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Orbital-adapted electronic structure and anisotropic transport in y-Al,03;/SrTiO; heterostructure
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High electron mobility is pivotal in engineering oxide interfaces for electronic devices. Here, interfacial struc-
ture and physical behaviors of y-Al,03/SrTiO; spinel/perovskite heterostructure are explored to understand the
microscopic origin of its extremely high electron mobility (1.4 x 10° cm? V! s7! at 2 K). Lattice mismatch
at interface and intrinsic Al cation vacancies result in unexpected interfacial reconstruction and anisotropic
electronic behavior. The spontaneous polarization in the y-Al,O; part leads to an insulator-metal transition
observed experimentally, even if the thickness of y-Al,O3 is only one unit cell, and a strong internal electric
field can be as large as 142 mV/A, roughly 1.8 times the experimentally observed value of 80.1 mV/A
in LaAlO3/SrTiOs. As a result, unlike only in-plane slightly occupied Ti-d,, subbands in the conventional
SrTiOs-based perovskite/perovskite heterostructure, all three #,, orbitals have charge exchange with the surfacial
O-2p orbitals in y-Al,03/SrTiOs; especially, the preferential orbital occupation is out-of-plane Ti-d,,/Ti-d,,
at the interface. Nontrivial orbital occupation and complicated interfacial reconstruction result in large group
velocity and a high density of states at the Fermi level and therefore serve as the origins of extremely high
electron mobility and high carrier concentration. The physical mechanism revealed in our work offers insight

into the creation of high-mobility nanoscale electronic devices.
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I. INTRODUCTION

As early as 100 years ago, researchers like Donnan
had realized the potential to take advantage of the “two-
dimensional” phase at surfaces or interfaces that separate
different sorts of matters in bulk [1]. The fast development
of the experimental interface technology in the past decades
has motivated the research effort to study and design the ex-
traordinary physical properties of transitional metal materials
with interfaces. Here the interface can be used to modulate
the electronic structure around the Fermi level for manipu-
lating physical properties and generating phenomena which
are absent in the bulk constituents, due to the rearrangement
of orbitals, charge, spins, and lattice and the resulting re-
balancing of their mutual interactions [2—6]. These emergent
phases, such as high mobility, superconductivity, tunable spin-
orbit coupling, multiferroelectricity, and magnetism, etc., hold
promising potential for tailor-made functionalities useful in,
e.g., microelectronics, data storage, and sensor technology.

Typically, owing to the rapid progress in atomic-scale
control of complex oxide heterostructure (HS) growth, a
two-dimensional electron gas (2DEG) has been observed
at the (001)-oriented heterointerface between two band-gap
insulators of perovskite LaAlO; (LAO) and SrTiO3 (STO)
[7-13]. More recently, a 2DEG with extremely high carrier
mobilities, exceeding 10° cm? V~! s~ at 2 K, is fabricated at
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a (001)-oriented epitaxial spinel/perovskite interface between
y-alumina (y-Al,O3, GAO) and STO [14-21]. The interface
conduction depends strongly on GAO film thickness and also
sample temperature. At 700°C, the critical thickness for an
insulator-metal transition can be as low as one unit cell [15]. In
addition, 2DEG found at the interface of GAO/STO displays
anisotropic electronic transport [22,23]. The origin of the
emergent unusual quantum states and transport phenomenon
is currently under debate. Some studies attribute them to the
altered crystal field at the interface and symmetry breaking of
the interfacial structural units, but the exact nature of interfa-
cial structural change and its effect on physical properties are
unclear up to now.

Herein, in order to solve this conundrum, we conduct a
detailed investigation and analysis of the interfacial structural
strain, electronic properties, and Ti-t,; orbital physics of
spinel/perovskite HS GAO/STO. HS is found to carry out
interfacial reconstruction to a lower energy configuration due
to the intrinsic Al cation vacancies and lattice mismatch at the
interface. Associated with this interfacial transition, electronic
behavior presents strong anisotropy observed experimentally.
Strong spontaneous polarized potential across the GAO part
induces out-of-plane electronic reconstruction; however, the
extra electrons from surfacial oxygens occupy the three Ti-#,
states rather than only the Ti-d,, state in the LAO/STO case,
inducing larger group velocity and higher carrier density at
the Fermi level. Very interestingly, the preferential orbital
occupation is out-of-plane Ti-d.,/Ti-d,. in the STO-1 layer at
the interface, consistent with the result of resonant soft x-ray
linear dichroism [21].

©2020 American Physical Society
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FIG. 1. Schematic geometrical structures of GAO/STO HS
(a) before and (b) after atomic optimization. (c) The locations (top
view) of intrinsic Al cation vacancies at octahedral sites in different
GAO layers are labeled by different colors, and the same color
mark is used in panel (a). (d) Optimized HS in its pseudohexagonal
primitive cell due to interfacial reconstruction in the xy plane.

II. RESULTS AND DISCUSSION

Usually, the crystal structure of y-Al,O3 is described as
a spinel AB,0O4 with Al cation vacancies at A or B sites. Its
fcc cubic cell has a spinel unit 4[A;-B4Og] with the lattice
constant of a = 7.911A [24], containing 56 atoms: 8 Al
atoms in tetrahedral A sites, 16 Al in octahedral B sites, and
32 O in a fcc array. Appropriate cation vacancies must be
introduced to satisfy the Al,O3 stoichiometry. Theoretically,
first-principles calculations indicate that the cation vacancies
prefer octahedral positions, and they tend to distribute far
away from each other [25]. Therefore, in our first-principles
investigation of y-Al,03/SrTiO3 heterostructure, we focus on
the case of octahedral vacancy occupied.

In order to minimize the lattice mismatch between
y-Al,O3 and SrTiOj3, a two-dimensional (2D) supercell was
constructed in Fig. 1(a). We took the sextuple and duplation
of lattice constant of bulk SrTiO5 (23.43 and 7.81 A) as the
in-plane lattice constant a and b of the y-Al,03/SrTiO3 het-
erostructure, respectively. An eight-cation vacancy on octahe-
dral sites was decided according to the interaction minimiza-
tion between vacancies, as shown in Fig. 1(c). For simulating
substrate effect, we relaxed atomic internal coordinates except
for those in the lowest STO-4 layer.

The optimized heterostructure and its pseudohexagonal
primitive cell are shown in Figs. 1(b) and 1(d), respectively.
Compared to the LAO/STO HS, the structure properties and
the polarization distortion are obviously more complicated
in the GAO/STO HS. An atomic interfacial reconstruction
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FIG. 2. (a) A sketch of the GAO/STO heterostructure.
(b) Macroscopic average and planar average of the electrostatic
potential. (c¢) Schematic band diagram of the GAO/STO
heterostructure.

occurs, due to interfacial symmetry breaking, Al cation va-
cancy, and big structure differences between spinel and per-
ovskite, and finally the HS reaches a lower energy configura-
tion in the pseudohexagonal phase [Fig. 1(d)]. Structural dis-
tortion in the GAO-1 layer at the interface is much larger than
that in other GAO layers, which finally affects the electro-
static potential and electronic properties discussed below. The
local ionic dipole moment [see Fig. 2(a)] in the HS induces
inevitably an internal polarized electric field across y-Al,O3
and leads to increased Ti-O bond lengths along the z direction.
In order to illustrate the effect of the polarized field on the
energy gap, we show the planar averaged (PA) electrostatic
potential [26] and its macroscopic average (MA) along the z
direction perpendicular to the interface of heterostructure in
Fig. 2(b). In the y-Al,O;3 region, the electrostatic potential
increases gradually and eventually makes the valence band
edge of the surface layer cross over the Fermi level, as can be
seen from Fig. 3. The valence band shift (VBS) in the y-Al, O3
region can be obtained simply as the difference between the
valence band edges of the surface and interface layers, i.e.,
EGL = EGAO* — EGA9~! | from which the internal electric
field is estimated to be 142 mV//A, roughly 1.8 times the ex-
perimentally observed value of 80.1 mV/A in the LAO/STO
HS [27], potentially leading to larger carrier concentration at
the interface. It is worth noting that the MA potential presents
a smooth evolution at the interface, absolutely different from
the abrupt change in the LAO/STO HS, due to interfacial
reconstruction and intrinsic Al cation vacancies.

The layer-projected densities of states are shown in Fig. 3.
The polarized GAO produces a potential increment beyond
the band gap of STO, brings three Ti-t,, states of STO and the
O-py, py states of the GAO surface across the Fermi level,
and drives an insulator-metal transition in the HS. The electric
field discontinuity in the GAO part leads to the upshifting of
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FIG. 3. Layer-projected density of states of the GAO/STO het-
erostructure after interfacial reconstruction.
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the valence band edge, and positive and negative monopole
charges accumulate at the GAO surface and on the STO side,
respectively, in the metallic phase, which is confirmed by the
partial charge density in Fig. 5.

The distinct formation mechanism of a 2DEG in
GAOQ/STO is displayed in the schematic band diagram in
Fig. 2(c). Interface reconstruction results in the strained local
structure and hence the changed local electronic structure.
Meanwhile, out-of-plane electronic reconstruction comprises
the formation of both holes at the surface and electrons at the
interface. This stands for the forming of a Schottky barrier.

In Fig. 4(a), we show the Ti-O and Al-O polyhedral
structures in the optimized GAO/STO HS. The
TiOg octahedral structural feature remains intact at
the interface, with the top apical oxygens coming
from the GAO-1 layer. Figure 4(c) shows the band
dispersion of the GAO/STO heterostructure in a 1-eV
region around the Fermi level ¢ =0 and along the
symmetry lines K-I'-M-K’-N-T'-K’ = (0.556, 0.278, 0)-

(0,0, 0)-(0.5,0, 0)-(0.444, —0.278, 0)-(0, —0.5, 0)-(0, 0, 0)-
(0.444, —0.278, 0), from which we can conclude that the
electronic properties of HS around ¢p are mainly controlled
by the Ti-3d and O-2p orbitals. Due to the asymmetry
geometry and quantum confinement, the degeneracy of the
original bulk Ti-3d bands is broken and band splitting occurs
in the HS. We plot the Ti-1,, fat band of four STO layers in
different colors to disclose their orbital contribution. One can
find that the Ti-,, band edge shifts below the Fermi level
and overlaps with some flat bands with very small energy
dispersion.

In order to better understand the physics origin of the
insulator-metal transition, we plot the partial charge density
of the valence bands from —0.25eV to the Fermi level in
Fig. 5. The Ti-f, bands are found to exchange holes with the
electrons of the O-2p bands. Obviously, the flat bands around
er are contributed by O-2p bands, and insulator-metal tran-
sition originates from charge transfer between Ti-1,, orbitals
and O-2p at GAO surface, consistent with the features in the
band structures in Fig. 4(c). The partial occupied Ti-f, states
do not locate at the STO-1 interface only but also spread into
the whole STO part. Therefore these partial occupied states
actually can be regarded as the linear combinations of Ti-t5,
from different TiO, planes.

Based on our experience from LAO/STO simulation [11],
the thickness of the polar layer determines the amount of
charge transfer to Ti-3d orbitals, despite that the exact distri-
bution of the induced Ti-3d electrons in STO is dependent on
the simulation model. Nevertheless, in both the heterostruc-
ture model with vacuum or the superlattice model [28,29],
Ti-3d states always spread into all STO layers. By simulating
a LAO/STO superlattice with 23 layers of STO [29], the
authors observed the attenuation of the charge density away
from the interface, and they observed that the 2DEG is con-
fined in STO within about 1 nm from the interface and the
rest of the occupied Ti-3d states in the region >1 nm can
be explained by quantum tunneling. It should be pointed out
that the Ti-d,, subband always has lower energy in both the
interface STO layer and the noninterface STO layer, regard-
less of the thickness of STO. This is determined by the less
distorted TiOg octahedral at the interface of the LAO/STO
HS or superlattice.

In Figs. 4(c) and 4(d), extra electrons from surfacial oxy-
gens occupy the three Ti-1,, states in the GAO/STO HS rather
than only the Ti-d,, state in the LAO/STO case. Since the
lowest three bands crossing the Fermi level are parabolic-like
and occupied by Ti-d,, states around the I" point, we draw
the reference Fermi level ¢°° (red dashed and solid lines)
of the LAO/STO case in Figs. 4(c) and 4(d). Obviously,
the occupation of out-of-plane Ti-d,, and Ti-d,, states in the
GAQ/STO HS leads to the relative elevation of the Fermi
level and hence the larger slopes of the Ti-d bands at the
Fermi level, and in the meantime more bands cross the Fermi
level, which further induces larger group velocity and higher
carrier density at the Fermi level. On the other hand, due to the
hybridization with Ti-d,; /Ti-d,, orbitals and the anti-crossing
effect, the effective masses of some Ti-d,, orbitals decrease
considerably and this implies higher mobility (for more de-
tails, please see Supplemental Material [30]). Ti-d,, subbands
are lower than the Ti-d,,/Ti-d,, subbands at the noninterfacial
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FIG. 4. (a) Schematic diagram of Ti-O and Al-O polyhedral structures in the optimized GAO/STO HS. (b) In-plane and out-of-plane Ti-O
bond length in the different STO layers. (c) generalized gradient approximation (GGA) band structures of the GAO/STO heterostructure. The
Fermi level e is set at zero. The Ti-,, orbital contributions in four different STO layers are disclosed by fat bands along K-I" in cyan (STO-4),
green (STO-3), blue (STO-2), and red (STO-1), respectively. The inset is the first Brillouin zone of the HS in the pseudohexagonal phase.
(d) Layer-projected density of states of Ti-f5, orbitals and surfacial O-2p orbitals. The reference Fermi level efA° of the LAO/STO case is
shown by the horizontal red dashed line in panel (c) and the red solid line in panel (d).

layer due to the larger in-plane hopping integrals. Interest-
ingly, the t,, band width becomes smaller and the Ti-d,, state
becomes unoccupied at the STO-1 interface, resulting from

FIG. 5. Partial charge density isosurfaces for the valence bands
from —0.25eV to the Fermi level. (a) Side view of the whole HS.
Top views of (b) the surfacial GAO-4 layer, (c) the interfacial STO-1
layer, and (d) the noninterfacial STO-2 layer.

the larger in-plane Ti-O bond length and the smaller differ-
ence between in-plane and out-of-plane bond lengths [see
Fig. 4(b)]. The peak intensities of d,, and d,./d,, projected
density of states around the Fermi level present nonsystematic
variation behaviors with the layer numbers, probably due to
the simultaneous effects of the internal electric field and the
strain field. Finite-size effect and the existence of an open sur-
face to the vacuum may also contribute to the nonsystematic
trend. Therefore, in our study of spine/perovskite GAO/STO
HSs, we focus mainly on the qualitative overturn of the Ti-#,,
orbital occupation in the STO-1 interface layer against that
in the noninterface layer, originating from serious structure
mismatch at interface.

In all archetypical reported (001)-oriented STO-based
perovskite/perovskite HSs including the LAO/STO HS
mentioned above, the preferential occupation of the two-
dimensional electron gases is the in-plane Ti-d,, state
[35—41]. In sharp contrast to this, the investigated electronic
structure of the spinel/perovskite HS GAO/STO demon-
strates that the preferential occupation is the out-of-plane
Ti-d,,/Ti-d,, states for interfacial electrons in the STO-1
layer, which is consistent with the result of resonant soft
x-ray linear dichroism [21,42]. It can be anticipated that the
wave-function character of Ti-d,./Ti-d,, is enhanced further
in interfacial TiO, planes with the increased layer number of
GAO. However, in noninterfacial STO-2, -3, and -4 layers,
the Ti-d,, subband is lower than the Ti-d,./Ti-d,. subbands
in STO-1, which is different from experimental observation.
There are two possible causes for this discrepancy: (i) The
main feature of x-ray absorption signal may correspond to
the density of states at the Fermi level of 3d states, not the
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FIG. 6. Anisotropic electrical conductivity (a) and polar plot of
the angular dependence of anisotropic electrical conductivity (b) at
2 K in the xy plane of the HS.

lowest available states that are well below the Fermi level in
the present case. (ii) When the STO is even thicker, the band
edge of Ti-d,, subband shifts higher, and the 3d electrons may
distribute mainly in the Ti-d,; /Ti-d,, subbands.

In Ref. [42], Cao et al. explain the observed out-of-plane
orbital occupation by the altered crystal field (with the missing
upper apical O atoms) in the STO-1 layer at the interface.
However, in our work, we find that the octahedral crystal field
splitting between #,, and e, still holds at the interfacial STO-1
layer, even bigger than that in other STO layers. Therefore,
the cause of the partial occupied out of plane Ti-d,,/Ti-d,,
states in the STO-1 layer is not the proposed altered-crystal
field at the interface [42], but rather a complex interfacial
chemical environment, e.g., tetrahedral Al cation, octahedral
Al cation vacancies, lattice mismatch, and unexpected in-
terface reconstruction. Significantly, symmetry breaking and
complex interface reconstruction result in orbital splitting
between Ti-d,, and Ti-d,, at the interface, and also between
O-p, and O-p, at the surface of the HS, which finally induces
large anisotropic electrical conductivity ¢/t in the xy plane
of the HS in Fig. 6(a). Furthermore, o /7 is simulated with
rotating the in-plane electric field. The angle 6 between the
electric field and the [100] direction was varied from 0° to
360°. The angular dependence of intrinsic o/t at 2 K is
shown in Fig. 6(b), which reveals the obvious anisotropic
character. The ratio oyax /Omin 1S 1.26, which is consistent with
the experimental result of 1.33 for sample I in Ref. [22].

III. CONCLUSIONS

In summary, we have find unusual interfacial re-
construction, nontrivial orbital physics, and anisotropic
electronic properties in spinel/perovskite GAO/STO HSs,
which are much different than those in STO-based perovskite/
perovskite LAO/STO HSs. Strong polarized internal elec-
tric fields and interfacial reconstruction play critical roles
in the determination of orbital physics in spinel/perovskite
GAO/STO HSs, which are the origin of higher carrier den-
sity at the Fermi level, higher electron mobility, and abnor-
mal interface transport observed experimentally. Our stud-
ies indicate that GAO/STO HSs are promising candidates
for nanoscale oxide electronic devices and technology, e.g.,
metal-semiconductor junctions in Schottky diodes and even
2D oxide-metal hybrid devices with extraordinary magnetore-
sistance. Also, the intrinsic physical mechanism revealed in
our study offers insight into the creation of new high-mobility
nanoscale electronic devices.

IV. THEORETICAL METHODS AND MODELS

The numerical density functional calculations were based
on the plane-wave basis and projector augmented-wave
method [43,44] as implemented in the Vienna Ab ini-
tio Simulation Package [45-48]. A Perdew-Burke-Ernzerhof
exchange-correlation functional [49,50] within the framework
of the generalized gradient approximation was adopted, with
a uniform plane-wave cutoff energy of 520 eV for the calcu-
lations of electronic band structures. For the heterostructure
model, periodic boundary conditions were assumed along
all the directions, and a thick vacuum layer was introduced
around the slab to prohibit the out-of-plane electronic and
dipole-dipole interactions between neighboring images of the
heterostructures. The Monkhorst-Pack method was employed
to generate the k-mesh, and the k-point spacing was limited
to 0.02 A~!. The heterostructures were fully optimized by
employing the conjugate gradient technique, and no force on
the atoms exceeded 0.01 eV/A in the final geometry.

Within the commonly adopted constant relaxation time
approximation (CRTA), the electrical conductivity can be
expressed as

T af
o(T, n)= 3 /dEaET(E)’
where the relaxation time t is assumed to be a constant along
different directions, €2 is the volume of the simulation cell, and
f = fur(E) denotes the Fermi distribution function, which
is a function of energy E. The transmission 7 (E) can be
written as

2
e o o
T(E) = N Ea B(E — si_,;qa)v,;v,;.
ik

Here U7 = (1/1)Vye, 1 is the group velocity of the charge
carrier in ith band. Because we focus on a narrow energy win-
dow (around the transmission peak near the Fermi level), we
consider the CRTA to be well justified. The energy dispersion
¢, 7 and the group velocity were taken from the first-principles

band structure calculations with dense l?-point mesh, and then
BOLTZTRAP code [51] was used to calculate o /7.
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