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Intrinsic versus extrinsic orbital and electronic reconstructions at complex oxide interfaces
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The interface between the insulators LaAlO; (LAO) and SrTiO; accommodates a two-dimensional electron
liquid (2DEL)—a high-mobility electron system exhibiting superconductivity as well as indications of mag-
netism and correlations. While this flagship oxide heterostructure shows promise for electronics applications,
the origin and microscopic properties of the 2DEL remain unclear. The uncertainty remains in part because
the electronic structures of such nanoscale-buried interfaces are difficult to probe and is compounded by
the variable presence of oxygen vacancies and coexistence of both localized and delocalized charges. These
various complications have precluded decisive tests of intrinsic electronic and orbital reconstruction at this
interface. Here we overcome prior difficulties by developing an interface analysis based on the inherently
interface-sensitive resonant x-ray reflectometry. We discover a high-charge density of 0.5 electrons per interfacial
unit cell (u.c.) for samples above the critical LAO thickness and extract the depth dependence of both the orbital
and the electronic reconstructions near the buried interface. We find that the majority of the reconstruction
phenomena are confined to within 2 u.c. of the interface, and we quantify how oxygen vacancies significantly
affect the electronic system. Our results provide strong support for the existence of polarity-induced electronic
reconstruction, clearly separating its effects from those of oxygen vacancies.

DOI: 10.1103/PhysRevMaterials.5.065004

L. INTRODUCTION a two-dimensional electron liquid (2DEL) [4,5] that exhibits
gate-tunable superconductivity [6-11], flexoelectricity [12],
magnetism [13—15], and correlations [16,17]. Recent exper-
iments have further utilized this interface as a foundation
for the construction of 1D superconducting electron waveg-
uides [7,18,19] which have potential application in quantum
computing. However, while the system exhibits such fas-
cinating properties and shows such promise for device
applications [2], uncertainty remains regarding the origin and
physical details of this highly studied interfacial electronic
liquid [20]. Some of the earliest studies of the interface
2DEL [21] proposed that it results from an electronic recon-
struction due to a polar catastrophe—that a diverging electric
potential originating from charged LaO" and AlO; layers
is rectified through a spontaneous relocation of 0.5 e~ per
square unit cell (u.c.) from the LAO surface to the interface for
heterostructures with LAO thicknesses greater than 3 u.c., thus
forming the 2DEL. The concept of electronic reconstruction
had been introduced several years earlier in studies of polar
surfaces [22]. Crucially, however, transport measurements on
“robert.green @usask.ca LAO/STO typically find about an order of magnitude less

The complex interplay between charge, spin, orbital, and
lattice degrees of freedom in transition metal oxides leads
to a multitude of emergent phenomena having numerous po-
tential applications [1]. Often the phenomena are realized
through explicit fine tuning of these degrees of freedom,
for example, via electronic doping or applied pressure. Re-
cent advances in atomic scale oxide thin film growth have
yielded a new method of precisely tuning material properties
via heterostructuring, where sequences of films are grown
epitaxially on top of specially chosen substrates [2,3]. Or-
bital, spin, and electronic reconstructions, which can occur
at the atomically precise interfaces, lead to emergent proper-
ties that are often very different from the corresponding bulk
materials [3].

The interface between LaAlO; and SrTiO; (LAO/STO)
is paradigmatic of the oxide heterostructure field, hosting
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FIG. 1. Theoretical resonant reflectometry of LAO/STO heterostructures. (a) Experimental geometry for the reflectometry measurements,
where the photon polarization is either within (;r) or perpendicular to (o) the scattering plane. Specific geometries are characterized by either
the reflection angle 6 or the photon momentum transfer in the z direction, g.. (b) The graphic depicts orbital and electronic reconstructions
at the interface via the orbital symmetry and opacity, respectively. For each atomic layer with a given orbital occupation, there exist isotropic
and dichroic resonant scattering responses shown, which then combine to determine the reflectivity response of the material. (c, d) Simulated
reflectivity maps for w-polarized light and energies spanning the Ti L, 3 resonance on a 10 u.c. LAO/STO heterostructure in the case of no
reconstructions (c), and combined orbital and electronic reconstructions (d).

charge than expected from electronic reconstruction [5]. More
recent studies have shed some light on this issue, showing
that a certain amount of charge is localized and thus hidden
to transport measurements [23,24].

In addition to the total charge and its confinement profile
near the interface, a crucial characteristic of the 2DEL is
its orbital symmetry, which directly controls the mobility of
the electrons and contributes to the energetic landscape of
magnetism and superconductivity [6,8]. The interface elec-
trons reside in the Ti 3d tp, band, which is split into d,,
and d,;/,, subbands due to the tetragonal symmetry breaking
imposed by the interface. First-principles calculations predict
that the d,, bands are lower in energy near the interface and
thus host the majority of the charge, whereas d,,, bands
become more occupied further from the interface [25-27].
X-ray absorption spectroscopy (XAS) experiments have veri-
fied this qualitatively, as linear dichroism measurements agree
with the presence of lower energy d,, orbitals [28]. However,
the magnitude of this orbital reconstruction, and its spatial
dependence moving away from the interface, have yet to be
determined.

Here we study the electronic structure of the LAO/STO in-
terface using synchrotron-based resonant x-ray reflectometry
(RXR). RXR is the union of two powerful, complementary
techniques: XAS, which probes the element-specific elec-
tronic structure (in particular the local 3d orbital occupations)
through core-valence resonant electronic excitation, and re-
flectivity, which inherently contributes excellent interface and

depth sensitivity while also providing a natural quantitative
detection scheme [29,30]. This combination of capabilities
allows us to study the microscopic electronic structure prop-
erties specific to the 2DEL at the interface in exceptional
detail. Previous studies on LAO/STO superlattices utilized
a qualitative analysis of limited data sets to study electronic
and orbital reconstructions [31,32]. Here we leverage the full
power of RXR via a fully quantitative analysis of large data
sets. In an extensive set of experiments, we apply RXR to
LAO/STO samples below and above critical thickness for
2DEL formation and before and after annealing in an O,
environment to eliminate potential oxygen vacancies, showing
how orbital and electronic reconstruction define the sponta-
neous 2DEL formation.

In Figure 1(a) we depict the RXR experiment, showing
the typical geometry for our reflection measurements using
linearly polarized synchrotron x-rays. By changing the reflec-
tion angle or energy, one changes the momentum transfer ¢,
leading to different interference effects (partial cancellation or
enhancement of waves reflecting at different depths) and dif-
ferent interface sensitivity. Figure 1(b) shows via simulations
the origin of reconstruction sensitivity in RXR. For the atomic
planes near the interface exhibiting a particular reconstruction
effect (where in the inset we depict orbital reconstructions via
schematic orbital symmetries and electronic reconstructions
via the opacity of the orbitals), the Ti atoms have very spe-
cific and different resonant scattering characteristics. Both the
isotropic and the linear-dichroic responses of the scattering

065004-2



INTRINSIC VERSUS EXTRINSIC ORBITAL AND ...

PHYSICAL REVIEW MATERIALS §, 065004 (2021)

(a) (b) T T (C) T (d) x T x T T T T T T T

3u.c.| ,|— B 5u.c 10uc 113 !
— 4 4 Theory 14r |
2 :
= !
> :
g d d |‘ E

T SO
E ©1L5u.c '
. Q |
2 = 2 3 (WA :
22 2t 4 2} 18 (W I
: g [ Al 5

E 250 U) 0 F T M T — — . T : T T

3 110 n
45 1
2 320 X
(0] |
x 35° '
0 , , ot { of 1 ol o

455 460 465 455 460 465 455 460 465 20 30 40 5o 60 7o 80 90

Energy (eV) Energy (eV) Energy (eV) z Position (A)

FIG. 2. Resonant reflectometry data and extracted charge profile for as-grown LAO/STO. (a—c) Experimental and modeled m-polarized
energy scans across the Ti resonance at indicated fixed momentum transfer values or reflection angles for (a) 3 u.c., (b) 5 u.c., and (c) 10 u.c.
samples. (d) B-site cation concentrations and 2DEL charge depth profile near the interface. Each vertical bar represents an atomic layer, so the
distance between each pair is 1 u.c. The dashed vertical lines denote the approximate interface where equal amounts of Ti and Al are found.
Extended data sets and simulation results can be found in the Supplemental Material [34].

show strong dependences on orbital occupation at these Ti L 3
resonance energies.

The resonant atomic scattering responses combine to yield
the electric susceptibility of the material, and thus a particular
reconstruction at the interface leads to a specific reflectivity
response, which we investigate with model data in Figs. 1(c)
and 1(d). Here the predicted RXR for a 10 u.c. LAO/STO
sample is shown for energies spanning the Ti L, 3 resonance
and reflection angles spanning a typical measurable range [33]
Note we multiply the reflectivity spectra here by q;‘ in order to
show a wide g, range where the intensity spans several orders
of magnitude. As shown by the two plots, at high-momentum
transfers, very pronounced effects are expected in the RXR
data due to orbital and electronic reconstructions, even if they
are confined to only 2 u.c. near the buried interface as in
the realistic example simulated here. This strong sensitivity,
and the quantitative nature of RXR, make this technique very
useful for studying oxide interfaces.

We have applied RXR to a series of samples to perform
a comprehensive study of the LAO/STO reconstruction phe-
nomena. Figure 2 details the reflectivity data and analysis
results for samples having LAO thicknesses of 3, 5, and
10 u.c. Figures 2(a)-2(c) show selected reflectivity data along
with model fit results (complete data sets are presented in
the Supplemental Material [34]). Signatures of the thickness-
dependent onset of the 2DEL are immediately evident from
the data, as the 3 u.c. sample exhibits a less featured reflec-
tivity response similar to that in Fig. 1(c), whereas the spectra
of the thicker samples reveal a much more detailed structure,
comparable to that in Fig. 1(d).

We model the depth-dependent electric susceptibility of
the heterostructures starting from the atomic level, where the

Ti resonant scattering response is computed using quantum
many-body theory [35,36], while the off-resonant scattering
responses of all atoms are taken from tabulated data [37]. The
resonant response depends strongly on the local 3d orbital oc-
cupation of the Ti atoms, thus providing the sensitivity to the
2DEL density and symmetry. From the susceptibility we com-
pute the energy- and angle-dependent reflectivity response
and fit the material parameters as described in the Methods
section. The fit results are overlaid with the experimental data
in Figs. 2(a)-2(c), where an excellent level of agreement is
evident. The models corresponding to these fits, which quan-
tify the interfacial reconstruction phenomena, are shown in
Fig. 2(d) and Fig. 3. In Fig. 2(d) we plot fractional atomic site
occupations for the cations in the samples (full concentration
profiles, including anions, are presented in the Supplemental
Material [34]), where our resonant Ti analysis allows us to dis-
tinguish between Ti** and Ti** valences (i.e., the respective
absence or presence of the 2DEL charge). Evident is the ~1—
2 u.c. average roughness at both the surface and the interface,
comparable to that found with other techniques [21,38,39].
Strong evidence is present for the the 4 u.c. threshold for
2DEL formation, as the 3 u.c. sample is found to have sig-
nificantly less charge than the thicker samples. As shown in
Table I, for the 3 u.c. sample our fit converges with a small
amount of charge at 0.16 e~ /u.c. This charge is distributed
rather evenly over 4 nm near the interface, whereas the thicker
samples have much more pronounced concentrations confined
to the interface. The total charge quantities in the 5 and 10 u.c.
samples are significant, as also shown in Table I.

In Fig. 3, the extracted interface-induced symmetry break-
ing of the Ti 3d orbitals is detailed. While the 3d orbitals
have O, symmetry in the bulk of the STO, the presence of the
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FIG. 3. Orbital reconstruction of as-grown LAO/STO quantified
via reflectometry. (a) The #,, and (b) e, orbital energies for the
Ti atomic layers near the LAO/STO interface, relative to the bulk
orbital energies.

interface leads to a tetragonal local symmetry distortion [28].
By computing the tetragonally symmetric Ti resonant scatter-
ing tensor according to the energies of the 3d orbitals, and
fitting to our polarization-dependent RXR spectra, we can
extract the depth dependence of the orbital energies relative
to those of the bulk. For all samples (regardless of 2DEL
presence), we detect a strong symmetry breaking in the 2 u.c.
closest to the interface. We find the d,, orbital to be lowest in
energy near the interface, as predicted by first-principles mod-
eling [25,26] and qualitatively observed experimentally [28].
Further, we detect that the tetragonal distorting of orbital
energies is enhanced in the presence of the 2DEL, a feature
also previously predicted from first principles [27]. Given
the different effective masses for d,, versus dy;,, carriers, a
detailed quantification of this orbital symmetry breaking is
key to understanding the comprehensive transport properties
of the LAO/STO system.

While a common observation in many experimental studies
is that the 2DEL total charge is much less than the 0.5 e~ per
square u.c. predicted by the polar catastrophe model [5], we
find here quantities relatively close to this value—in fact they
are systematically slightly higher. Oxygen vacancies (either
in the LAO film or in the STO substrate) can be an electron

TABLE I. Total charge hosted in the Ti 3d orbitals near the
interface for each sample, as extracted from the RXR fits.

Sample Charge (e~ /u.c.)
3u.c. 0.16 £ 0.03
Su.c. 0.59 £ 0.05
10 u.c. 0.97 £ 0.08
10 u.c. (annealed) 0.50 + 0.03
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FIG. 4. Effects of postgrowth oxygen annealing. (a) Experimen-
tal and modeled fixed angle, o -polarized, reflectometry scans across
the Ti resonance are shown for a 10 u.c. LAO/STO after annealing
in an O, environment. The experimental data for the same sample
before annealing are shown in gray for comparison. (b) 2DEL charge
profile after annealing. (c) Orbital energies after annealing, extracted
from the reflectometry analysis.

dopant, leading to excess carriers in the 2DEL as well as elec-
tron trapping [40]. To investigate the possible effect of oxygen
vacancies, we measured an RXR data set on the same 10 u.c.
sample, immediately after annealing in a partial pressure (200
mbar) O, environment. The results, shown in Fig. 4, display
a significant change in the RXR response on annealing, indi-
cating a strong sensitivity of RXR to the oxygen content and
corresponding Ti charge variation. The data and model fits are
shown in Fig. 4(a), with the preannealing data plotted as well
for comparison. Performing the same quantitative analysis for
this case, we find that the charge density is reduced from 0.97
e~ /u.c. down to a postannealed value of 0.50 &+ 0.03 e~ /u.c.,
in agreement with the predicted value of 0.5 e~ /u.c. within
our fitting uncertainty. This decrease in 2DEL total charge is
consistent with what we observe in transport measurements
(see Supplemental Material [34]). The charge profile is plotted
in Fig. 4(b), where it is evident the total charge decreases
postannealing and also becomes more confined to the in-
terface (without considering interface broadening, the mean
2DEL charge depth is 0.4 u.c. past the first TiO, layer postan-
nealing versus 1.5 u.c. before). Finally, in Fig. 4(c) we show
the postannealing orbital energy profiles. Interestingly, the
orbital energies after annealing exhibit a much weaker tetrag-
onal splitting (23 versus 133 meV), suggesting that the larger
orbital splittings for the 10 u.c. sample prior to annealing in
Fig. 3 could be due primarily to strong potential variations due
to oxygen vacancies [41]. Further, the d,, orbital is shifted to
a lower energy at the interface postannealing, explaining the
tighter confinement of the 2DEL charge.
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Our resonant x-ray reflectivity analysis of the LAO/STO
2DEL provides crucial answers to questions regarding ox-
ide interface reconstruction phenomena. We find total charge
quantities consistent with the theory of polarity-induced
electronic reconstruction, elucidate the effects of oxygen
vacancies on this system, and further extract the confine-
ment profile of the reconstructed charge. Additionally, the
RXR technique allows us to quantify the orbital symmetry
of electronic states at Angstrom length scales, showing that
significant symmetry breaking effects of the Ti 3d orbitals
are confined to within 2 u.c. of the interface. Crucially, the
nature of RXR allows us to probe the entire reconstructed
charge density, not just mobile carriers. Building on the results
presented here, future RXR experiments will be helpful to
closely examine the 4 u.c. threshold for 2DEL formation,
as well as O, annealing of samples of various thicknesses.
Additionally, with such a precise quantification of the 2DEL
characteristics, future efforts can be directed toward engi-
neering these properties for the development of functional
devices, either in the LAO/STO system or in the other oxide
heterostructures. Finally, while these findings are important
for the understanding of the LAO/STO electronic system and
related oxide reconstruction phenomena, our results also show
resonant x-ray reflectivity to be an invaluable tool for the
burgeoning field of oxide interfaces.

II. METHODS

The set of samples investigated included 3, 5, and 10 u.c.
LAO films grown by pulsed laser deposition on TiO,-
terminated SrTiO;3 substrates. A KrF excimer laser operating
at 248 nm was used, with a fluence of 1 J/cm? and repetition
rate of 1 Hz. The growth took place at 800 °C in an O,
pressure of 1 x 1073 mbar. After deposition, all samples were
cooled down in a higher O, pressure of 5 x 10~ mbar at
a rate of 30 °C/min. Atomic layer growth was controlled
using reflection high-energy electron diffraction, as reported
in the Supplemental Material [34]. Postannealed samples were
annealed at a temperature of 530 °C under an O, pressure of
200 mbar for 1 h.

The RXR experiments were carried out at the REIXS
beamline of the Canadian Light Source [42] at 300 K in
an ultrahigh vacuum environment (<107° mbar). Reflection
intensity was monitored using a filtered photodiode, whose
response function was measured using the direct synchrotron
beam. Data were normalized by the incident beam flux and
the photodiode response to obtain the quantitative reflectivity
spectra. Two different measurement modes were used for data
presented in this work. For data in Fig. 2(a), the momentum

transfer was held fixed by slightly varying the reflection angle
for each energy. For all other data the reflection angle was held
fixed while varying incident energy. Either mode can be used
for a successful RXR analysis, provided a sufficient sampling
of the energy versus angle/momentum space is made.
Simulations of the Ti L, 3 resonant response for given
orbital energies and occupations were carried out with mul-
tiplet crystal field theory. This model Hamiltonian approach
includes the full multiplet effects arising from strong atomic
Coulomb interactions, as well as crystal field perturbations
arising from the bonding with oxygen. Exact diagonaliza-
tion and simulations of the spectral functions were carried
out with the software Quanty [35,36,43,44]. The simulated
resonances were merged with tabulated off-resonant atomic
scattering factors f, [37], and the scattering factors f; were
then calculated from the Kramers-Kronig relations. For all
other elements (La, Sr, O, Al), off-resonant tabulated scat-
tering factors were used. With all atomic scattering factors
determined, the reflectivity was simulated and fit to the exper-
iment using the dynamical diffraction software QUAD [45].
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