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ABSTRACT: The rich functionalities of transition-metal oxides and their
interfaces bear an enormous technological potential. Its realization in practical
devices requires, however, a significant improvement of yet relatively low
electron mobility in oxide materials. Recently, a mobility boost of about 2
orders of magnitude has been demonstrated at the spinel−perovskite γ-Al2O3/
SrTiO3 interface compared to the paradigm perovskite−perovskite LaAlO3/
SrTiO3 interface. We explore the fundamental physics behind this phenomenon
from direct measurements of the momentum-resolved electronic structure of
this interface using resonant soft-X-ray angle-resolved photoemission. We find
an anomaly in orbital ordering of the mobile electrons in γ-Al2O3/SrTiO3
which depopulates electron states in the top SrTiO3 layer. This rearrangement
of the mobile electron system pushes the electron density away from the
interface, which reduces its overlap with the interfacial defects and weakens the
electron−phonon interaction, both effects contributing to the mobility boost. A crystal-field analysis shows that the band order
alters owing to the symmetry breaking between the spinel γ-Al2O3 and perovskite SrTiO3. Band-order engineering, exploiting
the fundamental symmetry properties, emerges as another route to boost the performance of oxide devices.
KEYWORDS: transition-metal oxides, heterostructures, photoelectron spectroscopy, electronic band structure, electron−phonon interactions

The rich interplay of spin, orbital, and lattice degrees of
freedom in transition-metal oxides (TMOs) results in
a variety of unconventional phenomena, ranging from

superconductivity to ferroelectricity, colossal magnetoresist-
ance, and ferromagnetism, which can be further enriched by
interfacing these materials. A paradigm example is the two-
dimensional electron system (2DES) that can spontaneously
form at the interface between two perovskite band insulators,
LaAlO3 (LAO) and SrTiO3 (STO); for reviews, see refs 1 and
2. This interface combines many intriguing and even mutually
exclusive properties, such as superconductivity and ferromag-
netism.3 Field-effect tunability of these properties2,4 allows
realization of superconducting field-effect transistors and
switchable magnetic states. Whereas the electron concentration
(ns) accumulated by the TMO interfaces is typically a couple
of orders of magnitude larger than that at the semiconductor
interfaces, the electron mobility (μe) still stays a few orders of
magnitude less.5 In order to bring the functionality of the
TMO interfaces to a level adequate for high-performance
practical devices, this fundamental electron transport character-
istic needs to be much improved. The limiting factors here
include defect scattering, electron-correlation phenomena, and,
for the STO-based interfaces in particular, a strong electron−

phonon interaction (EPI), resulting in the polaronic nature of
the interfacial charge carriers.6

Different routes to increase μe of the TMO systems can be
envisaged. The most common one is the so-called defect
engineering, where the sample preparation procedure is tuned
to reduce the concentration of defect scattering sites, including
the oxygen vacancies (VOs), or, in the spirit of the
semiconductor high-e lectron-mobi l i ty trans is tors
(HEMTs),7,8 to shift their distribution away from the itinerant
electrons. An example of such an approach is a modulation-
doped heterostructure where a LaMnO3 buffer layer is inserted
between amorphous LAO and STO,9 which not only reduces
the concentration of VOs on the STO side but also serves as a
spacer to increase the spatial separation between the electrons
and the scattering sites.
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Recently, the epitaxial heterostructure of spinel γ-Al2O3
(GAO) deposited on perovskite STO was found to exhibit
extremely high μe values of up to 140 000 cm2/(V·s),
compared to around 1000 cm2/(V·s) in a typical LAO/STO
heterostructure.10 This qualifies GAO/STO as the highest-μe
TMO system after the ZnO-based ones.11 Understanding the
fundamental physics behind this μe-boost will be extremely
important for further progress of the TMO-based devices. A
recent photoemission study of GAO/STO supported by first-
principles calculations12 suggested an efficient diffusion of VOs
from the STO bulk to the interface, reducing defect scattering
of electrons deeper in STO. However, as the lowest-energy
electron states in typical STO-based heterostructures are the
dxy ones located in the VO-rich top TiO2 layer,

4,13 it remained
unclear why the dxy electrons did not impair the overall μe.
Intriguingly, later X-ray linear dichroism (XLD) experiments at
the Ti 2p absorption edge14,15 suggested a change in the band
order in GAO/STO heterostructures, where the dxy states shift
above the dxz/dyz ones, in contrast to the usual dxz/dyz > dxy
band order at most STO-based interfaces. However, those
experiments could not determine the k-resolved band structure
of the 2DES, and, most importantly, they probed only the
unoccupied states not directly involved in electron transport.
Furthermore, the driving force of such a band-order anomaly
and its connection with the μe-boost stayed unclear.
Here, we explore the factors of the μe-boost in GAO/STO

from direct measurements of the k-resolved electronic
structure of the buried 2DES, as schematized in Figure 1,
using resonant soft-X-ray angle-resolved photoelectron spec-
troscopy (ARPES) at the Ti 2p edge. The experiment reveals
an anomalous band order, where the dxy band shifts above the
dxz/dyz ones and depopulates. We reveal that this anomaly
shifts the overall electron density away from the VO-rich top
STO layer, and the subsequent reduction of the effective defect
concentration and the EPI strength, experienced by the mobile
electrons, boosts μe. A crystal-field (CF) analysis for the
interfacial Ti atoms shows that the band-order anomaly is
caused by symmetry breaking at the non-isomorph spinel−

perovskite interface of GAO/STO. Our analysis puts forward a
yet unexplored avenue of the band-order engineering using
symmetry breaking to tune properties of the TMO
heterostructures toward particular device functionalities.

RESULTS

The GAO/STO samples were grown by pulsed laser
deposition (PLD) under different oxygen pressures, resulting
in different ns (see Methods).16,17 We have investigated a
sample having low ns ≈ 3 × 1013 cm−1 and μe ≈ 12 000 cm2/
(V·s) at 2 K, and another one having high ns ≈ 6 × 1014 cm−2

and μe ≈ 100 000 cm2/(V·s) at 2 K, with such dramatic
variations of ns and μe being typical of STO-based systems. The
simultaneous increase of ns and μe is a hallmark of GAO/STO.
Our soft-X-ray ARPES experiments (see Methods) focused on
the fundamental electronic structure characteristicsFermi
surface (FS), band dispersions and band order, and spectral
functionof the interfacial 2DES in these samples compared
side-by-side with the paradigm LAO/STO interface irradiated
by X-rays to create VOs. Both systems are oxygen-deficient,
with the VOs concentrated in the top STO layer.18,19 For more
on the electronic structure of the localized VO-derived in-gap
(IG) states in GAO/STO see the Supporting Information (SI)
and the references therein. To access the buried Ti t2g-derived
2DES in our samples, we used resonant photoexcitation at the
Ti L3-edge at a photon energy (hν) of 460.4 eV. First, we will
analyze band structure of the 2DES states in terms of electron
orbitals.

k-Resolved Electronic Structure: Band-Order Anom-
aly. Figure 2a presents an experimental ARPES image of the
band dispersions along the ΓX direction of the Brillouin zone
for our LAO/STO sample, measured with s-polarized incident
X-rays, selecting the antisymmetric dxy and dyz states. The out-
of-plane dyz states show their characteristic flat dispersion,
whereas the in-plane dxy one has only a minute cross-section at
high excitation energies20 and is visible mostly in the points
where it hybridizes with the dyz states. Figure 2b represents the
ARPES data measured with p-polarized X-rays, selecting the

Figure 1. Scheme of the GAO/STO interface probed with k-resolved photoemission to directly image electron dispersions. The ARPES
experiment finds the band-order anomaly dxy > dxz/dyz which promotes spatial separation of the VOs from the 2DES to boost μe.
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symmetric dxz states.
21,22 We note pronounced satellites below

the band dispersions, identifying the polaronic nature of the
interfacial charge carriers.6,22

Importantly, the experimental band structure of LAO/STO
follows the dxy < dxz/dyz band order, with the dxy band
minimum shifted by ∼200 meV below that of dxz/dyz.

19

Schematized on top of Figure 2a, such a pattern confirms the
theoretical picture where the CF in bulk STO lowers the
energy of Ti t2g bands relative to the eg ones, and interfacing
STO with LAO further splits the former into the deeper dxy-
derived band and shallower dxz/dyz ones.

21−23 The dxy states
are located close to the interface, while the dxz/dyz ones extend
into the STO bulk over a region of up to a few tens of
nanometers, depending on the exact shape of the interfacial
quantum well V(r).4,6,13 The dxy < dxz/dyz band order observed
in LAO/STO is actually universal across a wide range of
systems based on TiO2-terminated STO, almost independent
of the growth conditions and oxygen deficiency. It starts from
the paradigm LAO/STO interface21 and survives under
amorphous overlayers of LAO,24,25 Si,26 and a variety of
metals27−29 on STO as well as for bare STO surfaces prepared
under various conditions30,31 and even reconstructed by

sputtering/annealing.32 This band order can, though, be
tuned by applying pressure33 or changing crystallographic
orientations,34 although the latter also changes the dxy/dxz/dyz
orbital orientation relative to the surface or interface.
For GAO/STO, the experimental band structure of the dxy

and dyz states shown in Figure 2c,e for the low- and high-ns
samples, respectively, appears quite different from that for
LAO/STO. First of all, the proximity of GAO breaks the four-
fold symmetry of STO due to the interfacial Ti cations which
neighbor the tetrahedrally coordinated Al cations. Due to the
concomitant relaxation of the above selection rules, at the s-
polarization we observe a certain weight of the dxz band on top
of the dyz one (Figure 2c,e), and at the p-polarization a certain
weight of the dyz band on top of the dxz one (Figure 2d,f). Most
importantly, the dxy−dyz hybridization points characteristic of
LAO/STO disappear, indicating the absence of the dxy band,
which has shifted above EF and depopulated. This band
structure pattern, schematized on top of the figure, identifies
an anomalous dxy > dxz/dyz band order as opposed to the
universal dxy < dxz/dyz one represented by the above LAO/
STO. The intensity enhancement at the bottom of the GAO/
STO images is due to the VO-derived IG states (see the SI).

Figure 2. Experimental E(k) images along ΓX for the oxygen-deficient LAO/STO interface (a,b) and low- and high-ns GAO/STO interfaces
(c,d and e,f, respectively) measured at hν = 460.4 eV. For LAO/STO, s-polarized X-rays select the dxy and dyz bands (top panels) and p-
polarized X-rays the dxz bands (bottom panels), and for GAO/STO these selection rules relax. The momentum-distribution curves at EF
(cyan curves) and their gradients (yellow) are shown on top of each panel, with extremes of the latter (dashed lines) locating the kF values
(arrows). The sketches on top of the figure schematize the band order for the three samples, where GAO/STO shows the anomalous dxy >
dxz/dyz band order with complete depopulation of the dxy band.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c07609
ACS Nano 2021, 15, 4347−4356

4349

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07609/suppl_file/nn0c07609_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07609?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07609?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07609?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07609?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07609?ref=pdf


We note that the band order is associated with a small change
of the effective mass of the dxz/dyz bands (see the SI), which, as
we discuss later, can be related to the reduction of the EPI.
Therefore, our ARPES results reveal that electron transport

in GAO/STO is exclusively due to the dxz/dyz electrons. We
note that in many cases one can deduce the partial band
occupancy from the non-linearity of the Hall coefficient as a
function of magnetic field. In the case of high-mobility GAO/
STO samples, however, the Hall coefficient shows a very
pronounced anomalous Hall effect stemming from the
magnetism, and the concomitant non-linearity hides possible
multi-band effects. ARPES, in turn, clearly resolves the orbital
character of the contributions to the total ns.
We note that our ARPES findings of the anomalous band

order in GAO/STO are consistent with the recent XLD
experiments,14,15 which are, though relevant for the band order
in the unoccupied states, not directly related to the electron
transport. Ionic liquid gating experiments17 suggested the
persistence of the universal band order in GAO/STO, but
these experiments probe the band structure only indirectly and
may be affected by electrochemical reactions.
The Fermi momenta (kF) of the experimental bands,

reflecting their population, were determined from the
momentum-distribution curves (MDCs) of the ARPES
intensity I(kx) integrated over the whole occupied energy
width (W) of the bands (cyan lines in the band structure
panels of Figure 2). The extremes of their gradient dI/dkx
(yellow lines) define the kF values, indicated at the band
schemes on top of Figure 2. We have utilized this gradient
method, originally proposed by Straub et al.,35 because in our
case, where W is of the order of the experimental ΔE, the
conventional determination of kF from the maxima of the
MDCs at EF becomes obviously irrelevant. Assigning the dI/
dkx extremes to a particular kF value, we should keep in mind
that, at the negative-kx side of the dyz bands and positive-kx side
of the dxy ones, the spectral intensity vanishes due to
photoemission matrix elements. Inspecting the experimental

kF, we observe that not only does the dxy band depopulate
when going from LAO/STO to GAO/STO, but also the dxz/
dyz bands reduce their population; these bands increase their
population between the low- to high-ns GAO/STO samples.
The relation of these observations with ns and μe of the 2DES
will be discussed later.

Symmetry-Breaking Origin of the Band-Order Anom-
aly. In order to get more insight into the origin of the band-
order anomaly at the spinel−perovskite GAO/STO interface,
we have theoretically analyzed the CF splitting effects in the
ion-core regions of the interfacial Ti atoms. The CF potential
was modeled for different atomic environments, depicted in
Figure 3a,b. The point-charge approximation is used to
calculate the spatial distribution of the electrostatic potential
of N ions with nominal charges Qi and coordinates ri acting on
electrons:

∑
πε

= −
| − |=

V r
Q

r r
( )

1
4 i

N
i

i
CF

0 1

The 3d states are approximated by the atomic orbitals with n =
3 and l = 2, which are used for evaluating the CF matrix:

= | − |nlm V r V nlmH ( ) (0)CF 1 CF CF 2

Here, |nlm⟩ stands for spherical harmonics, and the values of
m1 and m2 are between −2 and +2 and correspond to dz2, dx2‑y2,
dxy, dxz, and dyz orbitals. Diagonalization of the CF matrix HCF
gives information on the band ordering at the Γ-point for the
selected atomic structure.
For the cubic STO atomic environment, Figure 3a, the dxy vs

dxz/dyz orbitals are degenerate. The degeneracy can be lifted,
for example, by symmetry breaking when interfacing STO to
other TMOs such as LAO, or by oxygen octahedra tilting. The
latter, illustrated in Figure 3c, where the tilting around the x- or
y-axes pushes the dyz or dxz states above the dxy one, is typical of
TMOs and constitutes one of the contributions to the
interfacial potential in oxide heterostructures. The symmetry

Figure 3. CF analysis for different atomic environments. (a) Structural sketch of bulk perovskite STO. (b) Structural sketch of one possible
termination of the spinel−perovskite GAO/STO interface. (c) CF energy levels for bulk STO as a function of the oxygen octahedron’s tilting
angle. (d) Lowest CF energy levels for defect-free and oxygen-deficient GAO/STO environments, with the orbital character and weights
indicated (the dominant weight in bold).
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breaking and oxygen octahedra tilting both lead to a shift of the
dxz/dyz orbitals above the dxy one, Figure 3c, which was, indeed,
commonly observed as the universal band order in numerous
experimental and theoretical studies of STO-based inter-
faces.19,21,36,37

For the spinel−perovskite environment, Figure 3b, we find
that the CF energy levels are dramatically rearranged due to
the proximity of positively charged Al cations, which can be
either octahedrally or tetrahedrally coordinated by oxygen. The
particular coordination is crucial for the energy position of the
IG states in GAO/STO formed by the VOs but does not
qualitatively change the anomalous band order of the metallic
states, which stays inverse compared to that of LAO/STO. Our
CF calculations suggest that the lowest energy level becomes
dominated by the dxz/dyz states that are mixed in 1:1 ratio,
while the next higher energy levels are mostly of the +dxy
character, Figure 3d. We emphasize that this feature is robust
with respect to whether the Al vacancies, intrinsically present
in GAO, are located in the Al layer close to STO or elsewhere
in GAO. In the studied example, the VOs increase the energy
separation between the dxy and dxz/dyz orbitals slightly but do
not change this picture qualitatively, simply providing electrons
filling energy levels. Therefore, our analysis suggests that the
band-order anomaly in GAO/STO originates from the
different nature of the CF in the ion-core regions of the
interfacial Ti atoms at this spinel−perovskite interface
compared to the perovskite−perovskite LAO/STO one.
Spectral Function: Electron−Phonon Interactions

and Disorder. We will now analyze another important
ingredient of the electronic properties, the EPI, which is
embedded in the spectral function A(ω,k) represented by the
energy distribution curves (EDCs) of the ARPES intensity in
Figure 2. Similarly to the previous analysis for the
stoichiometric LAO/STO,6,22 we will use A(ω) obtained by
integration of A(ω,k) over the whole ±kF interval of the dyz
bands. This approach allows full inclusion of the bosonic
spectral satellites whose extension in k-space may be narrower
than the quasiparticle (QP) bands.38 The experimental A(ω)
values for our oxygen-deficient LAO/STO and both GAO/
STO samples (where we subtracted the IG state weight
protruding into the 2DES energy region) are presented in
Figure 4a. Their pronounced peak−dip−hump line shape is a

hallmark of the strong EPI in STO-based systems,
fundamentally reducing μe.

6,22 We recall that, whereas for
LAO/STO the A(ω,k) reflects both dxy and dxz/dyz states, for
GAO/STO it reflects only the latter.
For LAO/STO, the hump is structureless and extends over a

wide energy range, suggesting a continuum of phonon modes
involved in the EPI. For GAO/STO, in contrast, the hump is a
narrow peak separated from the QP one by ∼100 meV, which
corresponds to the LO3-phonon energy in STO.32 The
increase of the QP residual weight Z0 from ∼31% in LAO/
STO to ∼45% in GAO/STO signals a decrease of the EPI
strength in the latter. Expectedly, this increase is associated
with a notable reduction of the effective mass of the dxz/dyz
bands (see the SI), although a limited accuracy of its
experimental values impedes a quantitative analysis on this
point.
Finally, we will analyze the disorder experienced by the

charge carriers. Figure 4b presents the QP peak in the vicinity
of EF, whose A(ω,k=kF) was obtained as EDCs integrated
within ±0.1 Å−1 around kF of the dyz bands. In this case the
band-dispersion effects are minimized and, within the Fermi
liquid paradigm, the spectral broadening due to electron−
electron interaction vanishes at EF. Therefore, the QP peak
broadening (ΔE), which, neglecting the experimental energy
resolution, is inversely proportional to the coherence length of
the charge carriers, reflects the effective disorder they
experience. In comparison with the LAO/STO’s value ΔE ≈
62 meV, for the GAO/STO samples we observe ΔE ≈ 50
meV, which is close to the resolution limit of ∼40 meV of our
experiment. The reduced ΔE expresses the smaller effective
disorder experienced by the dyz-derived charge.

DISCUSSION

Effect of the Band Order on μe. The central question
now is, how does the observed band-order anomaly affect μe?
Figure 1 sketches the distribution of the VOs relative to the
depopulated dxy and populated dxz/dyz electron density in
GAO/STO. The VOs effectively diffuse to the top STO layer,
reducing their concentration and thereby the associated defect
scattering in the deeper STO region.12 This reduction is
confirmed by our analysis of the QP peak width from the dxz/

Figure 4. Experimental A(ω,k) for oxygen-deficient LAO/STO and two GAO/STO samples represented by EDCs of the ARPES intensity
from Figure 2, integrated over (a) the whole ±kF interval and (b) the kF ± 0.1 Å−1 interval. Compared to LAO/STO, in both GAO/STO
samples the QP peak shows larger spectral weight Z0 and smaller energy broadening ΔE (values on the plots), which identify weaker EPI and
smaller effective disorder, respectively.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c07609
ACS Nano 2021, 15, 4347−4356

4351

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07609/suppl_file/nn0c07609_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07609?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07609?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07609?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07609?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07609?ref=pdf


dyz electrons extending into this region, which has evidenced a
small effective disorder experienced by these electrons
compared to LAO/STO. Located in the defect-free region,
the dxz/dyz electrons deliver high μe

xz/yz, whereas the dxy states,
located in the defect-rich top layer,4,13,21 are depopulated and
thus do not poison the overall μe. This interplay between the
spatial distribution and population of the electron states is the
main driving force behind the boost of μe in GAO/STO.
Obviously, the boost critically depends on the spatial
distribution of the VOs and other defect sites, highly sensitive
to the sample growth and annealing protocol.12

The dxy > dxz/dyz band order will affect virtually all the
properties of the GAO/STO besides μe. For example, it should
reverse the sign of the gating voltage corresponding to the
Lifshitz transition, where the crossover from the one-band to
multi-band regime causes dramatic changes in physical
properties of the STO-based heterostructures, including the
superconducting transition temperature, electron pairing
strength, and spin−orbit coupling.39 Moreover, our ARPES
findings may also have implications for the mechanism of
superconductivity in GAO/STO, as this phenomenon in the
STO-based systems is usually observed in the multi-band
conduction regime.40 Both points still await experimental
verification, though.
Depth Extension of the 2DES. The connection of the

ARPES data to the carrier density is established by the
Luttinger theorem.41 For the 2D systems, it states that ns is

equal to the sum of the partial Luttinger counts, ∫ π
2

FS
d k

(2 )

2

2 , over

all sheets constituting the FS. However, the application of this
theorem to our case is not straightforward, even knowing the
experimental FS of GAO/STO (see the SI). First, a typical
feature of the STO-based systems is the electronic phase
separation, where conducting regions co-exist with insulating
ones.18,42,43 While the experimental FS reflects the local
electron density in the conducting areas, the integral ns can be
smaller. Second, if the interfacial V(r) is sufficiently long-range,
it hosts a ladder of quantum-well (QW) states,44 and the
Luttinger count should include the FS sheets through all of
them. However, whereas the first QW state is located close to
the interface, the higher-order ones are shifted deeper into the
STO bulk,45 where they can escape detection within the
probing depth of the ARPES experiment while contributing to
the total ns. Because of the missing higher-order FS sheets, the
Luttinger count of the FS apparent in ARPES may under-
estimate the ns measured in transport.
Intriguingly, the experimental kF values found by ARPES for

GAO/STO show an increase of the corresponding Luttinger
counts by only ∼15% between the low- and high-ns samples,
which is much less compared to the increase of transport ns by
a factor of ∼20. This discrepancy may manifest the two effects
discussed above. First, the lateral increase of the conducting
phase between the low- and high-ns samples, estimated from
intensity of the 2DES signal as described in ref 18, measures
∼70%. The remaining contribution to the ns increase of more
than an order of magnitude should then manifest a long-range
V(r) in the high-ns sample, which supports an electron-density
accumulation in higher-order dxz/dyz-derived QW states
located in STO beyond the top 2−3 u.c. reached by ARPES.
This situation can be viewed as a transformation of the 2DES
into a quasi-three-dimensional system expanding deep into VO-
free STO. In this case, the increase of ns should be associated
with an increase of μe, and it indeed increases by a factor of ∼8

between our samples. This physical picture resolves the long-
standing puzzle why GAO/STO denies the “small ns−large μe”
paradigm often advocated for oxide interfaces, although other
cases have been reported where this paradigm was violated by
similar dimensionality transformations.46

Effects of the EPI. The weakening of the EPI, expressed by
the Z0 values in Figure 4a, is another aspect of GAO/STO
contributing to the μe-boost. For many systems, such
weakening is caused by screening of the EPI by mobile
electrons. In our case, however, ARPES shows that, at least
near the interface, the dxz/dyz-derived electron density in
GAO/STO is smaller than the dxz/dyz (and all the more dxy +
dxz/dyz) density in our LAO/STO. In fact, the EPI may be
amplified by trapping (localization) of charge carriers on
defects47 or via more exotic Anderson localization.48 This
lowers the crystal symmetry, allowing otherwise prohibited
phonon modes and thus additional EPI channels. The
involvement of such localization-enhanced EPI in our case is
evident from the phonon-mode continuum displayed by LAO/
STO’s A(ω) as opposed to the single mode in GAO/STO.
Then the reduction of the effective defect concentration in
GAO/STO, expressed by the smaller disorder seen in the QP-
peak width, Figure 4b, explains the reduction of the EPI. This
effect traces back, again, to the band-order anomaly that shifts
the total 2DES into the VO-free bulk of STO. The small but
significant decrease of EPI in the high-ns GAO/STO sample
compared to the low-ns one should be a combined effects of
smaller effective disorder due to the deeper expansion of the
2DES into STO and of larger ns screening the EPI.
The observed weakening of EPI in GAO/STO propagates

into μe not only by polaronic renormalization of the electron
effective mass but also by mediating electron scattering on
defects, which can somehow be viewed as frozen phonons.
Therefore, the defects affect μe not only through their
concentration but also through the EPI-mediated electron-
defect scattering strength which, in turn, increases with the
defect concentration. This cumulative effect results in a steep
non-linear change of μe as a function of the latter, predicted
within the mean-field approximation already four decades
ago49 and later reproduced by approximation-free diagram-
matic Monte Carlo calculations.50−52 This effect is likely to be
at play to boost μe as the effective VO concentration
experienced by the dxz/dyz electrons in GAO/STO decreases
thanks to the band-order anomaly. Indeed, this decrease is
evident from our analysis of the QP peak width in Figure 4b.
The tendency of VOs to cluster18 can also affect μe.

CONCLUSIONS AND OUTLOOK
To summarize our results, we have found that the k-resolved
electronic structure of the 2DES at the GAO/STO interface
stands out among all other known STO-based interfaces in
terms of the band order. The upward shift of the dxy states with
respect to the dxz/dyz ones, forming the anomalous dxy > dxz/dyz
band order and depopulating the dxy band, is attributed to a
change in the CF configuration around the Ti ions as the
spinel−perovskite GAO/STO interface breaks the perovskite
lattice symmetry. The band order affects most physical
properties of GAO/STO, and in the first place boosts μe of
the interfacial 2DES, which shifts away from the defect-rich
interface toward the STO bulk.
The μe boost at the GAO/STO interface appears as a multi-

faceted phenomenon, identifying three routes to design high-
mobility oxide devices in general:
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(1) The static defects, in particular the VOs, affect μe through
low-temperature electron scattering. With inspiration from the
semiconductor HEMTs, this scattering can be reduced by
shifting the depth profile of VOs away from that of the 2DES to
minimize their overlap. In GAO/STO this is achieved by the
accumulation of the VOs at the top TiO2 layer of STO, away
from the 2DES located deeper in STO.12 The crucial role of
this defect-engineering route for GAO/STO can be assessed by
varying the growth protocol and thus distribution of VOs.

53

(2) This work suggests the second route, band-order
engineering. Complementary to defect engineering, this route
allows control over the 2DES depth profile in order to shift it
away from the VOs. In GAO/STO this is achieved with the dxy
> dxz/dyz band order, which depopulates the dxy states and
leaves only the dxz/dyz electrons, located deeper in the STO
bulk compared to the dxy ones in the defect-rich top layer.
Moreover, the increase of ns in GAO/STO expands the 2DES
into the STO bulk and thus further increases μe. The band
order can be manipulated through the CF, driven by the
interface-symmetry breaking and, in addition, tuned by doping,
such as substituting Al3+ ions in GAO with those of a dissimilar
valence state.
(3) The third way to boost μe is the EPI-engineering route

that invokes the EPI-mediated electron interaction with the
defects. As the EPI itself is enhanced by electron trapping on
the defects, the resulting μe shows a steep non-linear
dependence of their effective concentration, in our case that
of the VOs over the 2DES spatial extension. In this context, the
EPI-engineering route is intimately connected with the defect
and band-order engineering. The EPI can also be tuned
through ns varied, for example, by electrostatic gating.54

Thereby, the GAO/STO interface teaches us a triad of
interconnected routesdefect, band-order, and EPI-engineer-
ingtoward realization of a high-mobility “oxide HEMT”.
None of them alone but only the whole triad, and perhaps
assisted by other yet unknown mechanisms, can exhaust the
entire μe boost in GAO/STO of more than 2 orders compared
to the paradigm LAO/STO heterostructures.
In a broader perspective, the crucial role of the band-order

engineering extends from merely electron transport toward the
whole world of other exotic properties of the oxide systems,
including gate-tunable superconductivity, Lifshitz transition,
electron pairing without superconductivity, spin−orbit cou-
pling, magnetic ordering, etc. For example, the dxy > dxz/dyz
band order observed in GAO/STO should revert the gate-
voltage sign of the Lifshitz transition as well as switch the
superconductivity from the multi-band to one-band regime.
Our work puts forward a prospect to change the band order
through appropriate lattice-symmetry breaking and tuning the
CF splitting by dopants of a dissimilar valence state or by
(pseudo)epitaxial growth of other members of the large spinel
crystal family. Our findings motivate the search for other oxide
interfacial pairs, where the dxy bands totally depopulate to
maximize μe, using modern big-data computational methods.

METHODS
Sample Fabrication and Characterization. The samples were

manufactured by pulsed laser deposition (PLD) on STO substrates.
The reference LAO/STO samples were grown in slightly oxygen-
deficient conditions and annealed in oxygen ex situ, following the
protocol described in refs 18 and 19. The GAO/STO samples were
manufactured using the protocol described elsewhere16 under an
oxygen partial pressure varied from 4 × 10−6 to 8 × 10−6 mbar in

order to change the transport properties through the VO
concentration. The two investigated GAO/STO samples were
metallic, with low ns ≈ 3 × 1013 cm−2 and high ns ≈ 6 × 1014 cm−2

at room temperature, with the residual resistance ratio Rs(300 K)/
Rs(2 K) ≈ 1100 and 9300, respectively. The high residual resistance
ratios are the hallmarks of samples with high low-temperature μe
values,16 which were ∼12 000 and 100 000 cm2/(V·s) at 2 K for the
two samples.

ARPES Experiment. The experiments were performed at the soft-
X-ray ARPES facility55 installed at the ADRESS beamline56 of the
Swiss Light Source, Paul Scherrer Institute, Switzerland. Variable X-
ray polarization delivered by this beamline allowed symmetry analysis
of the electron states. The FS maps were recorded at a combined
(beamline plus analyzer PHOIBOS-150) energy resolution of ∼60
meV, and E(k) maps at ∼40 meV. Angular resolution of the analyzer
was ∼0.1°. The sample was cooled down to ∼12 K in order to quench
the relaxation of k-conservation due to the thermal motion of the
atoms. The photon flux was ∼1013 photons/s and focused into a spot
of 30 × 75 μm2 on the sample surface. Other relevant experimental
details are reported elsewhere.6,19

During the ARPES data acquisition, the strength of the 2DES signal
from our LAO/STO and GAO/STO samples gradually increased
because the VOs generated under X-ray irradiation injected mobile
electrons into the 2DES.18,19 However, the observed band dispersions
and population stayed constant, following the electronic phase
separation scenario typical of the STO-based systems.18,20,42,43 The
irradiation-induced increase of the 2DES signal from the high-ns
GAO/STO sample was smaller compared to the low-ns one. All
reported ARPES data were acquired after an irradiation time of more
than 1 h to ensure saturation. The experimental resonant-photo-
emission intensity maps as a function of hν through the Ti L-edge for
our LAO/STO and low-ns GAO/STO samples are presented in the
SI. The intensity of the VO-derived IG states at a binding energy
around −1.2 eV and of the 2DES states near EF sharply varied with
hν. The data in given the main text were acquired at the L3 resonance
at hν = 460.4 eV, where the dxy-to-dxz/dyz intensity ratio enhances
compared to the L2 resonance.6,19 The corresponding FS maps of
GAO/STO measured at different X-ray polarizations are presented in
the SI. Besides the reduced FS area, their notable difference compared
to the FS maps of LAO/STO is the streaks of intensity stretching
between the Γ points. This peculiarity might be related to linear
clusters of the interfacial VOs or, although scanning-SQUID
measurements on similarly prepared samples have found micro-
meter-size domains, the existence of domains whose size would be
below the coherence length of the ARPES experiment (for details see
the SI).
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