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What are we doing?

Assemble artificial / synthetic 
materials  
Search for novel properties and/or 
functionalities

A. Torres, O. Stephan, Orsay



Not an easy task

Amazing progress in  
-advanced growth techniques 
-advanced characterisation  
-sophisticated calculations 
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dynamics and strong light–matter interactions, as well as to materi-
als beyond the Mott-correlated-electron paradigm.

Theoretical background: from weak to strong correlations
In the absence of interactions between electrons, the quantum  
state of a multielectron system is constructed by finding individual 
states for a single electron and populating these states according  
to Fermi statistics. In a periodic solid, these single-electron states 
are Bloch waves, organized into energy bands — hence the term 
band theory.

Once interactions are introduced, the motions of different elec-
trons become correlated and their states become entangled. In prac-
tice, if the correlations are weak the band-theory picture is still a good 
approximation, provided that, when solving for each single-electron 
state, we include the averaged effect of the other electrons via some 
mean-field approximation. This approach is best exemplified by 
DFT, which in principle provides the exact ground-state energy 
and electron density. Examples of successes for DFT-based meth-
ods include the study and/or design of ferroelectric13 and multifer-
roic14 materials and predictions of hydrogen-based superconductors 
under high pressure15. Despite DFT successes, there are problems 

even for weak correlations. The exact DFT energy functional is not 
known and there is an ongoing effort to improve the approximate 
functionals now in use. More fundamentally, DFT provides only a 
single-electron mean-field approximation of excited states, often 
in disagreement with experimental spectroscopic measurements. 
Perturbative treatments of electron–electron interactions, as imple-
mented for example in the GW approximation16, can produce quan-
titatively accurate excitation spectra for weakly correlated materials. 
However, for wide classes of materials, non-perturbative methods 
are needed to obtain both the correct ground state and the observed 
excitation spectrum. These materials are referred to as strongly 
correlated.

It should be emphasized that strong correlation is not identical to 
strong interaction. For example, when electron–electron repulsions 
become very strong, the physics is often simply that of localized 
electrons avoiding each other in real space and the wave function 
may sometimes be approximated as a simple product form — see, 
for example, ref. 17. The strong-correlation problem can emerge in 
two cases. In the highly localized regime, strong quantum fluctua-
tions associated, for example, with spin-½ degrees of freedom and 
geometrical frustration can give rise to ‘spin-liquid’ behaviour not 
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Fig. 1 | Interplay of theory and experiment. Schematic showing the interplay between theory and experiment when proposing, measuring, understanding and 
designing electronic properties of quantum materials. Each rung of the ladder represents a certain class of methods, and knowledge and materials complexity 
are enhanced as the ladder is ascended. On the left-hand side of the ladder, key theoretical tools are highlighted, including DFT-based electronic structure 
theory (exemplified in the ‘Ab initio theory’ box by the single-particle Kohn–Sham (KS) eigenvalue equations, involving the self-consistently determined 
Kohn–Sham potential VKS, that provide, upon solving the equations, the energy εi and wave function ψi(r) of each electron separately), as well as the inclusion 
of electronic correlations through many-body embedding methods such as DMFT (represented by the Hubbard model Hamiltonian in the ‘Many-body theory’ 
box describing electron tunnelling processes with strength −U

BB′

JK

 between orbital a on atom i and orbital a′ on atom j together with localized electron–electron 
interactions )BUPN

J

 on each atom i). The two levels of methods are self-consistently coupled (arrows). Implementing this theoretical framework requires the 
development of advanced algorithms and software and the use of high-performance computing. On the right, critical experimental approaches are indicated: 
layer-by-layer synthesis using molecular-beam epitaxy, synchrotron X-ray characterization of atomic-scale structure, magnetotransport measurements and 
several spectroscopies, as well as pump–probe dynamic control. On the first rung, theorists identify and model an interfacial system using first-principles 
DFT calculations. Next, experimental structural characterization describes the actual interfacial structural motifs. This leads theorists to use DFT to design a 
new superlattice heterostructure incorporating the key observed structural motifs that should lead to new electronic states. Experiments on this superlattice 
reveal unexpected magnetotransport or spectroscopic results that are not comprehensible with independent-electron band structures, calling for the use of 
many-body electronic structure methods to account for electronic correlations and to describe emergent collective phases. Pump–probe experiments offer a 
pathway for the dynamic control of these emergent electronic properties.

NATURE MATERIALS | www.nature.com/naturematerials

Designing and controlling the properties of transition metal oxide quantum materials 
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Perovskite - CaTiO3 
Perovskite structure - a very common structure on Earth

Using transition metal perovskites as building blocks



TMO perovskites display a variety of properties
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Epitaxial oxide heterostructures
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Figure 1 | Detailed characterization of the (mSmNiO3/mNdNiO3)L superlattices. a, 109 

Schematic representation of the superlattice heterostructures, L indicates the 110 

superlattice period. b, X-ray diffractograms for (7,7)8, (10,10)5 and (15,15)4 superlattices. 111 

The satellite peaks indicate the periodicity of the superlattices. Inset: Typical atomic force 112 

microscope topography of a (7,7)8 superlattice. Scale bar: 500 nm. c, Cross sectional 113 

high-angle annular dark-field (HAADF) image of a (5,5)10 superlattice viewed along the 114 

[100]pc zone axis direction of the LaAlO3 substrate. The scale bar corresponds to 2 nm. 115 

d, EELS compositional maps obtained from the area indicated in (c). The La, Nd, Sm 116 

and Ni signals are represented in orange, red, green and blue colors, respectively. The 117 

La, Nd and Sm signals are displayed together in the superlattice map.  118 

 119 

Fig. 2 displays the resistivity as a function of temperature for three SmNiO3/NdNiO3 120 

superlattices with different periods L. The dashed lines indicate the TMI of 10 nm thick 121 
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Explore coupling at  
interfaces  

Search for new 
properties / functionalities 



Some possible couplings 
in TMO’s
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Two examples

1. The LaAlO3/SrTiO3 interface - a 2D electron system 

2. Vanadate based heterostructures - possibly a new path to 
realise 2D structures 



The LaAlO3/SrTiO3 system
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A conducting interface
..............................................................

A high-mobility electron gas at
the LaAlO3/SrTiO3 heterointerface
A. Ohtomo1,2,3 & H. Y. Hwang1,3,4
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Polarity discontinuities at the interfaces between different crys-
talline materials (heterointerfaces) can lead to nontrivial local
atomic and electronic structure, owing to the presence of dan-
gling bonds and incomplete atomic coordinations1–3. These dis-
continuities often arise in naturally layered oxide structures,
such as the superconducting copper oxides and ferroelectric
titanates, as well as in artificial thin film oxide heterostructures
such as manganite tunnel junctions4–6. If polarity discontinuities
can be atomically controlled, unusual charge states that are
inaccessible in bulk materials could be realized. Here we have
examined a model interface between two insulating perovskite
oxides—LaAlO3 and SrTiO3—in which we control the termin-
ation layer at the interface on an atomic scale. In the simple ionic

limit, this interface presents an extra half electron or hole per
two-dimensional unit cell, depending on the structure of the
interface. The hole-doped interface is found to be insulating,
whereas the electron-doped interface is conducting, with ex-
tremely high carrier mobility exceeding 10,000 cm2V21 s21. At
low temperature, dramatic magnetoresistance oscillations peri-
odic with the inverse magnetic field are observed, indicating
quantum transport. These results present a broad opportunity to
tailor low-dimensional charge states by atomically engineered
oxide heteroepitaxy.
An early discussion of polarity or valence discontinuities arose in

the consideration of the growth of GaAs on (001)-oriented Ge1,2.
Both semiconductors have the same crystal structure and nearly
exact lattice match, thus representing promising materials to
combine direct and indirect bandgap semiconductor functions.
Just at the interface, however, there are incomplete bonds at the
termination of the group IV Ge layer and the commencement of
III–V alternations of GaAs. There have been recent attempts to
design interfaces on the atomic scale to compensate for these
dangling bonds7. Layered oxide crystal structures can be viewed as
an intimate sequence of valence discontinuities, often involving
charge-transfer over a few atomic positions. The myriad of stacking
sequences such as the perovskite-derived Ruddlesden–Popper
phases, constructed as Anþ1BnO3nþ1, for 0 # n # 1, involve
accommodating this charge transfer while maintaining global
charge neutrality8,9. Recently, lamellar contacts between members

Figure 1 Growth and schematic models of the two possible interfaces between LaAlO3
and SrTiO3 in the (001) orientation. a, RHEED intensity oscillations of the specular

reflected beam for the growth of LaAlO3 directly on the TiO2 terminated SrTiO3 (001)

surface. b, Schematic of the resulting (LaO)þ/(TiO2)
0 interface, showing the composition

of each layer and the ionic charge state of each layer. c, RHEED oscillations for the growth
of LaAlO3, after a monolayer of SrO was deposited on the TiO2 surface. d, Schematic of
the resulting (AlO2)

2/(SrO)0 interface.
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Why is this interface conducting? - Polar discontinuity 
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The system is superconducting
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estimate of the POS component of the magnetic
field. Assuming a typical electron density of
108 cm−3, our measured phase speeds between
1.5 and 5 Mm s–1 correspond to projected mag-
netic field strengths between 8 and 26G.We note
that circular polarization measurements of coro-
nal emission lines can provide an estimate of the
LOS component of the magnetic field. Notably,
seismology and polarimetry provide complemen-
tary projections of the coronal magnetic field,
which can be combined to provide an estimate of
both the strength and the inclination of the mag-
netic field. In future work, it will be possible to
estimate the plasma density with CoMP obser-
vations through the intensity ratio of the FeXIII
lines at 1074.7 and 1079.8 nm (31).

We have analyzed observations from the
CoMP instrument that show an overwhelming
flux of upward-propagating low-frequencywaves
throughout the solar corona. These waves prop-
agate at speeds typical of Alfvén waves, and their
direction of propagation mirrors the measured
magnetic field direction. The waves we resolved
do not have enough energy to heat the solar
corona. We conclude that these ubiquitous waves
are indeed Alfvénic and offer the real possibility
of probing the plasma environment of the solar

corona with a high degree of accuracy through
coronal seismology.
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Superconducting Interfaces Between
Insulating Oxides
N. Reyren,1 S. Thiel,2 A. D. Caviglia,1 L. Fitting Kourkoutis,3 G. Hammerl,2 C. Richter,2
C. W. Schneider,2 T. Kopp,2 A.-S. Rüetschi,1 D. Jaccard,1 M. Gabay,4 D. A. Muller,3
J.-M. Triscone,1 J. Mannhart2*
At interfaces between complex oxides, electronic systems with unusual electronic properties can
be generated. We report on superconductivity in the electron gas formed at the interface between
two insulating dielectric perovskite oxides, LaAlO3 and SrTiO3. The behavior of the electron gas
is that of a two-dimensional superconductor, confined to a thin sheet at the interface. The
superconducting transition temperature of ≅ 200 millikelvin provides a strict upper limit to the
thickness of the superconducting layer of ≅ 10 nanometers.

Inpioneering work, it was demonstrated that a
highlymobile electron system can be induced
at the interface between LaAlO3 and SrTiO3

(1). The discovery of this electron gas at the
interface between two insulators has generated an
impressive amount of experimental and theoret-
ical work (2–8), in part because the complex
ionic structure and particular interactions found at
such an interface are expected to promote novel

electronic phases that are not always stable as
bulk phases (9–11). This result also generated an
intense debate on the origin of the conducting
layer, which could either be “extrinsic” and due
to oxygen vacancies in the SrTiO3 crystal or
“intrinsic” and related to the polar nature of the
LaAlO3 structure. In the polar scenario, a
potential develops as the LaAlO3 layer thickness
increases that may lead to an “electronic re-
construction” above some critical thickness (5).
Another key issue concerns the ground state of
such a system; at low temperatures, a charge-
ordered interface with ferromagnetic spin align-
ment was predicted (4). Experimental evidence
in favor of a ferromagnetic ground state was
recently found (6). Yet, rather than ordering
magnetically, the electron system may also
condense into a superconducting state. It was
proposed that in field effect transistor config-

urations, a superconducting, two-dimensional
(2D) electron gas might be generated at the
SrTiO3 surface (12). It was also pointed out that
the polarization of the SrTiO3 layers may cause
the electrons on SrTiO3 surfaces to pair and form
at high temperatures a superconducting con-
densate (13, 14). In this report, we explore the
ground state of the LaAlO3/SrTiO3 interface and
clarify whether it orders when the temperature
approaches absolute zero. Our experiments pro-
vide evidence that the investigated electron gases
condense into a superconducting phase. The
characteristics of the transition are consistent
with those of a 2D electron system undergoing a
Berezinskii-Kosterlitz-Thouless (BKT) transi-
tion (15–17). In the oxygen vacancy scenario
the observation of superconductivity provides a
strict upper limit to the thickness of the super-
conducting sheet at the LaAlO3/SrTiO3 interface.

The samples were prepared by depositing
LaAlO3 layers with thicknesses of 2, 8, and 15
unit cells (uc) on TiO2-terminated (001) surfaces
of SrTiO3 single crystals (5, 18). The films were
grown by pulsed laser deposition at 770°C and
6 × 10−5 mbar O2, then cooled to room temper-
ature in 400 mbar of O2, with a 1-hour oxidation
step at 600°C. The fact that only heterostructures
with a LaAlO3 thickness greater than three uc
conduct (5) was used to pattern the samples
(19). Without exposing the LaAlO3/SrTiO3 in-
terface to the environment, bridges with widths
of 100 mm and lengths of 300 mm and 700 mm
were structured for four-point measurements,
as well as two-uc-thick LaAlO3 layers for ref-
erence (18).
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A rather unique system: Field effect control
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Tunable SC and phase diagram
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2D superconductivity
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2D signatures in the normal state

In order to proceed with the analysis of the SdH data presented in figure 1, we subtracted
the background:
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with Rs(B) and Rxy(B) the measured longitudinal and transverse resistances, respectively, and
σ B( )0 a non-oscillating polynomial background. Examples of the resulting curves can be found
in figure 4.

Looking at the SdH oscillations, we note (at least) two frequencies modulating the
conductance. Hence, we first analyse the data considering a model with two parabolic bands for
which the magnetoconductance can be calculated using the Lifshitz–Kosevich (LK) formula
[18]. We fit the data for the largest conductance introducing an arbitrary phase for each
frequency.

Figure 1. Transport properties in a magnetic field. (a) Temperature evolution of the
sheet resistance (Rs) versus magnetic field for a doping level corresponding to a sheet
conductance of 5.23 mS and a mobility of μ ≈ − −7000 cm V s2 1 1 at 50 mK. Curves are
offset for clarity. In this paper, the sheet conductance at 50 mK and 0T (σ2D) is used as a
reference for the doping level. (b) −[ ]R B R R( ) (0) (0)s s s for different dopings,
illustrating the evolution of the SdH oscillations with gate voltage. Curves are offset for
clarity. (c) Hall resistance versus magnetic field at 50 mK for different dopings. (d)
Inverse Hall coefficient and (e) the corresponding Hall mobility at 50 mK versus σ2D.

3

New J. Phys. 16 (2014) 112002

5. QUANTUM OSCILLATIONS

Figure 5.8: Angular dependence of the quantum oscillations at the LaAlO3/SrTiO3

interface. a Sheet resistance R as a function of magnetic field B recorded at different
orientations (measured by the angle) with respect to the direction normal to the substrate.
b Numerical derivative @R

@B as a function of the inverse of the magnetic field recorded
at different orientations. c Numerical derivative @R

@B as a function of the inverse of the
component of the magnetic field perpendicular to the interface plane. An offset has been
introduced in each curve for clarity. The lines are guide to the eye.
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Figure 5.9: Angular dependence of the quantum oscillations at the LaAlO3/SrTiO3

interface up to 33T. a Sheet resistance Rs as a function of magnetic field B recorded at
different orientations (measured by the angle) with respect to the direction normal to the
substrate. c Numerical derivative @R

@B as a function of the inverse of the component of the
magnetic field perpendicular to the interface plane. An offset has been introduced in each
curve for clarity. The lines are guide to the eye.
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Tunable Rashba spin-orbit interaction 
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measurement is therefore from one- to multiple-carrier transport, 
the latter being so far the more prevalent regime in studies of this 
system. !e observation of a density regime in which transport is 
given by only a single-carrier type is in fact very surprising in light 
of the multitudinous d-bands predicted by theory13,14, and inti-
mates that any additional bands that may exist in the system must 
have localized carriers that are irrelevant to transport.

!e simple generic form observed for the transport above VC 
suggests that even above VC the transport might be simpler than 
originally imagined. In fact it can be shown that the S-shaped trans-
port traces above the transition point, as well as the observed cor-
relation between RXY and RXX, could be nicely explained by a simple 
two-carrier transport model. A careful analysis of our data shows 
however that the transition "eld BW between one- and two-carrier 
transport is not accounted for by the simple two-carrier model, 
o#en used in the literature24, which assumes that the mobilities 
and densities of the two carriers are independent of magnetic "eld 
(described in Supplementary Methods). We further show there that 
this assumption makes the simple model inadequate for extracting 
the two carrier mobilities, but that it can still reliably determine 

their densities. Speci"cally, if the two carriers have signi"cantly dif-
ferent mobilities, the asymptotic value of RH at zero "eld gives the 
density of the high mobility carriers, nhi = 1/eR0, whereas its value 
at large "elds yields the total density of both carriers, ntotal = 1/eR@,  
(e is the electron charge). In Fig. 3a we extract these two quantities, 
nhi and ntotal, from the Hall coe$cients measured at B = 0 T and 14 T, 
and plot them against VG. For voltages below the transition point 
we see that all the carriers are of the high mobility type, implied by 
the fact that ntotalynhi, and that their density is continuously tuned 
by the gate up to a critical value, nC. A#er crossing the transition 
point, nhi saturates at nC, whereas ntotal continues to rise, implying 
that at high densities only lower mobility carriers are added by the 
gate, in contrast to the notion that its main e%ect is to add carriers 
populating higher mobility TiO2 planes at increasing distances from 
the interface.

An underlying universal Lifshitz transition. How universal is the 
observed critical density? One expects that this density depends 
on the disorder and inhomogeneities in the system4,9,25, as well as 
on the di%erent con"nement potential pro"les that can form at the 
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density, ntotal. Below VC (dashed vertical line), ntotalynhi and both increase with VG up to the critical value, nC, (dashed horizontal line) reached at VC. 
Above VC, nhi saturates whereas ntotal continues to increase. The data shown are from a 6 u.c. sample grown at Tgrowth = 800 °C. (b–e) Similar analysis 
on additional samples differing by LAO layer thickness and growth temperatures. (b,c) 10 u.c., Tgrowth = 650 °C. (d) 10 u.c., Tgrowth = 800 °C. (e) 6 u.c., 
Tgrowth = 800 °C. (f) Collection of critical densities measured with several independent Hall bars on four samples (different colours), versus electron 
mobility, MC, at the critical density. These critical densities show a universal value, nC = 1.68 o 0.18×1013 cm − 2, independent of mobility and LAO thickness. 
The key to the different colours is, sample 1: 6 u.c., Tgrowth = 800 °C (purple), sample 2: 9 u.c., Tgrowth = 800 °C (red), sample 3: 10 u.c., Tgrowth = 800 °C 
(green) and sample 4: 10 u.c., Tgrowth = 650 °C (blue). (g) d-Orbital energy bands of STO near its interface with LAO. The dXY band is lower in energy by 
$E compared with the dXZ and dYZ bands. (h) Schematic DOS versus energy. The dXY band has approximately ten times smaller DOS (red) than combined 
DOS of dXZ and dYZ bands (blue; see text). (i) Calculated band structure including ASO interactions. At the ' point the bands split by $ASO (see also 
Supplementary Fig. S3 and Supplementary Methods). (j) Calculated DOS with ASO. The sharp jump of (h) is smeared over a $ASO scale. (k) Strength 
of ASO, �L·S®, integrated over the Fermi surface of the first two bands and plotted versus energy (green). ASO is strongly peaked near the critical point. 
Shown in purple is the absolute value, in the third band, of �L·S® which has the opposite sign compared with the first two bands. Although ASO is also 
sharply peaked near the bottom of the third band, the Fermi energy is always below the bottom of this band for typical carrier densities.
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measurement is therefore from one- to multiple-carrier transport, 
the latter being so far the more prevalent regime in studies of this 
system. !e observation of a density regime in which transport is 
given by only a single-carrier type is in fact very surprising in light 
of the multitudinous d-bands predicted by theory13,14, and inti-
mates that any additional bands that may exist in the system must 
have localized carriers that are irrelevant to transport.

!e simple generic form observed for the transport above VC 
suggests that even above VC the transport might be simpler than 
originally imagined. In fact it can be shown that the S-shaped trans-
port traces above the transition point, as well as the observed cor-
relation between RXY and RXX, could be nicely explained by a simple 
two-carrier transport model. A careful analysis of our data shows 
however that the transition "eld BW between one- and two-carrier 
transport is not accounted for by the simple two-carrier model, 
o#en used in the literature24, which assumes that the mobilities 
and densities of the two carriers are independent of magnetic "eld 
(described in Supplementary Methods). We further show there that 
this assumption makes the simple model inadequate for extracting 
the two carrier mobilities, but that it can still reliably determine 

their densities. Speci"cally, if the two carriers have signi"cantly dif-
ferent mobilities, the asymptotic value of RH at zero "eld gives the 
density of the high mobility carriers, nhi = 1/eR0, whereas its value 
at large "elds yields the total density of both carriers, ntotal = 1/eR@,  
(e is the electron charge). In Fig. 3a we extract these two quantities, 
nhi and ntotal, from the Hall coe$cients measured at B = 0 T and 14 T, 
and plot them against VG. For voltages below the transition point 
we see that all the carriers are of the high mobility type, implied by 
the fact that ntotalynhi, and that their density is continuously tuned 
by the gate up to a critical value, nC. A#er crossing the transition 
point, nhi saturates at nC, whereas ntotal continues to rise, implying 
that at high densities only lower mobility carriers are added by the 
gate, in contrast to the notion that its main e%ect is to add carriers 
populating higher mobility TiO2 planes at increasing distances from 
the interface.

An underlying universal Lifshitz transition. How universal is the 
observed critical density? One expects that this density depends 
on the disorder and inhomogeneities in the system4,9,25, as well as 
on the di%erent con"nement potential pro"les that can form at the 
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mobility, MC, at the critical density. These critical densities show a universal value, nC = 1.68 o 0.18×1013 cm − 2, independent of mobility and LAO thickness. 
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(green) and sample 4: 10 u.c., Tgrowth = 650 °C (blue). (g) d-Orbital energy bands of STO near its interface with LAO. The dXY band is lower in energy by 
$E compared with the dXZ and dYZ bands. (h) Schematic DOS versus energy. The dXY band has approximately ten times smaller DOS (red) than combined 
DOS of dXZ and dYZ bands (blue; see text). (i) Calculated band structure including ASO interactions. At the ' point the bands split by $ASO (see also 
Supplementary Fig. S3 and Supplementary Methods). (j) Calculated DOS with ASO. The sharp jump of (h) is smeared over a $ASO scale. (k) Strength 
of ASO, �L·S®, integrated over the Fermi surface of the first two bands and plotted versus energy (green). ASO is strongly peaked near the critical point. 
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sharply peaked near the bottom of the third band, the Fermi energy is always below the bottom of this band for typical carrier densities.
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measurement is therefore from one- to multiple-carrier transport, 
the latter being so far the more prevalent regime in studies of this 
system. !e observation of a density regime in which transport is 
given by only a single-carrier type is in fact very surprising in light 
of the multitudinous d-bands predicted by theory13,14, and inti-
mates that any additional bands that may exist in the system must 
have localized carriers that are irrelevant to transport.

!e simple generic form observed for the transport above VC 
suggests that even above VC the transport might be simpler than 
originally imagined. In fact it can be shown that the S-shaped trans-
port traces above the transition point, as well as the observed cor-
relation between RXY and RXX, could be nicely explained by a simple 
two-carrier transport model. A careful analysis of our data shows 
however that the transition "eld BW between one- and two-carrier 
transport is not accounted for by the simple two-carrier model, 
o#en used in the literature24, which assumes that the mobilities 
and densities of the two carriers are independent of magnetic "eld 
(described in Supplementary Methods). We further show there that 
this assumption makes the simple model inadequate for extracting 
the two carrier mobilities, but that it can still reliably determine 

their densities. Speci"cally, if the two carriers have signi"cantly dif-
ferent mobilities, the asymptotic value of RH at zero "eld gives the 
density of the high mobility carriers, nhi = 1/eR0, whereas its value 
at large "elds yields the total density of both carriers, ntotal = 1/eR@,  
(e is the electron charge). In Fig. 3a we extract these two quantities, 
nhi and ntotal, from the Hall coe$cients measured at B = 0 T and 14 T, 
and plot them against VG. For voltages below the transition point 
we see that all the carriers are of the high mobility type, implied by 
the fact that ntotalynhi, and that their density is continuously tuned 
by the gate up to a critical value, nC. A#er crossing the transition 
point, nhi saturates at nC, whereas ntotal continues to rise, implying 
that at high densities only lower mobility carriers are added by the 
gate, in contrast to the notion that its main e%ect is to add carriers 
populating higher mobility TiO2 planes at increasing distances from 
the interface.

An underlying universal Lifshitz transition. How universal is the 
observed critical density? One expects that this density depends 
on the disorder and inhomogeneities in the system4,9,25, as well as 
on the di%erent con"nement potential pro"les that can form at the 
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The inverse Edelstein effect
Spin pumping

A pure spin current is injected through the LaAlO3 
layer that generates a charge current in the 2DES
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Figure 3 | Spin-to-charge conversion in LAO//STO 2DES. a, Sketch of spin-pumping experimental configuration. Measurements were performed in a
cylindrical X-band resonator cavity (f≈9.6GHz) at 7 K. b, FMR signal at negative and positive external magnetic fields, at a gate voltage of+125V.
c, Detected voltage normalized to the square of the amplitude of the rf field (thick solid lines) at negative and positive external magnetic fields at
Vg=+125V. The decomposition into symmetric (dotted lines) and antisymmetric (thin solid lines) components is also plotted. Inset: detected voltage for a
NiFe//LAO reference. d, Sketch of a simplified Rashba-type system at equilibrium. At the Fermi level there are two Fermi contours (one sketched in blue,
the other in red) with opposite spin textures (the blue and red arrows show the spin direction of the electrons on the outer and inner contour, respectively).
e, Principle of the inverse Edelstein e!ect: the injection of a current js of spins oriented along y (σy) from the ferromagnet creates an accumulation of
spin-up (σy>0) electrons (darker blue and red arrows) and a depletion of spin-down (σy<0) electrons (lighter blue and red arrows). This
accumulation/depletion process shifts the two inequivalent Fermi contours, which generates a transverse charge current along x.

surface of the topological insulator α-Sn (ref. 32). This spin-to-
charge conversion efficiency also compares favourably with what is
measured in heavy metals. In such systems, the interconverted spin
and charge currents are both 3D and the figure of merit is the spin
Hall angle θSHE, which amounts to 0.056 in Pt, 0.12 in Ta and 0.37 in
W (ref. 10). For comparison purposes, one can convert the value of
θSHE into λIEE through λIEE= θSHElsf (lsf is the spin diffusion length),
which yields 0.2 nm for Pt, 0.3 nm for Ta and 0.43 nm for W, well
below the λIEE=6.4 nm in our LAO/STO system.

At a Rashba interface, in the simplified approximation of circular
spin contours, λIEE can be expressed as a function of the momentum
relaxation time τ and the Rashba coefficient αR (refs 24,33)

αR=
!λIEE

τ
(5)

Interpreting λIEE = 6.4 nm (for Vg = 125V) from equation (5)
with a value of the Rashba coefficient αR ∼ 3 × 10−12 eVm, in
the range expected from calculations37 or derived from weak
antilocalization measurements15,38 leads to τ ∼ 1.4 ps, two orders
of magnitude above the similar IEE relaxation time at Rashba
or topological insulator interfaces with metals. This is consistent
with the existence of additional relaxation mechanisms induced in
2DEGs by the proximity with metals and the expected protection
of a slow relaxation by an insulating layer (LAO in our system), as
discussed in ref. 32. We can also note that τ ∼ 1.4 ps is consistent
with the mobility µ=4,000–5,000cm2V−1 s−1 (at this gate voltage,

the ungated mobility, µ=3,300cm2V−1 s−1, is expected to increase
by 20–50%; see ref. 36) and an effective electron mass m∗ ≈ 2m0
(m0=9.1×10−31 kg).

The large dielectric constant of the STO substrate and the rela-
tively low carrier density of the LAO/STO 2DESmakes it possible to
use a back-gate voltage Vg to modulate the 2DES carrier density (by
0.5–1×1011 cm−2 V−1, refs 36,39) and electronic properties. As we
show in Fig. 4a,b, back-gating has a dramatic influence on the spin-
to-charge conversion efficiency. The detected charge current evolves
from a moderate positive value at negative Vg (charge depletion
regime), to a small positive value at Vg = 0, and then becomes
negative for positive gate voltage, showing a maximum amplitude
around+125 V. This is summarized by the gate dependence of λIEE
displayed in Fig. 4c, from which a crossover between positive to
negative spin-to-charge conversion is clearly visible near Vg=0.

The gate dependence of the IEE signal in our samples is highly
non-trivial and probably related to the multiband nature of the
2DES electronic structure, and the possibility to tune the 2DES
across Lifshitz points with the gate39. As pointed out in several
studies39,40, at low carrier density the electrons occupy a single low-
lying band with dxy character, whereas raising the Fermi level EF
through the application of a gate voltage promotes the population
of dxz ,yz bands. The amplitude of αR and the associated spin textures
are strongly dependent on the relative energy and the orbital sym-
metry of these bands37,39,41, which provides some grounds on which
we build a tentative interpretation of our results. First-principles
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Allows a spin current to charge 
current conversion
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NiFe//LAO reference. d, Sketch of a simplified Rashba-type system at equilibrium. At the Fermi level there are two Fermi contours (one sketched in blue,
the other in red) with opposite spin textures (the blue and red arrows show the spin direction of the electrons on the outer and inner contour, respectively).
e, Principle of the inverse Edelstein e!ect: the injection of a current js of spins oriented along y (σy) from the ferromagnet creates an accumulation of
spin-up (σy>0) electrons (darker blue and red arrows) and a depletion of spin-down (σy<0) electrons (lighter blue and red arrows). This
accumulation/depletion process shifts the two inequivalent Fermi contours, which generates a transverse charge current along x.

surface of the topological insulator α-Sn (ref. 32). This spin-to-
charge conversion efficiency also compares favourably with what is
measured in heavy metals. In such systems, the interconverted spin
and charge currents are both 3D and the figure of merit is the spin
Hall angle θSHE, which amounts to 0.056 in Pt, 0.12 in Ta and 0.37 in
W (ref. 10). For comparison purposes, one can convert the value of
θSHE into λIEE through λIEE= θSHElsf (lsf is the spin diffusion length),
which yields 0.2 nm for Pt, 0.3 nm for Ta and 0.43 nm for W, well
below the λIEE=6.4 nm in our LAO/STO system.

At a Rashba interface, in the simplified approximation of circular
spin contours, λIEE can be expressed as a function of the momentum
relaxation time τ and the Rashba coefficient αR (refs 24,33)

αR=
!λIEE

τ
(5)

Interpreting λIEE = 6.4 nm (for Vg = 125V) from equation (5)
with a value of the Rashba coefficient αR ∼ 3 × 10−12 eVm, in
the range expected from calculations37 or derived from weak
antilocalization measurements15,38 leads to τ ∼ 1.4 ps, two orders
of magnitude above the similar IEE relaxation time at Rashba
or topological insulator interfaces with metals. This is consistent
with the existence of additional relaxation mechanisms induced in
2DEGs by the proximity with metals and the expected protection
of a slow relaxation by an insulating layer (LAO in our system), as
discussed in ref. 32. We can also note that τ ∼ 1.4 ps is consistent
with the mobility µ=4,000–5,000cm2V−1 s−1 (at this gate voltage,

the ungated mobility, µ=3,300cm2V−1 s−1, is expected to increase
by 20–50%; see ref. 36) and an effective electron mass m∗ ≈ 2m0
(m0=9.1×10−31 kg).

The large dielectric constant of the STO substrate and the rela-
tively low carrier density of the LAO/STO 2DESmakes it possible to
use a back-gate voltage Vg to modulate the 2DES carrier density (by
0.5–1×1011 cm−2 V−1, refs 36,39) and electronic properties. As we
show in Fig. 4a,b, back-gating has a dramatic influence on the spin-
to-charge conversion efficiency. The detected charge current evolves
from a moderate positive value at negative Vg (charge depletion
regime), to a small positive value at Vg = 0, and then becomes
negative for positive gate voltage, showing a maximum amplitude
around+125 V. This is summarized by the gate dependence of λIEE
displayed in Fig. 4c, from which a crossover between positive to
negative spin-to-charge conversion is clearly visible near Vg=0.

The gate dependence of the IEE signal in our samples is highly
non-trivial and probably related to the multiband nature of the
2DES electronic structure, and the possibility to tune the 2DES
across Lifshitz points with the gate39. As pointed out in several
studies39,40, at low carrier density the electrons occupy a single low-
lying band with dxy character, whereas raising the Fermi level EF
through the application of a gate voltage promotes the population
of dxz ,yz bands. The amplitude of αR and the associated spin textures
are strongly dependent on the relative energy and the orbital sym-
metry of these bands37,39,41, which provides some grounds on which
we build a tentative interpretation of our results. First-principles
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calculations indicate that, for the low-lying dxy band, αR is weak and
has a negative sign, whereas, for the dxz ,yz bands, αR is positive and
increases from the band bottom to the avoided crossing point with
dxy (refs 37,39,42). Accordingly, the influence of spin–orbit effects
on charge and spin transport strongly depends on the position of
the Fermi level—that is, on the gate voltage. With a carrier density
of ∼2.6× 1013 cm−2 at Vg = 0, the Fermi levels in our sample sits
just above the bottom of the lowest dxz ,yz band (corresponding to
1.7–1.9×1013 cm−2, refs 36,39), and both dxy and dxz ,yz bands are
populated. Assuming that αR has an opposite sign for the two popu-
lated bands37, spin-to-charge conversion effects tend to compensate
each other, consistent with the low value of j2DC wemeasure atVg=0.

At negative gate voltages, EF decreases, and only the dxy band
with weak αR is populated, which is in line with our observation
of an increase in j2DC when increasing Vg from 0 towards negative
voltages, levelling off at a moderate value, consistent with the weak
energy dependence of the Rashba splitting expected for this band.
At positive gate voltages, EF increases, and eventually reaches the
avoided crossing between dxy and dxz ,yz , where αR is the largest39,40,42
and has a sign opposite to that of the dxy band. This maximum
of the Rashba splitting was reported to occur at carrier densities
n ≈ 3.3 × 1013 cm−2 (ref. 40), which is accessible with back-gate
voltages on the order of +100 V, consistent with the position of
the maximum at +125 V in Fig. 4c. Beyond that point, the Rashba
splitting decreases39,40. Although, ideally, spin- and angle-resolved
photoemission experiments would have to be performed to ascer-
tain the band structure of the 2DES in ourNiFe/LAO//STO samples,

the above scenario accounts for our observation of an increased j2DC
(in absolute value) at positive gate voltage, and its maximum.

In summary, we have measured a very large spin-to-charge
conversion efficiency in the 2DES present at the interface between
LaAlO3 and SrTiO3. Conversion occurs through the inverse
Edelstein effect arising from the Rashba coupling present at the
interface. Upon application of a gate voltage, the amplitude of the
converted current can be modulated over one order of magnitude,
and even changes sign. This can be interpreted in terms of a
crossover between the occupancy of one to several bands with
different orbital characters and different spin–orbit textures. Our
results suggest that oxide interfaces have a strong potential for
spintronics43, both for the generation or detection of spin currents
through direct22 or inverse Edelstein24,33 effects, and for their
electrical modulation, à la Datta & Das44. More generally, our
observation of a very large spin-to-charge conversion efficiency
at an interface with a moderate Rashba splitting highlights the
importance of a long scattering time, and calls for the design of novel
Rashba interfaces in which confinement and electrical insulation
from metallic layers are carefully engineered.

Methods
Methods and any associated references are available in the online
version of the paper.
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Predicted angular dependence

Experimentally, the cubic Rashba coefficient is systematically used for fitting the weak antilocalization 
of the low-temperature magnetoconductance41–45. 
Another spin splitting occurs at the avoided crossing points of the dxy and dyz/xz orbitals. It is also of 
multiorbital nature but it leads to a much larger and anisotropic spin splitting37,39,40. It results in the 
presence of Dirac-like points well located in k space where a four-fold in-plane symmetry is expected 
with the following Rashba Hamiltonian46: 

!"./01 ∝ %&34 − &64+%&'⃗ × *⃗+. - 
This specific region of the band structure shows up in back-gate magnetotransport measurements where 
a large Rashba effect appears for a specific position of the chemical potential17. Interestingly, this is also 
predicted for OAM effects, but with the important difference in the signs of the different bands’ 
contributions and the absence of the cubic component22. 

In the present work, we map out the precise anatomy of the Rashba splitting by measuring the angular 
dependence of the amplitude and direction of the spin/charge conversion. We first measure the back 
gate dependence for three different angles of the injected out of equilibrium spin population as shown 
in Fig 2.b. We observe that the amplitude of lIEE is rather flat for negative back gate voltages, while 
significant differences can clearly be seen around Vg = 200 V, especially for angles of injected spins 

Figure 3: Angular variations of spin to charge conversion and comparison to the band structure. Left column (a): 
polar plots of angular spin to charge conversion measurements using spin Seebeck injection for 6 back gate 
voltages. The fourfold symmetry clearly appears for the maximum amplitude at 200V. The directions of the induced 
charge currents are represented on circles around the individual polar plots of the amplitudes. These are all 
tangential indicating that the spin to charge conversion is everywhere dominated by the linear Rashba Edelstein 
effect. The corresponding band structures where the chemical potential lies are represented on the 3D 6-band 
calculations. 
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A description of the system with a tight-binding model 
introduces the breaking of inversion symmetry as an antisym-
metric (it changes sign with hopping direction) hopping term, 
usually forbidden in bulk for symmetry arguments, between 
states of different symmetries. For the interface, the study 
by Khalsa and co-workers [48] shows that the electric !eld 
polarizes the SrTiO3 lattice, displacing the Ti and O atoms 
in opposite directions. This deformation allows a new hop-
ping term between dxy and dyz or dxz, whose amplitude is then 
proportional to the electric !eld, thus recovering the Rashba 
interaction. In this way, the tight-binding model maps the 
DFT results.

Considering the complexity of the Fermi surface of the 
electron liquid presented above, naturally arises the question 
on the origin and symmetry of the superconducting state. For 
a single dxy band split by Rasba SOC, Yada and coworkers 
!nd that the pairing function consists of a mix of spin-singlet 
(↑↓) even-parity (dxy-wave) pairing and spin-triplet (↑↑ or 
↓↓) odd-parity (px ± ipy-wave) pairing, with a ratio that var-
ies with the carrier density [49]. In this study, the origin of 
the pairing was assumed to be the strong electron correlations 
of the Ti 3d electrons. Allowing both electron–phonon (e–ph) 
and electron–electron (e–e) coupling and considering two 
bands with SOC, the pairing function calculated by Scheurer 
and Schmalian [50] can be that of a topologically trivial or 
non-trivial superconducting state. For e–ph coupling, being 
the sign of the order parameter the same on the two Fermi 
surfaces, the superconducting state is topologically trivial. 
In case of e–e coupling, the order parameter changes sign 
between the two Fermi surfaces and the superconducting state 
becomes topologically non-trivial, i.e. the transition from a 
trivial BCS state into this state requires the closing of the gap 
on one of the Fermi surfaces. One way to probe the symmetry 
and hence the origin of the superconducting state would be to 
look at the sensitivity of the critical temperature on impurity 
scattering [51].

2.3. The SrTiO3 surface

Beyond the observation of a 2D electron liquid at the interface 
between LaAlO3 and SrTiO3, Santander et al [52, 53] using 
angular resolved photoemission spectroscopy (ARPES) evi-
denced the existence of a nanometer thin conducting layer at 
the bare surface of (0 0 1)-oriented SrTiO3 cleaved in high vac-
uum. Its carrier concentration was estimated around 1014 cm−2 
and the orbital character of the electronic bands was quite 
consistent with that found for the LaAlO3/SrTiO3 interface, 
the lowest having a dxy symmetry and the higher ones, close 
to EF, having dxz/dyz symmetry (see !gure 7). An ubiquitous 
in-gap state positioned at 1.3 eV below EF and the pull-down 
of the valence band led the authors to ascribe the origin of 
the 2D electron liquid to oxygen vacancies con!ned near the 
surface. These are formed when illuminating the sample with 
the UV light of the beam. The orbital character of the bands 
is explained by three main factors. One is the kinetic energy 
of the carriers along the direction of the surface (of order 230 
meV at EF). Two is the bulk spin–orbit energy (30–35 meV) 
which produces coherent combinations of t2g and spin states. 
Three is the con!ning potential (estimated to be 260 meV) 
which gives a lower energy for the dxy band. Since the spin–
orbit energy is one order of magnitude less than the other two, 
one !nds essentially pure dxy, dxz/yz characters except close to 
the Γ point and to the avoided crossing points of the light (dxy) 
and heavy (dxz/yz) bands.

Subsequently, spin-resolved ARPES measurements 
(S-ARPES) highlighted the existence of spin winding of 
the light (dxy) bands at EF [54] (see !gure 8). Based on the 
analysis of the data it was concluded that the Rashba spin–
orbit energy was on the order of 10 meV. There was some 
debate about the linear versus cubic nature of the effect, but 
it was suggested by Baumberger et al [55, 56] that the size 
and momentum dependence of the surface spin–orbit term 
can be tied to the proximity of EF to avoided crossing points 
of the heavy and light bands. Surface rumpling and atomic 

Figure 6. (a) Band structure of bulk SrTiO3 obtained by DFT calculation without and with SOC. (b) Band dispersion for the 
LaAlO3/SrTiO3 interface without (dashed line) and with (continuous lines) SOC and breaking of inversion symmetry. The blue and red 
colors differentiate the spin state. Zoom of the crossing region (c) and of the bottom of the band (d) with the spin-spitting ∆R induced by 
the breaking of inversion symmetry (Rashba SOC). (e) Angular dependence of the spin splitting at the bottom of the dxy band (green line 
referring to the green point in (b)) where it is Rashba SOC and at the dxy − dyz/dzx crossing region (brown). Reprinted with permission from 
Zhong et al [47]. Copyright (2013) by the American Physical Society.
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Prediction: Z. Zhong et al. PRB87 161102 (2013) 
Experiments: A. El Hamdi et al. to appear in Nature Physics
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FIG. 1. Spin and orbital Edelstein effects illustrated for a
Rashba-split 2DEG with spin- and orbital-momentum locking. An
external electric field E induces a longitudinal charge current jc as
well as a homogeneous magnetization, usually perpendicular to E.
(a) Coexistence of spin (ms, red) and orbital (ml, blue) contributions
to the total field-induced magnetic moment m. (b) Spin Edelstein ef-
fect. Gray (red) shows equilibrium (nonequilibrium) Fermi contours,
arrows show spin expectation values. Due to the nonequilibrium
redistribution of states, each Fermi contour provides a finite mag-
netization (mout

s and min
s , respectively). Since these are of opposite

sign the total magnetization ms is reduced. ms is determined by the
Rashba splitting !k. (c) Orbital Edelstein effect. Similar to panel (b),
but here the orbital moments (blue arrows) have different lengths,
thereby reducing the compensation and eventually leading to a
larger ml.

and a high tunneling barrier preventing the electrons from
scattering out of the 2DEG [35,36,38].

Using a semiclassical Boltzmann approach and an effective
tight-binding model we calculate the SEE and OEE at STO
interfaces as responses to a static electric field. We predict a
net OEE originating from the electrons’ orbital motion that
is more than one order of magnitude larger than its spin
companion. Their dependence on the Fermi energy is traced
back to band-resolved Edelstein signals. On top of this, we
suggest experiments to probe the large orbital contribution
to the charge-magnetization interconversion, which is highly
favorable for spin-orbitronic applications.

II. TWO-DIMENSIONAL ELECTRON GAS
AT STO INTERFACES

Although both SrTiO3 and LaAlO3 (LAO) are three-
dimensional bulk insulators, their two-dimensional (2D)
interface features a conducting electron gas [51]. This 2DEG
exhibits promising properties, such as high mobility [51],
quantum transport [51], tunable carrier density and con-
ductivity [52,53], as well as highly efficient spin-to-charge
conversion [35,36]. Recently, a 2DEG with similar properties
has been found at the (001) surface of STO covered by a thin
Al layer [54,55]. This AlOx/STO (AO/STO) 2DEG shows
an inverse SEE of enormous magnitude, as is observed in
a spin-pumping experiment [38]. Its large signal is mainly

FIG. 2. Band structure of the 2DEG at STO interfaces computed
within the tight-binding model. Selected energies are labeled as well
as marked by dashed lines: 0© band edge of bands 1 + 2 (−205 meV),
1© band edge of bands 3 + 4 (−106 meV), 2© band edge of bands

5 + 6 (−63 meV), 3© trivial avoided crossing (−53 meV), 4© band
edge of bands 7 + 8 (−43 meV), and 5© band inversion (−4 meV).
The inset shows the Rashba-like splitting at 1©.

caused by the interplay of spin-orbit coupling, the topological
character of the 2DEG, and the high tunneling resistance of
the AO layer. This large (inverse) SEE, mainly originating
from d electrons, motivates us to investigate the orbital Edel-
stein effect in the STO surface 2DEG.

An ideal STO bulk crystal has octahedral symmetry, its
Fermi level lies within the fundamental band gap. Even in
the presence of spin-orbit coupling the bands are twofold de-
generate due to the coexistence of time-reversal and inversion
symmetry [56]. Interfaced with LAO or AO, however, the
broken inversion symmetry lifts the spin degeneracy [56,57].
Due to the interface constraint, bands originating from the t2g
orbitals are shifted downwards in energy, thereby intersecting
the Fermi level. The breaking of inversion symmetry allows
for an additional mixing of orbitals (which is forbidden in
the bulk) caused by spin-orbit coupling, thereby leading to a
Rashba-like splitting of the bands [56,57].

For our investigation we use the effective eight-band tight-
binding Hamiltonian proposed in Refs. [38,56–58] to model
the t2g bands relevant for the formation of the 2DEG at the
STO surface as well as the LAO-STO and AO-STO inter-
faces. These systems exhibit a similar band structure; the main
difference concerns the charge-carrier density [38,54,58]. For
details of the tight-binding model and its parameters [38,58],
see Appendix A. The same model has been used in Ref. [38]
to calculate the energy-dependent SEE, which agrees well
with experimental data for the gate-voltage-dependent inverse
SEE. Therefore, the tight-binding model Hamiltonian is ex-
pected to reproduce the band structure at the STO interface
sufficiently well and lends for a qualitative and demonstrative
investigation of the spin and orbital Edelstein effect.

In the energy range around the Fermi level there exist
four band pairs: two dxy, one dyz, and one dzx pair. These
band pairs are identified in the band structure (Fig. 2). Spin-
orbit coupling lifts the twofold spin degeneracy, leading to
a Rashba-like splitting near the band edges (inset) and to
avoided crossings between the second and third band pairs

013275-2

Along with the spin Rashba effect, one 
can have an orbital contribution 

The orbital Rashba effect is linear and is  
not predicted to change sign - it may 
play an important role at the LaAlO3/
SrTiO3 interface

A . Johansson et al. PRR 3, 013275 (2021)

A different « mix » of orbital and spin injection - possibly linked to the barrier - 
could explain the difference between the results of Lesne et al. and ours
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Designing spin and orbital sources of Berry 
curvature at oxide interfaces

Edouard Lesne    1,6  , Yildiz G. Saǧlam1, Raffaele Battilomo2, 
Maria Teresa Mercaldo    3, Thierry C. van Thiel1, Ulderico Filippozzi    1, 
Canio Noce    3, Mario Cuoco    4, Gary A. Steele    1, Carmine Ortix    2,3   & 
Andrea D. Caviglia    5 

Quantum materials can display physical phenomena rooted in the geometry 
of electronic wavefunctions. The corresponding geometric tensor is 
characterized by an emergent !eld known as the Berry curvature (BC). 
Large BCs typically arise when electronic states with di"erent spin, orbital 
or sublattice quantum numbers hybridize at !nite crystal momentum. In 
all the materials known to date, the BC is triggered by the hybridization 
of a single type of quantum number. Here we report the discovery of the 
!rst material system having both spin- and orbital-sourced BC: LaAlO3/
SrTiO3 interfaces grown along the [111] direction. We independently 
detect these two sources and probe the BC associated to the spin quantum 
number through the measurements of an anomalous planar Hall e"ect. The 
observation of a nonlinear Hall e"ect with time-reversal symmetry signals 
large orbital-mediated BC dipoles. The coexistence of di"erent forms of BC 
enables the combination of spintronic and optoelectronic functionalities in 
a single material.

When moving along closed paths, electrons can accumulate a geometric 
Berry phase related to the flux of a field, called the Berry curvature (BC), 
encoding the geometric properties of the electronic wavefunctions. 
In magnetic materials, the adiabatic motion of electrons around the 
Fermi surface provides such a Berry phase. It is directly observable 
since it governs the intrinsic part of the anomalous Hall conductivity1,2. 
Anomalous Hall effect measurements, therefore, represent a charge 
transport footprint of the intrinsic geometric structure of electronic 
wavefunctions. In non-magnetic materials, the BC field is forced to 
vanish by symmetry when summed over the occupied electronic 
states. However, local concentrations of positive and negative BC in 
momentum space are allowed by acentric crystalline arrangements3. 
This segregation of BC in different regions of momentum space appears 
whenever electronic states with different internal quantum numbers 
are coupled to each other by terms that linearly depend on crystalline 
momentum k. In these regions, the electronic bands typically resemble 

the dispersion relations of relativistic Dirac or Weyl fermions. The spin–
orbit linear-in-k coupling between different spin states shapes the Dirac 
cones at the surfaces of three-dimensional topological insulators4,5 as 
well as the Weyl cones of topological semimetals6. Couplings between 
different atomic orbital and sublattice states, instead, give rise to the 
(gapped) Dirac cones of transitional metal dichalcogenides and gra-
phene. Conceptually speaking, the appearance of BC beyond this Dirac/
Weyl paradigm is entirely allowed. The fundamental conditions for the 
occurrence of BC only involve the crystalline geometry of a material, 
with no restrictions on the specific properties of its low-energy elec-
tronic excitations. Achieving this challenge is of great interest. First, it 
could, in principle, result in the coexistence of different mechanisms of 
BC generation. This could be used, in turn, to endow a single-material 
system with different BC-mediated effects, for instance, spin and 
orbital Hall effects. Second, searching for BCs without Dirac or Weyl 
cones might allow the design of materials with interplay of correlated 
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(111) KTaO3 interface 

SUPERCONDUCTIVITY

Two-dimensional superconductivity and anisotropic
transport at KTaO3 (111) interfaces
Changjiang Liu1*†, Xi Yan1,2,3†, Dafei Jin4, Yang Ma5, Haw-Wen Hsiao6, Yulin Lin4,
Terence M. Bretz-Sullivan1, Xianjing Zhou4, John Pearson1, Brandon Fisher4, J. Samuel Jiang1,
Wei Han5, Jian-Min Zuo6, Jianguo Wen4, Dillon D. Fong1, Jirong Sun3,7,
Hua Zhou2, Anand Bhattacharya1*

The distinctive electronic structure found at interfaces between materials can allow unconventional
quantum states to emerge. Here we report on the discovery of superconductivity in electron gases
formed at interfaces between (111)-oriented KTaO3 and insulating overlayers of either EuO or LaAlO3. The
superconducting transition temperature, as high as 2.2 kelvin, is about one order of magnitude higher
than that of the LaAlO3/SrTiO3 system. Notably, similar electron gases at KTaO3 (001) interfaces remain
normal down to 25 millikelvin. The critical field and current-voltage measurements indicate that the
superconductivity is two-dimensional. In EuO/KTaO3 (111) samples, a spontaneous in-plane transport
anisotropy is observed before the onset of superconductivity, suggesting the emergence of a distinct
“stripe”-like phase, which is also revealed near the critical field.

S
uperconductivity in two dimensions (2D)
has been a central theme in condensed-
matter physics and material science (1).
In 2D, the electron-electron and electron-
lattice interactions that mediate pairing

can also give rise to states that compete with
superconductivity, and fluctuations associated
with reduced dimensionality can further sup-
press superconductivity. Thus, although there
aremany examples of two-dimensional electron
gases (2DEGs) and ultrathinmetallic films, only
a small fraction of these are superconducting.
Most of the foundational work in 2D super-
conductivity was carried out with amorphous
thin films (2) and led to deep insights regard-
ing the nature of classical and quantum phase
transitions in the 2D limit. In more recent
years, there have been marked developments
in the realization of 2D superconductivity
in crystalline materials (1), including layered
transition-metal chalcogenides (3, 4), bilayer
(5) and trilayer (6) graphene, gated surfaces
of single crystals (7, 8), atomically thin or-
dered metallic layers on semiconductor sur-
faces (9), and interfaces between crystalline
materials (10–12). These crystalline 2D super-
conductors allow us to realize and break
symmetries, and tailor electronic structure

in ways that are not possible in amorphous
and disordered thin films. For example, in
a 2D superconductor with strong spin-orbit
coupling and broken inversion symmetry,
a Rashba interaction may lead to a super-
conducting order parameter with mixed s-wave
and p-wave symmetry (13), a candidate plat-
form for realizing Majorana modes (14). It is
perhaps telling that three of the most prom-
inent examples of 2D superconductivity at
crystalline interfaces—LaAlO3/SrTiO3 (LAO/
STO), FeSe/SrTiO3, and La2CuO4/LaSrCuO4—
involve transition-metal oxides (10–12), where
strong electron-electron and electron-lattice
interactions likely play a role in mediating
superconducting pairing. In some of these
interfacial systems, the superconductivity is
believed to be “unconventional”—i.e., with a
non–s-wave order parameter, and a pairing
mechanism that is not described by the Bardeen-
Cooper-Schrieffer (BCS) theory.
KTaO3 (KTO) is an insulator with a cubic

perovskite structure, a bandgap of 3.6 eV, and
a dielectric constant that grows to >4500 upon
cooling to low temperatures (15, 16). It is
believed that KTO is on the verge of a ferro-
electric transition, thwarted by quantum fluc-
tuations at low temperatures. It is thus called
a “quantum paraelectric,” much like SrTiO3

(STO). STO can be easily doped into a me-
tallic state that becomes superconducting at
T < 0.5 K (17). By contrast, few studies on
doped KTO exist for bulk samples (18, 19),
and none of them report any signatures of
superconductivity.Nonetheless, it was reported
that ionic liquid gating could be used to tune
the KTO (001) surface into a weak super-
conducting state with critical temperature
Tc ~ 47 mK (8). The electronic states near
the Fermi level in electron-doped KTO are
derived from Ta-5d states—in particular dxy,
dzx, and dyz orbitals (20). The large spin-orbit

coupling in KTO lifts the degeneracy of these
states and splits them into J = 1/2 (where J is
the total angular momentum) and J = 3/2
states, with the former being ~0.4 eV higher
in energy (compared to ~0.025 eV in STO). The
electrons in KTO occupy the lower-energy J =
3/2 states, which are degenerate near the
G-point and disperse as “light” and “heavy”
electron states at finite momenta. Unlike in
STO, there are no symmetry-lowering lattice
distortions at low temperatures to lift this
degeneracy at the G-point, though confine-
ment can also lift degeneracies. 2DEGs can be
realized at the KTO (001) and (111) interfaces
through vacuum cleaving (21) followed by
exposure to ultraviolet or synchrotron radia-
tion. Angle-resolved photoemission spectros-
copy studies on the KTO (111) surface found a
distinct Fermi surface with a sixfold symmetry
derived from the lattice structure (Fig. 1, A and
B), spin split-off bands, and evidence for band
bending and confinement near the surface
(21, 22). Owing to the large spin-orbit coupling
(23, 24), the interfacial electron gas at KTO (111)
interfaces is also expected to host complex spin
textures in momentum space (22). In the par-
ticular case of a bilayer of KTO along the [111]
direction, which forms a buckled honeycomb
lattice (Fig. 1B), calculations suggest that this
systemmay support topological states (25, 26).
Here, we report on the observation of 2D

superconductivity in electron gases formed at
oxide-insulator/KTO (111) interfaces. We have
measured Tc as high as 2.2 K, and this value
can be tuned by varying carrier density during
the sample growth.We also observe an emergent
stripe phase, which breaks the rotational sym-
metry in the KTO (111) surface.
The 2DEGs on KTO studied in this work

were prepared by growing an overlayer of EuO
with molecular beam epitaxy, or LAO using
pulsed laser deposition (27). We characterized
the chemical oxidation state of the EuO/KTO
(111) interface using x-ray absorption near-
edge spectroscopy (XANES) at the Ta-L3 edge
(9.88 keV). XANES measurements were car-
ried out by adopting two different angles of
incidence, one close to grazing incidence (0.16°)
that probed only the first few nanometers of the
KTO near the EuO/KTO interface, and another
at a higher angle (5.16°) that probed the bulk
of the KTO. As shown in Fig. 1C, these mea-
surements indicate that the Ta oxidation
state near the surface is very close to that
in the bulk (Ta5+), and a subtle difference
in the absorption curves suggests that the
interfacial Ta is only slightly reduced. In
particular, none of our measurements show
any evidence for metallic Ta, which is known
to be superconducting in ultrathin films (28).
Shown in Fig. 1, D and E, are scanning trans-
mission electron microscopy (STEM) measure-
ments of our samples, which indicate abrupt
interfaces between an annealed KTO (111)
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field dependence of RS measured on sample
EuO/KTO(111)_3. The temperature dependence
of Bc⊥ is well described by the Ginzburg-
Landau (G-L) theory, which yields a linearized
equation: Bc⊥(T) = F0(1 – T/Tc)/[2p(xGL)

2],
where F0 is the magnetic flux quantum and
xGL is the G-L coherence length at T = 0 K.
The linear fit to Bc⊥(T) in Fig. 3C gives xGL ≈
13 nm. The extrapolated value of Bc⊥(0) ≈ 1.8 T
is > 103 times higher than the critical field
observed in ionic-liquid gated KTO (001) de-
vices (8). Further, we find that the critical
fields are highly anisotropic. For fields applied
in the sample plane, Bc|| is much higher than
Bc⊥, with the ratio Bc||/Bc⊥ > 10 at T = 0.6 K
(Fig. 3C). The temperature dependence of Bc||
shows a characteristic square-root dependence,
as expected from Tinkham’s model (31): Bc||

(T) = F0[12(1 – T/Tc)]
1/2/(2pdxGL), where d is

the effective thickness of the superconduct-
ing state. From the fit to Bc||(T), we obtain d ≈
5.1 nm < xGL, which is consistent with 2D
superconductivity.
Wenote thatBc||(0)≈ 17.0 T extrapolated from

the fit is substantially larger than the para-
magnetic pair-breaking field BP = D0/(2

1/2mB) ≈
3.2 T based on BCS theory in the weak-
coupling limit (32, 33), where D0 ≈ 1.76kBTc is
the zero-temperature superconducting gap,

kB is the Boltzmann constant, and mB is the
Bohr magneton. High values of Bc|| in excess
of BP can be realized in the presence of spin-
orbit coupling owing to elastic scattering
(33, 34) in the limit where the mean free path
lmfp << xGL, though other spin-relaxation
mechanisms may apply even in the clean limit
in the presence of broken inversion symmetry
and high spin-orbit coupling (35). Using a
single-bandmodel, where lmfp = h/(e2kFRS), h is
the Planck constant, e is the electron charge,
and kF = (2pns)

1/2 is the Fermi wave vector, our
estimates for different samples suggest lmfp ~
0.4 to 0.7 times xGL, which is intermediate
between the clean and dirty limits. Enhanced
Bc|| is also expected in superconductors that
are believed to have a spin-triplet p-wave
order parameter, though these were thought
to be unstable in the presence of disorder.
However, recent theoretical developments in-
dicate that in the presence of strong spin-
orbit coupling, criteria that might apply to
KTO (111) interfaces such as broken inversion
symmetry (36), spin-momentum locking (37),
or multi-orbital superconducting states (38)
can stabilize unconventional superconductivity
against disorder scattering. Thus, at this time,
themechanism for realizing Bc|| values in excess
of BP at KTO (111) interfaces remains an open

question. In Fig. 3A, we also observe an ap-
proximate crossing point near B⊥ = 2.1 T, which
implies the existence of a nearly temperature-
independent separatrix inRs versusT traces that
show either a positive or negative temperature
coefficient of resistance upon cooling, depend-
ing on magnetic field (fig. S4). Such data may
be interpreted in terms of a field-induced quan-
tum phase transition between a 2D supercon-
ductor and a correlated metal (39).
The superconducting state in the EuO/KTO

sample shows a robust critical-current behav-
ior. The measured I-V characteristics at differ-
ent temperatures are shown in Fig. 3D, where
the critical current Ic approaches 200 mA at T =
1 K. The Ic exceeds 200 mA at lower temper-
atures (Fig. 3F). A lower bound of the critical
current density, Kc(1 K) = 500 mA cm−1, is
obtained by assuming the current spreads
over the entire width of the sample (4 mm). A
more precise determination of Kc requires
measurements using patterned Hall bar de-
vices. As the temperature is raised to near Tc,
we observe a gradual onset of a resistive state
at low currents. In Fig. 3E, we plot the I-V on a
log-log scale and observe that the slope of the
I-V characteristics evolves smoothly from the
normal ohmic state, V º I, toward a steeper
power law,Vº Ia, as superconductivity sets in
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Fig. 2. Transport measure-
ments on 2DEGs formed at
different KTO interfaces.
(A) Metallic temperature
dependence of the sheet
resistance of EuO/KTO (111)
and (001) samples measured
from 300 to 4 K. (B) Measure-
ment at lower temperatures
shows superconducting transi-
tions in EuO/KTO (111) samples
(current along [11!2]) with
varying carrier densities, which
are determined from Hall mea-
surement at T = 10 K for
samples EuO/KTO(111)_1, 2, and
3. The carrier density in EuO/
KTO(111)_4 is estimated from
growth conditions. (C) Similar
measurements on LAO/KTO
(111) samples also show super-
conductivity. (D) No super-
conductivity is observed in
samples with (001)-oriented
KTO interfaces with overlayers
of either EuO or LAO down to
25 mK. The range of the carrier
density is similar to those of
the (111)-oriented samples
shown in (B) and (C).
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Orthorhombic vanadates 
Structural coupling leads to a transition layer 



V4+ (d1) : metallic (e.g. SrVO3) 
V3+ (d2) : Mott-insulators (rare earth or Y, e.g. LaVO3) 

Perovskite vanadates REVO3

Pseudo-cubic 
unit-cell - apc 

orbital-ordered states.9,10 In this compound, the structural
phase transition from an orthorhombic to a monoclinic form
takes place concomitantly with the OO at 200 K, which is far
above the C-type magnetic transition T (TSO1!115 K). In
this orbital-ordered phase, YVO3 has the commonly occu-
pied dxy orbital and alternately occupied dyz or dzx one.
Here, we call this the G-type OO by analogy to SO. Below
the G-type SO transition T (TSO2!71 K), where a distortion
of an octahedral VO6 changes due to the collective Jahn-
Teller effect,6 the pattern of the OO turns into C-type with
the alternate dxy

1 dyz
1 /dxy

1 dzx
1 electron configuration in the ab

plane and the identical one along the c-axis. In contrast with
YVO3 , LaVO3 undergoes the structural phase transition at
only a few degrees below TSO1!143 K with the decrease of
T.11,12 Sawada et al. showed by the generalized gradient ap-
proximation calculation that the G-type OO should be
present in the lower-T monoclinic phase.13 The investigation
of optical spectra has provided a further evidence for the
existence of the G-type OO below the structural phase tran-
sition T in this compound.14–16
Thus, the SO and OO phenomena are quite different be-

tween LaVO3 and YVO3, not only the ground-state patterns
but also the T-dependent sequential order of the OO and SO
transitions. Such a difference between both the compounds
may arise from the different magnitude of the tilting of VO6
octahedra in distorted perovskite lattice. The V-O-V bond
angles are 144.8° and 144.3° for R!Y, while 157.8° and
156.7° for R!La.6,12 To interpolate these possibly extreme
cases as well as to obtain a broader perspective of the lattice
effect on the OO and SO, we have investigated systemati-
cally specific heat, magnetization, and Raman-scattering
spectra for RVO3 with R ranging from Lu to La !plus Y" by
using high-quality single crystals. Thus, the global phase dia-
gram of the SO and OO and the interplay between the orbital
and the AF spin have been clarified.
All the samples of RVO3 used in the present studies are

single crystals grown by a floating-zone method according to
the procedure described elsewhere.11 Specific-heat measure-
ments were performed by a relaxation method. Magnetiza-
tion measurements were carried out with a superconducting
quantum interference device magnetometer. In the measure-
ments of the Raman-scattering spectra, we used the (a
"b)c plane of the crystals. The spectra presented here were
measured in a polarization configuration of (xx), where the
notation of x represents the polarization of incident or scat-
tering light along the (a"b) axis. A 632.8 nm light from a
He-Ne laser !3 mW" was focused onto a 0.05-mm-diameter
spot on the sample surface.
We display the T dependence of the specific heat for the

crystals with varying R-site ions in Fig. 1. All the specific-
heat curves have two or three peaks due to the magnetic
transitions and/or the structural ones coupled with the OO.17
These phase-transition temperatures for the respective com-
pounds are summarized in Fig. 2 as the spin-orbital phase
diagram. !Account for the phase diagram is given later." For
example, the specific-heat curve in YVO3 !Fig. 1" shows
three jumps. Those correspond to the structural phase transi-
tion occurring concomitantly with the G-type OO at 200 K,
the C-type AF transition at 115 K, and the transition to the

G-type spin- and C-type orbital-ordered state at 71 K, respec-
tively. The specific-heat measurements have revealed that the
compound with a small R-site ion (R!Lu to Dy" undergoes
such successive three-phase transitions with the decrease of
T. The result of the magnetization indicates that the two tran-
sitions occurring below 120 K are due to the AF SO. There-
fore it is likely that RVO3 (R!Lu-Dy) has the similar se-
quence of spin- and orbital-ordered phases as YVO3, i.e., the
higher-T G-type orbital-ordered paramagnetic phase, the
intermediate-T G-type orbital- and C-type spin-ordered one,
and the lower-T C-type orbital- and G-type spin-ordered one.
In the compounds with an intermediate size of R (!Tb to

Pr", the specific-heat shows an anomaly around 130 K !indi-
cated by open triangles", which is caused by the C-type AF
transition.5 Besides this magnetic transition at TSO1 , another
transition indicated by closed triangles takes place at T
!TOO1 above TSO1 in these materials. This highest-lying
transition is ascribed to the structural phase change associ-
ated with the G-type OO, as also evidenced by the following
arguments !Figs. 3 and 4". Both transition temperatures show
a systematic change when the R site is changed from Tb to
Pr. In contrast with RVO3 with R!Tb-Pr, CeVO3 and
LaVO3 with a relatively large R ion undergo this structural
phase transition right below TSO1 . This was unambiguously
concluded by comparison between the specific-heat and
magnetization data. For example, the specific-heat peak that
is accompanied with the magnetization change is the higher-
lying one in CeVO3, while that is the lower-lying one in
PrVO3, as indicated by open triangles in Fig. 1. In LaVO3,
the investigation of the x-ray diffraction has already con-
firmed that this transition is due to the structural change from
the orthorhombic to the monoclinic form.12 The result of the
specific heat as compared with the T-dependent magnetiza-
tion indicates that not only LaVO3 but also CeVO3 under-
goes the similar structural phase transition coupled with the
G-type OO at only 2–8 K below TSO1 .
Raman-scattering spectroscopy can be used as a probe for

the OO because of its sensitivity to lattice distortion induced

FIG. 2. Spin-orbital phase diagram of RVO3 (R!Lu-La) over
an entire region of the R-site ionic radius rR . Closed and open
circles, and open triangle indicate the transition temperatures of the
G-type orbital ordering !OO" (TOO1), the C-type spin ordering !SO"
(TSO1), and the G-type SO and C-type OO (TSO2!TOO2), respec-
tively.
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FIG. 1. Illustration of structural “conundrum” at the rotation-coupled interface. Panel (a) shows

the cubic perovskite unit cell, with six oxygen anions (purple spheres) forming an octahedron

centered around each corner-sited B cation (blue spheres). The A cation (green sphere) sits in the

middle of four BO6 octahedra. The orthorhombic unit cell variant of the perovskite structure is

shown in (b), with the distortions and related out-of-phase (�) and in-phase (+) BO6 rotation

axes of its Pnma symmetry. Panel (c) depicts the meeting of two Pnma structures, the lower one

having the in-phase OOR axis in the substrate plane, while it is perpendicular to the substrate

plane in the upper one. By looking along a projection parallel to the in-phase OOR axis of the

lower structure, we see that, at the interface of the two, only half of the apical oxygens of the upper

structure can match directly to those of the lower structure (purple dashed lines). The remaining

apical oxygens cannot form a match across the interface (grey dashed lines). Structural models

prepared with the aid of VESTA [49].
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A new path to create a sharp interface 
between two regions of the same material 

under distinct mechanical boundary 
conditions - one of them being possibly 2D 



Open questions

This TL a « universal » phenomenon ? 

Parameters controlling the TL? 

Can this be useful / become functional?
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Conclusions 

Structural and electronic couplings deeply affect the 
properties in oxide structures   

-The LaAlO3/SrTiO3 system illustrates how an interfacial 
coupling can lead to a 2D electron system which displays… 

-In LaVO3 films on DyScO3 substrates, structural coupling leads 
to a 10 u.c. thick transition layer 

…a way to create a sharp interface between two regions of the 
same material under distinct mechanical boundary conditions 

Joerg Harms, MPI Hamburg
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