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The Rashba effect plays important roles in emerging quantum materials physics and potential
spintronic applications, entailing both the spin orbit interaction (SOI) and broken inversion
symmetry. In this work, we devise asymmetric oxide heterostructures of LaAlO3//SrTiO3/
LaAlO3 (LAO//STO/LAO) to study the Rashba effect in STO with an initial centrosymmetric
structure, and broken inversion symmetry is created by the inequivalent bottom and top
interfaces due to their opposite polar discontinuities. Furthermore, we report the observation
of a transition from the cubic Rashba effect to the coexistence of linear and cubic Rashba
effects in the oxide heterostructures, which is controlled by the ﬁlling of Ti orbitals. Such
asymmetric oxide heterostructures with initially centrosymmetric materials provide a general
strategy for tuning the Rashba SOI in artiﬁcial quantum materials.

1 Department of Materials Science and Engineering, National University of Singapore, Singapore 117575, Singapore. 2 Division of Physics and Applied Physics,
School of Physical and Mathematical Sciences, Nanyang Technological University, Singapore 637371, Singapore. 3 CAS Key Laboratory of Magnetic Materials
and Devices Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, 315201 Ningbo, Zhejiang, China. 4 Zhejiang Province
Key Laboratory of Magnetic Materials and Application Technology, Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences,
315201 Ningbo, Zhejiang, China. 5 College of Engineering and Technology, American University of the Middle East, 15453 Eqaila, Kuwait. 6 Physical Sciences
and Engineering, King Abdullah University of Science and Technology, Thuwal 23955-6900, Saudi Arabia. 7 Laboratoire CRISMAT, ENSICAEN, CNRS UMR
6508, 6 Boulevard du Maréchal Juin, 14050 Caen, France. 8 Singapore Synchrotron Light Source, National University of Singapore, Singapore 117575,
Singapore. 9 Institute of Materials Research and Engineering, Singapore 117602, Singapore. 10 China Center of Materials Science and Optoelectronics
Engineering, University of Chinese Academy of Sciences, 100049 Beijing, P.R. China. 11 School of Materials Science and Engineering, University of New South
Wales (UNSW), Sydney, NSW 2052, Australia. 12These authors contributed equally: Weinan Lin, Lei Li. Correspondence and requests for materials should be
addressed to J.C. (email: msecj@nus.edu.sg) or to Z.Z. (email: zhong@nimte.ac.cn) or to A.M. (email: aurelien.manchon@kaust.edu.sa)
or to T.W. (email: tom.wu@unsw.edu.au)

NATURE COMMUNICATIONS | (2019)10:3052 | https://doi.org/10.1038/s41467-019-10961-z | www.nature.com/naturecommunications

1

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10961-z

M

anipulation of the spin degree of freedom can be
expanded to various nonmagnetic materials by the
Rashba effect, where both the spin–orbit interaction
(SOI) and broken inversion symmetry are required1–4. The
phenomenon is generally observed at the surface of heavy metals
and in asymmetric two-dimensional quantum wells, where the
inversion symmetry is broken naturally3,5. Since the Rashba effect
plays a key role not only in fundamental physics but also for
potential applications, there has been considerable effort devoted
to exploring and/or maximizing the Rashba effect in a wide range
of materials6. In principle, an external electric ﬁeld can break and
tune the inversion symmetry of the materials studied7,8, which is
also the mechanism of the celebrated spin transistor9. However,
such a technique is limited by the magnitude and the screening
length it can achieve10–12. As a result, much attention has been
paid to exploring structures with intrinsically broken inversion
symmetry, such as ferroelectrics and polar semiconductors13–16.
Recently, the effort has been extended to manipulate the geometric environment of orbitals to achieve a giant Rashba
effect6,17,18.
Complex perovskite oxides ABO3 show great potential for
exploiting the Rashba effect6,19 because their multiple degrees of
freedom, i.e., charge, spin, orbital, and lattice, are entangled with
one another20,21. In heterostructures of perovskite oxides ABO3
and A'B'O3, two different interfaces, i.e., AO-B'O2 and BO2-A'O,
in the [001] direction can be introduced22,23. SrTiO3 (STO),
which has 3d electrons, is a prototypical example (Fig. 1a).
However, there is no spin splitting in the 3d electron band for the
centrosymmetric STO, and strain and SOI can lift the degeneracy
of only the 3d orbitals (Fig. 1b). Spin splitting requires breaking
the inversion symmetry of the structure, for example, when STO
forms a heterointerface with (LaO)+ interface due to the polar
discontinuity of LAO23–27. Such a signiﬁcant Rashba effect in the
system has led to the discovery of signiﬁcant spin–charge conversions28–30 and the perspective of various exotic properties,
such as skyrmion31,32, topological superconductivity33, and
intrinsic spin Hall effect34. In this heterostructure, the inversion
symmetry at the interface is naturally broken, and the band
structure is signiﬁcantly modiﬁed owing to the conﬁnement effect
and other interface-related effects20,22.
As illustrated in Fig. 1a (right), we propose in this work that
broken inversion symmetry can be manipulated by creating two
unequal interfaces in LAO//STO/LAO oxide heterostructures,
which makes use of their opposite polar discontinuities, i.e.,
(AlO2)−-(SrO) versus (TiO2)-(LaO)+. In this scheme, the
potential difference between these two unequal interfaces produces a built-in electric ﬁeld to break the inversion symmetry of
STO35. Compared to the well-studied LAO/STO heterostructure
(Supplementary Figs. 1 and 2), where the inversion symmetry is
naturally broken at the interface, this designed approach is capable of modulating the broken inversion symmetry via tuning the
intermediate STO layer thickness. Combining density functional
theory (DFT)-based tight-binding calculations with weak antilocalization (WAL) measurements, the transition from the pure
cubic Rashba term to its coexistence with the linear term is
identiﬁed as a function of carrier ﬁlling in Ti orbitals. Our work
demonstrates a general platform for exploring Rashba SOI physics in interface-asymmetric heterostructures with initially centrosymmetric materials.
Results
Tuning of Rashba effect in the LAO//STO/LAO heterostructures. The band structure of STO with a centrosymmetric
structure and compressive strain from LAO was obtained from
DFT-based tight-binding calculation (Fig. 1b). Owing to the
2

biaxial strain in the (001) plane, the degeneracy of Ti t2g is lifted
with the dxy orbital located above the dyz/xz orbitals. When considering the SOI, the degeneracy of the dyz/xz band is further
lifted. Nevertheless, owing to the inversion symmetry of STO, the
energy band is doubly degenerate in the entire Brillouin zone,
which does not result in spin splitting (indicated by the green
arrows in Fig. 1b). As proposed above, the feature can be achieved
by introducing two unequal interfaces between LAO and STO,
which breaks the inversion symmetry of STO, as conﬁrmed by
our calculation (Fig. 1c). The resulting Rashba effect lifts the
double degeneracy of the energy band away from the Γ point, i.e.,
resulting in spin splitting of the 3d orbitals (green arrows in
Fig. 1c).
Furthermore, the linear and cubic Rashba terms, where the
spin splitting is linearly and cubically proportional to the
momentum k (inset of Fig. 1d), respectively, are predicted to
coexist in the t2g multi-orbitals. These two types of Rashba effects
result in different spin conﬁgurations in each Fermi surface and
may further lead to different spin-related properties36–38.
Importantly, the characteristics of the Rashba effect can be
controlled by the ﬁlling of carriers at the Ti sites. Figure 1d shows
the spin splitting energy as a function of the carrier concentration
at each Ti atom for the cubic and linear Rashba effects. In the
STO with inversion symmetry broken, the linear Rashba effect
emerges when the carrier concentration reaches approximately
0.01 e/Ti. We should note that this critical carrier concentration is
an intrinsic property of STO and determined by its electronic
band structure. We hypothesize that the asymmetric interfaces of
the LAO//STO/LAO structures can be validated by characterizing
the Rashba effect, which might be tuned by the carrier
concentration in the STO layers. Such asymmetric multilayers
consisting of initially centrosymmetric materials provide a general
platform for investigating the Rashba SOI in engineered
heterostructures.
It is important to note that, although the existence of the linear
Rashba effect was theoretically predicted in oxide herterostructures with Ti 3d electrons38–40, so far only the cubic Rashba effect
has been reported in transport studies25,41,42. One possible
explanation is that the electrons from the dxy orbital are localized
at the interface and do not contribute to charge transport43. In
this work, we envision that the itinerant nature of the electrons in
the asymmetric LAO//STO/LAO heterostructures will enable us
to explore the linear Rashba effect and its coexistence with the
cubic Rashba effect will be modulated via carrier ﬁlling in Ti
orbitals.
Heterostructure synthesis and scanning transmission electron
microscopy (STEM) characterization. The oxide heterostructures were grown on treated LAO substrates using pulsed
laser deposition (PLD). The thickness and the termination of the
LAO and STO layers are precisely controlled via monitoring
reﬂection high-energy electron diffraction (RHEED) (see Supplementary Fig. 4a for a typical heterostructure with 15 uc STO).
As discussed in the previous section, as a result of the polar
nature of LAO, such oxide heterostructures are designed to be
asymmetric: the (AlO2)−–SrO interface between the LAO substrate and the STO layer is presumably p type23,44, while the top
TiO2–(LaO)+ interface is n type. However, as we will discuss
below, factors like cation intermixing at the interfaces make the
actual heterostructure deviate from the design although the
asymmetric nature is retained.
To conﬁrm the high quality of the ﬁlms, X-ray reﬂectivity
experiments were conducted, and a typical result is shown in
Supplementary Fig. 4b. From the simulation of the reﬂectivity
data, we derived the thicknesses of each layer in the
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Fig. 1 Spin splitting in the LAO//STO/LAO heterostructure. a Schematic structure of STO (left) and the asymmetric LAO//STO/LAO heterostructure
(right) with a large built-in electric ﬁeld Eb. b Band structure of t2g orbitals in the centrosymmetric STO layer. With compressive strain and spin–orbit
interaction (SOI), the degenerate t2g orbitals are lifted with a splitting energy Δs. c Band structure of t2g orbitals with inversion symmetry broken as in the
LAO//STO/LAO heterostructure. The degeneracy of the dxy and dyz/xz orbital is further lifted by the SOI. d Spin splitting energy of the t2g orbitals as a
function of electron ﬁlling. The inset shows the k-linear and the cubic spin splitting of the corresponding orbitals
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heterostructure, which are consistent with the RHEED results. By
ﬁtting the fringe oscillations of the high-resolution X-ray theta2theta measurements, we extracted the out-of-plane c lattice
parameter of the STO layer. Interestingly, it was found that c
decreases from 3.946 to 3.895 Å when the STO thickness
decreases in the series of heterostructures (see Supplementary
Fig. 4d). Such a feature is ascribed to the electrostriction effect
due to the built-in electric ﬁeld45, which is supported by our DFT
calculations (see Supplementary Note 3).
To further characterize the strain state of the STO layer and,
especially, the interface atomic structures, aberration-corrected
STEM was used. A typical LAO//STO/LAO structure with 20 uc
STO was characterized. As shown by the high-angle annular
dark-ﬁeld (HAADF)-STEM images in Fig. 2, epitaxial and
coherent growth of the STO layer is conﬁrmed. The crosssection HAADF-STEM image of the LAO//STO/LAO heterostructure and the strain components parallel (εxx) and perpendicular (εyy) to the interface are presented in Supplementary Fig. 5,
which further supports the coherent growth of the heterostructure. Cross-sectional elemental mapping was also obtained by
atomically resolved STEM-energy-dispersive X-ray spectroscopy,
from which we can acquire information on the local composition
around the interfaces in such heterostructures. Similar to reports
on the STO/LAO interface44,46,47, cation intermixing was
observed at both interfaces in the LAO//STO/LAO heterostructure. More importantly, we found that the intermixing of the top
and bottom interfaces are different; it spans approximately 1 uc
for the bottom interface and 2 uc for the top interface, as
indicated in the overlay images in Fig. 2. This variation in the
cation mixing has been discussed as one of the key differences of

Fig. 2 Atomic structural characterization of the two interfaces in the LAO//
STO/LAO heterostructure. a, b show the energy-dispersive X-ray
spectroscopic (EDS) mappings of the top and bottom interfaces,
respectively. From left to right: schematic structures, high-angle annular
dark-ﬁeld image, Al K, La L, Ti K, and Sr K EDS integrated signal maps, and
the combined elemental maps of all cations

n-type and p-type interfaces44. It should be noted that the cation
intermixing at the bottom interface results in a combination of
(AlO2)−-SrO and (LaO)+-TiO2 conﬁgurations. This atomic
reconstruction can be regarded as a response to the polar
discontinuity due to an energy gain compared to that from
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generating the hole-doped interface, which was reported in other
similar oxide heterostructures48,49. Although the atomic structures of the interfaces deviate from the ideal case (Fig. 1a), the
LAO//STO/LAO heterostructure remains asymmetric.
Thickness-dependent density of 3d electrons. Hall effect measurements were performed to obtain the carrier density of the
LAO//STO/LAO heterostructures. Figure 3a shows the typical Hall
measurements for the structure with 8, 20, and 30 uc STO, from
which the sheet carrier density was calculated. It was found that the
sheet carrier concentration (nH) increased progressively from 1.07 ×
1014 to 1.92 × 1014 cm−2 with decreasing STO layer thickness, as
shown in Fig. 3b. It is important to note that the carrier concentration is higher in the heterostructures with thinner STO layers.
The corresponding averaged-ﬁlling electrons per Ti in the heterostructure exhibits a similar trend as a function of the STO thickness
(inset of Fig. 3b). In the rough estimation, the carriers are assumed
to be homogeneously doped in the entire STO layer, which does not
reﬂect the local deviation of the electron ﬁlling across the STO layer.
As expected from the designed LAO/STO/LAO structure with two
non-equivalent interfaces, the electron distribution across the whole
STO layer should show a gradual increase from the p-type interface
to the n-type interface. Furthermore, the localized electrons near the
interfaces may have an important inﬂuence on the internal electric
ﬁeld and impact on the Rashba splitting. Nevertheless, the carrier
density estimated from the Hall effect measurement exhibits a
consistent trend of dependence on the STO layer thickness. When
the STO layer in the heterostructure increases from 8 uc to 60 uc,
the number of electrons per Ti decreases from 0.038 to 0.003. This
range of electron ﬁlling is smaller than that in the extensively
investigated LAO/STO structures where the induced electrons are
mainly located around the interface.
In such heterostructures, both the electrons due to the polar
LAO layer and those doped by the defects introduced during
growth may contribute to the conduction. If the carriers were
introduced mainly by the growth-related defects, the sheet carrier
concentration (ns) with a bulk origin would increase with the
STO thickness, which is opposite to our observation (inset of
Fig. 3b). Thus defects are not the dominant source of conducting
carriers. Furthermore, a control experiment was conducted on a
heterostructure with amorphous La0.7Sr0.3MnO3 (a-LSMO) as the
capping layer, i.e., LAO/STO/a-LSMO, which was prepared under
the same conditions as the LAO//STO/LAO heterostructures
except that the top LSMO layer was deposited at room
temperature. The absence of measurable conductivity in such a
LAO//STO/a-LSMO structure indicates that the polarity of the
LAO plays an essential role in introducing the itinerant carriers35,
which may be achieved by inﬂuencing the formation energy of
the oxygen vacancy.
Evolution of SOI in LAO//STO/LAO heterostructures. As
quantum corrections to the conductance, both weak localization
(WL) and WAL can be present at low temperatures in oxide heterostructures. Because these effects are sensitive to an external
magnetic ﬁeld, magnetotransport measurements can provide
insights into the nature of SOI50. Figure 4 shows the magnetoresistance (MR) of a heterostructure with 30 uc STO inserted between
the LAO layers. The negative MR at 20 and 30 K is a signature of
WL, while with decreasing temperature, a cusp emerges around the
zero ﬁeld and broadens progressively. Such MR features at low
temperatures are manifestations of WAL and are indicative of the
presence of a strong SOI in the systems25,41.
By varying the thickness of the STO layer in the heterostructures, magnetotransport of the LAO//STO/LAO heterostructures can be systemically tuned. As shown for the 2 K MR
4

data in Fig. 5a, the zero-ﬁeld cusp shrinks with increasing STO
layer thickness, and ﬁnally, a negative MR emerges with the high
magnetic ﬁeld at the thickest STO layer of 60 uc. This indicates a
crossover from the WAL to the WL regime with increasing STO
thickness. In the WL, the phase coherence of itinerant electrons is
destroyed mainly by inelastic scattering50, while the WAL is
governed by SOI. Thus the change in the MR characteristics upon
changing the thickness of the STO layer reﬂects a signiﬁcant
modulation of the SOI in the heterostructures24,25,42,51.
To quantify the modulation of SOI upon the change of STO
layer thickness, the model developed by Iordanskii, LyandaGeller, and Pikus (ILP), which considers the k-dependent SOI,
was adopted to analyze the magnetotransport data52,53. This
model involves two spin-splitting energy terms due to different kdependent spin-precession vectors, i.e., one is the linear SOI term
and the other is the cubic SOI term. The full equation of the ILP
model can be written as follows:52
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In the equation, Bso1, Bso3, and Bφ refer to the characteristic
effective magnetic ﬁelds for the linear SOI, the cubic SOI, and the
phase coherence, respectively, and Ψ is the digamma function.
Here the diffusion limit of this model is satisﬁed as the applied
magnetic ﬁeld is much smaller than the Be, the characteristic ﬁeld
of the elastic scattering, which is of the order of 100 T because of
the short mean free path in our heterostructures. To account for
the classical Lorentz force, which manifests itself as quadratic
dependence in ﬁeld, the resistivity data are ﬁtted directly using
γ
þ αB2 ;
Rxx ðBÞ ¼
ð3Þ
ððΔσ ðBÞ  Δσ ð0ÞÞ þ δÞ
where α is the coefﬁcient for the MR due to the Lorentz force, γ is
a constant, ln(2)/π, due to the Van der Pauw method used for the
transport measurements, and δ is the ﬁeld-independent component of conductivity of the samples. The data were symmetrized
to avoid any artifact due to the choice of magnetic ﬁeld direction.
The analysis of the ﬁtting accuracy can be found in Supplementary Fig. 6. Compared to the ﬁtting with only a cubic SOI term,
the ﬁtting considering both linear and cubic SOI terms gives a
more accurate result.
Figure 5b shows the ﬁtting result of the magnetoconductance
data using the ILP model, which are obtained after removing the
classical Lorentz components, and the derived ﬁtting parameters are
shown in Fig. 5c. One main ﬁnding of this work is that Bso3
monotonically increases from 1 to 3.75 T as the thickness of the
STO layer decreases from 60 uc to 8 uc in the LAO//STO/LAO
heterostructures. The sample-dependent Bφ ﬂuctuates in the range
of 1–2 T, which is smaller than the characteristic Bso3 and thus in
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various temperatures

line with the WAL mechanism50. More signiﬁcantly, Bso1 emerges
only when the thickness of the STO layer is below 20 uc; it
monotonically increases to 2.13 T in the thinnest heterostructure
with 8 uc STO. The temperature-dependent characteristic ﬁelds
have been extracted too, as shown in Supplementary Fig. 7. Our
data indicate that the prerequisite of the emergence of the linear
Rashba SOI is a high doping level of 3d electrons in thin STO layers.
On the other hand, the cubic SOI was found to dominate in the
heterostructures with STO thickness above 20 uc, similar to the
recent report by Nakamura et al.41. The temperature-dependent
resistance for all the samples are shown in Supplementary Fig. 8,
where an upturn behavior of resistance was observed at low
temperatures. Furthermore, the X-ray linear dichroism (XLD)
experiments has been performed to conﬁrm that the lowest orbital
in the LAO//STO/LAO structure is dxz/yz and the electron
occupation changes upon the thickness of the STO layer
(Supplementary Note 5 and Fig. 9). The XLD result strongly
supports the scenario that the Rashba effect is tuned in the LAO//
STO/LAO structures by carrier ﬁlling of the Ti 3d orbitals.
Accordingly, the thickness dependence of spin diffusion
lengths due to the linearp
and
cubic SOI terms was calculated
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
using the equation lso ¼ h=4eBso 50. As described in Supplementary Note 6, we calculated the linear Rashba coefﬁcient αlinear
and the spin splitting energy Δcubic from the cubic SOI term for
the heterostructures. The linear Rashba coefﬁcient increases from
0.015 to 0.043 eVÅ upon a decrease in the STO layer thickness
from 15 uc to 8 uc, which is in the same range as the results of

recent reports25,40. When the thickness of the STO layer
decreases from 60 uc to 20 uc, the spin splitting energy due to
the cubic SOI term increases from 2.31 to 2.87 meV, and
concurrently the electron number per Ti increases from 0.003 to
0.01. The measured spin splitting energy is consistent with the
ﬁrst-principles calculation result (Fig. 1d). To elucidate the
relationship between the SOI transition and the electron doping
level of Ti, we plotted the above extracted parameters as functions
of the ﬁlling electrons per Ti determined from the Hall
measurement, as presented in Fig. 5d. It can be seen that the
transition between the linear and cubic Rashba SOI occurs at a
doping level of approximately 0.01–0.015 e/Ti, which is consistent
with the value predicted by our ﬁrst-principles calculation result.
In conclusion, we demonstrated a class of oxide heterostructures
with interface-based broken inversion symmetry, in which the
Rashba effect can be tuned by changing the thickness of the
intermediate layer with itinerant 3d electrons. The lifted orbital
degeneracy and carriers’ doping modulated by the STO layer
thickness in the LAO//STO/LAO heterostructures enabled us to
identify the transition between the cubic and linear Rashba effects.
This work offers an alternative heterostructure-based route to
manipulating the SOI, complimentary to the reports on electric ﬁeld
effect. Furthermore, our study also reveals the unambiguous role of
the linear Rashba SOI in thin heterostructures, while the previous
reports were focused on cubic SOI at oxide interfaces. The
coexistence of the linear and cubic Rashba effects in such oxide
heterostructures with 3d electrons will stimulate further theoretical
and experimental studies. Such asymmetric heterostructures
represent an alternative platform for exploring SOI and other
exotic physics in artiﬁcial quantum materials.
Methods
DFT-based tight-binding calculations. To construct a realistic tight-binding
model for STO-based heterostructure and also avoid adjustable parameters, we
performed a projection54 of Wien2K55 DFT results for bulk STO onto maximally
localized Wannier orbitals, which exactly reproduced the DFT-calculated band
structure40,56. The tight-binding Hamiltonian is described by Ho + Hξ + Hγ in the
t2g(xy, yz, xz) basis. The Ho term contains local energy terms ε and hopping terms t.
In bulk STO with cubic symmetry εxy = εyz/xz, which is deﬁned with respect to
Fermi energy level, the compressive strain from the LAO substrate increases the xy
orbital energy in the order of 10 meV. Without loss of generality, we set εxy − εxy/xz
= 20 meV. There are three hopping terms: the large hopping term of t1 = 0.277 eV
arises from the large xy intraorbital hopping integral along the x and y directions;
t2 = 0.031 eV and t3 = 0.076 eV indicate a much smaller hopping integral along the
z and (1,1,0) directions of the xy orbital, respectively. The Hξ term includes atomic
SOI, whose strength is 19.2 meV, as estimated from the DFT calculated orbital
splitting at Γ point. The last term Hγ = <xy|H|yz/xz> is an antisymmetric hopping
between xy and yz/xz orbitals along the x/y direction. It describes the asymmetry
due to the built-in electric ﬁeld, which results in the Rashba spin splitting. In the
bulk STO, Hγ vanishes due to inversion symmetry, while at the LAO/STO interface
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Hγ is 20 meV. It is noted that the Rashba transition as well as the corresponding
critical carrier concentration mainly depend on Hξ and the t2g band structure
character of STO. It is conﬁrmed that a change of hopping terms t or crystal ﬁeld
splitting will not inﬂuence our conclusion.

2.

Sample preparation and characterization. To ensure the AlO2 termination of the
LAO substrate, all the substrates used were treated and conﬁrmed by atomic force
microscopic mapping before growth. The LAO//STO/LAO heterostructures were
grown in a PLD system, and high-pressure RHEED was used to monitor the
growth quality and to control the thickness of the growing ﬁlms. Both LAO and
STO layers were grown at 800 °C under a pressure of 1 × 10−6 mbar of O2 and with
the laser energy set at 1 J cm−2. The laser pulse was set at a 1-Hz repetition rate.
After deposition, the samples were cooled to room temperature at 5 °C min−1.
With the same growth conditions, a series of heterostructures with controlled STO
thicknesses were prepared. Van der Pauw method was used to perform the
transport measurements with Ti/Au as the electrodes. All the transport measurements were conducted in a physical property measurement system (PPMS,
Quantum Design). STEM was performed using a JEOL ARM200F operating at 200
kV and equipped with ASCOR probe corrector and Oxford XX-Max 100TLE X-ray
detector.

4.

3.

5.

6.
7.

8.

9.
10.

Data availability
The data that support the ﬁndings of this study are available from the corresponding
author upon reasonable request.

11.
12.

Received: 25 November 2018 Accepted: 7 June 2019
13.
14.

References
1.

6

Winkler, R. Spin - Orbit Coupling Effects in Two-dimensional Electron and
Hole Systems (Springer Tracts in Modern Physics, Vol. 191) (Springer-Verlag,
Berlin, Heidelberg, 2003).

15.
16.

Manchon, A., Koo, H. C., Nitta, J., Frolov, S. M. & Duine, R. A. New
perspectives for Rashba spin-orbit coupling. Nat. Mater. 14, 871–882 (2015).
Soumyanarayanan, A., Reyren, N., Fert, A. & Panagopoulos, C. Emergent
phenomena induced by spin–orbit coupling at surfaces and interfaces. Nature
539, 509–517 (2016).
Yu, A. B. & Rashba, E. I. Oscillatory effects and the magnetic susceptibility of
carriers in inversion layers. J. Phys. Condens. Matter 17, 6039–6045 (1984).
Zhang, X., Liu, Q., Luo, J.-W., Freeman, A. J. & Zunger, A. Hidden spin
polarization in inversion-symmetric bulk crystals. Nat. Phys. 10, 387–393
(2014).
Sunko, V. et al. Maximal Rashba-like spin splitting via kinetic-energy-coupled
inversion-symmetry breaking. Nature 549, 492–496 (2017).
Nitta, J., Akazaki, T., Takayanagi, H. & Enoki, T. Gate control of spin-orbit
interaction in an inverted In0.53Ga0.47As/In0.52Al0.48As heterostructure. Phys.
Rev. Lett. 78, 1335–1338 (1997).
Lin, W.-N. et al. Electrostatic modulation of LaAlO3/SrTiO3 interface
transport in an electric double-layer transistor. Adv. Mater. Interfaces 1,
1300001 (2014).
Datta, S. & Das, B. Electronic analog of the electro‐optic modulator. Appl.
Phys. Lett. 56, 665–667 (1990).
Petersen, L. & Hedegård, P. A simple tight-binding model of spin–orbit
splitting of sp-derived surface states. Surf. Sci. 459, 49–56 (2000).
Ahn, C. H., Triscone, J. M. & Mannhart, J. Electric ﬁeld effect in correlated
oxide systems. Nature 424, 1015–1018 (2003).
Song, C., Cui, B., Li, F., Zhou, X. & Pan, F. Recent progress in voltage control
of magnetism: Materials, mechanisms, and performance. Prog. Mater. Sci. 87,
33–82 (2017).
Di Sante, D., Barone, P., Bertacco, R. & Picozzi, S. Electric control of the giant
Rashba effect in bulk GeTe. Adv. Mater. 25, 509–513 (2013).
Zhai, Y. et al. Giant Rashba splitting in 2D organic-inorganic halide
perovskites measured by transient spectroscopies. Sci. Adv. 3, e1700704
(2017).
Bawden, L. et al. Hierarchical spin-orbital polarization of a giant Rashba
system. Sci. Adv. 1, e1500495 (2015).
Narayan, A. Class of Rashba ferroelectrics in hexagonal semiconductors. Phys.
Rev. B 92, 220101 (2015).

NATURE COMMUNICATIONS | (2019)10:3052 | https://doi.org/10.1038/s41467-019-10961-z | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10961-z

17. Zhong, Z. et al. Giant switchable Rashba effect in oxide heterostructures. Adv.
Mater. Interfaces 2, 1400445 (2015).
18. Rodin, A. S. et al. Rashba-like dispersion in buckled square lattices. Phys. Rev.
B 96, 115450 (2017).
19. Shanavas, K. V., Popović, Z. S. & Satpathy, S. Theoretical model for Rashba
spin-orbit interaction in d electrons. Phys. Rev. B 90, 165108 (2014).
20. Hwang, H. Y. et al. Emergent phenomena at oxide interfaces. Nat. Mater. 11,
103–113 (2012).
21. Imada, M., Fujimori, A. & Tokura, Y. Metal-insulator transitions. Rev. Mod.
Phys. 70, 1039–1263 (1998).
22. Chakhalian, J., Freeland, J. W., Millis, A. J., Panagopoulos, C. & Rondinelli, J.
M. Emergent properties in plane view: strong correlations at oxide interfaces.
Rev. Mod. Phys. 86, 1189–1202 (2014).
23. Ohtomo, A. & Hwang, H. Y. A high-mobility electron gas at the LaAlO3/
SrTiO3 heterointerface. Nature 427, 423–426 (2004).
24. Ben Shalom, M., Sachs, M., Rakhmilevitch, D., Palevski, A. & Dagan, Y.
Tuning spin-orbit coupling and superconductivity at the SrTiO3/LaAlO3
interface: a magnetotransport study. Phys. Rev. Lett. 104, 126802 (2010).
25. Caviglia, A. D. et al. Tunable Rashba spin-orbit interaction at oxide interfaces.
Phys. Rev. Lett. 104, 126803 (2010).
26. Huang, Z. et al. Interface engineering and emergent phenomena in oxide
heterostructures. Adv. Mater. 30, 1802439 (2018).
27. Chen, Y. Z. et al. Extreme mobility enhancement of two-dimensional electron
gases at oxide interfaces by charge-transfer-induced modulation doping. Nat.
Mater. 14, 801–806 (2015).
28. Wang, Y. et al. Room-temperature giant charge-to-spin conversion at the
SrTiO3–LaAlO3 oxide interface. Nano Lett. 17, 7659–7664 (2017).
29. Lesne, E. et al. Highly efﬁcient and tunable spin-to-charge conversion through
Rashba coupling at oxide interfaces. Nat. Mater. 15, 1261–1266 (2016).
30. Song, Q. et al. Observation of inverse Edelstein effect in Rashba-split 2DEG
between SrTiO3and LaAlO3 at room temperature. Sci. Adv. 3, e1602312 (2017).
31. Banerjee, S., Erten, O. & Randeria, M. Ferromagnetic exchange, spin-orbit
coupling and spiral magnetism at the LaAlO3/SrTiO3 interface. Nat. Phys. 9,
626–630 (2013).
32. Li, X., Liu, W. V. & Balents, L. Spirals and skyrmions in two dimensional
oxide heterostructures. Phys. Rev. Lett. 112, 067202 (2014).
33. Nakosai, S., Tanaka, Y. & Nagaosa, N. Topological superconductivity in
bilayer Rashba system. Phys. Rev. Lett. 108, 147003 (2012).
34. Hayden, L. X., Raimondi, R., Flatté, M. E. & Vignale, G. Intrinsic spin Hall
effect at asymmetric oxide interfaces: role of transverse wave functions. Phys.
Rev. B 88, 075405 (2013).
35. Zhong, Z., Xu, P. X. & Kelly, P. J. Polarity-induced oxygen vacancies at
LaAlO3∕SrTiO3 interfaces. Phys. Rev. B 82, 165127 (2010).
36. Alestin, M., Sonu, V. & Tarun Kanti, G. Electrical and thermoelectric
transport properties of two-dimensional fermionic systems with k-cubic
spin–orbit coupling. J. Phys. Condens. Matter 29, 465303 (2017).
37. Nomura, K., Sinova, J., Sinitsyn, N. A. & MacDonald, A. H. Dependence of the
intrinsic spin-Hall effect on spin-orbit interaction character. Phys. Rev. B 72,
165316 (2005).
38. Kim, Y., Lutchyn, R. M. & Nayak, C. Origin and transport signatures of spinorbit interactions in one- and two-dimensional SrTiO3-based heterostructures.
Phys. Rev. B 87, 245121 (2013).
39. Shanavas, K. V. Theoretical study of the cubic Rashba effect at the SrTiO3
(001) surfaces. Phys. Rev. B 93, 045108 (2016).
40. Zhong, Z., Tóth, A. & Held, K. Theory of spin-orbit coupling at LaAlO3/
SrTiO3 interfaces and SrTiO3 surfaces. Phys. Rev. B 87, 161102 (2013).
41. Nakamura, H., Koga, T. & Kimura, T. Experimental evidence of cubic Rashba
effect in an inversion-symmetric oxide. Phys. Rev. Lett. 108, 206601 (2012).
42. Cheng, L. et al. Optical manipulation of Rashba spin–orbit coupling at
SrTiO3-based oxide interfaces. Nano Lett. 17, 6534–6539 (2017).
43. King, P. D. C. et al. Quasiparticle dynamics and spin–orbital texture of the
SrTiO3 two-dimensional electron gas. Nat. Commun. 5, 3414 (2014).
44. Nakagawa, N., Hwang, H. Y. & Muller, D. A. Why some interfaces cannot be
sharp. Nat. Mater. 5, 204–209 (2006).
45. Cancellieri, C. et al. Electrostriction at the LaAlO3/SrTiO3 interface. Phys. Rev.
Lett. 107, 056102 (2011).
46. Warusawithana, M. P. et al. LaAlO3 stoichiometry is key to electron liquid
formation at LaAlO3/SrTiO3 interfaces. Nat. Commun. 4, 2351 (2013).
47. Pauli, S. A. et al. Evolution of the interfacial structure of LaAlO3 on SrTiO3.
Phys. Rev. Lett. 106, 036101 (2011).
48. Sanchez-Santolino, G. et al. Resonant electron tunnelling assisted by charged
domain walls in multiferroic tunnel junctions. Nat. Nano 12, 655–662 (2017).
49. Spurgeon, S. R., Sushko, P. V., Chambers, S. A. & Comes, R. B. Dynamic
interface rearrangement in LaFeO3/n-SrTiO3 heterojunctions. Phys. Rev.
Mater. 1, 063401 (2017).
50. Bergmann, G. Weak localization in thin ﬁlms: a time-of-ﬂight experiment
with conduction electrons. Phys. Rep. 107, 1–58 (1984).

ARTICLE

51. Herranz, G. et al. Engineering two-dimensional superconductivity and Rashba
spin–orbit coupling in LaAlO3/SrTiO3 quantum wells by selective orbital
occupancy. Nat. Commun. 6, 6028 (2015).
52. Iordanskii, S. V., Lyandageller, Y. B. & Pikus, G. E. Weak-localization in
quantum-wells with spin-orbit interaction. JETP Lett. 60, 206–211 (1994).
53. Knap, W. et al. Weak antilocalization and spin precession in quantum wells.
Phys. Rev. B 53, 3912–3924 (1996).
54. Kuneš, J. et al. Wien2wannier: from linearized augmented plane waves to
maximally localized Wannier functions. Comput. Phys. Commun. 181,
1888–1895 (2010).
55. Blaha, P., Schwark, K., Madsen, G. K. H., Kvasnicka, D. & Luitz, J. Wien2K,
An Augmented Plane Wave+Local Orbitals Program for Calculating Crystal
Properties (ed. Schwarz, K.) (Technische Universität Wien, Vienna, 2001).
56. Wang, Z. et al. Anisotropic two-dimensional electron gas at SrTiO3(110). Proc.
Natl. Acad. Sci. 111, 3933–3937 (2014).

Acknowledgements
L.L. and Z. Z. gratefully acknowledge ﬁnancial support from the National Key R&D
Program of China (2017YFA0303602), 3315 Program of Ningbo, and the National
Nature Science Foundation of China (11774360). Calculations were performed at the
Supercomputing Center of Ningbo Institute of Materials Technology and Engineering.
W. L. and J. C. acknowledge the ﬁnancial support from the Singapore National Research
Foundation under CRP Award No. NRF-CRP10-2012-02 and Singapore Ministry of
Education MOE2018-T2-2-043, AMEIRG18-0022, A*STAR IAF-ICP 11801E0036 and
MOE Tier 1- FY2018–P23. C.J.L. acknowledges the ﬁnancial support from the Lee Kuan
Yew Postdoctoral Fellowship through the Singapore Ministry of Education Academic
Research Fund Tier 1 (Grant No. R-284-000-158-114). F. D. and A. M. acknowledge
valuable support from KAUST Supercomputing team and some of the ﬁtting calculations
were performed on the Phoenix High Performance Computing facility at the American
University of the Middle East, Kuwait. W.P. acknowledges partial support of the Tan
Chin Tuan Exchange Fellowship in Engineering and Merlion project .The authors would
like to acknowledge the Singapore Synchrotron Light Source (SSLS) for providing the
facility necessary for conducting the research. The SSLS Laboratory is a National
Research Infrastructure under the Singapore National Research Foundation.

Author contributions
W.L., T.W., and Z.Z. conceived and designed the experiments. W.L. performed the
samples’ fabrication, transport measurements, and data analysis. L.L. and Z.Z. performed
the DFT-based tight-binding calculation. F.D. and A.M. contributed to analyze the
magnetotransport data. C.L. and S.J.P. performed STEM experiments. X.Y. performed
the XLD experiment. H.R., W.P., B.Z., and Y.L. helped on the structure analyses. W.S.L.
and S.W. helped on the samples’ fabrication. W.L., T.W., L.L., and Z.Z. wrote the
manuscript and all authors contributed to its ﬁnal version. T.W., J.C., Z.Z., and A.M.
supervised and guided the project.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467019-10961-z.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Peer review information: Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019

NATURE COMMUNICATIONS | (2019)10:3052 | https://doi.org/10.1038/s41467-019-10961-z | www.nature.com/naturecommunications

7

