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Perovskite oxide heterojunction for Rashba-Dresselhaus assisted antiferromagnetic spintronics
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A major impediment towards realizing technologies based on the emerging principles of antiferromagnetic
spintronics is the shortage of suitable materials. In this paper, we propose a design of polar|nonpolar heterostruc-
tures of perovskite oxides, where a single unit cell of SrIrO; is sandwiched between a thin film of LaAlO;
and a substrate of SrTiO;z. Our calculations within the framework of density-functional theory + Hubbard
U + spin-orbit coupling reveal a two-dimensional conducting layer with electron and hole pockets at the
interface, exhibiting a strong anisotropic Rashba-Dresselhaus effect along with noncollinear antiferromagnetism,
indicating the possibility of realizing a spin-orbit torque. An insightful physical model for the anisotropic
Rashba-Dresselhaus effect nicely interprets our results, providing an estimate for the Rashba-Dresselhaus
coefficients and illustrating pseudospin orientation. We also observe a proximity-induced prominent Rashba-like
effect for Ti 3d empty bands. Our results suggest that the heterostructure may possess the essential ingredients
for antiferromagnetic spintronics, deserving experimental verification.

DOLI: 10.1103/PhysRevB.102.214425

I. INTRODUCTION

The use of antiferromagnetic materials for spintronic ap-
plications has recently been identified as one of the most
promising paths for future technology development [1-4].
Some of the advantages of antiferromagnetic materials over
their conventional ferromagnetic counterparts include robust-
ness against perturbation due to magnetic fields, the absence
of stray fields, and ultrafast spin dynamics. Besides potentially
facilitating ultrafast computational operations at a low energy
cost, antiferromagnetic spintronic materials are promising for
nonvolatile memory devices with a terahertz electrical writing
speed [5]. Spin-orbit torque due to strong Rashba-like spin-
orbit interaction may help manipulate the magnetic domains
and antiferromagnetic spin textures [1]. Therefore, realizing
a substantial Rashba-like effect in a two-dimensional con-
ducting layer along with antiferromagnetism is one of the
possible routes for further developments of antiferromagnetic
spintronics.

Heterostructures of iridates hold a substantial promise
in the lookout for suitable materials for realizing antifer-
romagnetic spintronics. The emerging research on iridates
reveals fascinating physical properties, owing to the inter-
play of spin-orbit interaction, electron-electron correlation,
and crystal-field splitting—all with comparable strength in
these systems [6—8]. Moreover, heterostructures of iridates
and other 5d oxides may lead to a new paradigm where con-
straining the electron movement can trigger novel properties
that are useful for technology [9-12]. In a pioneering work,
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Matsuno et al. [9] synthesized superlattices of [(StIrO3),,,
SrTiO3] using a pulsed-laser deposition technique and studied
the physical properties. Their results point out that, besides
being an insulator, Ir magnetic moments order over a long
range in canted antiferromagnetic fashion in SrIrO3 for m =
1, suggesting its similarity with the layered Sr,IrO4. The
discussion indicates intuitively that an ultrathin film of SrIrO3
deposited on a noninterfering substrate may mimic some of
the physical properties of Sr,IrO4, owing to the interaction
between Ir atoms along the ¢ direction being restricted. An-
other combined experimental and theoretical study suggests
that the opening of a gap in an ultrathin film of SrIrO; requires
antiferromagnetic order [10]. Thin films of SrIrO; may also
exhibit spin-orbit torque [13,14]. However, a two-dimensional
conducting system along with robust antiferromagnetism and
a strong Rashba-like effect—a combination potentially useful
for antiferromagnetic spintronics—has not yet been realized.

In this paper, we propose an ingenious way of realizing
a two-dimensional conducting layer with strong spin-orbit
interaction leading to the Rashba-Dresselhaus effect in an
antiferromagnetic background crucial for hosting antiferro-
magnetic spintronics. We study a heterostructure having one
unit cell of SIO sandwiched between a thick TiO,-terminated
SrTiO3 (STO) substrate and a thin film of LaO-terminated
LaAlO; (LAO) along the 001 direction. Having alternating
+1| — 1 charged planes along the 001 direction, LAO would
lead to monotonic development of electric potential when
deposited on a nonpolar material, causing electronic recon-
struction [15]. Thus, the heterostructure of polar LAO with
nonpolar IrO,-terminated SIO|STO is expected to develop
an n-type interface, where the carriers would be confined
to the IrO, plane, resulting in a two-dimensional conduct-
ing layer at the interface. Since the band gap (Mott-like
gap) of SIO is very small, an estimate of charge transfer
similar to Ref. [15] would suggest that only a few-unit-
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cell-thick LAO would be sufficient for transferring ~0.5¢
per interface unit cell. Our investigation progresses as fol-
lows: first we simulate a TiO,-terminated (SrIrO3)|(SrTiO3),
heterostructure and its 2 x 2 supercell in the ab plane
(henceforth referred to as a 2a x 2b cell) to analyze the
electronic structure and magnetic properties. Subsequently,
a (LaAlOj3);,5|(SrIrO3), |(SrTiO3)4 5 heterostructure that en-
sures ~(0.5e per unit cell transfer to the n-type interface
and its 2a x 2b supercell are simulated. The electronic struc-
ture, magnetic properties, and spin-orbit interaction driven
Rashba-like effects are thoroughly investigated for these
heterostructures with the help of an analytical model. The
remainder of the paper is organized as follows: The method-
ology of our calculations is described in Sec. II. A detailed
discussion of our results is provided in Secs. III and IV.
Finally, we summarize the work in Sec. V.

II. METHOD

Although we aim at understanding the physical properties
of a heterostructure with ultrathin films of SIO and LAO
deposited on a thick STO substrate, here we simulate su-
perlattices of (SrIrO3);|(SrTiO3); and (LaAlO3), 5|(SrIrO3),|
(S1Ti0O3)35|(SrIrO3); comprising n-type interfaces between
LaO and IrO, planes, subject to periodic boundary conditions
along every direction in order to capture the essential physics
of the heterostructures within affordable computational cost.
The choice of the fractional number of unit cells for the
constituent materials ensures the transfer of 0.5 electrons per
interface unit cell in order to satisfy the preferred oxidation
states of the A-site cation and the oxygen anion. 2a x 2b
cells are simulated to accommodate tilted IrOg octahedra and
various antiferromagnetic orders. All our calculations of to-
tal energy, electronic structure, and magnetic properties of
SIO|STO and LAO|SIO|STO heterostructures are carried out
using density-functional theory within a plane-wave basis set
along with the projector augmented wave (PAW) method [16],
as implemented in the VASP code [17,18]. The generalized
gradient approximation (GGA) due to Perdew, Burke, and
Ernzerhof (PBE) is used for the exchange-correlation func-
tional [19]. Some of the key results were verified within the
local density approximation (LDA) [20,21] for consistency.
Strong Coulomb correlation in d and f orbitals was described
within the DFT + Hubbard U (GGA + U) method [22], with
U—-J=2,15, and 10 eV for Ti 3d, Ir 5d, and La 4f
states, respectively. The large U value for La 4 f states ensure
locating these empty states sufficiently high in energy to avoid
any artifacts in the electronic structure arising from them. The
Brillouin-zone integration is performed within an improved
tetrahedron method [23] using a I'-centered dense k mesh
of 15 x 15 x 1 for the three-dimensional bands and Fermi
contour calculations, a 9 x 9 x 1 mesh for the rest of the
calculations involving 2a x 2b cells, and a 19 x 19 x 1 mesh
for the calculations involving la x 1b cells. The system’s total
energy was well converged to a threshold of 10~7 eV for the
calculations considering spin-orbit interactions. Mimicking a
possible epitaxial growth of the thin films of SIO and LAO
on a thick substrate of STO, we constrain the lattice constant
in the ab plane to match that of STO, allowing relaxation
only along the ¢ direction to minimize the stress. The atomic

positions are optimized to minimize the Hellman-Feynman
forces on each atom with a tolerance of 0.01 eV /A.

II1. RESULTS

The results obtained from our calculations are discussed
below.

A. SI‘II'03 |SI'TiO3

Since the SIO|STO heterostructure plays the role of a
benchmark for our study of the LAO|SIO|STO heterostruc-
ture, carefully understanding the electronic structure and
magnetic properties of SIO|STO is imperative for further
progress. Below we discuss the results of our calculations
with (SrIrO3);|(SrTiO3); heterostructure. Because each Ir
(Ti) atom is surrounded by six O atoms forming an oc-
tahedron, Ir 5d (Ti 3d) spin-degenerate states split into a
lower-energy threefold degenerate #,, manifold and a higher
energy twofold degenerate e, manifold. Furthermore, strong
spin-orbit interaction in an Ir** ion splits the I, manifold
into a lower-energy completely filled J.ir = 3/2 quartet and
a higher-energy half-filled Jit = 1/2 doublet. Our results for
the calculations with 1a x 1b structure reveals the conducting
nature of the heterostructure, owing to Ir 54 bands crossing
the Fermi level. The band dispersion along the X — I' - M
direction (the Brillouin-zone geometry has been discussed in
Appendix A) and the density of states (DoS) are displayed in
Figs. 1(a) and 1(b), respectively. We note that Ir 5d states, hy-
bridized with O 2p states, constitute the states near the Fermi
level (Ep). Ti 3d states in Ti** ions are completely empty
and lie above Er. The heterostructure’s metallic character
originates from the Ir-5d—O-2p hybridized states, suggesting
that the conduction electrons are confined to the single layer
of SrIrO;, leading to a two-dimensional conducting layer.
To allow antiferromagnetic order or tilted IrOg octahedra,
we have simulated a 2a x 2b supercell. In practice, a het-
erostructure with an ultrathin film of SIO grown on a thick
substrate of STO would adapt to STO’s lattice constant in
the ab plane. On the other hand, the lattice constant along
the ¢ direction is unconstrained and governed by the Poisson
ratio of the respective materials. When deposited on the STO
substrate, SIO undergoes an in-plane compressive strain. The
inset of Fig. 1(d) shows the optimized structure with tilted
IrOg octahedra having a a®b°c~ tilt pattern with reference to
the nearby STO layer [24] and an angle of 14.1° about the
c axis, in agreement with experiments [25-27]. Our calcula-
tions for a 2a x 2b supercell, including spin-orbit interaction,
suggest that a ferromagnetic order is not stable. We realize a
weak canted antiferromagnetic arrangement, as depicted with
arrows in the inset of Fig. 1(d), with projected spin and orbital
magnetic moments of 0.12up and 0.27up, respectively, at
the Ir site. The band structure [Fig. 1(c)] and the density of
states [Fig. 1(d)] corresponding to the antiferromagnetic phase
clearly shows a small energy gap of 0.16 eV near the Fermi
level. Such a band-gap opening, driven by antiferromagnetic
order, with a moderate value of U —J = 2 eV within the
GGA + U method suggests a Mott- or Slater-like insulating
state of the monolayer of SrIrO;, owing to the absence of
interaction between Ir atoms along the ¢ direction, similar
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FIG. 1. The band structure along the X — I' — M direction
for SIO|STO with la x 1b structure (spin-unpolarized) and with
2a x 2b supercell (antiferromagnetic) with spin-orbit interaction are
shown in panels (a) and (c), respectively. Panels (b) and (d) exhibit
the density of states corresponding to panels (a) and (c), respectively.
The inset of panel (d) depicts the tilted IrO¢ octahedra and a canted
magnetic arrangement.

to SrpIrO4 [28,29]. Our results do not reveal any Rashba-
like splitting of the bands, consistent with the experimental
report of temperature-dependent weak Rashba-like effect for
SIO|STO heterostructure (see Appendix B for further details)
[30]. An isolated narrow (0.37 eV wide) Je = 1/2 band
appears right above the Fermi level, which would lead to
interesting physics upon charge transfer.

B. LaAlO;|SrIrO;|SrTiOs

Similar to the polar-nonpolar oxide heterostructure of
LAO|STO, deposition of a thin film of the polar oxide LAO on
the one-unit-cell-thick film of IrO,-terminated nonpolar SIO
grown on nonpolar STO substrate is expected to result in an
n-type interface with the two-dimensional conducting layer
being confined at the IrO, plane.

1. Tilted IrOg octahedra

We optimized the atomic positions and the lattice constant
along the ¢ direction for the simulated LAOI|SIO|STO het-
erostructure, constraining the lattice constant in the ab plane
to that of STO. An a’h~c™ tilt pattern emerges from our
calculations, with tilt angles of 5.4° and 13.4° about the b
and c axes, respectively [see Figs. 2(a) and 2(b), inset], which
lowers the total energy of the system by 0.45 eV per Ir atom
when compared with a heterostructure without octahedral
tilts. The enhanced tilts can further confine the electrons in
the local orbitals, reinforcing magnetism [15]. We note that,
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FIG. 2. Panel (a) depicts the transferred charge-density isosur-
faces for the LAO|SIO|STO heterostructure, while panel (b) shows
the transferred charge-density summed over the ab plane varying
with the unit cells along the ¢ direction. An electrostatic estimate of
charge transfer as a function of LaAlOj thickness and an illustration
of the tilted IrO¢ octahedra marking the magnetic moment vectors
are given in the insets of panel (b).

in the absence of experiments, the possible thickness of a
LAO film grown on an ultrathin film of SIO is not known.
At this stage, an estimate of the charge transfer amount to
the interface would help understand the proposed system’s
physical properties.

2. Charge transfer

Our estimate of charge transfer is based on electrostatics,
as described in Ref. [15]. Using appropriate values for the
parameters,! we obtained the ratio of the required amount
of transferred surface charge density o' to the surface charge
density of a positively charged plane o for avoiding the polar
catastrophe, as shown in the inset of Fig. 2(b). Because of
the small Mott-like gap near the Fermi level and the small
valence-band offset between SrlrO3 and LaAlQOj3, the required
amount of transferred charge rapidly approaches its saturation
value of 0.5e~ per interface unit cell with increasing thickness
of LAO, reaching 0.4e~ for as thin as three unit cells of
LAO. Hence we justify representing the arrangement of the
thin films described above by simulating a LAO|SIO|STO
heterostructure [see Fig. 2(a)] within periodic boundary
conditions along the ¢ direction, which ensures the transfer
of 0.5e™ per interface unit cell.

The charge-density isosurface plot for the transferred
charge displayed in Fig. 2(a) finds the transferred charge pop-

"We have used €“49/¢; =24, ¢, being the permittivity of free
space, &, + A = 0.35eV,KF =05F .
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TABLEI. The spin (orbital) magnetic moment projected onto the
Ir ions and the relative energies AE in meV for different magnetic
configurations of LAO|SIO|STO: canted ferromagnetic (FM), canted
checkerboard antiferromagnetic (CB-AFM), and canted striped anti-
ferromagnetic (ST-AFM) are tabulated here.

Configuration U—-J=15eV U—-J=20eV

Ir moment (up) AE  Ir moment (ug) AE
FM 0.2 (0.21) 0.85 0.21 (0.23) 0.68
CB-AFM 0.2 (0.24) 0.00 0.21 (0.25) 0.00
ST-AFM 0.2 (0.24) 0.53 0.21 (0.25) 0.50

ulating the hybridized Ir-5d—O-2p states in the IrO, plane.
Furthermore, we calculated the transferred charge density
p(z) within the appropriate energy range, summing over the
FFT grid points along the x and y directions. The result, shown
in Fig. 2(b), confirms that the transferred charge is confined
only to the IrO, planes, corroborating the impression gathered
from the isosurface plot [Fig. 2(a)].

3. Magnetism

We note that partially filling the narrow Jer = 1/2 bands
of Ir right above the Fermi level in Fig. 1(c) with the electrons
transferred due to deposition of a polar oxide film in the
presence of heavily tilted IrO¢ octahedra is expected to lead to
interesting magnetic properties. Our calculations suggest that
the Ir ions’ magnetic moments are canted along the axes of the
tilted IrO¢ octahedra. We have simulated three qualitatively
different magnetic arrangements: (a) the canted ferromagnetic
(FM) arrangement, where the canted magnetic moments point
roughly along the same direction, (b) the canted checkerboard
antiferromagnetic (CB-AFM) arrangement, where the second-
nearest magnetic moments are in almost opposite directions,
and (c) the canted striped antiferromagnetic (ST-AFM) ar-
rangement, where nearly opposite magnetic moments form
stripes. Our results for the projected magnetic moments and
relative energies for different magnetic arrangements are tab-
ulated in Table I. The results indicate that the canted CB-AFM
is the most favored in terms of energy among the magnetic
arrangements considered here. In addition to a substantial
projected spin moment of 0.2up, we observe a remarkably
significant orbital moment of 0.24up projected onto the Ir
ions, which may be attributed to Ir’s strong spin-orbit inter-
action. We have also repeated the calculations with U — J =
2 eV for Ir 5d states and found qualitatively similar results
with little increment in the projected magnetic moment (see
Table I). The lowest-energy canted CB-AFM arrangement is
depicted in the inset of Fig. 2(b) with arrows for the projected
magnetic moment vectors. To assess the reliability of our
results, we repeated the calculations within the local spin-
density approximation + Hubbard U method with a modest
value of U —J = 1.5 eV for Ir 5d states, considering spin-
orbit coupling (LSDA + U + SOC). The results reconfirm
the canted CB-AFM as the lowest-energy state magnetic ar-
rangement with 0.17up and 0.23up of projected spin and
orbital moments, respectively, at Ir sites. The agreement of
the results obtained within GGA + U + SOC and LSDA +
U + SOC point to the robustness of our predictions for the

magnetic properties of the heterostructure. The robust anti-
ferromagnetism with substantial orbital moment makes the
heterostructure promising for technologies based on antifer-
romagnetic spintronics.

4. Rashba-like effect

Having an insight into the magnetic ground state of the
LAOISIO|STO heterostructure, we focus now on the conse-
quences of a strong spin-orbit interaction of Ir 5d electrons
on the physical properties of the system. The results obtained
from our electronic structure calculations for the heterostruc-
ture within GGA + U + SOC are displayed in Fig. 3. We
find from the band dispersion and DoS shown in Figs. 3(a)
and 3(b), respectively, that the narrow (0.37 eV wide) Ir 5d
band above the Fermi energy highlighted in Fig. 1(c) gets
broadened to ~0.5 eV upon transfer of 0.5e™ per interface
unit cell. The formation of the heterostructure and tilts of IrOg¢
octahedra leads to broken symmetry that splits the Ir bands
near the Fermi level, resulting in a dip in the DoS at the
Fermi level. As a consequence of broken inversion symmetry
in the presence of a microscopic electric field and a strong
spin-orbit interaction, we expect to see a Rashba-like effect
in the system that would separate the bands with different
pseudospins in momentum space. Figure 3(c) displays the
bands near the Fermi level along the M — I — M direction,
confirming our expectation of Rashba-like split bands. To gain
further insight into the electronic structure of these bands, we
exploit the two-dimensional nature of the Brillouin zone for
the heterostructure and plot the band energies as functions
of k, and k,, shown in Fig. 3(d). Examining Figs. 3(c) and
3(d), we observe the presence of electron pockets near the cor-
ners of the Brillouin zone and shallow hole pockets near the
center of the Brillouin zone. The Fermi contours displayed in
Fig. 3(e) confirm the location of the electron and hole pockets,
while Fig. 3(f) reveals the shape of the hole pockets in three
dimensions. A close look at the top of the bands highlighted in
Fig. 3(g) reveals two peaks, which is not a characteristic of the
Rashba effect alone. Furthermore, the constant-energy con-
tours on the plane £ — Ep = 0.44 eV [see Fig. 3(h)] exhibit
double lines traced by nearly degenerate bands from different
sublattices, a characteristic of constant-energy contours for
Rashba-like split bands in an antiferromagnetic system [31],
with elliptical arcs merging onto each other. These features
call for a deeper understanding of the Rashba-like physics in
the system.

5. Anisotropic Rashba-Dresselhaus model

To better understand the unusual Rashba-like features
of the system, we develop an analytical model of the
anisotropic Rashba-Dresselhaus effect. The influence of an
electric field along the z direction on the electrons with
strong spin-orbit interaction and structure inversion asymme-
try (SIA) may be described by the Rashba Hamiltonian of the
form [32]

Hp = a(k)'ax - kay)s (D

where o is the Rashba coefficient, k. and k, are the com-
ponents of crystal momentum, and o, and o, are the usual
Pauli matrices. Similarly, the Dresselhaus Hamiltonian arising
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FIG. 3. The band dispersion of LAO|SIO|STO in the canted CB-AFM configuration along the high-symmetry directions X - I' — M
and the density of states are shown in panels (a) and (b), respectively. Panel (c) shows the predominantly Ir 54 bands near the Fermi level
along M — I' — M, highlighting the Rashba-like splitting. The bands touching the Fermi level have been plotted in three dimensions (3D)
as functions of the crystal momenta k, and k,, displayed in panel (d). The Fermi contours feature in panel (e), while the hole pockets are
highlighted in a 3D plot, shown in panel (f). The top of the bands highlighted in panel (g) has two peaks, leading to double elliptical constant-

energy contours on the plane E — Er = 0.44 eV, shown in panel (h).

due to the spin-orbit interaction and bulk inversion asymmetry
(BIA) is given as [33]

Hp = p(kyoy — koy), @

with 8 being the Dresselhaus coefficient. When treated as a
perturbation to a free quasiparticle system with effective mass
m*, the Rashba (Dresselhaus) term leads to the eigenvalues

+ - k2 -

et ®) = 53— £ (BRI 3)
adjusting the units such that # = 1. The qualitatively similar
eigenvalues 8?5(,3)(1;) from the Rashba and the Dresselhaus
terms plotted as functions of k, and k, for m* < 0 are shown
in Fig. 4(a), while Fig. 4(b) displays a cross section of the
same bands. Figure 4(c) displays the circular constant-energy
contours, obtained by setting

> K2 -
+
e k) = — + a(B)|k| = constant. 4
i ®) = 5 — £ (B)Ik| )
In the presence of both structure and bulk inversion asymme-
try in a system, the combined Rashba-Dresselhaus Hamilto-
nian leads to the eigenvalues

et (k) = LS \/(aZ + B2 — daBkk (5)
RD 2m* X 9

featuring double-hill bands shown in Fig. 4(d) and a cross
section in Fig. 4(e). While the double-hill pattern somewhat
resembles the band structure obtained from our GGA + U +

SOC calculations [see Fig. 3(g)], the constant-energy contours
in Fig. 4(f) exhibit significant differences with Fig. 3(h) in
terms of shape and orientation—the former comprises circular
arcs with a diagonal orientation, while the latter features ellip-
tical arcs with an axial orientation. We note that the a6~ ¢~
tilt pattern of the IrO¢ octahedra with no tilt about the a
axis and substantial tilt about the b axis may lead to unequal
quasiparticle effective masses along the k, and k, directions.
Furthermore, we must increase the unit cell at least V2 x A2
times in the ab plane in order to accommodate the a’b~c™ tilt
pattern (see Fig. 5), rotating the reciprocal cell by 7 /4 relative
to the principal axes of effective mass. The transformed coor-
dinates in the reciprocal space, (Kx, Ky ), may be represented
in terms of (k,, k) as

Kx _ L cos sin 7\ [kx _ l ke + ky ©
Ky V2\=sinZ  cos T/ \k, 2\ky — k)’
Considering the anisotropic effective mass and the trans-

formed reciprocal axes, we can write the Hamiltonian for the
anisotropic Rashba-Dresselhaus model as

Hjrp = Hy + a(Kyo, — Kxo,) + B(Kyo, — Kxoy), (7)

where

PR L U ©
0= 2mr 9x* 2m} 9y?

214425-5
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FIG. 4. We have shown the band dispersions e(k) and constant-energy contours obtained from our model calculations in this figure. Panels
(a) and (b) show the dispersion for Rashba effect on isotropic bands, while panel (c) shows the corresponding constant-energy contours.
Similarly, panels (d) and (e) show the band dispersion for a combination of isotropic Rashba and Dresselhaus effects, with the corresponding
constant-energy contours in panel (f). Finally, the energy-momentum dispersion from our model for anisotropic Rashba-Dresselhaus effect with
rotated Brillouin-zone features in panels (g) and (h), with the corresponding constant-energy contours in panel (i), marking the pseudospin

directions with arrows.

is the kinetic energy term in two dimensions, with m} and m}
representing the effective masses along &, and k,, respectively.
Treating the Rashba-Dresselhaus terms in Eq. (7) as perturba-
tions to the free-electron-like Hamiltonian in Eq. (8) and using
Eq. (6) for relating (K, Ky) to (ky, k,), we evaluate the energy
eigenvalues SZtRD(]_é) for the anisotropic Rashba-Dresselhaus
system as

I CR
B = k5 2L+ B7R + @ - pre].
x y

C))

Figures 4(g) and 4(h) show the double-hill bands and their
cross section, respectively.

The constant-energy contours may be obtained in a polar
coordinate system by putting k, = kcos¢ and k, = ksin @,
where (k, ¢) are the usual polar coordinates,y and setting sij D

in Eq. (9) to a constant ¢., as below:

k*>cos’¢  k*sin’¢

* *
2m 2my

c =

+ \/2[(05 + B)*k2 cos? ¢ + (a — B)*k? sin® ¢
2 s 02
zkz(cos 1) N sin” ¢

* *
2m 2m;

) + ky/2(a? 4 B2 + 2 cos 2¢).
(10)

The roots of this quadratic equation give the constan-energy
contours, as shown in Fig. 4(i), revealing no qualitative dif-
ference with our GGA + U + SOC results [see Fig. 3(h)].
The model with the parameter values of mi = —0.81m,, my =
—0.29m,, « = 0.062 eV A, and 8 = 0.044 eV A reasonably
emulates our results from the GGA + U + SOC calculations
shown in Fig. 3(g), suggesting a large Rashba-Dresselhaus
effect for the system—nearly two orders of magnitude greater
than that of SIO|STO heterostructures [30]. Our estimated
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FIG. 5. The bigger (red) square represents the /2 x +/2 times
cell in the ab plane that is required to accommodate the IrOg octahe-
dra tilted in a®b~c™ pattern, while the smaller (black) square shows
the unit cell sufficient to describe the structure without octahedral
tilts. They make an angle of 7 /4.

effective masses belong to a similar ballpark range as reported
by Manca et al. [34] for the Ir 5d bands in the SIO|STO het-
erostructure, although with a different tilt pattern of the IrOg
octahedra. Furthermore, anisotropic transport properties were
reported in ultrathin SIO|STO heterostructures, in agreement
with our model of anisotropic effective mass [35].

To visualize the pseudospin directions in the system, we
evaluated the eigenstates |£) of the anisotropic Rashba-
Dresselhaus Hamiltonian Hygp given in Eq. (7) as

L
V2

where | 1) and | |) are the eigenstates of the spin projection
operator S, and

(1= iye?+ B>+ 2aBcos2¢
 V2l(a + B)cos¢ + i(a — B)sing]’

We may evaluate the expectation values of the spin-
projections for |+£) in the units of 7 as follows:

|£) = —= (I 1)+ 1), an

fr=1. (12)

1 1
(S)y = §(+|Uz|+> = Z@*C -D=0

= %(—I%I—) =(S:)_ 13)

1 1 .
§<+|Ux|+> = Z(C +¢7)

1 (¢+pB)cos¢p — (@ — B)sing
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(8,0, = 3{+loy 1+ = 2 = ¢
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1
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(b)

M/4 r M/4

FIG. 6. Rashba-like effect for predominantly Ti 3d bands man-
ifested due to proximity to strong spin-orbit entangled Ir are
highlighted in panel (a). Panels (b) and (c) show the charge-density
isosurfaces corresponding to upper and lower pairs of Rashba-like
split bands in panel (a), respectively.

The pseudospins obtained from Eqgs. (13)—(15) is marked in
Fig. 4(i), highlighting the rotation of the pseudospin direction.

The formation of electron and hole pockets hints that the
number of charge carriers revealed in a transport measurement
may be fewer than 0.5e™ per interface unit cell for this system.
Nevertheless, the large Rashba-Dresselhaus effect observed
here in conjunction with an antiferromagnetic ground state
makes this heterostructure a lucrative material for emerging
antiferromagnetic spintronics [1].

6. Proximity effect

After confirming a large Rashba-Dresselhaus effect from
Ir 5d bands at the LAO|SIO|STO heterojunction, we carefully
examine the empty Ti 3d states above the Fermi level. The
relevant part of the band structure has been magnified and
shown in Fig. 6(a), indicating much smaller, yet substantially
Rashba-like split bands well above the Fermi level. Charge-
density isosurfaces corresponding to the upper and the lower
pair of Rashba-like split bands are depicted in Figs. 6(b) and
6(c), respectively, revealing predominant Ti 3d characters of
the bands with some admixture of Ir 5d character. These Ti 3d
bands visibly exhibit significantly more splitting than that of
Ref. [36] for LAO|STO. This considerably larger Rashba-like
splitting from Ti 3d bands can be attributed to the proximity
to Ir 5d states with strong spin-orbit interaction.

IV. DISCUSSION

The heterostructure of LAO|SIO|STO simulated here pos-
sesses a number of interesting properties at the ultrathin
SIO layer, namely, (i) a two-dimensional conducting layer
owing to charge transfer, (ii) broken inversion symme-
try and a strong spin-orbit interaction driven anisotropic
Rashba-Dresselhaus effect, (iii) canted antiferromagnetic or-
der, and (iv) a proximity-driven Rashba-like effect. These
properties make this heterostructure attractive for explor-
ing antiferromagnetic spintronics. The strong anisotropic
Rashba-Dresselhaus effect observed from our calculations in
the two-dimensional conducting antiferromagnetic layer is
promising for realizing spin-orbit torque. Furthermore, the ro-
bust insulating nature of STO and LAO with significant band
gaps ensures that, except for the interface, the heterostructure
remains insulating everywhere else, allowing for tuning the
Rashba-Dresselhaus coefficients and the possible spin-orbit
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torque via an external electric field or gate voltage over a
wide range. Various spin textures may be realized in the non-
collinear antiferromagnetic interface, which allows for storing
and processing information, possibly at terahertz frequency
and extremely low power, controlled via spin-orbit torque.
Besides, the observation of an enhanced Rashba-like effect in
Ti 3d states due to its proximity to Ir suggests opening up
a new horizon in designing proximity-driven heterostructures
for future technology. One of the advantages of proximity-
induced spin-orbit interaction over adatom or substitution is
that the host material’s electronic structure is only slightly
altered. Nevertheless, experimental verification of the pre-
dicted properties, such as the presence of a two-dimensional
conducting layer, canted antiferromagnetism, and a strong
anisotropic Rashba-Dresselhaus effect at the interface, and the
hypothesized properties, such as tunable spin-orbit torque, are
imperative for further progress.

V. CONCLUSION

To conclude, we have simulated SrlrO;|SrTiOs; and
LaAlO;3|SrIrO5|SrTiO3 heterostructures within the frame-
work of density-functional theory including a Hubbard-U
correction and spin-orbit interactions. Our results suggest
that the nonpolar SrlrO3|SrTiO; heterostructure behaves like
a canted antiferromagnetic Mott or Slater insulator with
tilted IrO¢ octahedra. The polar|nonpolar heterostructure of
LaAlOs3|SrIrO3|SrTiO3, where we assume one unit cell of
SrIrO; sandwiched between a thin film of LaAlO; and a
thick substrate of SrTiOsz, results in a two-dimensional con-
ducting layer with electron and hole pockets at the interface
SrIrO; unit cell. Our calculations reveal a canted antifer-
romagnetic ground state also for the LaAlO3|SrIrO3|SrTiO3
heterostructure with tilted IrOg octahedra. We observe a
strong anisotropic Rashba-Dresselhaus effect from the bands
contributing to the conduction of charges. A physical model
developed for the anisotropic Rashba-Dresselhaus effect with-
out too many parameters nicely explains our results obtained
from DFT + U + SOC calculations, providing rich phys-
ical insight into the system and illustrating pseudospin
orientation. Based on these results, we hypothesize that
electric-field-tunable spin-orbit torque may be realized at this
heterojunction, making it an excellent test-bed for antifer-
romagnetic spintronics. Our predictions and hypotheses call
for experimental verification for further progress in the field.
In another crucial outcome, we find a pronounced Rashba-
like effect at Ti 3d empty states because of its proximity to
strong spin-orbit-coupled Ir atoms, provoking new designs of
proximity-driven heterostructures for future technology.
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APPENDIX A: THE BRILLOUIN ZONE

The geometry of the Brillouin zone is important to un-
derstand the band dispersion of the heterostructures under

ky
M (~5.7) X'0,5) M(5,7)
. r'(0,0) X (%,0)
X(_§7O) 777777777 | k
M(-%,-%) X' (0,~-%) M (5. -%)

FIG. 7. A two-dimensional Brillouin zone of square shape is
depicted here. The relevant high-symmetry points, i.e., the I' point,
four X equivalent points, and four M equivalent points along with
their coordinates are marked in the figure.

consideration. Since we are interested in heterostructures of
perovskite oxides where periodicity along the ¢ direction is
unimportant, we can consider a two-dimensional (2D) Bril-
louin zone. A square lattice in the ab plane would lead to
a square-shaped Brillouin zone, as shown in Fig. 7. The
zone boundary is marked with thick red lines, and the mo-
mentum axes k, and k, are marked with black lines. The
high-symmetry points along with their coordinates are marked
on the figure. It is customary to represent the coordinates in
the Brillouin zone in units of 27 /a, transforming the coordi-
nates of the X point into (0.5, 0), the coordinates of the M
point into (0.5, 0.5), and so on. A combination of inversion
symmetry and fourfold rotational symmetry transforms the
irreducible part of the Brillouin zone into a triangle with X, I",
and M points at the corners. However, the systems considered

E-E, (eV)

FIG. 8. Panel (a)
(SrIrOs),|(SrTiO3); heterostructure along M — I’ — M, while
panel (b) zooms in on the Ir 54 bands above the Fermi level,
revealing no signature of Rashba-like effect. Panel (c) depicts the
structure of SrlrO;|SrTiO; as viewed from the a axis, revealing the
absence of tilt about the a axis.

shows the band structure of the
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here do not obey any of these symmetries, making the entire
Brillouin zone irreducible. The effective 2D nature of the Bril-
louin zone allows for the band dispersion 8(1;), k= (ky, ky)
being adequately represented in a 3D figure. Furthermore,
the Fermi surface (constant-energy surface) reduces to Fermi
contours (constant-energy contours) in this context.

APPENDIX B: NO SIGNATURE OF RASHBA EFFECT IN
SrIrO;|SrTiO; HETEROSTRUCTURE

As discussed earlier, an electric field is generated in the het-
erostructure due to the deposition of a polar perovskite oxide
thin film of LaAlOs. The electrostatics of heterostructuring
a polar and a nonpolar perovskite oxide has been discussed
in detail in Ref. [15]. We aim at understanding the role of

this electric field in the Rashba-like effect. Therefore, we
carefully examine the band structure of the SrlrO3|StTiO3 het-
erostructure calculated within the GGA + U + SOC method
in the absence of the polar LaAlO; thin film. Our results,
shown in Fig. 8(a), display the bands along M — I' — M
direction, while Fig. 8(b) zooms in on the Ir 54 bands right
above the Fermi level to highlight any Rashba-like effect. We
hardly observe any Rashba-like effect for this heterostructure,
consistent with an experimental report of a weak, temperature-
dependent Rashba-like effect [30], seemingly because of the
absence of any microscopic electric field. However, an exter-
nally applied electric field along the c direction may introduce
a substantial Rashba-like effect in this system, owing to the
spin-orbit entangled Ir 5d states. Such an electric field may
also transform the heterostructure into a conducting one.
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