simulations
are shown as a blue dashed line and a green dotted line in
fig. 4(b), respectively.

The above discussion makes it clear that spectral fea-
tures of both 2DEG at the interface and the bulk-doped
charge carriers in the STO crystal are characterized by
substantial high-energy intensities that are not captured
by detailed theoretical calculations that take into account
the correlation effects within the Ti 3d manifold of the
periodic STO lattice, but it does not account for any ef-
fect that breaks this periodicity, for example the presence
of oxygen vacancies. The case of the bulk-doped part is
somewhat easier to understand based on the past litera-
ture, where such high-energy features in oxygen-deficient
STO have been attributed to the localizing effects of the
vacancy potentials. Since the bulk-doped charge carriers
in our system also correspond to the number of vacancies
present in the same region of space, it is expected that the
vacancy potential will have similar effects on the spectral

47003-p5



Sumanta Mukherjee et al.

signature, allowing us to attribute the high-energy feature
seen here in the LAO-STO system to the localized bulk-
doped states due to the vacancy potentials. However, the
case of the high-energy spectral feature for the interface
states needs to be considered differently, since the oxygen
vacancies responsible for doping the interface region are
found to be present on the top LAO layer [8], thereby be-
ing spatially separated from the region where the donated
electrons reside. Therefore, any localizing potential from
the oxygen vacancies will be negligible for the doped elec-
trons at the interface due to the large spatial separation
between the two. In view of this, it is intriguing to find a
substantial high-energy feature for the interface spectral
properties, established here by showing that less than a
minimum contribution (≥ 15%) and up to a maximum of
40% from the high-energy features in the interface states
is consistent with experimental results. In order to un-
derstand this unexpected result, we speculate the possible
formation of polarons at the interface by the interaction
of the doped carriers with the atomic lattice. In similar
electron-doped system, it is known [41] that the formation
of polarons and the interaction of photo-holes with the sur-
rounding lattice can give rise to such high-energy features
in the spectral function. Further experimental and theo-
retical investigations are required to establish the origin
of this high-energy feature and to find unambiguously out
whether a polaronic effect can indeed be the origin of the
missing charge carriers in the interface states.

Conclusion. – In conclusion, we have carried out a
high-energy photoelectron spectroscopic investigation to
understand the nature and origin of the carriers at the
interface of LAO-STO heterostructures. The total spec-
tral intensity is found to be contributed roughly equally by
the 2DEG residing in a narrow space region near the inter-
face and by the bulk doping of electrons in the STO crys-
tal due to uniformly distributed oxygen vacancies. Our
study shows that 1) experimental valence band spectra
near Fermi energy obtained from 4-uc and 6-uc samples
clearly contain a low-energy band-like feature and a high-
energy localized feature. 2) Theoretical results indicate
that the carriers in these dilute doping limits are only
weakly correlated and cannot possibly give rise to any
prominent signature of the lower Hubbard band at higher
energies. 3) Considering the spectrum of the bulk-doped
STO crystal, the prominent high-energy feature with a
peak at ∼ 1.2 eV is attributed to the localizing potentials
of oxygen vacancies within SrTiO3. 4) Our results show
that the spectral features associated with the 2DEG in-
terface states also have a substantial high-energy feature,
though the origin of this feature cannot be associated with
the oxygen vacancy potential due to a spatial separation
of the doped electrons and the corresponding oxygen va-
cancy locations. Thus, we suggest that polaronic effects
may be responsible in giving rise to the high-energy fea-
ture in the case of the 2DEG at the interface. 5) The
observation of such localized states, independent of their

origin, within the 2DEG and 3D doped carrier suggests
substantial reductions of carriers available for transport
in the respective regions.
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