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Two-dimensional electron gas (2DEG) formed at the interface between two insulating perovskite

oxides has provided a versatile playground to explore emergent interfacial electronic and magnetic
properties. Here we show that by using high-throughput first-principles calculations and a group
of effective materials descriptors based on bulk perovskite materials, we are able to rapidly design
more than 300 candidate 2DEG systems based on nonpolar/nonpolar perovskite heterostructures
(HS). These HS are built from 34 nonpolar piezoelectric perovskite oxides that can show polar-
ization behavior under epitaxial compressive strain and can be further divided into six groups of
materials based on B-site elements: Ti-, Zr-, Hf-, Si-, Ge-, and Sn-based oxides. By taking one
compound as the substrate from each group and building all the possible HS with an appropriate
lattice mismatch 0 < f < 6%, we have carried out comprehensive first-principles calculations to
verify the formation of 2DEG in these HS. It has been found that there indeed exist a stable polar-
ization and interfacial 2DEG for most of the selected HS. This work demonstrates an efficient way
to perform high-throughput design of perovskite-oxide-based functional materials.
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1 INTRODUCTION

Artificial interfaces between two perovskite oxides provide an
ideal platform to tailor material properties by manipulating inter-
play between electronic and lattice degrees of freedom.1"3 In par-
ticular, recent progress in thin film growth techniques has greatly
stimulated interfacial engineering of complex oxide heterostruc-
tures (HS) into a flourishing field, giving unprecedented access
to emerging materials properties for enhanced functionality and
device applications.*® In principle, the novel material properties
at oxide interfaces are a consequence of local symmetry break-
ing, charge transfer, electrostatic coupling, frustration, or epitax-
ial strain at the heterointerface. For instance, two-dimensional
electron gas (2DEG), quantum hall effect,”®¢/ superconductiv-
ity,2 magnetism,19 nanoscale-controlled metal-insulator transi-
tion,' and spin-to-charge conversion2 have been observed at
perovskite-oxide-based interfaces. Among these emerging ma-
terials properties, the 2DEG at the interface of two wide-band-
gap perovskite insulators has been an active research topic in the
past decades not only from the fundamental physics perspective
but also because of its potential applications in the nanoelectron-

ics A3H17Z

According to interfacial configurations of perovskite oxide HS,
there are essentially three types of interfaces that can form
the 2DEG.1® The first one is polar/nonpolar interface, such as
(La0O)1/(Ti0,)? in the LaAlO;/SrTiOs HS. The 2DEG formation
mechanism in LaAlO3/SrTiO3 is primarily attributed to the in-
trinsic electronic reconstruction, i.e., polar catastrophe. 1318 Here
and hereafter, for convenience, by following the denomination of
polar/nonpolar (La0)*/(Ti0,)? interface in the LaAlO3/SrTiO;3
HS, we define the charged layer of a perovskite oxide along [001]
direction like (LaO)™ as polar and the neutral layer like (TiO,)°
as nonpolar. Accordingly, the corresponding bulk oxides are con-
sidered as polar or nonpolar. Other mechanisms, such as the oxy-
gen vacancies, 1220 interface cation mixing,%!' and internal struc-
tural deformation,’*423 have also been proposed to explain the
origins of the interfacial 2DEG conductivity. Despite the contro-
versy, the polar/nonpolar interfacial configuration plays a criti-
cal role in forming the interfacial conductivity. For example, in
addition to the intensively studied LaAlO3/SrTiO3 HS, other po-
lar/nonpolar HS have also been synthesized and found to host
the 2DEG as well, such as LaTiO3/SrTiO3,24 GdTiO3/SrTiO522
and NdGaO3/SrTi03.2¢

The second interfacial configuration to produce 2DEG in
the perovskite oxide HS is polar/polar interface such as
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(La0)T!/(Ta0,)*! in the LaAlO;/KTa03.21027 In the computa-
tional side, by using first-principles electronic structures calcula-
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tions, we have proposed to create 2DEG in the polar/polar per-
ovskite oxide HS based on the LaAlO3/A*B>* 03 (A = Na and K,
B = Nb and Ta) .19 Its interfacial conductivity is attributed to two
donor layers, i.e., (LaO)*! and (BO,)* (B=Nb and Ta), in this po-
lar/polar system, which has larger interfacial charge carrier den-
sity than the polar/nonpolar LaAlO3/SrTiO3 system. In the ex-
perimental side, very recently, LaAlO3/KTaOj5 interface has been
successfully fabricated, and a highly mobile 2DEG has been ob-
served at the interface;? Zou et al. has prepared a LaTiO3/KTaO3
HS and reported a 2DEG with a higher carrier mobility than the
doped bulk SrTiO3 at this interface.’2”

The third possible interfacial configuration of the perovskite ox-
ide HS is nonpolar/nonpolar interface. Besides the HS relying on
the polar oxide layers to create the interfacial 2DEG, very recently,
the nonpolar/nonpolar oxide HS have also been found to be able
to produce 2DEG via the piezoelectric polarization, such as the
CaZrO3/SrTiO3, both from the experiment and first-principles
electronic structure calculations.1228 [n the CaZrO;/SrTiO; HS,
there exists an insulator-to-metal transition when the CaZrOj; film
thickness goes beyond 6 unit cells, and the 2DEG is attributed to
the lattice-mismatch-induced polarization in the CaZrOj; film.%8
Our first-principles computational study has confirmed the for-
mation of the interfacial metallic states and shows that the com-
pressive strain in the CaZrO; film leads to a polarization discon-
tinuity at the interface that drives the charges from the CaZrOs;
film to the SrTiO; substrate. 12 Moreover, unlike polar/nonpolar
and polar/polar HS, which rely on a specific interfacial termina-
tion to form the 2DEG, the creation of 2DEG in CaZrO3/SrTiO3
systems is less sensitive to the interfacial structure and can be
formed at both interfacial terminations. Soon later, we further
proposed several other nonpolar/nonpolar perovskite oxide HS
systems based on the AHfO3/SrTiO3 (A = Ca, Sr, and Ba). 22

Other than the Zr- and Hf-involved perovskite oxide HS, the
Ti-involved HS have also been found to exhibit the discontinuous
polarization across the heterointerface, such as PbTiO3/SrTiO3
and BaTiO3/SrTiO3.2%3L It is known that many perovskite oxides
are equipped with a ferroelectric or piezoelectric property (un-
der an epitaxial strain). Therefore, considering the formation of
a polarization discontinuity in the nonpolar/nonpolar oxide HS
and its ability to create a robust interfacial 2DEG, we expect that
there could be potentially more nonpolar/nonpolar perovskite ox-
ide HS systems that can produce 2DEG. In this work, by employ-
ing high-throughput first-principles calculations and a group of
combinatorial materials descriptors, we have successfully iden-
tified 34 nonpolar piezoelectric perovskite oxides, which can be
divided into six groups of oxides, Ti-, Zr-, Hf-, Si-, Ge-, and Sn-
based oxides. Based on these 34 nonpolar compounds, we are
further able to construct 311 nonpolar/nonpolar HS systems that
can potentially form a polarization discontinuity and a resulting
2DEG at their interface. This work has demonstrated an efficient
approach to perform high-throughput design of perovskite-oxide-
based functional materials.

2 Computational Details

The spin-polarized Density Functional Theory (DFT) electronic
structure calculations were performed using Vienna Ab-initio Sim-
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ulation Package (VASP),22533 along with the projector augmented
wave potentials®* and Perdew-Burke-Ernzerhof generalized gra-
dient approximation (GGA).22 All the structures were optimized
by minimizing atomic forces up to 0.03 eV/A. The cutoff energy
for the plane-wave expansion was set to 450 eV and the break
condition for electronic self-consistency loop was assumed for a
total energy convergence of less than 10~¢ eV. The I'-centered -
point grid for Brillouin zone sampling was set to 6 x 6 x 6 in the
ionic relaxation and 12 x 12 x 12 in the static calculation. The ini-
tial magnetic moments were set to 5 up on transition metals and
rare-earth elements, and 1 pp on all other types of ions.

The strongly constrained and appropriately normed (SCAN)
meta-GGA=€ and hybrid DFT calculations within Heyd-Scuseria-
Ernzerhof (HSE) formalism®Z with 20% Hartree-Fock exchange
were further employed to improve the lattice parameter and band
gap calculations for the screened bulk perovskite oxides. A slab
model with a 20 A vacuum layer along the [001] direction was
used to model the nonpolar/nonpolar HS. The thickness of sub-
strate was set to 5 unit cells and the thickness of film was varied
from 2 to 15 unit cells to investigate the critical thickness to form
the interfacial 2DEG. In the ionic relaxations of HS, all the lay-
ers of film and first two unit cells of the substrates were allowed
to relax and the three remaining unit cells of the substrate were
freezed to mimic the experimental epitaxial film growth process.
The k-point grid was set to 4 x4 x 1 in the ionic relaxation and
8 x 8 x 1 in the static calculation for the HS models.

3 RESULTS AND DISCUSSION

3.1 Material Descriptors of Bulk Perovskites

A successful high-throughput materials screening lies in the de-
velopment of effective materials descriptors.® In our prior work,
we have carried out a high-throughput design of 2DEG systems
based on polar/nonpolar perovskite oxide HS, in which the ma-
terials descriptors of forming interfacial 2DEG include the po-
lar/nonpolar character, lattice mismatch, band gaps, and con-
duction band edges of polar perovskite oxides.Z In that work,
we built a perovskite-oxide-oriented quantum materials database
that contains 3885 cubic ABO3 compounds, and successfully iden-
tified 292 semiconductors and insulators (E, > 0). Here we em-
ploy the material descriptor of E, > 0.25 eV as the first condition
to screen the bulk piezoelectric oxides on the basis of prior results,
and are able to narrow down the list of candidate bulk perovskite
oxides from 292 to 262.22 In terms of the 2DEG formation driven
by the polarization discontinuity at nonpolar/nonpolar perovskite
oxide interfaces, it requires that the substrate is a non-polarized
oxide such as SrTiOj3, and the film is a ferroelectric or piezo-
electric oxide such as PbTiO3, CaZrOs, and CaHf0O5. 1212930 Note
that the piezoelectric character should be caused by the lattice-
mismatch-induced compressive strain in the epitaxial growth.
Therefore, besides the nonpolar character, lattice mismatch, band
gaps, and band edges, the polarization character of a perovskite
oxide under the compressive strain, i.e., the piezoelectric char-
acter, is one new critical material descriptor in searching for the
2DEG systems driven by the polarization discontinuity.

A good piezoelectric material should exhibit a morphotropic
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phase boundary (MPB) similar to the one in the PbZr,Ti;_,Os3,
as the region near the MPB plays a critical role in creating the
high electromechanical response.“Y To identify the MPB in a per-
ovskite oxide from first-principles calculations, Ghita et al. pro-
posed an approach based on the energy difference among tetrag-
onally, rhombohedrally and rotationally distorted perovskite ox-
ides.%! This is because to realize a piezoelectric effect, the en-
ergy difference between these different phase structures should
be as small as possible so that the continuous phase transitions
over the MPB become possible.2? In this work, all the phase
structures were constructed from the optimized 5-atom cubic per-
ovskite structure, see Figure S1 of Supporting Information. The
prototype structures of tetragonal and rhombohedral phases and
their distorted phases were extracted from the tetragonal PbTiO3
and rhombohedral BaTiOs3, respectively. For rotationally distorted
structures, we modeled the oxygen octahedral rotation along
[111] direction in a 10-atom supercell. The ionic positions and
cell shapes of all these structures were fully relaxed. The en-
ergy difference per ABO3 unit cell among tetragonal, rhombohe-
dral, and rotationally distorted structures is denoted as AE, and
AE < 0.8 eV was used as the material descriptor to identify the
piezoelectric perovskite oxides. By using the energy difference
among different perovskite oxide phase structures, that is, AE <
0.8 eV, we further narrowed down the list to from 262 to 76 can-
didates. In this work, we were interested in searching for the
polarization-discontinuity-induced 2DEG systems based on the
nonpolar/nonpolar perovskite oxide HS. This requires that both
substrate and film are nonpolar oxides, i.e., having a chemical
formula of AT2B**03, so that along [001] direction, each layer
will be charge neutral. By using this condition, we ended up with
34 nonpolar piezoelectric perovskite oxides, which were used to
build nonpolar/nonpolar HS systems. It is noted that the other
two materials descriptors including lattice mismatch and relative
band edges are determined by substrate and film together, and
thus they were not used here to screen bulk perovskite oxides but
used in building HS systems.

3.2 Bulk Piezoelectric Perovskite Oxides

By employing material descriptors including AE, E,, and nonpo-
lar character of perovskite oxides, we successfully obtained 34
candidate bulk piezoelectric perovskite oxides. These perovskites
can be divided into six groups based on the B-site elements: Ti-,
Zr-, Hf-, Si-, Ge-, and Sn-based oxides, which are listed in Table
For each piezoelectric perovskite oxide, we list its calculated tol-
erance factor (f), lattice constant a (7\), band gap E, (eV), valence
band maximum (VBM), conduction band minimum (CBM), and
Born effective charge for A atom Z*(A), B atom Z*(B), O atom
in the AO plane Z},(0) and O atom in the BO, plane ZEOZ (0).
The tolerance factor (r) for each selected perovskite oxide was
calculated using the bond valence mode]: 364
Ra—0

' VaRs0) @
where Ry and Rp_( are the A-O and B-O bond lengths for an
ABO3; compound. To have a comprehensive comparison, we cal-
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Fig. 1 (a) A comparison for the calculated lattice constants using dif-
ferent density functionals.(b) A comparison between experimental and
theoretical lattice constants.

culated the lattice parameters using GGA, SCAN, and HSE ap-
proaches, respectively, along with the available experimental val-
ues. The comparison of the calculated and experimental lattice
constants is presented in Figure[l] Figure[lh shows that the SCAN
and HSE methods yield relatively close lattice constants, while
the standard GGA approach generally overestimates the lattice
constants. Figure shows the former two approaches predict
lattice constants much closer to the corresponding experimental
values than the standard GGA approach. Considering the well-
known underestimations of band gaps of insulators and semicon-
ductors from standard GGA calculations,®> we also calculated the
band gaps of these candidate perovskites oxides using SCAN and
HSE approaches. Our calculations show that the band gaps de-
termined from the HSE approach are closer to experimental val-
ues. To characterize the relative band edge positions of these
perovskite oxides, we calculated their VBM and CBM positions by
aligning core levels of O ions and setting the VBM of SrTiO3 as
the reference zero-point energy.1229 As discussed later, the rel-
ative positions of the CBM can be used to justify which side of
the interfacial region (film or substrate) can form the 2DEG. The
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Table 1 Calculated properties of bulk nonpolar piezoelectric perovskites oxides (ABO3): calculated tolerance factor ¢, lattice constant a(A) and band
gaps E.(eV) from GGA, SCAN and HSE approaches, valence band maximum (VBM), conduction band minimum (CBM) and Born effective charge for
A atom Z*(A), B atom Z*(B), O atom in the AO plane Z},(O) and O atom in the BO; plane Zj, (O). The experimental lattice constant is also given. The
*in Ef’”’ column indicates that the band gap was measured using an orthorhombic structure.

Compounds 7 qCGA | gSCAN [ aHSE aExp- EEGA Egow E?’SE EgXP VBM | CBM | Z'(A) | Z'(B) | Zip(0) | Zpy,(0) | AH(eV)
CaGeO3 098 [ 3.777 [ 3.730 | 3.729 | 3.72442'T 0.70 | 1.66 | 2.83 - 0.86 [ 1.56 | 2.59 | 4.42 -3.58 -1.71 417
BaHfO3 1.01 | 4.196 | 4.157 | 4168 | 4.17143/ | 3,54 | 4.09 | 4.97 | 6.004* [ -0.50 | 3.04 | 2.74 | 5.81 -4.56 -2.00 -5.36
PbHfO; 0.95 | 4.147 | 4.104 | 4.119 | 4.14045! | 247 | 2.86 | 3.99 | 3.4 | .034 [ 213 | 3.90 | 5.66 [ -4.60 -2.48 -4.53
SrHfO3 0.95 | 4.132 | 4.090 | 4.105 | 4.06943! [ 3.75 | 433 | 519 | 6.104Z2/ | -0.38 | 3.37 | 2.58 | 5.71 -4.58 -1.85 -5.35
FEuHfO3 0.96 | 4.127 | 4.083 | 4.105 | 4.08848! [ 0.49 [ 0.79 | 2.69 | *2.748! | 253 | 3.02 | 2.73 | 5.84 -4.50 -2.04 -5.30
SnHfO; 0.90 | 4.133 | 4.093 | 4.105 - 1.83 | 217 | 3.28 - 0.00 | 1.83 | 429 | 5.63 -4.57 -2.68 -4.46
CaHfO3 0.90 | 4.096 | 4.053 | 4.070 | 3.9904% [ 3.68 [ 4.28 | 5.18 | 6.20°% | -0.40 | 3.28 | 2.63 | 5.63 -4.60 -1.83 -5.24
YbHfO; 0.90 | 4.071 | 4.017 | 4.045 3.60 [ 439 | 511 -0.40 | 3.20 | 2.63 | 5.65 -4.57 -1.85 -5.31
CaSiO; 1.05 | 3.602 | 3.563 | 3.567 | 3.4852L | 3.60 | 4.89 | 5.83 - 1.25 | 4.85 | 2.61 | 413 -3.10 -1.82 -4.77
BaSiO3 1.18 | 3.831 | 3.799 | 3.788 - 1.10 | 1.97 | 2.94 - 0.84 | 1.94 | 2.84 | 4.52 -3.57 -1.89 -4.41
SrSi0; 1.11 | 3.689 | 3.651 | 3.650 - 256 | 3.73 | 4.74 - 1.45 | 4.01 | 2.61 | 4.28 -3.24 -1.82 -4.69
GeSiO; 0.84 | 3.603 | 3.570 | 3.566 - 256 | 2.86 | 4.29 - 1.81 | 437 | 417 | 4.61 -2.98 -2.90 -3.69
CdSiOs 1.02 | 3.615 | 3.573 | 3.575 - 0.75 | 1.40 | 2.54 - 1.72 | 247 | 2.79 | 4.18 -3.03 -1.97 -3.74
SnSiO3 1.06 | 3.704 | 3.670 | 3.665 - 0.88 | 1.76 | 2.31 - 2.52 | 3.40 | 4.35 | 4.60 -3.08 -2.93 -3.74
PbSiO3 1.11 | 3.741 | 3.701 | 3.699 - 131 | 235 | 295 - 1.97 | 3.28 | 4.06 | 4.38 -3.20 -2.62 -3.74
MnSiO3 0.98 | 3.552 | 3.512 | 3.518 - 1.93 | 2.78 | 3.81 218 | 411 | 3.04 | 4.08 -2.99 -2.07 -3.84
BaSnO; 1.01 | 4.180 | 4.134 | 4130 | 41164 | 0.57 | 1.45 | 2.45 | 3.1%2 [ .0.06 [ 0.51 | 2.73 | 4.42 -3.51 -1.82 -4.20
PbSnO; 0.95 | 4.120 | 4.070 | 4.070 | 4.07253' [ 1.19 | 2.21 | 3.20 - 0.30 | 1.49 | 391 | 433 -3.25 -2.49 -3.37
SrSn0Os 0.96 | 4.103 | 4.056 | 4.056 | 4.03443 [ 1.17 | 2.21 | 3.15 | *4.152' | 0.04 | 1.21 | 258 | 424 | -3.32 -1.75 -4.20
CaSnO; 0.90 | 4.058 | 4.013 | 4.014 - 1.57 | 2.62 | 3.53 | *4.422/ | 0.12 | 1.69 | 2.62 | 4.11 -3.22 -1.75 -4.10
GeSnO3 0.72 | 4.047 | 4.006 | 4.001 - 1.75 | 212 | 3.26 - 0.19 | 1.94 | 451 | 4.10 -3.11 -2.75 -3.03
SrTiO3 1.00 | 3.938 | 3.905 | 3.900 | 3.90543! | 1.78 | 2.15 | 3.17 | 3.2013) | 0.00 | 1.78 | 2.55 7.44 -5.93 -2.03 -5.11
BaTiO; 1.06 | 4.028 | 3.999 | 3.989 | 4.01254 | 1.68 | 2.01 | 2.98 | 32755 [ -0.25 [ 1.43 | 2.73 | 7.52 -5.98 -2.13 -5.04
PbTiO;3 1.00 | 3.965 | 3.929 | 3.926 | 3.9695¢' | 1.58 | 1.92 | 2.74 | 3.4557 [ 0.33 [ 191 | 3.85 | 7.37 | -6.08 -2.57 -4.25
SnTiO3 0.95 | 3.943 | 3.914 | 3.906 - 1.05 | 1.31 | 2.15 - 0.80 | 1.85 | 426 | 7.26 | -6.06 -2.73 -4.20
GeTiO3 0.75 | 3.880 | 3.851 | 3.842 - 2.00 [ 229 | 3.38 - 0.02 | 202 | 441 | 727 | -6.09 -2.80 -3.98
CaTiO; 0.95 | 3.883 | 3.851 | 3.848 | 3.8405% [ 1.84 [ 223 | 3.25 [ *3.858/ | -0.02 | 1.82 | 2,57 | 7.38 -5.92 -2.02 -5.05
BaZrO3 1.00 | 4.246 | 4.206 | 4.217 | 4.19343/ | 3.06 | 3.69 | 4.44 | 4852 | -0.67 | 2.39 | 2.72 | 6.23 -4.95 -2.00 -5.21
PbZrOs 0.94 | 4.202 | 4154 | 4170 | 4.167%% | 233 | 2.71 | 3.88 | 3.7257 | -0.69 | 1.64 | 3.89 | 6.06 [ -5.00 -2.47 -4.37
SrZrOs 0.94 | 4190 | 4.143 | 4.159 | 4.154°L [ 324 [ 3.91 | 4.65 | 5.60%2 | -0.57 | 2.67 | 2.57 | 6.12 -4.97 -1.87 -5.18
SnZrOs 0.90 | 4.188 | 4.145 | 4.156 - 1.81 | 215 | 3.22 - -0.31 | 1.50 | 4.26 | 6.02 -4.98 -2.65 -4.29
EuZrO; 0.95 | 4.183 | 4.135 | 4.158 | 4.10448! [ 0.28 [ 0.71 | 2.39 | *2.448/ | 212 | 2.40 | 2.72 | 6.27 | -4.88 -2.06 -5.13
CaZrO3 0.89 | 4.153 | 4.107 | 4.125 | 4.01228' [ 323 | 391 | 4.67 | *5.528| -0.61 | 2.62 | 2.63 | 6.04 -4.98 -1.84 -5.05
YbZrO; 0.90 | 4.131 | 4.071 | 4.101 - 3.34 | 3.95 | 4.78 - -0.62 | 272 | 2.63 | 6.05 -4.95 -1.87 -5.11

Born effective charge for A atom Z*(A), B atom Z*(B), O atom in
the AO plane Z},(0) and O atom in the BO, plane ZEOZ (0) were
also calculated to estimate the polarization strength in the HS. We
noted that Ceder’s team has reported bulk piezoelectric perovskite
oxides using first-principles screening approach.2? In our work,
besides all the nonpolar piezoelectric perovskite oxides reported
in that study, we also identified 8 more piezoelectric compounds
including CaSnO3, EuHfO3, EuZrOs;, GeSnO3, GeTiO3, MnSiOs,
YbHfO3, and YbZrO;. Interestingly, some of these compounds
have been theoretically predicted to show a polarization charac-
teristic. For instance, CaSnO3; was found to form a spontaneous
polarization in its bicolor superlattice of the orthorhombic phases
from first-principles calculations;®® GeTiO; has a 137 uC/cm?
spontaneous polarization in its rhombohedral phase. 7

3.3 Nonpolar/Nonpolar Heterostructures

We next built all the possible nonpolar/nonpolar HS systems us-
ing the identified 34 nonpolar piezoelectric oxides and explored
their possibility to form a polarization discontinuity at their inter-
faces. A total number of P(34,2) = 1122 unique oxide HS can be
generated by combining the 34 selected compounds. A permuta-
tion was used here because switching the epitaxial order of the

4| Journal Name, [year], [vol.],1

substrate and film can lead to different strain on the film (com-
pressive strain on the film will become tensile strain if switched
the growth order, and vice versa), and thus drastically change
its polarization and electronic properties.”Y To form a polariza-
tion discontinuity (strictly speaking to form a polarization in the
perovskite film), the oxide film needs to experience a compressive
strain from the substrate, and meanwhile a small lattice mismatch
between the substrate and film is desired to form an ideal per-
ovskite oxide HS. Therefore, by defining f = (ay — ay) /ax,17 we
only need to consider the HS with 0 < f < 6%, in which a positive
f indicates that the film will experience a compressive strain from
the substrate. By using this condition, we were able to generate
311 nonpolar/nonpolar HS systems.

To further examine whether these nonpolar/nonpolar HS
systems can have polarization discontinuity and interfacial
2DEG, one needs to perform electronic structure calculations
for all these HS models. However, as mentioned above, there
are six groups of piezoelectric perovskite oxides according to
the classification of B-site element. Hence, we selected one
prototype perovskite oxide from each group as the substrate,
chose all the possible piezoelectric oxides as the film using the
condition of 0 < f < 6%, and built HS to verify the formation
of polarization discontinuity at the interface. Thus, by using

This journal is © The Royal Society of Chemistry [year]
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Table 2 Calculated film critical thickness for polarization discontinuity induced 2DEG in substrate SrTiO3-, YbZrOs-, CaHfO3-, BaSiOs-, CaGeOs-, and
SrSnOs-based HS. f is the lattice mismatch between the substrate and film; t. is the film critical thickness once polarization is formed in the film layers;
ti, is the film critical thickness once the polarization state is energetic more favorable than the paraelectric state. The * indicates that a HS has been

experimentally validated.

SrTiO3 YbZrOs CaHfO3 BaSiO3 CaGeOs3 SrSnO3
Film %) |t | t Film | (%) |t | t Film | /(%) | « | t Film | f(%) |t | t Film | f(%) |t |t | Fim | f%) |t ]| t

SnTiO3 0.14 | 6 | 7 | StHfO; | 0.02 | - | - | StSnO3 | 017 | - | - | GeTiO; | 1.26 | 2 | 3 | BaSiO; | 145 | 2 | 2 | PbSnO; | 0.41 | 8 | 13
*PbTi0;3% | 0.69 | 9 | 12 | snHfo; | 0.05 | 4 | 7 | PbsnO; | 0.58 | 10 | - | caTios | 1.34 | 6 | 11 | GeTios | 2.72 | 3 | 4 | EuHfO; | 058 | 2 | 2
*BaTiOs®8 | 220 | 4 | 4 | pbHfO; | 039 | 8 | 12 | Eunfo; | 076 | 2 | 2 | srmios | 278 | 5 | 10 | caTios | 2.81 | 4 | 5 | Ybzros | 0.68 | 3 | 4

GesnO; | 277 | 2| 3 | cazrO; | 053 | 3 | 5 | Ybzros | 0.85 | 4 | 5 | snTio; | 292 | 3 | 3 | scTios | 426 | 2 | 2 | stHfo; | 069 | - | -

CaSnO; | 3.05 [ 5| 7 | BasnO; | 1.19 SrHfO; | 0.87 - | PbTios | 3.48 | 4 | 8 | snTiOs | 441 | 3 | 3 | snHfo; | 0.73 | 5| 6

YbHfO; 338 | 3| 3 | Euzros | 126 | 2| 2 | snHfo; | 091 | 6 | 7 | BaTios | 5.13 | 3 | 4 | pbTio; | 498 | 3 | 3 | PbHfO; | 1.06 | 7 | 9
*CaHfO;2 | 403 | 3| 4 | snzro; | 1.38 | 3| 5 | PbHfO; | 1.24 | 10 | 13 | Gesno; | 564 | 2 | 2 - - - | - | cazro; | 120 [ 3| 5

SrSnO; 421 | - | - | srzro; | 143 | 8 | 13 | cazrO; | 137 | 5 | 6 | CasnO; | 592 | 3 | 4 - | - | BaSnO; | 1.86

PbSnO; | 463 | 7 | 7 | BaHfO; | 1.57 - | BaSnO; | 2.04 - - - - - - | - | Buzroz | 1.95 | 2 | 2

EuHfo; | 480 | 2 | 2 | pbzros | 172 | 5| 7 | Buzros | 212 | 2 | - - - | - | snzro; | 206 | 3| 5

YbZrO; 490 | 2| 2 | Bazros | 278 | - | - | snzro; | 224 | 4 | 5 - | - | srzros | 210 [ 6 | 11

SrHfO;3 493 | 4| 6 - - | - | srzro; | 228 |12 | 15 - - | - | BaHfO; | 2.26

SnHfO3 497 | 3| 3 - - | - | BaHfo; | 244 | - | - - - | - | Pbzro; | 240 [ 5| 7

PbHfO; 532 | 4| 4 - - | - | pbzro; | 258 | 7 | 8 - - | - | Bazro; | 348 | 9 | 12
*Cazr0;28 | 546 | 2 | 5 - - | - | BazrO; | 3.66 - - - - - - -
“Basn0;7 | 6.15 | 6 | - - - - - - - - - -

Perovskite-Oxide-Oriented Quantum Material
Database (3885 cubic ABO; Entries)

Band Insulators E; > 0.25 eV (262
Entries)

Piezoelectric Material
AE < 0.8 eV (76 Entries)

Nonpolar
Piezoelectric
Material (34

Entries)

Substrate

1122 Oxide HS

o
Selected 70 HS rSn0;

[

311 HS
(0 < f < 6%)

Fig. 2 Flowchart summary of high-throughput screening and elimination procedure in this study, from first identifying all the possible nonpolar piezo-
electric perovskite oxides to constructing all the candidate nonpolar/nonpolar HS and then to verifying the existence of 2DEG in 70 selected HS.

SrTiO3, YbZrOs3, CaHfO3, BaSiO3, CaGeOs3, and SrSnO; as the
substrate, we were able to generate a total number of 70 HS
systems in six groups, see Table 2] This strategy can significantly
reduce computational cost of HS models from 311 to 70, and
meanwhile give reliable sample evaluation of the interfacial
materials properties of all the HS models. A complete screening
and elimination procedure is shown in Fig. A series of prior
experimental and computational studies show that there exists
a critical film thickness to form a polarization discontinuity in
the nonpolar/nonpolar HS. 122829 Here, we define #. as the
film critical thickness once polarization is formed in the film
layers and t;. as the film critical thickness once the polarization
state is energetic more favorable than its paraelectric state. In
other words, the 7. is the critical film thickness to form a stable
polarization state. The ¢, and t; are listed in the Table Also note
that the lattice-mismatch-induced polarization can point towards
either the interface or the surface of the film, i.e., the vacuum,
and only a strong enough polarization towards the interface can
drive the charge transfer from the film to the substrate, and

This journal is © The Royal Society of Chemistry [year]

produce the interfacial 2DEG. In contrast, a strong polarization
towards the surface will drive the charge transfer from the sub-
strate to the film, and produce the interfacial two-dimensional
hole gas (2DHG), as discussed later. In Table [2| we list all the
possible oxide films that can form a polarization discontinuity
and 2DEG at the interface for each selected substrate. 13
exceptional HS systems that cannot form interfacial metallic
states, even the film thickness was increased up to 15 unit cells,

include:  SrSnO;3/SrTiO3;, SrHfO3/YbZrOz, BaSnO3/YbZrOs,
BaHfO3/YbZrOs3, BaZrO3/YbZrO3, SrSn03/CaHfOs3,
SrHfO3/CaHfO3, BaSnO3/CaHfO3, BaHfO3/CaHfOs3,
BaZrOs/CaHfOs3, SrHfO3/SrSn03, BaSnO3/SrSnO;  and
BaHfO3;/SrSnOs.

In addition, we also found a correlation between critical film
thickness 7. and lattice mismatch f in the SrTiO3- and BaSiOs-
based HS. That is, a large f corresponds to a small 7., as in
the case of our prior study of AHfO3/SrTiO3 (A = Ca, Sr, and
Ba) HS.2? This is because as f increases, the film will experi-
ence a higher compression strain from the substrate so that the

Journal Name, [year], [vol.], 1 |5
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Fig. 3 Calculated layer-resolved partial DOS for (a) BaTiO3/SrTiOs, (b) CaZrOs;/YbZrO; and (c) CaZrO;/CaHfO5; HS, along with their charge density
plots projected on the bands forming the metallic states. The vertical dash line at zero point energy shows the Fermi level. The solid blue, red, and

green color indicates s, p and d orbital, respectively.

film tends to exhibit polarization with a smaller z.. Also, inter-
estingly, when the A-site element in the film of the HS is Eu,
Yb, Ge, or Sn, for example, the HS systems EuZrOsz/SrSnOs;,
YbZrO3/SrSn0O3, GeTiO3/BaSiO3, and SnTiO3/SrTiO3, the HS
needs a much smaller 7. to form the polarization. In particular,
when EuZrO3; and EuHfOj5 serve as the film to form a HS, the crit-
ical film thickness to form a polarization is as low as two unit cells,
regardless of the f value. Accordingly, except for the lattice mis-
match f, the A-site element such as Eu, Yb, Ge, or Sn also plays
a significant role in determining 7.. However, it is noted that a
strain-induced polarization is essentially determined by its energy
preference over non-polarized state. By taking BaTiO3/SrTiO3 HS
models (with different film thickness) as an example, we have cal-
culated its total energy per unit cell (of the film) as a function of
the average polarization, see Figure S2 of the Supporting Infor-
mation. It clearly shows that the ground state of BaTiO3/SrTiO3
becomes polarized as the film thickness is larger than 4 unit cells,
ie., t. = 4.

Next, to clearly show the polarization behavior in the oxide
film and the charge transfer mechanism in these HS models, we
selected one HS model from each group of the materials sys-
tems in Table [2| and plotted their layer-resolved density of states
(DOS) and three-dimensional (3D) charge density projected on
their conduction bands forming the interfacial metallic states,
as shown in Figure [3] and [4] Figure [3] shows the results for
BaTiO3/SrTiO3, CaZrO3/YbZrO3 and CaZrOs/CaHfOs3, and Fig-
ureElshows the results for CaSn03/BaSiO3, BaSiO3/CaGeO3 and
CaZrO3/SrSn0O3. The layer-resolved DOS show that the O 2p
states in all these systems move to higher energy states from
the interfacial layer to the surface layer, and at the surface layer,
some O 2p states cross the Fermi level and become unoccupied.

6| Journal Name, [year], [vol.],1

This indicates that there exists an intrinsic electric field, which
is caused by the relative cation-anion displacement in the oxide
films, that is, the polarization towards the interface, as shown
in the corresponding geometrical structures. Also note that the
relative displacement between cations and anions in each sub-
strate material is much smaller than that in its corresponding
film, implying that a polarization discontinuity is formed at the
interface, which is caused by the lattice-mismatch-induced com-
pressive strain on the oxide films. Moreover, at interfacial layers,
some bottom conduction bands cross the Fermi level and form
the interfacial conductivity, as shown in the 3D charge density
plot. This suggests that the polarization discontinuity at the in-
terface leads to the charge transfer from the film to the substrate,
and these transferred electrons generally reside near the inter-
facial region of the substrate, forming the interfacial conductiv-
ity. For BaTiO3/SrTiO3, CaZrO3/YbZrO3;, and CaZrOs/CaHfO;
HS, their interfacial metallic states are mainly contributed from
Ti 3d, Zr 4d, and Hf 5d orbitals, respectively, see Figure [3(a-c).
For CaSn03/BaSiO3;, BaSiO3/CaGeO3, and CaZrO3/SrSn0O3 sys-
tems, their interfacial metallic states are mainly from Si 3s, Ge
4s, and Sn 5s orbitals, respectively, as shown by the solid blue in
Figure E(a—c). We then calculated the effective mass values for
the 6 exemplary HS by fitting their electronic bands contributing
to the 2DEG, see Figure [5| and Table S1 of the Supporting Infor-
mation. We found that the effective mass for CaSnO3/BaSiO3,
BaSiO3/CaGeOs and CaZrO3;/SrSnO3; (m* ~ 0.3m,) are gener-
ally smaller than that in BaTiO3/SrTiO3, CaZrO3/YbZrO; and
CaZrO3;/CaHfO3 HS (m* ~ 0.4 — 0.5m,) because of a more delo-
calization character of s orbital than that of d orbitals.Z2 Hence, a
high electron mobility is expected in Si-, Ge-, and Sn-based 2DEG
HS.

This journal is © The Royal Society of Chemistry [year]
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plots projected on the bands forming the metallic states.

Moreovey, it is worth mentioning that, in the CaSnO3/BaSiO3
HS, some interfacial layers in the film also contribute to the in-
terfacial metallic states, which indicates that the transferred elec-
trons, from the film to the substrate driven by the polarization dis-
continuity, partially flow back to the film. The underlying mecha-
nism of this intriguing phenomenon can be rationalized in terms
of the band alignment between the film and substrate. In our
prior work of high-throughput design of perovskite-oxide-based
2DEG systems based on the polar catastrophe, we defined one
material descriptor, i.e., the band alignment between the film and
substrate, to characterize the charge transfer from the film to the
substrate driven by the polar catastrophe, and the resulting 2DEG
at the interface. 1729 1n the polar catastrophe mechanism, CBM of
the polar film (electron donor) should be higher than that of the
nonpolar substrate (acceptor), so that electrons can be confined
at the side of the electron-acceptor material and form the interfa-
cial metallic states; otherwise, the interfacial metallic states can-
not be formed. However, in the nonpolar/nonpolar interface sys-
tem, the donor electrons, caused by the polarization discontinuity,
can form metallic states near the interfacial region in both the film
and substrate since they are originally nonpolar (not charged).
For the CaSn03/BaSiOs3 system, as shown in Table [I, the CBM
of film CaSnOj is lower than that of the substrate BaSiO3. After
electronic reconstruction at the interface, the lower energy states
at the interfacial region are both from the film and substrate, and
accordingly, when the electrons are transferred from the film to
the substrate via the intrinsic electric field in the film, the elec-
trons tend to stay at a lower energy state and thus partial elec-
trons flow back to the film. Thus, the 2DEG are contributed both
from the interfacial layers in the substrate and film. For some
HS, such as SrTiO3/SrSiO3 and BaTiO3/BaSiO3, the film CBM is
significantly lower than that of the substrate, and even after elec-

This journal is © The Royal Society of Chemistry [year]

tronic reconstruction, the film CBM is still much lower than that
of the substrate, then the transferred electron will be solely ac-
cumulated in the film side near the interfacial region. Therefore,
the 2DEG forms in the film side of the interfacial region, see the
calculated layer-resolved DOS of these two systems in Figure S3
of the Supporting Information. In contrast, when a film CBM is
much higher than that of the substrate, there will be no electrons
flowing back and the 2DEG only appear in the substrate side of
the interfacial region, such as CaZrO3/SrSnOj3 systems.

3.4 Polarization Robustness

In this section, we explored the polarization robustness in these
nonpolar/nonpolar HS. Here we started by investigating the po-
larization stability and switching path in these systems, as various
ferroelectric phase transitions have been found in the ferroelectric
HS.Z3H75] 1 our calculations, the first two unit cells of the sub-
strate and all the film layers were initialized as polarized, with a
small relative displacement between cations and their neighbor
oxygen anions in the same plane. The initial polarization was set
as either toward the interface (P;) or toward the vacuum (P_),
and then a structural relaxation was carried out to examine the
polarization stability. That is, whether the polarization can per-
sist in the ground state optimized structure. If the polarization
remains after structural relaxation, then it is stable, otherwise
not stable and cannot be formed. If both the P_ and P, polariza-
tion cannot be formed, then the HS is intrinsically paraelectric, as
discussed later in the case of SrHfO3/CaHfO3. It is worth men-
tioning that when polarization is switched from P, to P_, the
interfacial metallic states will be changed from 2DEG to 2DHG,
as shown in Figure S4 of Supporting Information. Accordingly,
further experimental studies are worth being done to verify the
formation of 2DHG. In fact, recently, a 2DHG has been experi-
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Fig. 5 Orbital projected band structures for (a) BaTiO3/SrTiOs, (b) CaZrOs/YbZrOs;, (c) CaZrO;/CaHfO;, (d) CaSn05/BaSiO;, (e) BaSiO3;/CaGeOs,
and (f) CaZrO3;/SrSnO; HS. The horizontal dot line indicates the Fermi level at zero.

mentally observed in the p-type polar/nonpolar LaAlO3/SrTiO3
interface,7877 in which the 2DHG was attributed to the p-type
(AlO,)~/(Sr0)° interface rather than the polarization disconti-
nuity.

Next, to determine the polarization switching behavior and po-
tential energy barrier between different polarization states, we
calculated the energy versus polarization (E(P)) profiles for all
the HS systems in the Table |2| by interpolating continuously be-
tween paraelectric and ferroelectric states. 7374178 The average
polarization of each unit cell in the film was calculated using the

following formula:Z2/80

e N
P=_Y 76z 2)
Qi:l

in which Q and N are the average volume and number of ions
in one unit cell, respectively, Z; is the Born effective charge for
each ion, and Jz; is the displacement of the ith atom away from
its original position in paraelectric phase. Based on the obtained
E(P) curves, we were able to further divide the E(P) profiles into
five different types, according to the spontaneous polarization di-
rection and the relative stability of paraelectric and ferroelectric
states, see Talbe Note that the E(P) curve for each HS was
calculated at the critical film thickness #, of forming polarization
state, and as the film thickness further increases, the E(P) curve
could be changed to a different type. To clearly show the po-
larization behaviors and classification of E(P) curves of these HS
systems, we selected five types of HS systems based on their E(P)

8| Journal Name, [year], [vol.],1

characters, and showed their E(P) profiles in Figure [6] Several
conclusions can be derived as below:

i) For the first two types of E(P) profiles, i.e., Type-1 for
(SrHfO3)g/CaHfO3 and Type-2 for (SrTiO3)s/CaGeOs, there ex-
ists only one local energy minimum, which is also the global en-
ergy minimum, see Figure [6|(a, b). In other words, there are no
metastable polarization states. For (SrHfO3)¢/CaHfOs3, its ground
state is non-polarized and no stable polarization state exists in the
HS, while for (SrTiO3)s/CaGeOs, its ground state has a sponta-
neous P, with a polarization direction towards the interface.

ii) For the third and fourth types of E(P) profiles, i.e., Type-3
for (CaHfO3)4/SrTiO3 and Type-4 for (PbSnOj3);,/CaHfO3, they
show an asymmetric-like double-well E(P) curve, see Figure [6{c,
d). This indicates that there exist one metastable state (local en-
ergy minimum) and one ground state (global energy minimum)
in these systems. For (CaHfO3)4/SrTiO3, its metastable state is
non-polarized while ground state has a P, state towards SrTiO3
substrate. This means that without an initial P; configuration, the
HS with a Type-3 E(P) character will remain non-polarized due to
an energy barrier from the metastable P, to the ground-state P
(about 15 meV). Also, there is no stable P_ state in Type-3, which
means even if the HS is initially with a P_ configuration, the initial
polarization will eventually disappear after structural relaxation
and the system becomes non-polarized. On the other hand, the
HS systems with a Type-4 E(P) character can exhibit a sponta-
neous P_ polarization and an energy barrier must be overcome to
have a transition from P_ state to P state in Type-4 systems.

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Calculated total energy per film unit cell as a function of the average polarization for (a) (SrHfO3)s/CaHfOs, (b) (SrTiO3)s/CaGeOs, (c)
(CaHfO3)4/SrTiO3, (d) (PbSnO3);,/CaHfOs, and (e) (PbTiO3),5/SrTiOs HS. The lowest total energies of each system are taken as the reference

energies.

Table 3 Polarization types for substrate SrTiO3;-, YbZrOs3-, CaHfO;-,
BaSiO3-, CaGeOs- and SrSnOs-based HS. The polarization type for each
HS system is determined at t. film critical thickness, which means it is
evaluated once polarization is formed in the film layers. Note that the po-
larization type can be changed to another type if film thickness is further

increased.

Type-1 Type-2 Type-3 Type-4 Type-5
SrSn03/SrTiO3 BaTiO3/SrTiO3 GeSnO3/SrTiO3 | EuZrO3/YbZrOs SnTiO3/SrTiO3
SrHfO3/YbZrOs; | EuHfO;/SrTiOs | YbHfO;/SrTiO; | PbSnO3/CaHfO; | PbTiOs/SrTiOy
BaSnO3/YbZrO; | SnTiO3/BaSiO3 CaHfO3/SrTiO3 | EuHfO3/CaHfO3 | CaSnO3/SrTiOs
BaHfO3/YbZrO3 | BaSiO3/CaGeO3; | YbZrOs/SrTiOs3 EuZrO3/CaHfO3; | PbSnO3/SrTiO3
BaZrO3/YbZrOs | SrTiO3/CaGeO3 SrHfO3/S1TiO3 - BaSn03/SrTiO3
SrSnO3/CaHfO3; | SnTiO3/CaGeO3; | SnHfO3/SrTiO3 PbSn03/SrSn0O3
SrHfO3/CaHfO; | PbTiOs3/CaGeO3 | PbHFO3/SrTiOs -

BaSnO3/CaHfO; | EuHfO3/SrSnOs CaZrO3/SrTiO3
BaHfO3/CaHfO; | EuZrO;/SrSnO; | SnHfO3;/YbZrOs
BaZrO3/CaHfO3 - PbHfO3/YbZrO3
SrHfO3/SrSn0; CaZrOs/YbZrOs
BaSn03/SrSn03 SnZrO3/YbZrO3
BaHfO3/SrSn0O3 SrZrO3/YbZrOs
- PbZrO3/YbZrO3
YbZrO3/CaHfO3

SnHfO3/CaHfO3

PbHfO3/CaHfO;

CaZrO3/CaHfO3

SnZrO3/CaHfO3

SrZrO3/CaHfO3

PbZrO3/CaHfOs

GeTiO3/BaSiO3
CaTiO3/BaSiO3
SrTiO3/BaSiO3
PbTiO3/BaSiO3
BaTiO3/BaSiO3
CaSn03/BaSiO3
GeSn0O3/BaSiO3
GeTiO3/CaGeO3
CaTiO3/CaGeO3
YbZrO3/SrSn0O3
SnHfO3/SrSn0O3
PbHfO3/SrSn0O3
CaZrO3/SrSn0O3
SnZrO3/SrSn0O3
SrZrO3/SrSn0O3
PbZrO3/SrSn0O3
BaZrO3/SrSn0O3

This journal is © The Royal Society of Chemistry [year]

iii) For the fifth type of E(P) profile, i.e., Type-5 for
(PbTiO3)5/SrTiO3, it has three local energy minimums at P,
Py, and Py, and the global energy minimum has a P, towards the
SrTiO3 substrate. The energy barrier is about 5.15 meV from B,
to Py and about 17.51 meV from Py to P_. To reach the ground
state (with P; ) or the metastable state (with P_), an initial po-
larization must be set to overcome the energy barrier.

4 Conclusion

In conclusion, we have demonstrated a high-throughput com-
putational approach to design polarization-discontinuity-induced
2DEG systems at perovskite-oxide-based nonpolar/nonpolar in-
terfaces. Based on a large quantum materials repository of ABO3
chemical space, and by employing a group of combinatorial ma-
terials descriptors based on the band gap and energy proximity
among different perovskite phases, we were able to identify 34
nonpolar piezoelectric perovskite oxides, which can be further di-
vided into six groups of materials based on B-site elements: Ti-,
Zr-, Hf-, Si-, Ge- and Sn-based oxides. From the 34 selected piezo-
electric compounds, we have constructed 311 nonpolar/nonpolar
HS, based on the requirement of the lattice mismatch between
the film and substrate in the range of 0 < f < 6%. By taking
SrTiO3-, YbZrO3-, CaHfO3-, BaSiO3-, CaGeOs3- and SrSnOj3-based
HS as the exemplary models, we calculated electronic structures
of 70 selected HS, and verified the formation of 2DEG at the in-
terface. The critical thickness to form interfacial 2DEG and the
energy versus polarization profiles of each HS system were also
studied. This work provides a platform to accelerate the design
of perovskite-oxide-based interface materials.
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