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Tunable Rashba spin-orbit coupling and its interplay with multiorbital effect and magnetic
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Complex oxide heterostructures such as the LaAlO3/SrTiO3 (LAO/STO) interface are paradigmatic platforms
to explore emerging multidegree of freedom coupling and the associated exotic phenomena. In this paper, we
reveal the effects of multiorbital and magnetic ordering on Rashba spin-orbit coupling (SOC) at the LAO/STO
(001) interface. Based on first-principles calculations, we show that the Rashba spin splitting near the conduction
band edge can be tuned substantially by the interfacial insulator-metal transition due to the varied multiorbital
effect of the lowest Ti-3d t2g bands. We further unravel an interplay between Rashba SOC and intrinsic
magnetism, in which the Rashba SOC-induced spin polarization is suppressed significantly by the presence
of interfacial magnetic ordering. These results deepen our understanding of SOC-related intricate electronic and
magnetic reconstruction at the perovskite oxide interfaces and shed light on engineering of oxide heterostructures
for all-oxide-based spintronic devices.
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I. INTRODUCTION

The essential feature of spin-orbit coupling (SOC) is that
electrons in crystals experience an effective magnetic field
in their frame of motion which couples the spin and orbital
motion of electrons [1]. The Rashba type of SOC emerges at
crystal surfaces or interfaces where the inversion symmetry
is broken. It induces spin-momentum locking (k-dependent
spin polarization) and lifts the spin degeneracy of electronic
energy bands (Rashba spin splitting) [2–4]. These properties
of Rashba SOC are appealing in spintronic devices, as they
facilitate manipulation of the electron spins without the need
of an external magnetic field and even enhance the intercon-
version between charge and spin currents through Edelstein
and inverse Edelstein effects [5–7].

Oxide interfaces are promising candidates for spin-orbit-
based control of spintronic devices owing to moderate Rashba
SOC and long spin lifetime [6]. A well-known example of
oxide interfaces is the LaAlO3/SrTiO3 (LAO/STO) (001) in-
terface, which exhibits LAO-thickness-dependent emergent
properties that are absent in the bulk counterparts. These
include insulator-metal transition [8–10], high-mobility elec-
tron gas [11,12], superconductivity [13,14], and an interfacial
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magnetic phase [15–17]. Particularly, gate-tunable Rashba
SOC was observed at the LAO/STO interface [18,19], which
has been used to demonstrate the interconversion between
spin and charge currents [17,20–22]. Further studies found
that the efficiency of the spin-to-charge conversion was depen-
dent on Rashba SOC strength and spin lifetime [6,20,23,24].
Due to longer spin lifetime, the conversion efficiency of
the LAO/STO interface is even higher than that of systems
with heavier elements like Bi/Ag interfaces or topological
insulators such as Bi2Se3 [6,23,25]. Additionally, Rashba
SOC at the LAO/STO interface has led to many exotic
properties, including skyrmions [26,27], topological super-
conductivity [28], and the intrinsic spin Hall effect [29]. Thus,
the LAO/STO interface offers us a unique playground to
explore Rashba SOC effects and their potential device appli-
cations.

For bulk STO, the conduction band edge is contributed by
the degenerate Ti-3d t2g (dxy, dxz, and dyz) orbitals at the �

point. In contrast, the conduction band edge of the LAO/STO
(001) interface is mainly derived from the dxy band. This
lifted degeneracy between the dxy and the dyz/dxz bands is
due to the broken inversion symmetry and confinement ef-
fect [3,30,31]. Consequently, it was found that the dxy band
and the dyz/dxz bands of the LAO/STO interface have dif-
ferent effects on Rashba SOC. The Rashba SOC near the
bottom of the dxy band takes a phenomenological linear-in-k
form: HR = αR(k × σ ) · z, where the coefficient αR indicates
the Rashba SOC strength, σ denotes a vector of Pauli spin
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matrices, and z is a unit vector normal to the interface [3,30–
33]. In contrast, for the dyz/dxz bands, Rashba SOC is cu-
bically dependent on k, which even shows an anisotropic
behavior [34]. It has been suggested theoretically that the
Rashba SOC at the LAO/STO interface can be explained
by the SOC and interorbital hopping between t2g orbitals
[3,30,31,35,36], wherein the crossing of multiple t2g bands
induces strong SOC and interorbital hopping (multiorbital
effect), which contributes to large Rashba SOC at the band
crossing region [3,30,31,35,36]. Experimentally, it was found
that the Rashba SOC strength αR at the LAO/STO interface
is related to carrier density which is tunable by an exter-
nal electric field [18,19,36,37]. Additionally, it was reported
that the orbital character at the conduction band edge of the
LAO/STO (001) interface can be tuned from dxy to dyz/dxz

by an in-plane (parallel to the interface) biaxial compressive
strain [38], which in turn changes the relationship between
Rashba SOC and k.

The electronic properties of the LAO/STO interface are
highly dependent on the LAO thickness, in which insulator-
metal transition occurs when the LAO thickness is larger than
the critical thickness [e.g., 4 unit cells (uc) for the LAO/STO
(001) interface]. Although the Rashba SOC-assisted spin-
to-charge conversion at the LAO/STO interface has been
demonstrated at different LAO thicknesses (2–40 uc) [17,20–
22], the evolution of Rashba SOC with the LAO thickness
is still not well understood. In addition to the electronic
phase transition, an emerging ferromagnetism has been re-
ported at the conducting LAO/STO interface [39,40], which
induces spin polarization. However, it is not clear how this
spin polarization affects the Rashba SOC at the LAO/STO
interface. Thus, in this paper, we performed comprehensive
first-principles calculations to investigate these effects on
Rashba SOC at the LAO/STO (001) interface. We find that
the Rashba SOC strength near the conduction band edge
decreases as the interface undergoes an insulator-metal tran-
sition with the increase of LAO thickness. This tendency
is ascribed to the dependence of the multiorbital effect on
the LAO thickness. Moreover, we show that Rashba SOC is
suppressed by the emerging ferromagnetism at the conducting
LAO/STO interface.

II. COMPUTATIONAL DETAILS

All calculations were performed using the density-
functional-theory-based Vienna Ab initio Simulation Package
(VASP 5.4.4.18) with the Perdew-Burke-Ernzerhof (PBE)
functional for the electron exchange-correlation interaction
[41–43], and the projector augmented wave (PAW) method for
the interaction between valence electrons and core ions [44].
Scalar relativistic effects are also included in the PAW method
[45]. The onsite Coulomb interactions of Ti 3d orbitals and
La 4 f orbitals were considered by using the PBE + U method
[46]. Here, U = 5.0 eV and JH = 0.64 eV were used for Ti 3d
orbitals [47,48]. A Hubbard U of 11.0 eV and a JH = 0.0 eV
were used for localized 4 f orbitals of La to push them to a
higher energy position [49]. The plane-wave basis with a cut-
off energy of 500 eV was used to expand the electronic wave
functions. Here, �-centered k-point grids for sampling the first
Brillouin zone were set to 12 × 12 × 12 and 12 × 12 × 1 for

bulk STO (LAO) and slab models of LAO/STO heterostruc-
tures, respectively. A series of slab models (LAO)m/(STO)6

with LaO/TiO2 interfaces [see Fig. 1(a)] were used in calcu-
lations to study the effect of the LAO thickness, where the
thickness of the STO substrate was fixed to 6 uc to simu-
late the STO substrate, and the thickness of LAO layers was
denoted by m uc [11,50]. Here, m takes 2, 3, 4, 6, and 8 to cap-
ture the insulator-metal transition and thickness effect of the
LAO/STO interface. For each slab model, the bottom of the
STO substrate was terminated with a TiO2 sublayer to avoid
the artificial states induced by the bottom SrO layers [51].
To minimize the interaction between neighboring surfaces, a
vacuum layer with a thickness of >20 Å was applied along the
z direction (out of plane). All atoms except those of the bottom
TiO2 sublayer were fully relaxed until the force acting on each
atom was <0.02 eV/Å. The convergence criteria of the total
energy was set to 1.0 × 10–6 eV. The in-plane lattice param-
eter of the heterostructure was fixed to that of the optimized
STO bulk (3.970 Å), which is consistent with previous cal-
culations and the experimentally reported 3.905 Å [10,11,16].
To avoid the spurious electric field, dipole corrections were
applied along the z direction as well [52]. The decoupling of
Rashba SOC and ferromagnetism at the conducting LAO/STO
interfaces was conducted by calculating SOC included band
structures with the charge density from non-spin-polarized
self-consistent calculations, in which the magnetic moment on
Ti sites was set to 0 μB.

III. RESULTS AND DISCUSSIONS

With the increase of the LAO thickness, the LAO/STO
interface undergoes an insulator-metal transition at the critical
thickness of 4 uc, accompanied by the emergence of interfa-
cial ferromagnetism (see Figs. S1 and S2 in the Supplemental
Material [53]). The coexistence of the ferromagnetism and
Rashba SOC at the conducting LAO/STO interface makes it
complicated to analyze the evolution of Rashba SOC with the
LAO thickness, as both the Rashba SOC and the interfacial
ferromagnetism induce spin polarization and lift spin degener-
acy. To gain a clear understanding of their roles and interplay,
we focus first on the evolution of Rashba SOC with the LAO
thickness by leaving out the interfacial ferromagnetism in
calculations. After that, we include both the Rashba SOC
and the interfacial ferromagnetism and discuss the interplay
between Rashba SOC and the interfacial ferromagnetism at
the conducting LAO/STO interface.

A. Evolution of Rashba SOC with the increase of LAO thickness

Figures 1(b) and 1(c) show SOC-included band structures
along � − X ( π

a , 0, 0) (a is the in-plane lattice parameter) of
the (LAO)3/(STO)6 and (LAO)6/(STO)6 (001) heterostruc-
tures, which are representatives of insulating and conducting
LAO/STO interfaces, respectively. For the two band struc-
tures, both conduction band edges are contributed by the dxy

orbital. A crossing between the dxy and dyz bands is noticeable
near the conduction band edge, as shown in the zoom-in
view in Fig. 1(b). The Rashba SOC-induced spin polariza-
tion was analyzed by projecting spins of electrons along x,
y, and z directions. It is found that, for both insulating and
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FIG. 1. (a) A schematic diagram of the slab model for the (LAO)3/(STO)6 heterostructure. Spin-orbit coupling (SOC) included band
structures of (b) the (LAO)3/(STO)6 and (c) (LAO)6/(STO)6 heterostructures with the projection of electron spins along the y direction,
wherein the lowest t2g bands are indicated. Red and blue dots denote positive and negative components of spin projections, respectively. The
inset in (b) is a zoom-in view of the crossing region of the lowest dxy and dyz bands.

conducting LAO/STO interfaces, the spins are dominantly
polarized along the y direction, which is perpendicular to
the selected k path along the �-X direction. In contrast, the
components of spins along the x and z directions are zero
(see Fig. S3 in the Supplemental Material [53]). Figure 2(a)
shows a k-dependent spin splitting (�R) near the conduction
band edge (k path from −X/25 to X/25), which is a zoom-in
view of the lowest dxy band in Fig. 1(b). The k-dependent spin
polarization is a feature of Rashba SOC.

Figure 2(b) shows the evolution of Rashba spin splitting
(�R) near the bottom of the lowest dxy band (at the X/25) with
respect to the LAO thickness. It can be seen that �R at the

X/25 decreases with the increase of the LAO thickness from 2
to 8 uc, especially at the thickness of 4 uc at which the interfa-
cial insulator-metal transition occurs. This trend suggests that
the Rashba SOC near the conduction band edge of the insulat-
ing interface is stronger than that of the conducting interface.
Further analysis reveals that the tendency of �R in Fig. 2(b)
is relevant to the multiorbital effect of the multiple t2g bands
[3,36]. In principle, the multiorbital effect is correlated to both
SOC and interorbital hopping [3,30,31,35]. At the crossing re-
gion of multiple t2g bands, SOC is prominent. This is because,
at this region, the SOC strongly mixes the orbitals and couples
the spin and orbital degrees of freedom pronouncedly [36].

FIG. 2. (a) Rashba spin splitting (�R) near the bottom of the lowest dxy band of the (LAO)3/(STO)6 heterostructure, where red and blue
dots denote positive and negative components of spin projections of the electronic states along the y direction, respectively. The size of the dot
indicates the projected weight of the corresponding spin component. (b) The LAO-thickness-dependent �R of the lowest dxy band at the X/25.
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FIG. 3. (a) Rashba spin splitting (�R) of the lowest dxy conduction (a mixture of dxy and dyz) band along the k-path from −X/2 to X/2 for the
(LAO)3/(STO)6 (red solid line) and (LAO)6/(STO)6 (blue solid line) heterostructure. (b) Variation of the interface-induced orbital splitting δ

between the lowest dxy and dyz bands at the � point for LAO/STO heterostructures with different LAO thicknesses, in which the insets highlight
the δ in the zoom-in band structures of (LAO)3/(STO)6 and (LAO)6/(STO)6 heterostructures, respectively. �R from the � point to the X/25
of the lowest dxy band for (c) (LAO)3/(STO)6 and (d) (LAO)6/(STO)6 heterostructures are shown by red dotted lines, respectively. The blue
lines in (c) and (d) denote the linear fitting of the �R.

Additionally, the interorbital hopping at the band crossing
region is strong [30]. Thus, the multiorbital effect leads to
large Rashba SOC at the band crossing region [3,30,31,35,36].
The multiorbital-effect-induced large enhancement of �R is
demonstrated in Fig. 3(a), where the maximum �R of up
to several meV occurs at the k-points ∼ ±X/12 and ±X/6
for insulating [red solid line, (LAO)3/(STO)6] and conduct-
ing [blue solid line, (LAO)6/(STO)6] interfaces, respectively.
These k-points correspond to the crossing region of the lowest
dxy and dyz bands of the two interfaces. The enhanced �R at
the band crossing region is consistent with previous studies
[3,36]. In contrast, �R decreases dramatically for the k-points
that are not at the band crossing regions due to the vanishing
multiorbital effect. Figure 3(a) also reveals that the maximum
�R at the insulating interface [6.9 meV, (LAO)3/(STO)6]
is larger than that at the conducting interface [4.7 meV,
(LAO)6/(STO)6]. This suggests a stronger multiorbital effect
at the band crossing region of the insulating interface.

Additionally, the position of the band crossing region is
highly dependent on the band configuration at the LAO/STO
interface. Due to the symmetry breaking and confinement
effect at the interface, the lowest dxy band splits from the dyz

band at the � point with an energy difference of δ, as shown in
Fig. 3(b). The δ is correlated to the distance between the band
crossing region and the bottom of the lowest dxy band. With
the increase of LAO thickness, δ becomes larger [see Fig.
3(b)], as the lowest dxy band is pushed toward a lower energy
position by the insulator-metal transition accompanied charge
transfer [51]. In this case, the band crossing region moves
away from the bottom of the lowest dxy band. Therefore, the
multiorbital effect near the bottom of the lowest dxy band is
stronger at the insulating LAO/STO interface than that at the
conducting LAO/STO interface. This explains why �R at the
X/25 decreases with the increase of the LAO thickness, as
observed in Fig. 2(b). The increase of the Rashba SOC near
the conduction band edge with the decrease of δ is consistent
with previous tight-binding modeling, where the Rashba SOC
strength around the edge of the lowest dxy band was shown
inversely proportional to δ based on perturbative descriptions
[3,30].

In addition to the Rashba spin splitting, the LAO-thickness-
dependent multiorbital effect also influences the relationship
between Rashba SOC and k near the bottom of the lowest dxy

band. To examine this effect, we have plotted the k-dependent
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�R near the bottom of the lowest dxy band for both insulating
and conducting interfaces in Figs. 3(c) and 3(d), respectively.
For the insulating LAO/STO interface, since its band crossing
region is close to the bottom of the lowest dxy band (smaller
δ), the dependence of the �R near the bottom of the lowest dxy

band on k is found nonlinear [see Fig. 3(c)], resulting from
the stronger multiorbital effect. For the conducting interface,
its band crossing region is away from the bottom of the lowest
dxy band (larger δ). Therefore, �R is expected to be small and
can be fitted linearly dependent on k, as shown in Fig. 3(d). In
the conducting case, the Rashba coefficient αR along the x di-
rection is obtained by fitting the �R to the phenomenological
linear-in-k Rashba SOC [3]:

�R = 2αRkx. (1)

The αR is estimated to be ∼1.5 meV · Å for the
(LAO)6/(STO)6 heterostructure, which is in line with previ-
ous reports that αR is in the range from several to tens of meV
Å for STO-based heterostructures [3,18,31,35].

B. The interplay between Rashba SOC and interface
magnetic ordering

The above analysis does not include the effect of the
interface magnetism. However, along with insulator-metal
transition above the critical thickness (LAO thickness �4 uc),
the LAO/STO interface energetically favors the ferromagnetic
ordering (see Fig. S1 in the Supplemental Material [53]).
This interfacial magnetic ordering is mainly contributed by
the lowest dxy band (see Fig. S2 in the Supplemental Mate-
rial [53]) [15,39,49,54]. The interplay between Rashba SOC
and ferromagnetism at the conducting interface is discussed
below. The Hamiltonian of the interface including both in-
terfacial ferromagnetism and Rashba SOC takes the form
[55–57]:

H = h̄2k2

2m∗ + αR(k × σ ) · z − Mσz, (2)

where m∗ is the effective mass of an electron, M is half of
the ferromagnetism-induced Zeeman splitting energy, and σz

denotes the interfacial ferromagnetism-induced spin compo-
nent along the z direction (out of plane). Here, we assume that
the magnetization is along the z direction for simplicity. The
coexistence of ferromagnetism and Rashba SOC leads to two
spin-split bands:

E± = h̄2k2

2m∗ ±
√

α2
Rk2 + M2. (3)

While the ferromagnetism-induced spin polarization is
along the z direction, the Rashba SOC-induced spin polar-
ization is in the x-y plane (in plane) and perpendicular to
k. The ferromagnetism and Rashba SOC, therefore, compete
on the alignment of spin orientation. The ratio of the spin
polarization induced by them can be quantified by

|σ‖|
|σz| = |BR|

|BFM| , (4)

where σ‖ denotes the Rashba SOC-induced spin component
in the x-y plane. Here, BR and BFM correspond to the Rashba

SOC-induced effective magnetic field and that from ferro-
magnetism, respectively. Figures 4(a) and 4(b) show that the
electronic states are mainly spin polarized in the z direction,
and the lowest dxy band exhibits a large energy splitting
between the two spin channels, indicative of a pronounced
Zeeman splitting (∼0.4 eV). In contrast, the Rashba SOC-
induced spin component (along the y direction) is relatively
large for bands with smaller Zeeman splitting, i.e., the lowest
dyz band, as shown in the inset of Fig. 4(b). Experimen-
tally, the magnetism at the LAO/STO interface is complicated
and strongly dependent on the sample preparation condi-
tions [12,49,54,58,59]. Both the in-plane and out-of-plane
ferromagnetism have been reported at the LAO/STO inter-
face [13,14,60–62]. While the ferromagnetism-induced spin
polarization is along specific easy axes, the Rashba SOC-
induced spin polarization is always perpendicular to the k of
moving electrons. Therefore, the Rashba SOC-induced spin
orientation still competes with that induced by the intrinsic
ferromagnetism when the magnetic easy axes are in plane.

It has been suggested that the inhomogeneous magnetism
in crystals may also contribute to spin splitting [63], as re-
cently demonstrated in antiferromagnetic crystals, such as
MnF2 [64,65], wherein the spin degeneracy is lifted by
breaking specific symmetry, including the product of time
reversal and spatial inversion symmetry, as well as the product
of spinor and translation symmetry. At the conducting and
ferromagnetic LAO/STO interface, the distribution of the fer-
romagnetic ordering might be inhomogeneous, which might
make another contribution to spin splitting. In our calcula-
tions, however, this effect might not be significant since the
large Zeeman splitting (∼0.4 eV) for the (LAO)6/(STO)6

heterostructure in Fig. 4(a) indicates a highly ordered in-
terfacial ferromagnetism. Further detailed discussions of the
inhomogeneous magnetism-induced spin splitting at the oxide
interface will be of great interest but is out of the scope of this
paper.

We would like to point out that our calculation results
are based on the slab models (vacuum/LAO/STO) with-
out point defects, wherein the LAO-thickness-dependent
insulator-metal transition is due to the electron transfer from
the LAO surface to the interface. This is different from that in
some experiments, where the transferred electrons may also
be provided by the capping layers or LAO surface reconstruc-
tion [10,20–22]. Although Rashba SOC mainly occurs at the
interface that is buried under the LAO layers, it can still be
manipulated by capping materials or surface reconstruction,
as they may influence the critical thickness of the insulator-
metal transition and the electron concentration at the interface.
Moreover, biaxial strain on the interface can be introduced
when growing the LAO/STO heterostructure on different sub-
strates, i.e., LAO substrate [38]. The biaxial strain applied on
the LAO/STO interface may tune the Rashba SOC through
influencing the band ordering of Ti t2g orbitals at the interface.
In addition to the strain effects, point defects like oxygen va-
cancies, cation vacancies, and antisite defects may also occur
in the LAO/STO heterostructure [54,60]. These points defects
will influence the electron concentration at the interface and
contribute magnetism to the LAO/STO heterostructure, which
can further tune the Rashba SOC at the LAO/STO inter-
face. Our results suggest that the electron concentration, band
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FIG. 4. Band structures of the (LAO)6/(STO)6 heterostructure including both spin-orbit coupling (SOC) and interface magnetism. (a) and
(b) Band structures with the projection of electron spins along z and y directions, respectively. Red and blue solid dots denote positive and
negative components, respectively. The size of the dot indicates the projected weight of the corresponding spin component.

ordering relevant multiorbital effect, and magnetic ordering at
the interface can be used to manipulate Rashba SOC. There-
fore, they can serve as a starting point to study the influence of
those specific factors, such as biaxial strain and point defects,
on Rashba SOC.

In practical applications, the efficiency of the spin and
charge current interconversion is proportional to the strength
of the Rashba SOC [20–22]. Based on our calculations, the
Rashba SOC near the conduction band edge is inversely pro-
portional to the LAO thickness. Below the critical thickness
(4 uc) of the insulator-metal transition, the Rashba SOC in
the insulating LAO/STO heterostructures is relatively strong.
More importantly, in the insulating LAO/STO heterostruc-
tures, the band crossing region with large Rashba spin splitting
is closer to the conduction band, which is highly desired as
a much lower doping concentration is required to access this
band crossing region. In contrast, in the conducting LAO/STO
heterostructures, the Rashba SOC is much weaker and barely
influenced by the multiorbital effect, as the charge trans-
fer pushes the lowest dxy band toward a lower energy [51].
Additionally, the Rashba SOC-induced spin polarization is
suppressed by the charge-transfer-induced interfacial ferro-
magnetic ordering. Thus, a LAO/STO heterostructure with
thinner LAO is more desirable for practical spintronic ap-
plications, such as spin-to-charge conversion with the spin
pumping technique [20].

IV. CONCLUSIONS

In conclusion, by using first-principles calculations, we
show that the Rashba spin splitting near the conduction band

edge of the LAO/STO interface is tunable with the LAO
thickness and reveal an interplay between the Rashba SOC
and the interface magnetic ordering. With the increase of
LAO thickness, the multiorbital-effect-induced enhancement
to the Rashba SOC near the conduction band edge decreases
as the crossing region of the lowest dxy and dyz bands is
gradually away from the bottom of the lowest dxy band.
Rashba SOC can be further suppressed by the presence of
the ferromagnetism at the conducting LAO/STO interface, in
which the spin polarization is dominated by ferromagnetism
for bands with large Zeeman splitting. Our results are useful
to understand Rashba SOC at the complex oxide interface
and highlight that the LAO/STO heterostructure with a thin
LAO thickness is more promising for the spintronic applica-
tions. This work also serves as an example to further explore
Rashba SOC in a rich variety of striking perovskite oxide
interfaces.
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