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Imaging orbital Rashba induced charge transport anisotropy
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We reveal a direct orbital contribution to charge transport at the LaAlO3/SrTiO3 interface using scanning
superconducting quantum interference device current imaging and global transport. Current patterns reveal
conductivity anisotropy at zero field. This anisotropy correlates with the nonlinear Hall effect, pointing to a
shared origin. Using a k · p model, we show that the local and global transport result from broken rotation and
inversion symmetries, which give rise to anisotropic orbital Rashba coupling. Our results establish a route for
probing orbital textures via purely electrical means.
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Introduction. The multiorbital nature of oxide inter-
faces [1–3], combined with their low crystalline symmetry,
enables a plethora of quantum phenomena, such as quantum-
geometry-induced nonlinear transport [4–6] and unconven-
tional superconductivity [7,8]. The gate tunability of these
properties is particularly promising as a platform to engineer
novel devices or investigate transitions between different elec-
tronic phases. One example is the orbital Hall effect (OHE) [9]
and its surface counterpart, the orbital Rashba-Edelstein effect
(OREE), where a charge current generates a transverse flow
of orbital angular momentum. These effects are analogous
to the spin Hall effect and the spin Rashba-Edelstein effect,
respectively. Through this effect, the orbital degree of freedom
can be used to generate and detect information [10]. Both the
OREE and the OHE can be directly related to the existence
of momentum-space orbital textures [11]. In noncentrosym-
metric low-dimensional materials, these textures arise from a
linear coupling, known as the orbital Rashba coupling [12,13],
between the crystalline momentum k and the orbital angular
momentum L. The coupling strength can be controlled using
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electrostatic fields, setting the stage for a controlled generation
of orbital currents. This provides a strong motivation to detect
orbital textures and identify their sources in materials with low
crystalline symmetry. One approach is to analyze how such
couplings affect the charge transport properties of the ma-
terial. For example, Rashba spin-orbit coupling (SOC) gives
rise to weak antilocalization, with signatures such as positive
magnetoresistance [14] and (non)linear transport due to band
geometric properties [4,6,15,16]. In contrast, the signatures
of orbital effects are often difficult to detect, because they
are weak, or because multiple microscopic mechanisms can
explain the observed experimental results. In these cases, new
tools, or a combination of several probes, are required to
pinpoint the cause of transport anomalies.

A notable example is the transport anisotropy in
LaAlO3/SrTiO3. At low temperatures, the tetragonal dis-
tortion of SrTiO3 (STO) breaks the rotational symmetry,
allowing for anisotropy in the dc, zero-field charge trans-
port. Indeed, experiments generally measure such anisotropy
[17–22], but its source has been disputed. Several intrinsic
mechanisms can generate anisotropy, including Fermi sur-
face warping and the orbital Rashba coupling. The latter
option, which further requires inversion symmetry breaking,
is particularly interesting because it gives rise to transverse
orbital currents, which are useful for device applications
[23,24]. In the superconducting state, such orbital mixing
could also lead to new pairing channels [25]. However, the
large variability in reported results, as well as several scanning
probe experiments [19,20,26–31], suggested that the origin
could be extrinsic. Namely, tetragonal domains of different
orientations can have different properties [29,30], or the walls
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between the structural domains could host highly conduct-
ing quasi-one-dimensional channels [32–34] that manifest as
anisotropy in the global transport measurement. Thus, a key
open question is whether the anisotropy reflects intrinsic,
domain-dependent conductivity or conduction along the do-
main walls. Determining the origin of anisotropy is crucial
to interpreting quantum transport measurements in SrTiO3-
based interfaces, and for harnessing their properties for device
applications.

In this work, we use a combination of global transport mea-
surements, local current imaging, and theoretical analysis to
associate the origin of transport anisotropy in (111)-oriented
LaAlO3/SrTiO3 interface with the orbital Rashba coupling.
First, we locally probe the current flow at the interface and
show direct and unambiguous evidence that the anisotropy is
an intrinsic property of the interface. In particular, we observe
geometry-dependent current-density modulation, which is in-
consistent with a fixed high-conductivity channel at domain
walls and instead indicates a domain-dependent conductivity
tensor. Second, we measure the nonlinear Hall effect, whose
presence is a direct indicator of inversion symmetry breaking.
We find a correlation between the temperature dependence of
the two effects, which motivates considering a common mi-
croscopic origin, while not by itself establishing one. Finally,
we interpret these results using a k · p model of the band
structure, which allows us to identify the anisotropic orbital
Rashba coupling—a linear-in-momentum, anisotropic mixing
of the t2g orbitals—as the leading term responsible for both
effects. Our results provide a platform for exploring orbital
effects and controlling the orbital degree of freedom in various
systems.

Experimental details.
a. Sample growth and device fabrication. To synthesize

the LaAlO3/SrTiO3 heterostructure, a commercially available
(111) SrTiO3 substrate with a Ti-rich surface was pasted onto
a metal holder and heated to 740 ◦C, at a rate of 15 ◦C min−1

in an O2 pressure of 6 × 10−5 mbar. An 11 unit cell thick
LaAlO3 layer was subsequently grown through pulsed-laser
deposition, using a 248 nm KrF excimer laser at a 1 Hz rep-
etition rate and a fluence of 1 J cm−2. The sample surface
was monitored during the growth using in situ reflection high-
energy electron diffraction technique.

Device geometries were defined by rf sputtering a HfO2

hard mask in areas meant to remain insulating, prior to the
growth of the LaAlO3 layer. The hard mask was defined by
electron-beam lithography, using a double-layer poly(methyl
methacrylate) lift-off resist stack.

b. Imaging currents with scanning superconducting quan-
tum interference device (SQUID) microscopy. The sample
was glued on a conductive surface and electrical contacts
made by ultrasonic wire bonding. A backgate voltage was
applied between the interface and the metallic sample holder.
To locally measure the current density, an alternating current
(34 µA RMS, frequency 1163 Hz for the triangle-shaped
device shown in Fig. 1; 40 µA RMS, frequency 1009 Hz
for the device shown in Figs. S9 and S10 of the Supple-
mental Material [36]) was applied to the LaAlO3/SrTiO3

device. The sample was scanned over a planar SQUID
sensor with a 0.8 µm diameter pickup loop [35]. The
sensor-sample distance was kept at 1 µm. The magnetic

flux due to the current flow was recorded using a lock-in
amplifier.

c. Electrical transport measurements. The nonlinear Hall
effect was measured on a Hall cross device fabricated on the
same sample as used for the SQUID imaging. The sample
was anchored to a chip carrier by electrically and thermally-
conductive Ag-based epoxy, and the device was electrically
contacted with Al wire bonds. Four-probe measurements were
performed in a liquid He4 cryostat at variable temperatures
and magnetic fields (applied in the sample plane parallel to
the electric current direction). Commercial lock-in amplifiers
were used to apply an alternate current I = 50 µA at a fre-
quency f = ω/2π = 17.7 Hz and detect the transverse first
and second harmonic voltages while sweeping the magnetic
field. A dc backgate voltage was applied to tune the electronic
density and mobility. The measured nonlinear Hall voltage
was symmetrized and antisymmetrized with respect to the
magnetic field B to isolate distinct effects [4]. The nonlinear
conductivity shown in Figs. 2(c) and S7 of the Supplemental
Material [36] corresponds to the B-symmetric component.

Results.
a. Intrinsic anisotropy in (111) LaAlO3/SrTiO3. To dis-

tinguish between intrinsic and extrinsic origins of transport
anisotropy, we used a local probe, a scanning SQUID, to
directly image the current flow at the interface. Scanning
SQUID was previously used to study (001)-based interfaces,
revealing that current density is spatially inhomogeneous,
and that the inhomogeneity is correlated with the tetragonal
domain structure of the SrTiO3 substrate [26]. While these
observations might point to an extrinsic source—the network
of domains or domain walls—this determination cannot be
made based on existing data. Specifically, it was difficult to
distinguish between enhanced current density on entire do-
mains versus domain boundaries, and to relate these to the
components of the conductivity tensor. Here, we study the
(111)-oriented interface, in which we found that domains tend
to be wider, and the tiling rules of the domains enable us to
determine their orientations unambiguously.

Figure 1 shows results from a triangle patterned (111)-
oriented LaAlO3/SrTiO3 device [36]. We observed current
density modulations [Fig. 1(b)], across the device. The modu-
lations changed after a thermal cycle above 105 K, confirming
that they originate from the STO tetragonal domains (Fig. S1
in the Supplemental Material [36]). Based on the tiling rules,
we determined the orientation of the domains to be along
the [100] and [010] axes. The modulations were over 10 µm
wide strips that terminate at needlelike shapes. When needle
patterns form, the domain wall energetics result in a diverging
characteristic domain size [37], disfavoring the formation of
small domains. As a result, the observation of modulations
over such patterns allows us to conclude that the current
modulation occurs over entire domains, rather than a dense
network of walls that cannot be resolved by our sensor. The
modulations reveal a surprising dependence on the device
geometry: On the left side of the triangle, the current density
along [112̄] is larger on X domains than on Y domains but
lower on the right side. The change coincides with a reflection
of J with respect to the [112̄] crystallographic direction. This
relationship between the current direction and the modulation
has not been previously reported in the (001) interface. We
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FIG. 1. Modulation reversal upon reflection of the current flow. (a) Schematic of a triangle-shaped device with an X-Y domain pattern.
The current density is reflected around the [112̄] direction upon flowing across the device. (b) A scanning SQUID image of the current flow
in a (111)-oriented device. The current is modulated over the domain pattern: On the left side of the device, current density on X domains
is larger than on Y domains. This trend is reversed on the right side of the device, coinciding with a reflection of the overall current density.
The modulation strength is about 10%–20%. (c) Schematic of the Fermi surface at the X and Y domains, showing the direction of the electric
field on the two sides of the device. On the left, the electric field is aligned with the fast direction on X domains, resulting in increased current
density. This is reversed on the right side of the device. (d) Simulated current density map of the device, where an anisotropic conductivity
tensor was introduced in order to account for the reversed modulations.

thus associate the modulations with a change in the properties
of the X and Y domains, rather than a domain-boundary effect.
Figures S2–S4 of the Supplemental Material [36] show data
from three additional devices with various geometries and
domain patterns.

To understand the difference between the (001) and (111)
interfaces, we note that at (001) interfaces, (001)-oriented
domains (Z domains) have a C4v symmetry, while (100) and
(010) domains (X, Y domains) have C2v symmetry. There-
fore, in (001) interfaces, the conductivity of Z domains is
intrinsically isotropic and is described by a single scalar. For
X and Y domains, the conductivity tensor has a symmetry-
allowed anisotropy, but it is diagonal with respect to the
(100) and (010) directions. The situation changes in (111)-
oriented interfaces. All domains have the same crystalline
symmetry group, Cs, which admits an anisotropic conductivity
tensor with principal directions that do not coincide with the
crystallographic directions. Denote the current density as the
two-dimensional (2D) vector

J =
(

J[11̄0]

J[112̄]

)
. (1)

The conductivity tensor for Z domains is anisotropic but
diagonal,

σ Z =
(

σxx 0
0 σyy

)
, (2)

while the X and Y domain conductivities are related by a 120◦
rotation,

σ X,Y = 1

4

(
σxx + 3σyy ±√

3(σxx − σyy)

±√
3(σxx − σyy) σyy + 3σxx

)
. (3)

Note that the off-diagonal elements are nonzero (in
zero magnetic field) only if the conductivity is anisotropic
(σxx �= σyy).

The off-diagonal components of the conductivity are at the
origin of the reversed modulations observed in the data. In
Fig. 1(c), we schematically show an anisotropic Fermi sur-
face with corresponding direction-dependent Fermi velocities
that yield a fast and a slow direction. The current density J
is increased when the electric field is aligned with the fast
direction of the Fermi surface, which causes the modulations.
On the left side of the device, this alignment is greater in X
domains. As the current flow is reflected about the [112̄] direc-
tion, due to the triangle shape of the device, E is aligned with
the fast direction in the Y domains, thus reversing the current
density modulation. Figure 1(d) shows finite element simu-
lations [36] of the current density in such geometry, which
confirm that the modulation trends are reversed. Furthermore,
domains with different (but isotropic) conductivity would lead
to modulations that do not reverse sign upon reflection of
the device [36]. Thus, observing this change of sign is a
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FIG. 2. Temperature and carrier density dependence of the
anisotropy. (a) Averaged linecut in the dashed square along the
[112̄] direction in Fig. 1(b) from 6 to 35 K. The relative positions
of X domains in the averaged linecut are marked near the dashed
square. The profiles are vertically offset for clarity relative to the
unshifted 35 K profile. In the unshifted data, the profiles cross zero
when the current reverses direction. This modulation is 10%–20%
of the averaged total current density |J| at 6 K, which is calculated
as 0.01 µm−1. The current densities are normalized by the applied
current. (b) Temperature dependence of the current density modula-
tions shown in panel (a). The modulation of current density decreases
with temperature and disappears near 35 K. Insets: current density
maps at 6 and 35 K. Error bars represent the current reconstruction
systematic noise for each measurement temperature. (c) Temperature
dependence of the nonlinear conductivity, measured at zero magnetic
field on a four-probe device fabricated on the same sample, showing
similar onset temperature to the anisotropy.

direct measure of the intrinsic conductivity anisotropy of an
individual domain.

b. Correlation between anisotropy and inversion symme-
try breaking. To investigate the origin of the anisotropy, we
studied the temperature dependence of the modulations. In
Fig. 2(a), we show linecuts of J[112̄] taken on the triangle-
shaped device at different temperatures. From these linecuts,
we quantify the current density modulation �J[112̄] on each X
domain as the difference from the density on the nearest Y

domain. Figure 2(b) shows �J[112̄] decreasing with increasing
temperature, until it is smaller than the noise level at 35 K.
Although the signal to noise is limited near the crossover,
our sensitivity can still give an upper limit of �J[112̄] around
5% [Fig. 2(b), corresponding to 0.3 µA modulated current
flowing through the X domain]. This temperature dependence
is consistent with previous observations on the (001) interface
[26,38]. It is important to note that even though the domains
exist already at 105 K, and the crystalline symmetry allows
anisotropy to exist below 105 K, it is not observed in the range
35 < T < 105, suggesting there is another mechanism that
generates or enhances the anisotropy at lower temperatures.

There are several possible mechanisms. Scattering can
smear the effect at elevated temperatures, explaining the grad-
ual change in the signal. In SrTiO3, the scattering could be
suppressed at low temperatures due to the large dielectric con-
stant. Alternatively, the appearance of modulations only below
35 K can suggest that the modulations are caused by a struc-
tural change occurring at this temperature. Bulk SrTiO3 shows
an increased dielectric permittivity below 40 K, signaling an
incipient ferroelectric state [39]. This quantum paraelectric
phase significantly enhances the inversion symmetry breaking
that is already present at the interface [40]. This observa-
tion suggests that, while the relevant symmetries are already
broken at higher temperatures, an additional low-temperature
ingredient enhances the manifestation of transport anisotropy.
This motivates us to search for transport signatures that are
directly sensitive to inversion symmetry breaking and could
help identify the microscopic mechanism responsible for the
enhanced anisotropy at low temperatures.

To understand the source of the anisotropy, we further
studied the symmetry of the system by measuring the non-
linear Hall effect. Observing nonlinear transport is a direct
consequence of inversion symmetry breaking. Furthermore,
previous work on oxide interfaces, which studied the mag-
netic field dependence of the nonlinear Hall [4], associated it
with a Berry curvature dipole, which indicates the presence
of an orbital Rashba coupling. Since the triangle-shaped de-
vice geometry is incompatible with Hall measurements, we
used a separate device with a four-probe geometry fabricated
on the same sample for the nonlinear transport (Fig. S7 in
the Supplemental Material [36]). We found that it onsets at
40 K [Fig. 2(c)], and a different sample shows the same
onset temperature of nonlinear conductivity [4]. Remarkably,
both the linear conductivity anisotropy and the nonlinear Hall
conductivity onset at the same temperature, even though the
corresponding crystalline symmetries (rotation and inversion)
are already broken at much higher temperatures. The similar
onset temperatures of the linear conductivity anisotropy and
the nonlinear Hall response point to a correlation between the
two effects. While this does not by itself establish a common
microscopic origin, it motivates considering mechanisms that
can simultaneously affect both inversion and rotational sym-
metry breaking.

c. k · p model and sources of anisotropy. We use a k · p
model to analyze the symmetry-allowed terms and their con-
tribution to the transport anisotropy. Above 105 K, the system
retains its trigonal symmetry and belongs to the C3v symmetry
group. At zero magnetic field, the spin degree of freedom does
not contribute to the linear conductivity [41]. We therefore
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consider a spinless Hamiltonian, which contains the following
symmetry-allowed terms: (1) Splitting between the a1g singlet
and the eπ

g doublet due to the trigonal field and (2) |k|2 terms
that account for the trigonal Fermi surface warping. They give
rise to an orbital-dependent effective mass, as observed in
ARPES experiments [42], and (3) k-linear terms that are al-
lowed by the broken inversion symmetry. These terms, which
are proportional to k · L, where L are the angular momentum
matrices, are the orbital Rashba coupling. They mix the orbital
bands and give rise to transverse orbital currents and Berry
curvature dipoles.

Below 105 K, the rotational symmetry is broken, reducing
the symmetry group to Cs and enabling a plethora of new
terms in the Hamiltonian. These terms can be casted into three
categories [36]: (4) splitting of the eπ

g bands, (5) an anisotropic
and orbital-dependent effective mass (terms proportional to k2

x
or k2

y ), and [43–46] (6) an anisotropic orbital Rashba coupling
(linear in kx and ky).

The correlation between the nonlinear Hall effect (broken
inversion) and the anisotropic linear transport (broken rota-
tion) suggests that the two effects are intertwined. Particularly,
we expect the orbital Rashba terms to change strongly at
40 K, as indicated by the nonlinear Hall. Figure 3(a) shows
the band structure obtained by fitting to photoemission data
from a (111) SrTiO3 surface [42]. We note that epitaxial
strain from the LaAlO3 layer may cause large changes to
the tight-binding parameters compared to the bare surface.
However, the structural changes decay to bulk values within
2 nm from the interface [47], whereas at low temperature
the two-dimensional electron gas extends tens of nanometers
into the SrTiO3 side [48], suggesting that the bulk or bare
surface values are realistic. Since the ARPES data fit well
to an isotropic model, they provide upper bounds on the
contributions from the Cs terms discussed above. To account
for the tetragonal distortion, we only include a small splitting
(1 meV) of the eπ

g bands. Figures 3(a)–3(c) show the result-
ing band structure and the corresponding Fermi surfaces at
carrier densities relevant to our experiment (Fig. S7 in the
Supplemental Material [36]). The band structure has several
important features. First, at low densities it is dominated by
the orbital Rashba coupling, which gives rise to the two shifted
parabolic features in the lowest bands. Note that at these
low energies, the Fermi surface does not show significant
tetragonal warping [Fig. 3(b)], but is strongly anisotropic. At
higher energies, the warping becomes significant. Notably,
the anisotropy in the higher eπ

g bands is opposite to that
of the a1g band [Fig. 3(a)]. Correspondingly, the transport
anisotropy computed using the Boltzmann formalism [36] is
nonmonotonic and is stronger at low densities [Fig. 3(e)]. This
matches the behavior observed in experiment over the smaller
(experimentally attainable) range of densities (Fig. S6 in the
Supplemental Material [36]).

To assess the contribution of Fermi surface warping to
the transport anisotropy, we repeated the calculation without
including the orbital Rashba effect. The resulting anisotropy
was zero at low carrier densities and varied monotonically and
quadratically with increasing densities, reflecting the contri-
butions from the quadratic terms. These results indicate that
the tetragonal splitting of the eπ

g bands on its own is not

FIG. 3. The anisotropic band structures of (111)
LaAlO3/SrTiO3, and carrier density dependence of the anisotropy.
(a) The band structure calculated from an effective k · p model,
showing effects of the orbital Rashba coupling (lateral splitting
of the lowest band), Fermi surface warping (flowerlike shape at
higher energies), and the tetragonal splitting of the eπ

g bands. The
unit of quasimomentum is the inversed lattice constant a−1. (b),
(c) The Fermi surfaces 0.4 and 1 meV, showing the anisotropy at
low energies, where the band structure is still dominated by the
linear (Rashba) terms. (d) The profiles of the black outlines in
panel (a) show the anisotropy of the band structure. (e) Calculated
anisotropy as a function of the carrier density with and without
including the orbital Rashba coupling.

sufficient to explain the anisotropy observed in the experi-
ment. While an anisotropic quadratic (mass) term is allowed,
and can result in a nonmonotonic dependence on the carrier
density, the combination of the SQUID images, nonlinear
Hall effect, temperature, and gate dependence indicate that
the anisotropy is correlated with the broken inversion sym-
metry, consistent with the calculations we present, which
indicate that the orbital Rashba coupling greatly enhances the
anisotropy at low energies.

Discussion. In this work, we show that momentum-space
orbital textures can be probed by charge transport by exploit-
ing reduced crystalline symmetry. Specifically, the absence
of rotational symmetry gives rise to intraatomic contribu-
tions to the orbital Hall effect, which are absent in more
symmetric environments. In this low-symmetry setting, trans-
port anisotropy becomes a direct electrical proxy for the
underlying orbital texture and associated orbital currents. We
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developed an approach to explore the anisotropy by extracting
it from local measurements of the current density, and demon-
strated it on (111) LaAlO3/SrTiO3.

In LAO/STO, spin-orbit coupling plays an important role
in determining the band structure and electronic behavior
[49–53]. The zero-field intrinsic anisotropy uncovered here
demonstrates our ability to separate the orbital and spin con-
tributions to transport and identify new features in the band
structure. Furthermore, we identify the origin of the pre-
viously reported current-density modulations in LAO/STO
[19,20,26,27,31,32], as domain-dependent anisotropic con-
ductivity (with principal axes rotated across domains), rather
than conduction confined to the domain walls.

More generally, our results indicate that by choosing the
appropriate crystalline symmetry, orbital currents can be iden-
tified by measuring transport anisotropy. This task can be
accomplished via various local techniques [54–58] and also
through measurements of the global transport anisotropy.
Uniquely identifying orbital Hall currents, for example, has
been a challenging task because their signatures are similar to
spin Hall currents, and therefore limited to systems with low
spin-orbit coupling [59,60]. Our approach offers a way to dis-
entangle the spin and orbital contributions, thereby allowing
the study of orbital phenomena in materials with strong SOC.

Finally, we note that the orbital effects we observed
in LaAlO3/SrTiO3 are closely associated with the low-
temperature transitions of SrTiO3. However, a similar low-
symmetry structure could be engineered at room temperature
by breaking the rotation and inversion symmetries using
epitaxial strain and ferroelectric layers. This engineering
of orbital-induced anisotropy is relevant not only to com-
plex oxide interfaces. It applies to other orbitronics material
candidates, including light and heavy elemental metals and

van der Waals heterostructures. For example, while many van
der Waals materials nominally have sixfold rotation symme-
try, encapsulation and device topology break the rotation and
inversion symmetry [61–63], in principle allowing the same
orbital effects observed here. Similarly, the use of SrTiO3 as
a screening dielectric [64,65] extends the effects to the device
layers to which the SrTiO3 substrate is proximitized. Local
measurements of anisotropy are particularly helpful in such
systems, as it is often challenging to determine the transport
anisotropy from global measurements. The theoretical model
and experimental techniques presented here provide an effec-
tive platform to characterize the orbital degrees of freedom in
these systems.
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