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SUPPLEMENTAL MATERIAL I. EXPERIMENTAL DETAILS
A. Spectroscopy experiments

The experiments were performed at the combined soft and hard x-ray beamline 109 at the Diamond Light Source and
the soft x-ray beamline ADRESS at the Swiss Light Source.!? At 109 a SCIENTA EW4000 photoelectron spectrometer
with parallel angular detection range of 60° is used in combination with a 5-axis manipulator. Data were acquired
at a sample temperature of 50 K and an overall energy resolution of 80 meV. In-situ dosing with high-purity oxygen
was accomplished through a metal capillary pointed at the sample.

At ADRESS a SPECS PHOIBOS-150 photoelectron analyzer is used in combination with a 6-axis CARVING
manipulator. Here, oxygen dosing experiments were performed by flooding the analyzer chamber with oxygen. Data
were acquired at a sample temperature of 10 K and an overall energy resolution of 80 meV.

All samples were grounded with silver paint to prevent charging. Significant intensity from the Ti 2p core level
excited by second order light from the undulator appeared in all spectra in the region around the chemical potential.
If not stated otherwise, all spectra are corrected for and normalized to this component.

B. Sample fabrication

LaAlO3/SrTiO3 heterostructures were grown by pulsed laser deposition (PLD) on TiOs-terminated SrTiO3z sub-
strates in Wiirzburg as described in Ref. [3]. The oxygen background pressure amounted to 1x10~# mbar while the
substrate was kept at 780°C. Subsequently, a post-growth oxidation step was performed at 500 mbar oxygen pres-
sure during cool-down to suppress oxygen vacancies in the SrTiO3 bulk. The v-Al;03/SrTiO3 heterostructures were
PLD-grown at DTU Energy, Denmark, as described in Ref. [4] and [5]. The shown data were obtained for a film
thickness of 2.25 unit cells of 7-Al;O3 (~ 18 A) but have been reproduced for several film thicknesses. In addition to
the original report?, the high mobility 7-Al,03/SrTiO3 heterostructures were reproduced in another PLD chamber
after a careful optimization of the deposition parameters. Here, the films were grown at 650°C and an oxygen pres-
sure of 1 x 107° mbar rather than 600°C 1 x 10~% mbar. Prior to the photoemission spectroscopy experiments they
exhibited a Hall mobility of 80,000 cmz/Vs*1 at 4 K. Note that the 7-AlyO3/SrTiO5 samples have not been exposed
to a post-growth oxidation procedure since this will quench conductivity,* thus indicating the importance of oxygen
vacancy doping in these samples.



SUPPLEMENTAL MATERIAL II. IN-GAP Ti 3d PHOTON ENERGY DEPENDENCE AT FIXED
OXYGEN STOICHIOMETRY

Complementary to Fig. 2(a) (main paper), the Ti 3d spectral weight was measured as function of photon energy at
the maximum and minimum (no) oxygen dosing. Figure S1 depicts the photon energy dependence, selected spectra
normalized to the in-gap spectral weight, and the resulting constant initial state (CIS) spectra of the relevant spectral
features. For maximum dosing, it becomes apparent that in-gap feature B (IGB) can be quenched entirely, while a
finite spectral weight for in-gap feature A (IGA) remains even for the highest possible oxygen partial pressure in the
analysis chamber. While both features are comparably intense in the middle row, IGB dominates the spectra taken
without Oy dosing in the bottom row. However, IGA can still be discerned as shoulder at -1.2eV in the normalized
spectra of Fig. S1(f).
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Figure S1. Resonant photoemission spectra upon tuning the photon energy across the Ti L edge. (a), (b), (c) Evolution of
spectral weight as function of photon energy for three fixed oxygen vacancy concentrations (From top to bottom: Maximal,
intermediate, no oxygen dosing). (d), (e), (f) Selected spectra, normalized to the in-gap spectral weight. (g), (h), (i). CIS
spectra of the respective spectral features.



SUPPLEMENTAL MATERIAL III. QUASIPARTICLE PHOTON ENERGY DEPENDENCE

Similar to LaAlO3/SrTiO3, the occupied conduction band states form a small electron pocket at and around the
I-point in k-space.® Hence, visibility in photoemission spectroscopy requires a special experimental geometry. In
different geometries, the I'-region is not probed and when having access to a six-axis manipulator, by choice of the
experimenter, one can obtain PES spectra with or without superposition of the quasiparticle. Since in this paper, we
focus on the localized in-gap states the spectra in Fig. 2 were obtained without quasiparticle. However, at ADRESS,
the evolution of Ti 3d spectral weight as function of photon energy was also measured including the quasiparticle,
as shown in Fig. S2. The quasiparticle CIS spectrum from Fig. S3 is extracted from the shown series of spectra.
However, since oxygen dosing required the flooding of the analyzer chamber due to the lack of an aluminum capillary
pointing at the sample, the tuning of the oxygen stoichiometry could not be performed as precisely as at 109. Hence,
the evolution of Ti 3d quasiparticle weight as function of oxygen stoichiometry could not be obtained.
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Figure S2. Evolution of Ti 3d spectral weight as function of photon energy, measured at ADRESS.



SUPPLEMENTAL MATERIAL IV. COMPARISON OF ~-Al,03/SrTiO, AND LaAlO3/SrTiO3

As summary, the intensity of all in-gap spectral features found in 4-Al;O3/SrTiO3 and its all-perovskite counterpart
LaAlO3/SrTiOj3 is shown as function of photon energy in Fig. S3. Additionally, x-ray absorption spectra (XAS) of two
perovskite compounds with Ti*+ (SrTiO3) and Ti** valence (LaTiO3) are shown. The quasiparticle peaks and the in-
gap features at E = —1.2eV in both compounds exhibit qualitatively similar resonance behavior. As explained in the
main text, in-gap feature B has a shifted resonance with no equivalent in LaAlO3/SrTiO3 and is hence characteristic
for the spinel/perovskite interface.
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Figure S3. Constant initial state spectra. CIS spectra of all relevant spectral features found in oxygen-deficient LaAlO3/SrTiO3
and v-Al03/SrTiO3 heterostructures. As comparison x-ray absorption spectra (XAS) of two perovskite compounds with Ti*"
(SrTiO3) and Ti*" valence (LaTiO3) are shown. Both QP peaks (gray) and the in-gap features found at -1.2 eV (blue)
exhibit essentially identical photon energy dependencies in both heterostructures. In contrast, IGB (red) has no equivalent in
LaAlO3/SrTiOs and is thus characteristic for v-AloO3/SrTiOs.



SUPPLEMENTAL MATERIAL V. EVOLUTION OF O 2p VALENCE BAND SPECTRAL WEIGHT AS
FUNCTION OF PHOTON ENERGY

The finite hybridization between Ti 3d and O 2p states in SrTiOg is commonly described in a configuration in-
teraction (CI) approach.” The charge transfer from O 2p ligand orbitals to Ti 3d orbitals in the initial state can be
described as

W) = a[3d°) + B [3d"L') +~ [3d°L?) + ..., (1)

where L denotes a ligand hole. This hybridization, i.e., essentially the second term in Eq. 1, causes the resonance
effect in the valence band observed in Figure S4(a). Since, in case of a heterostructure, a superposition of substrate
and film valence band spectral weight is measured, the overall spectral weight observed for LaAlO5/SrTiO3 and
~v-AlyO3/SrTiO; is significantly different. However, as shown in Fig. S4(b), the difference spectra between on- and
off-resonance spectra are essentially equal in the valence band region (shaded area), since the resonant spectral weight
represents the Ti 3d partial density of states (pDOS) of only the SrTiO3 substrate. The constant initial state (CIS)
spectra of the Ti 3d pDOS in comparison to the respective x-ray absorption (XAS) curves are shown in Fig. S4(c).
The CIS spectra unambiguously follow the Ti*t XAS spectra, thus evidencing that a > 8 in Eq. 1.
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Figure S4. Resonant photoemission spectroscopy of low-energy and valence band states. (a) Evolution of valence band
and low-energy spectral weight as function of photon energy in off-stoichiometric, i.e., oxygen-depleted LaAlO3/SrTiOs and
~v-Al;03/SrTiOs heterostructures (compare Figure 2(a)). (b) Comparison between off- (hv = 455.5eV) and on-resonance
(hv = 460.0eV) spectra of LaAlO3/SrTiOs and 7-AloO3/SrTiOs heterostructures. Since we measure a superposition of film
and substrate valence band the overall spectral shape differs. However, the on/off-resonance difference spectra, which represent
the Ti 3d partial density of states (pDOS) are essentially equal between E = —10eV and —4eV (shaded area) (c) Constant
initial state (CIS) spectra of the Ti 3d partial density of states (shaded area) and x-ray absorption spectra (XAS) for both
heterostructures. The CIS spectra unambiguously follow the XAS spectra, since the hybridization between Ti 3d and O 2p is
- albeit not zero - very small.



SUPPLEMENTAL MATERIAL VI. DEPTH PROFILING OF OXYGEN-VACANCY INDUCED STATES
IGA AND IGB

The intensity ratio curves shown in the inset of Fig. 2(c¢) (main paper) have been extracted from the measured
curves by performing a global fitting scheme. All spectral features, i.e., valence band, in-gap features A and B, and
the 2" order light induced Ti 2p core level were modeled as Gaussian peaks with consistent FWHM and binding
energy. As shown in Fig. S5, the fit to the experimental data is excellent for all photoelectron emission angles. Note,
that the in-gap features A and B exhibit different peak widths of 500 meV and 900 meV, respectively.
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Figure S5. Depth-dependent photoemission spectroscopy. Exemplary fits of the angle-dependent photoemission spectra. A
global fitting scheme was adopted to fit all spectra simultaneously using consistent FWHM and binding energies for the
respective spectral features.



SUPPLEMENTAL MATERIAL VII. AB INITIO CALCULATIONS: STRUCTURAL MODELS

In this section, we present the structures of the supercells for which the in-gap states were calculated. The -
Al;03/SrTiO3 interface was simulated by a superlattice (Fig. S6), where 4.5 unit cells of [001]-oriented SrTiO3 were
attached to five tetragonal and five octahedral Al layers of the Al3O, spinel structure. One unit cell of v-AlsOg
contains four layers of each type. The in-plane dimensions of the superlattice were chosen to be (2 x 2) of the
standard perovskite unit cell of SrTiOs to match the oxygen sublattices of the two materials. The real v-AlyO3
adopts a defect-spinel structure, i.e., Al vacancies are present and distributed over the tetragonal and octahedral Al
sites.® 19 In our calculations, we simulated a random distribution of cationic vacancies in the 4-Al,O3 part by means
of the virtual crystal approximation (VCA)!! where the charge of each Al cation is shifted by 1/3 towards Mg leading
to the nuclear charge Z=12+2/3.
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Figure S6. Sketch of the superlattice used to simulate the differently terminated 7-AlyO3/SrTiOs (001) interface. The n-
th subsequent SrTiOsz and v-AloO3 layers are labeled by IF + n where IF denotes the topmost SrTiOs unit cell near the
electron-doped Alg 5/TiO2 interface (marked with the shaded box). Color code as in Fig. 3(b), main text.

For the comparative analysis with bulk SrTiOs, we built a supercell with (3 x 3 x 3) lattice dimensions (see
Fig. S7(b)). This cell is large enough to separate the periodic images of a single vacancy and at the same time keeps
the computational expense reasonable. On the other hand, it does not allow to start the structural relaxation from
the antiferrodistortive (AFD) low-temperature phase of SrTiOs, which would require a much larger (4 x 4 x 4) cell for
which numerical simulations are hardly feasible. However, since the periodic AFD pattern will be strongly perturbed
by the dominating local distortions induced by the vacancy, especially at the high vacancy concentrations studied
here, we do not expect qualitative changes when starting the relaxation from the AFD structure. Furthermore, the
bonding of the SrTiO3 substrate to the (undistorted) spinel structure of the y-AloO3 will tend to suppress the AFD
pattern at the interface and in its local vicinity, the very region for which we study the formation of oxygen vacancies.

We explicitly included oxygen vacancies in order to take into account not only charge effects but also local symmetry
breaking. For this, we constructed different single oxygen vacancy configurations starting from the ideal structure
with Aly/TiO4 interface termination in Fig. S6. In the bulk SrTiOj supercell, we considered the case of a single
oxygen vacancy. Each structure was internally relaxed using the projector augmented wave basis'®!3 as implemented
in VASP code,'*'% with the in-plane lattice constant fixed at the experimental lattice parameter of 3.905A (bulk
SrTiO3) in case of the superlattice.l® For the bulk SrTiO3 supercell, the lattice vectors were additionally optimized.
Afterwards, the electronic properties were determined using the full potential local orbital (FPLO) basis set!” and
GGA+U functional’® (atomic limit double counting) applied to the correlated Ti 3d states using the standard values
for U = 5eV and Jy = 0.64eV.'Y Real-space maps of the charge density were calculated for the optimized structures
using VASP code. Both electronic structure codes (FPLO and VASP) were used for a double check on the density
of states and found to yield good agreement. Accordingly, the defect states are very similar in both methods. Due
to the different implementations of the GGA+U method in both codes, we used a larger U parameter for the VASP
calculations (U = 8¢eV) which is basically equivalent to the standard value used in the all-electron FPLO code (5€eV).

We point out that the tetrahedrally coordinated Al cations at the interface are the key element of the studied



structural interface configuration. While a certain accumulation of Al vacancies at the interface may be possible,
a recent study2® has revealed that a finite amount of both Al cations and Al vacancies must be present at the
first tetragonal layer of v-AlyOgz in order to make, e.g., a 1 uc film non-polar. According to our model, it is these
Al cations which create the symmetry-breaking effect and hence the formation of distinct oxygen vacancies at the
perovskite/spinel interface.

a) 7-AlyO3/SrTiO; b) bulk SrTiOg

Figure S7. Optimized structure of a) the y-Al;O3/SrTiO3 interface and b) bulk SrTiOs (3 x 3 x 3) supercell with a single
oxygen vacancy (OV). In panel a), the tetrahedrally coordinated Al cation which neighbors the Ti site near the oxygen vacancy
is labeled by AI(T). Color code as in Fig. 3(b), main text.
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SUPPLEMENTAL MATERIAL VIII. CRYSTAL FIELD OF DIFFERENT ATOMIC ENVIRONMENTS

In order to support the discussion in the main paper, the crystal field splitting is evaluated for different atomic
environments shown in Fig. S8. The crystal-field (CF) splitting was calculated for the five d orbitals of a Ti site
which is in the center of an atomic cluster, as shown in Fig. S8. The spatial and angular dependence of the wave
functions was modeled using the hydrogen-like atomic orbitals |nlm) constructed from the radial functions and the
real harmonics Y™ (6, ¢):

<r|nlm> = Rnl(r) Yylm(ev d))a (2)

which build the solution of the Schrédinger equation for a single electron and a nucleus with an effective (unscreened)
charge Z = 22.
The crystal-field matrix elements are calculated in the basis {dzz, A2 _y2, Ayy Az, dyz}:

HEF = (nlmq|[Ver(r) — Vor(0) [nims) (3)
where the potential value at the origin r = 0 is subtracted to allow the comparison between different atomic clusters.
In this model, the crystal field itself Vop(r) includes solely the electrostatic potential contributions from N nearest
neighbors of the central Ti cation, each having the charge @; and located at the position rj, while the considered Ti
site is placed at r = 0:

N
Vi 4
cr(r 47r50 Zl Ir — r1| @

The minus sign takes into account the negative charge of electrons. For the O, Sr and Al neighbors we assume the
nominal charges of —2, 42 and +3, respectively. Evaluation of the matrix elements (3) is done by means of real-space
integration in the cartesian coordinate system. The eigenvalues of the resulting CF matrix represent the CF energy
levels, and the corresponding eigenvectors indicate the admixture of each orbital for a given level.

We apply this scheme to study the effect of a single oxygen vacancy on the crystal-field splitting of different atomic
environments discussed in the main paper. These environments are simulated by the atomic clusters which include a
central Ti site and its nearest and next-nearest neighbors, as shown in Fig. S8. Here, we are interested in the cases
of bulk SrTiO3 and two types of the v-AlyO3/SrTiO3 interface, namely, hole-doped AlO5/TiOy and electron-doped
Alp5/TiO2 terminations. For the sake of simplicity, we do not consider the effect of structural relaxation, which
is, however, fully included in the density functional theory calculations, and analyze the crystal-field energy levels
of the ideal atomic clusters with the three lattice dimensions fixed at the same value 3.905 A, corresponding to the
experimental estimate of the Sr'TiO3 lattice constant. In each cluster, an oxygen vacancy is created near the Ti site,
as indicated by the black arrows in Fig. S8.

The calculated CF energy levels reveal a similarity between the crystal field in bulk SrTiOs and the hole-doped
~v-Al;03/SrTiO;3 interface. In contrast to this, the lowest energy orbital for the electron-doped interface has a higher
binding energy than for the other two structures. Such behavior can be attributed to the local field created by
the tetrahedrally coordinated Al cations which are present near Ti at the Alg;/TiOo-terminated interface. These
cations change the symmetry of the local field and, due to their strongly positive charge, push the electronic orbitals
downwards in energy. We note that positively charged Al cations are present at the AlO2/TiOs interface as well,
however, they are too distant from Ti to affect the crystal-field splitting in a comparable way. This picture is opposed
to the crystal field at the oxygen-deficient LaAlO3/SrTiO3 interface. There, the crystal field has practically the same
structure as in the bulk SrTiO3 with a single oxygen vacancy, which can be explained by the fact that the perturbation
induced by both La and Sr neighbors decays with distance as ~ 1/r°, so that the crystal field is determined mostly
by the oxygen neighbors.?!

In general, the calculated binding energy of the in-gap state, marked by the red lines in Fig. S8, is one order of
magnitude smaller than the DFT result. This difference can be attributed to the effect of the hybridization and
correlations as well as the structural distortions that are fully taken into account in our DFT study, but are absent
in the crystal-field analysis. Moreover, the CF calculations in Fig. S8 were done using the unscreened value of the
nucleus charge of the central Ti cation. This reduces the average size of the d orbitals and additionally decreases the
crystal-field splitting.

To summarize, this simple model of the crystal field facilitates the understanding of the intricate effects observed
in the DFT calculations. In agreement with the experimental results in the main manuscript, it demonstrates that
the different nature of the atomic environment at the 4-AlyO3/SrTiO3 interface can create a new type of the in-gap
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Figure S8. Crystal-field energy levels for different atomic environments: a) bulk SrTiOs, b) electron-doped Alg.s/TiO2-
terminated, and c) hole-doped AlO2/TiOz-terminated -Al,O3/SrTiOs interfaces. The atomic clusters modeling these cases
include Sr (red), O (blue) and Al (orange) sites surrounding the central Ti cation (green). In each case, single vacancy is
introduced near the central Ti cation on the oxygen site marked with an arrow. The electrostatic potential in the chosen
atomic clusters is calculated using Z = 22 for Ti and a = 3.905 A for the lattice constant. The lowest d energy level is marked
by the red line and its orbital composition is given in terms of the e, and t24 states.

states with a different orbital character and a higher binding energy, compared to the well-studied LaAlO3/SrTiO3
and bulk SrTiOs oxygen-deficient systems.
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