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ABSTRACT: Two-dimensional electron gas (2DEG) at the interface between two insulating
perovskite oxides has attracted much interest for both fundamental physics and potential
applications. Here, we report the discovery of a new 2DEG formed at the interface between
spinel MgAl,O, and perovskite SrTiO;. Transport measurements, electron microscopy imaging
and first-principles calculations reveal that the interfacial 2DEG is closely related to the
symmetry breaking at the MgAlL,O,/SrTiO; interface. The critical film thickness for the insulator-
to-metal transition is approximately 32 A, which is twice as thick as that reported on the widely
studied LaAlO,/SrTiO; system. Scanning transmission electron microscopy imaging indicates
the formation of interfacial Ti-Al antisite defects with a thickness of ~4 A. First-principles
density functional theory calculations indicate that the co-existence of the antisite defects and
surface oxygen vacancies may explain the formation of interfacial 2DEG as well as the observed
critical film thickness. The discovery of 2DEG at the spinel/perovskite interface introduces a

new material platform for designing oxide interfaces with desired characteristics.

KEYWORDS: oxide interface, two-dimensional electron gas, spinel, perovskite, titanium

oxides



1. INTRODUCTION

Interfacial engineering between oxides, taking advantage of advanced material fabrication
techniques with layer-by-layer control in heterostructures, provides new opportunities in oxide
electronics to explore novel phenomena through breaking the translation or inversion symmetry
at the interface."* One prominent example is the discovery of two-dimensional electron gas
(2DEG) with extremely high charge carrier mobility at the interface of two band-insulators,
LaAlO; (LAO) and SrTiO, (STO).”® The LAO/STO interface also exhibits other fantastic
properties not present in conventional semiconductor heterostructures, such as
superconductivity,” magnetism," and electronic phase separation."" Thus, the interfacial 2DEG

has become a focal point for the application of oxide electronics."

Although a large amount of experimental and theoretical work has been performed, the origin
of the 2DEG at LAO/STO interfaces is still under debate.”" In the earlier studies, the polar
catastrophe at the LAO/STO interfaces is suggest to be responsible for the interfacial 2DEG.> "
'® The symmetry breaking at the (LaO)"'/(TiO,)’ interface results in polar catastrophe, and the
charged (LaO)"'...(AlO,)" layers in the LAO film produce a built-in electric field of ~0.24
V/A." The corresponding electrostatic potential increases with increasing LAO thickness, and
2DEG appears at ~16 A when the potential overcomes the energy discrepancy of 3.3 eV between
the LAO valence band maximum and the STO conduction band minimum, resulting in a charge
transfer from the LAO surface layer to the interface.”” This scenario is consistent with the
experiments in which an electric field originating from an external gating voltage can also induce
the insulator-metal transition at LAO/STO interfaces.'"'*'® In a later hard X-ray photoemission

spectroscopy experiment, a discrepancy in the built-in fields between insulating and metallic



interfaces was indeed observed." High-energy optical conductivity revealed an ~0.5¢" charge

transfer from LAO into the interface.”

Based on the interfacial polar catastrophe, a recent work from Yang’s group provided a group
of combinatorial material descriptors with STO as the substrate and predicted 42 polar perovskite
oxides that could form 2DEG at the interfaces.” However, far less conductive 2DEG systems
have been experimentally discovered so far, indicating that other material parameters, including
defect characteristics, must play a role. In fact, recent advances in oxide interfaces suggest that
polar catastrophe alone is not sufficient to reconcile all experimental observations. The
observation of a built-in field even in the conducting LAO/STO interface is inconsistent with the
model in which the built-in field should be canceled after the charge transfer.'” 2 Moreover,
Segal et al. performed X-ray photoemission studies of the metal-insulator transition in LAO/STO
and did not find the built-in field in the LAO or any dependence on substrate termination.”
Several models involving various types of defects originating from polar catastrophe were

2426 and lattice distortions.**! In

developed, such as oxygen vacancies at the LaAlO; surface
addition to the polar catastrophe-related scenario, several extrinsic defects can also result in a
metallic interface. In particular, conducting interfaces fabricated at very low oxygen pressures
without post synthesis oxygen annealing are known to contain electron-donor oxygen vacancies
at the interface.” >’ The redox reactions on the surface of SrTiO, substrates induced metallic
interface between amorphous LaAlO,, AlL,O,, and yttria-stabilized zirconia films on SrTiO,.***
Moreover, most A**B**O, oxides contain rare-earth elements, which promote the possible
existence of donor defects by cation intermixing, leading to the formation of a metallic La,.

Sr, TiO, layer at the interface.**



Despite the ambiguous origin of 2DEG at the oxide interface, polar catastrophe is believed to
be the most basic principle for designing new 2DEG systems."”"> One intriguing discovery in
oxide interface research is that the polar catastrophe model can predict the formation of
interfacial 2DEG in not only the LAO/STO case but also other systems, such as LaTiO,/STO,”*
NdAlO,/STO,* and LaGaO,/STO.* The polar catastrophe scenario also succeeds in designing a
two-dimensional hole gas in SrTiO,/LaAlO,/SrTiO; heterostructures.”> Thus, it is natural to
explore novel 2DEG systems in materials with nonneutral layers to induce polar catastrophe at
the interface through symmetry breaking. New 2DEG systems with other crystal structures have
attracted considerable interest with the aim of unveiling the general design principle and
developing applications. For example, a room-temperature, fully spin-polarized 2DEG has been
forecasted for spin-field effect transistors based on spinel CoFe,O, and MgAl,0,.*” Nevertheless,
only a few perovskite/perovskite heterostructures with the A*B**O, nonneutral formula have

been reported to exhibit 2DEG to date.

Here, we report a new 2DEG system related to polar catastrophe in spinel/perovskite

heterostructures. Spinel minerals with the general formulation of A2+B§+OZ- possess alternative

polar planes of A** and (B,0,)” along the <001> direction, as shown in Figure la. Symmetry-
breaking-induced polar catastrophe could be expected at the spinel/perovskite interface.”** The
prototypical spinel mineral MgAl,O, (MAO), after which this class of minerals is named, was
selected to form the heterostructure with STO. MAO is a band insulator with an indirect band
gap of 7.8 eV.* It has a face-centered cubic (FCC) Bravais lattice with space group Fd3m. The
oxygen atoms are arranged in a cubic close-packed lattice, and the cations Mg and Al occupy 1/8
of tetrahedral and 1/2 of octahedral sites within the oxygen sublattice, respectively.”” " The

lattice parameter of MAO is 8.083 A, almost twice the lattice parameter of STO (3.905 A)*



which leads to a lattice mismatch of 3.3% in MAO/STO, close to the case of LAO/STO (3.0%).
The excellent match of oxygen sublattices and lattice constants between STO and MAO ensures
the epitaxial growth of MAO on the STO substrate. As sketched in the ideal interface structure
(Figure 1b), the stacking sequence at the interface of MAQ/STO is (AL,0,)*-Mg**/(Ti0,)’-(SrO)°,
suggesting the existence of polar catastrophe (Figure 1c). Moreover, there is no transition metal
or rare-earth element in MAO, which prevents the electron donor in STO from involvement in
cation intermixing. In an earlier report, Chen et al. observed a high-mobility 2DEG at the
heterointerface between SrTiO; and spinel y-AL O3 (GAO) epitaxial film.>* They found that the
interface-stabilized oxygen vacancies induced by the oxygen-poor condition without annealing
are responsible for the 2DEG. A detailed study of the band alignment in GAO/STO
heterostructures by using hard x-ray photo-electron spectroscopy revealed band bending in the
STO substrate and no signs for potential gradient in GAO.> Furthermore, theoretical calculations
suggest that the lattice mismatch and intrinsic Al cation vacancies result in the interfacial

reconstruction and lead to the insulator-metal transition.>>

In this work, we report the 2DEG at the interface of spinel MAO and perovskite STO with a
threshold thickness of 32.3 A (4 unit cells) after in situ annealing at 1 atmosphere O,. Combining
high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and
first-principles calculations, a Ti-Al-O layer with a thickness of ~4 A at the MAO/STO interface
formed spontaneously due to the polar catastrophe, which cancels the build-in polar field in
MAO and eventually induces conductivity at the MAO/STO interface. Our results on the

MAO/STO interface open a new door for defect engineering of 2DEG at oxide interfaces.
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Figure 1. Polar catastrophe at the spinel/perovskite interface. (a) Crystal structure of a general
spinel AB,O, and a perovskite ABO,. Spinel is composed of charged layers A" and (B,0,),
whereas the layers in perovskite are either charged or neutral. (b) Sketch of the spinel/perovskite
heterojunction of MgAl,O,/SrTiO; (MAO/STO). Also shown is the ideal atomic distribution at
the MAO/STO interface. Because of the good matching of the oxygen sublattices between the
T1,04 layer in STO and the Al,Oq layer in MAO, the Mg, layer is supposed to be the first layer of
MAUO near the interface. (c¢) Schematic illustration of the polar catastrophe at the MAO/STO

interface.

2. EXPERIMENTAL SECTION
MgALO,/SrTiO; heterostructures were fabricated at 800 °C by pulsed laser deposition on TiO,
terminated STO substrate. During deposition, the laser influence was fixed at ~ 1 J/cm® and the

oxygen pressure is 1x10° Torr. The thickness of MAO film was monitored by RHEED



oscillation. To remove oxygen vacancy, the temperature was decreased to 600 °C, and the
samples were annealed at 1 atmosphere O, pressure for 1 hour, then the chamber was slowly
cooled down to room temperature. As a reference, oxygen-deficient STO was prepared after
annealing at 800 °C and 1x10” Torr oxygen pressure for 1 hour, and then cooling down to room
temperature with the same oxygen pressure. Charge transport properties of the MAO/STO
sample were measured using the van der Pauw four-point method in a Physical Properties

Measurement System (Quantum Design). Ti/Au was used as the contacts by sputtering.
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Figure 2. Layer-by-layer epitaxial growth of MAO on TiO, terminated STO. (a) RHEED
patterns before and after the deposition of 5 unit cell MAO film. (b) Oscillations in RHEED
intensity during growth suggest a layer-by-layer growth mode. (c) AFM image of the same film,
confirming the layer-by-layer growth. (d) HAADF image of a 6 unit cell MAO on STO. (e) PL

spectra and (f) absorption of 10 unit cell MAO/STO with and without in situ annealing at 600 °C



and 1 atm O, pressure. The as-received STO substrate and vacuum-annealed STO were also

measured as references.

First-principles calculations were performed using density functional theory (DFT), as
implemented in the Vienna Ab-initio Simulation Package (VASP).”** The Projector Augmented
Wave (PAW) potentials were used for describing electron-ion interactions®® and the Generalized-
Gradient Approximation (GGA) was applied for the exchange-correlation functional.”’ The
cutoff energy for the plane wave expansion was set to 450 eV. Gamma-centered k-point grids for
Brillouin zone sampling were set to 3X3X1 for ionic relaxation and 6X6X1 for static
calculations, respectively. To reproduce the experimental epitaxial growth of the film, all the
atomic positions and the lattice parameters along the z-axis (i.e., perpendicular to the interfacial
plane) of the heterostructure model were fully relaxed by minimizing the forces up to 0.03 eV/A.
The cell parameter along the interfacial plane was fixed as the 7.87A, i.e., twice of the bulk STO
equilibrium lattice parameter (a = 3.935 A). The convergence tolerance of the total energy was

setto 10°eV.

3. RESULTS AND DISCUSSION

Layer-by-layer growth of MgAlLO, on SrTiO;. MAO films were deposited on TiO,-
terminated STO substrate by pulsed laser deposition at 800 °C under 1x10”° Torr oxygen
pressure followed by one hour of annealing at 600 °C and 1 atmosphere O, pressure to remove
oxygen vacancies. Before deposition, the reflection high-energy electron diffraction (RHEED)
pattern showed a clear (100) symmetry of the STO substrate (see Figure 2a). Due to the
difference in lattice symmetry between the MAO film and the STO substrate, the distances of the

RHEED patterns were doubled after the deposition of the MAO layer. The oscillations in



RHEED intensity during growth suggest a layer-by-layer growth mode, as shown in Figure 2b.
Each oscillation period corresponds to the minimum unit of the chemical composition needed to
ensure charge neutrality. Thus, 4 oscillations indicate the growth of 1 unit cell MAO layer. The
step-like pattern in the atomic force microscopy (AFM) image of Figure 2(c) confirms the layer-
by-layer growth of the MAO film. The height of the step is approximately 3.9 A, which
represents the step of the TiO,-terminated STO substrate. In Figure 2(d), the cross-section
HAADF image of the MAO/STO heterojunction suggests good epitaxial growth of MAO on the
STO and the sharp interface. As the contrast in this technique is related to the atomic number Z,
the MAO layer appears darker than the STO substrate because of the lower average Z numbers

(Mg-12, Al-13, Ti-22, and Sr-38).

Ti-Al antisite defects at the MAO/STO interface. Figure 3a shows the HAADF-STEM
blowup image at the MAO/STO interface. Based on the contrast of ions with different Z values,
the ion distribution can be illustrated as reported in the literature.” The interface layer cannot be
labeled either TiO, or AlO,. In fact, the HAADF signal profile along the <001> direction in
Figure 3c indicates that Ti diffused into the adjacent MAO layer in proximity to the interface. A
clear stack sequence (-Sr-O-)/(-Ti-Al-O-)/(-Ti-Al-O-)/(-Al-O-) can be observed from the layer-
resolved HAADF signal profile, as shown in Figure 3b, indicating the formation of two Ti-Al-O
atomic layers at the MAO/STO interface. There are two interesting properties of the interfacial
Ti-Al antisite defects in the MAO/STO heterostructure. First, the abrupt drop of the Ti signal in
Figure 3c suggests that the Ti-Al antisite defects are strongly confined at the interface. The
thickness of the interfacial Ti-Al-O layer estimated from Figure 3c is approximately 4 A,
indicating an important role in the interfacial electron and/or orbital reconstruction at

MAO/STO. Second, at the interfacial layers, the Ti ions do not randomly occupy the positions of
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Al ions but follow the crystal structure of STO, as shown in Figure 3b. Ti ions retain the B site of
perovskite ABO; in the Ti-Al-O layer at the SrTiO; side and represent the A site of Sr ions in the
Ti-Al-O layer at the MAO side. This distribution in MAO/STO suggests the prominent role of
the oxygen sublattice on the interface structure. Element intermixing within several monolayers
at the interface is ubiquitous in both metallic and insulating LAO/STO samples.'”'** STEM-
EELS mapping of LAO/STO shows that Ti diffuses across the interface to LaAlO; layers for
approximately 2 unit cells, where the Al fraction gradually decreases from bulk to the interface,”
indicating a coexistence of Ti ions and Al ions at the interface, which is consistent with our
HAADF-STEM results of a Ti-Al-O monolayer at the MAO/STO interface.

To further investigate the element intermixing at the MAO/STO interface, Rutherford
backscattering spectrometry (RBS) was performed on the sample of 10-unit-cell MAO on STO
substrate, as shown in Figure S1 of supplementary material. In RBS, the incident He" ions are
scattered by nuclei of the elements in the material. An energy spectrum of the backscattered He"
ions yields information about the elements at different depth, and can be used to study the buried
interfaces and diffusion profiles.”® The double peaks of Al in the RBS suggest the distribution of
Al is inhomogeneous in different layers. The fitting of the spectrum indicates an interfacial Al-
Ti-O mixing layer, which supports our claim of an interfacial Ti-Al-O layer. However, due to the
small atomic number the signal of Mg in the RBS is too weak to extract its distribution in
MAO/STO.

Oxygen vacancy defects. Photoluminescence (PL) and absorption spectra were collected to
check the influence of oxygen pressure during growth on the oxygen deficiency of the samples.
The STO substrate and vacuum-annealed STO were also measured for reference. As shown in

Figure 2(e) and (f), the sample without annealing shows a stronger PL, which suggests the
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existence of a large amount of oxygen vacancies.” ' After annealing, the PL intensity decreases
to a level close to that of the insulating STO substrates. The absorption edges of all the samples
are located at 380 nm, which corresponds to the band gap of STO (3.2 eV). The annealed STO
substrate and the as-deposited MAO/STO heterostructure show another absorption peak at
approximately 426 nm, suggesting the existence of donor levels associated with oxygen
vacancies below the bottom of the conduction band of STO.” After annealing, the absorption
peak from the oxygen vacancy states disappears, and the absorption across the entire measured
wavelength region decreases to a value near that of the insulating STO substrate. The PL and
absorption spectra suggest that the in situ annealing process sufficiently reduces the oxygen
vacancy defects in the MAO/STO heterointerface.”” It should be noted that a small amount of
oxygen vacancies may still exist at the interface, which has been suggested to be responsible for

the interface conductivity in some titanium oxide based heterostructures. >
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Figure 3. Ti-Al antisite defects at the MAQ/STO interface. (a) HAADF-STEM image and the
corresponding schematic structures of MAO and STO. Sr, Ti, and Al ions can be clearly

distinguished due to their different Z values. (b) Layer-resolved HAADF signal profiles from
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areas outlined in (a) along the direction parallel to the interface for four atomic layers around the
interface. Green, cyan, and magenta peaks denote Sr, Ti, and Al atoms, respectively. The
coexistence of Ti and Al implies the formation of interfacial Ti-Al antisite defects. (c) Signal
profile extracted from the HAADF image along the direction perpendicular to the interface
suggests that the interfacial Ti-Al antisite defects are confined within a thickness of

approximately 4 A. IF is the abbreviation of interface.

Charge transport of the 2DEG at MAO/STO interface. As shown in Figure 4a, although
both MAO and STO are band-insulators, the temperature-dependent resistances of MAO/STO
samples present metallic behavior when the MAO layer exceeds 4 unit cell (32.3 A). The
thickness dependencies of conductivity and charge density at room temperature show a threshold
at 4 unit cell (Figure 4b), and the resistances of samples with a thinner MAO layer are outside
the measurement limit (10° Ohm). Although the 2DEG reported in LAO/STO interfaces also has
a threshold of approximately 4 unit cell,'® the lattice parameter of MAO, a = 8.083 A, is twice as
large as that of LAO (~3.8 A). Hall measurement shows that the main type of charge is electron
with a charge density of 5.2x10"” cm™ and a mobility of 304 cm’Vs for the 10 unit cell
MAO/STO at 2 K, which is similar to the values reported for LAO/STO interfaces.'>'** The
temperature dependencies of resistance for all the samples show a low-temperature upturn,
which is commonly observed in systems with symmetry breaking. The resistance upturn could be
attributed to the weak localization (WL) as a result of the interface disorders or to the Kondo
effect with a magnetic origin. In the MAO/STO system, a positive magnetoresistance was
observed, implying that the charge transport is not likely to be dominated by the Kondo effect,
which usually results in a negative magnetoresistance due to the suppression of spin-flip

scattering under a magnetic field.*
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Figure 5. Weak antilocalization induced by the Rashba spin-orbit interaction. (a)
Magnetoresistance of the 10 unit cell MAO on STO. The applied magnetic field is perpendicular
to the film plane. (b) Experimental Ao (symbols) and theoretical fits (lines) to the k-cubic ILP
model. (c) Parameters used for the k-cubic ILP fitting (Bgy,=0). (d) Temperature dependence of

the spin precession length.

Arising from the structural inversion symmetry breaking, the Rashba spin-orbit interaction can
be substantial and plays a critical role in the charge transport for 2DEG systems.””® According
to the weak antilocalization (WAL) theory, the destructive interference effect of coherently back-
scattered electrons enhances the conductivity of the system. The applied out-of-plane magnetic
field suppresses the conduction enhancement and hence results in a sharp increase in resistance
at low fields. In Figure 5a, the magnetoresistance (MR) of the MAO/STO interface shows a
sharp cusp at a magnetic field of O T for temperatures below 6 K, which is a typical WAL feature
in a 2DEG system.” The conductivity difference Ao, which presents a WAL correction to the
conductivity by subtracting the B> Lorentz background, can be fitted by the k’ spin splitting
model from the Iordanskii, Lyanda-Geller, and Pikus (ILP) theory, as shown in Figure 5b.”
Figure 5c shows the fitting parameters characterizing the magnetic fields for the phase coherence
B, and the spin-orbit coupling Bg,;. The spin precession length Ly, calculated from the fitting is
approximately 18 nm at 2 K (Figure 5d), which is smaller than the value of 60 nm reported on
electrically gated SrTiO,.”» 7 The shorter Ly, probably reflects that the atomic spin-orbit

coupling is stronger in MAO/STO than in the electrically gated SrTiOs;.

Temperature-dependent resistance and the magnetoresistance data reveal a competition
between WL and WAL effects in the MAO/STO. The resistance upturn appears at around 21 K,

and the negative magnetoconductivity cannot be clearly distinguished above 6 K, which imply a
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transition from WL to WAL as the dominant effect with decreasing temperature. We also could
not exclude the scenario that the electron-electron interaction leads to the resistance upturn,
which has been reported in topological insulators.” The electron-electron interaction may
dominate the temperature dependent behavior, but not respond significantly to the external

magnetic field.

Origin of the 2DEG in MAO/STO. We first evaluated the 2DEG in this new type of
interface using the polar catastrophe model without defects. In the polar catastrophe model, the

critical thickness of the interfacial 2DEG can be calculated from equation (1) as follows:

L = Adeye,/eP, (1)

where A® is the energy difference between the film valence band maximum and the STO
conduction band minimum, and €. and P, are the relative permittivity and formal polarization of
the film, respectively.”” For the prototype LAO/STO model, the critical thickness L of LAO to
form interfacial 2DEG is approximately 13.5 A with the parameters €, = 24.5, A® ~3.3 eV, P,=
0.529 Cm™, which is consistent with the experimental value of 4 unit cell.””* For the 2DEG at
the MAO/STO interface, by using the physical parameters €, = 7.89," A® ~3.8 eV (see Figure
S2 in the Supplementary Information), and Pyao = 4e/2Sma0, the critical thickness is
estimated to be 5.0 A, which means the 2DEG should arise in 1 unit cell MAO (8.08 A) films

and is inconsistent with the experimental value of 4 unit cell.
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Figure 6. Antisite defect models to explain the 2DEG at MAO/STO interfaces.
Heterostructure models of (a) Antisite-I and (b) Antisite-II along with the charge density
projected on the bands forming interfacial conductivity and the charge transfer mechanism. The
yellow color around the Ti ion in (b) indicates the conducting 3d orbital. Considering the polar
catastrophe at the MAO/STO interface with antisite defects, Antisite-I is insulating, and Antisite-

11 is metallic.

To understand the origin of 2DEG at the MAO/STO interface and the large discrepancy
between the estimated and experimental critical thickness of the insulator-to-metal transition, we
studied the electronic structures and energetic stability of the MAO/STO system using first-
principles density functional theory (DFT) calculations. We built MAO/STO heterostructure-
based slab models with different MAO layer thicknesses and calculated their electronic
structures. The conventional unit cell of MAO contains four alternating layers of [Mg,]** and

[A1,04]*,as shown in Figure 1. To be clear, one alternating [Mg,]* and [AL,O]* layer is defined
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as one monolayer (ML); thus, one MAO unit cell contains 4 MLs. The layer-resolved density of
states (DOS) of the MAO/STO model with 4ML MAO is shown in Figure S4 of the
Supplementary Information. Driven by the polar catastrophe at the (Mg,)**/(Ti,O,)" interface, Ti
3d states near the interface cross the Fermi level and become occupied, forming n-type
conductivity at the interface, similar to the LAO/STO case. The total DOS for the MAO/STO
slab shows that the MAO/STO heterostructure has an insulator-to-metal transition when the
MAQO thickness increases up to 4ML, i.e., one MAO unit cell (8.08 A); see Figure S5 in the
Supplementary Information. The large discrepancy between the calculated critical thickness
(8.08 A) and the experimental value (32.3 A) suggests that the 2DEG in MAO/STO is not caused

solely by the polar-catastrophe-induced charge transfer.

We built two antisite defect models for the MAO/STO interface and studied its
thermodynamic stability and electronic properties. Our structural models are based on three
experimental evidences: i) our HAADF measurement shows the existence of Ti-Al antisite
defects, which is similar to the LaAlO3/SrTi0O5 interface with extensive Sr-La and Ti-Al antisite
defects.” ii) growth-induced non-stoichiometry, such as an Al-excess film, in LaAlO3/SrTiO3 &
may also exist in MAO/STO, which makes the antisite model reasonable, and iii) the
experimentally observed critical thickness of the MAO film to form interfacial conductivity is
32.3 A, which is much larger than the calculated value of 8.08 A from the defect-free model.
Herein, we modeled two types of antisite defect models: i) Antisite-1 with one Ti-Al antisite set
plus two substitutional Al to Ti atoms at the interfacial (Ti,Og)° layer, which forms the
symmetrical (AL TiO,)>-(Mg,)**-(ALTiOy)” structure (see Figure 6a), and ii) Antisite-II with two
Ti-Al antisite sets at the interface, which forms symmetrical (ALTi,O;)*-(Mg,)"*-(ALTi,O,)

structure (see Figure 6b). For Antisite-I, the built-in field is canceled by the formation of an
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interface (AL, TiO,)” layer, and the potential remains finite. The interfacial (Mg,)™ layer donates
four electrons to the two adjacent (AL TiOy)” layers. One electron goes to the upper (AL TiOy)”
layer, and the other three go to the lower (ALTiOy)” layer, leading to a charge balance. As a
result, the interface at Antisite-I is insulating. In Antisite-1I, to maintain the charge balance
between the interfacial (Mg,)™ layer and its adjacent two (AL Ti,O)” layers, the interfacial
(Mg,)™ layer needs only to donate two electrons to the lower (ALTi,O,)” layer since the upper
(AL TiOg)? layer can accept two electrons from the upper (Mg,)** layer. As a result, the
interfacial (Mg,)"* layer donates two remaining electrons that are captured by Ti 3d orbitals in
the adjacent two (AL;TiOg)? layers, forming a conducting interface (see Figure 6b). Thus, both
the insulating and metallic interface can rise in the Ti-Al antisite defects model, which may

explain the thickness-dependent 2DEG in MAO/STO.

To evaluate the relative stability of the two antisite models, we calculated their defect
formation energies, as shown in Figure 7a. The details of the calculations can be found in the
Supplementary Information. The negative formation energy of the Antisite-I model indicates the
spontaneous formation of Antisite-I, while Antisite-1II is energetically unfavorable. This suggests
that the MAO/STO interfaces with antisite Ti-Al defects tend to be insulating rather than
metallic, which is consistent with the insulating MAO/STO interface below the critical thickness,

but the antisite model alone cannot explain the metallicity in thicker films.

It is worth pointing out that recent theoretical studies have shown that oxygen vacancies also
exist on the surface of the LaAlQ, film due to the intrinsic charge imbalance® ™. Yu et al.
found that the oxygen vacancies at the surface are more stable than those at the interface, and
they even exist after exposure to air or post-annealing in an O-rich environment in LAO/STO.”

Based on these considerations, we built the MAO/STO heterostructure with both interfacial Ti-
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Al antisites (Antisite-I and Antisite-II) and surface oxygen vacancies and studied their energetic
stability. For the convenience of discussion, they are named Antisite-I-Vo and Antisite-II-Vo,

respectively, both with one oxygen vacancy on the (Al,O;)* surface layer.

To evaluate the formation possibility of Antisite-1I-Vo, we calculated its formation energy as
a function of the oxygen chemical potential at various MAO thicknesses (Figure 7b). The details
of the calculation of formation energy are shown in the Supplementary Information. Our
calculations show that the formation energy decreases with increasing MAO thickness, which
indicates that the oxygen vacancy becomes more energetically favorable with thicker MAO film.
As the oxygen chemical potential Apg under the deposition condition (T = 800 °C and P = 1x107
Torr) is -6.95 eV (see details in the Supplementary Information), the formation energy becomes
negative for a 3 unit cell MAO film (~2.42 nm), as shown in Figure 7b, indicating the
spontaneous formation of Antisite-II-Vo. In other words, the surface oxygen vacancies promote
the formation of metallic Antisite-II layer.. This thickness threshold is close to the
experimentally observed critical thickness of 4 unit cells of MAO (~3.23 nm). We attribute the
small discrepancy in the critical thickness to the following two factors: (1) the coexistence of the
insulating Antisite-I with a similar formation enthalpy AH. The conducting channel appears in
the insulating background of Antisite-I when more Antisite-II defects arise in thicker MAO
films. (2) the removal of oxygen vacancies during in situ annealing. In Figure S4, we plot the
formation energy of Antisite-II-Vo as function of the MAO thickness under annealing
conditions. We found that the spontaneous formation of surface oxygen vacancy happens when

the MAO thickness is larger than 4.7 nm (~6 unit cells of MAO).
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Figure 7. Thickness-dependent formation of antisite defects and surface oxygen vacancies.

(a) Calculated defect formation ener (Eanti) for Antisite-I and Antisite-II as a function of the
gy (Ef

MgAlO, film thickness. (b) Calculated formation energy of Antisite-1I-Vo and Antisite-II-Vo as

a function of MAO thickness under the experimental deposition conditions.

Discussions. Our discovery of the 2DEG at the MAO/STO interface provides a platform for
both the exciting physics and oxide electronic applications of interfacial 2DEG. The MAO/STO
interface is an excellent reference system for comparing with the LAO/STO counterpart to unveil
the physics of 2DEG at the oxide interface. Due to the ubiquitous nature of interfacial defects, it
is quite a challenge to identify the exact role of defects in the 2DEG. For example, all the
examples of 2DEG in perovskite/perovskite heterostructures contain rare-earth elements, which
may induce the metallic interface by an unexpected cation mixture, such as LaSr, TiO; in
LAO/STO.” Although several theoretical works have shown that such a cation mixture at the
interface leads to an insulator, there is no direct experimental evidence to demonstrate that 2DEG
can exist without rare-earth element intermixture in a perovskite/perovskite system.” In fact,

several experiments have observed the intermixture of La at the interfaces of LAO/STO and
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attribute the 2DEG to the rare-earth element doping.”>* In our spinel/perovskite system, there
are no rare-earth elements. Thus, the 2DEG at MAO/STO with similar electrical properties to
LAO/STO directly excludes the rare-earth doping mechanism for 2DEG at the oxide interface.
Moreover, the discrepancy between the observed critical thickness of 4 unit cell and the
calculated value of 1 unit cell using a polar-catastrophe-induced charge transfer model suggests
that the polar catastrophe alone is not enough for the emergence of 2DEG, and spontaneous

interfacial defects in MAO/STO must be considered.

Besides the antisite defects model in the present work, two other scenarios may contribute to
the interface conductivity in MAO/STO. First, oxygen vacancies have been observed in various
oxide heterostructures and supposed to result in the interfacial conductivities in some titanium
oxide based 2DEG systems. Although the annealing process conducted in situ at 600 °C and 1
atmosphere O, could reduce the oxygen vacancy level in the bulk, a small amount of oxygen
vacancy may still exist at the interface of MAO/STO. Both the earlier theoretical work® and our
calculations suggest that several kinds of oxygen vacancy can be robust against annealing but
they are not expected to dictate the transport behavior. Second, lattice distortion has been
reported in LAO/STO and results in the ferroelectric-like polarizations across the interface.?’
Recent theoretical calculations on GAO/STO also suggest that the lattice mismatch at interface
could induce lattice distortion and spontaneous polarization in the GAO part. > The lattice
mismatch in MAO/STO is close to that in LAO/STO and GAO/STO, and thus lattice distortion

at the interface may also exist and warrants future investigation.

The 2DEG at the MAO/STO interface also introduces new opportunities for oxide electronic
applications. First, without expensive rare-earth elements, MAO/STO could be a less expensive

alternative to LAO/STO for various applications, such as memory devices based on resistive
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switching.”* Second, MAO has been commonly adopted as the buffer layer for ferrimagnetic spinels
deposited on perovskite STO.” Here, we show that this bottom MAQ/STO interface is conductive and
thus could be used as a transparent electrode for constructing multilayer magnetic devices. Finally, the
reports of 2DEG at the spinel/perovskite interface could attract new efforts to design novel
spintronic devices based on perovskite/spinel heterostructures. Recently, magnetic tunnel
Junctions with MAO barriers were reported to exhibit giant tunnel magnetoresistance for the
application of high-performance spintronic devices.”* Our results highlight the prominent role
of symmetric breaking-induced polar catastrophe and Rashba spin-orbit interactions in the
charge transport properties at the interface. Furthermore, there is a large group of spinels with
various properties and broad applications, such as antiferromagnetic insulators, ferromagnetic
metal/insulators, and superconductors. In particular, half-metallic ferromagnetic Fe;O, has been
intensively investigated to integrate it into spintronic devices. The insulating nature of
ferrimagnetic NiFe,O, or CoFe,O, spinels makes these materials suitable for tunnel barriers in

room-temperature spin filters or magnetoelectric multiferroic composites.”

4. CONCLUSIONS

In this work, spinel MgAl,O, films were epitaxially grown on perovskite SrTiO; in the layer-
by-layer mode followed by in situ annealing in an oxygen atmosphere. Charge transport
measurements revealed a new 2DEG at the interface of MAO/STO with a thickness dependence
different from the LAO/STO system. Interfacial Ti-Al-O layers were observed in the HAADF-
STEM images. The first-principles calculations suggest that Ti-Al antisite defects form
spontaneously due to the polar catastrophe at the interface and cancel the built-in polar field in
MAO. The coexistence and competition of different types of Ti-Al antisite defects lead to the

thickness dependence of the metallic interface. Our complementary experimental and calculation
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results regarding the critical role of antisite defects at the MAO/LAO interface underscore the
importance of defect engineering in addition to the polar catastrophe, which opens a new door

for interface design with tailored properties.
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