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(001)-LaAlO3/SrTiO3 heterostructures
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Figure 2.20. Pulsed laser deposition system. (a) Exterior of the PLD chamber. Although
not visible, the phosphor screen and camera used to monitor the RHEED diffracted electrons
are behind the chamber, aligned with the RHEED gun. (b) Schematic of the PLD setup.
Adapted from [40]. (c) Interior of the PLD chamber. The target carousel allows the storage
of 5 different targets inside the chamber at the same time, with a mechanical system that
allows rotation between targets, as well as the rotation of individual target. Adapted from
[210].
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(001)-LaAlO3/SrTiO3 heterostructures
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Transmission Electron Microscope (TEM)

J. Mannhart (2DPhysics.com)

 Epitaxial growth by Pulsed Laser Deposition

 Formation of  a 2-DEG in SrTiO3

A. Ohtomo & H.Y. Hwang, 427, 423 Nature (2004)
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2-Dimensional Electron Gas (2-DEG)
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 Conductive tip Atomic Force Microscope

M. Basletic et al. Nature Mat (2008)

LaAlO3

SrTiO3

 2-DEG extends in the SrTiO3
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(001)-LaAlO3/SrTiO3 heterostructures
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 Superconductivity Tc ≈ 300mK

N. Reyren et al. Science 317, 1196 (2007)

 and also in  LaTiO3/SrTiO3, GdTiO3/SrTiO3, 
AlOx/SrTiO3

J. Biscaras et al. 1, 89 Nat. Commun. (2010)J. Mannhart (2DPhysics.com)

 A superconducting interface
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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

Liu et al., Science 371, 716–721 (2021) 12 February 2021 3 of 6

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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 Superconducting 2DEG in (111)-oriented EuO/KTaO3 and LaAlO3/KTaO3

Superconducting KTaO3-based interfaces
(more recent)

Liu et al., Science 371, 716 (2021)
Chen et al., Science 372, 721 (2021)

 Superconductivity with Tc
max ≈ 2.2K 

 Strong orientationnal dependence of  Tc : Tc(111) ≈ 2.2K, Tc(110) ≈ 1K , Tc(001) ≈ 50mK
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Quantum paraelectric materials SrTiO3 and KTaO3
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 Quantum paraelectricity (incipient ferroelectric)

εrSTO≈ 24000

! -State of the art of KTaO3 "DEGs

!.! .KTaO3, a quantum material

!.!.! .Perovskite structure

KTaO3 (KTO) is a transition metal oxide perovskite, with Ta the transition metal and K
as cations arranged in the perovskite structure, of generic formula ABO3. In the unit cell,
the A-site cations (K) occupy the corners of the cube, the B-site cation (Ta) sits at the center,
and oxygen anions are located at the face centers of the cube, forming an octahedral cage
around the B atom (Fig.!.!a).

The perovskite crystallographic structure o"ers a substantial playground for material
scientists. It can accommodate a wide range of cation combinations, each element serving
as a di"erent building block for the compound’s physical properties. For transition metal
oxides (TMO) in particular, the s electrons of the outer shell of the transition metal are
transferred to the oxygen atoms, so the properties are mostly governed by the transition
metal’s outer-shell d bands as their conduction band and the oxygen #p bands as their va-
lence band. These bands shape the electrical and thermal transport, magnetism, optical
response, and the electron correlations foster interactions between the charge, orbital
and spin degrees of freedom resulting in phenomena such as Mott and metal-insulator
transitions, magnetic or charge ordering, superconductivity [!$]. Besides, deviations from
the ideal cubic structure such as bucklings or distortions of the oxygen octahedra can in-
duce the lowering or breaking of symmetries, allowing the emergence of properties and
in%uencing the phase transitions. For example, the o"-centering of the B atom can in-
duce a dipolar moment and be switchable by electric &eld, thus rising ferroelectricity. The
realization of solid solutions and chemical doping further extends the possible elemental
combinations, with a chemical tuning of the physical properties and phase transitions.

Figure !.!: Properties of Transition Metal Oxide Perovskites a. Unit cell of KTaO3, with a typical
cubic perovskite structure and alternating polar (KO)→ and (TaO2)+ planes along the (’’!) direction.
b. Illustration of the typical energy splittings of the Ta-(d states brought successively by the crystal
&eld and the spin-orbit coupling, and model of the corresponding orbitals. Adapted from [!)].

Adding to the variety of physical phenomena they can exhibit, their synthesis and in-

!(

 Ferroelectric transition is quenched below 5K

εrKTO≈ 4500

SrTiO3 

KTaO3 

! -State of the art of KTaO3 "DEGs

!.! .KTaO3, a quantum material

!.!.! .Perovskite structure

KTaO3 (KTO) is a transition metal oxide perovskite, with Ta the transition metal and K
as cations arranged in the perovskite structure, of generic formula ABO3. In the unit cell,
the A-site cations (K) occupy the corners of the cube, the B-site cation (Ta) sits at the center,
and oxygen anions are located at the face centers of the cube, forming an octahedral cage
around the B atom (Fig.!.!a).

The perovskite crystallographic structure o"ers a substantial playground for material
scientists. It can accommodate a wide range of cation combinations, each element serving
as a di"erent building block for the compound’s physical properties. For transition metal
oxides (TMO) in particular, the s electrons of the outer shell of the transition metal are
transferred to the oxygen atoms, so the properties are mostly governed by the transition
metal’s outer-shell d bands as their conduction band and the oxygen #p bands as their va-
lence band. These bands shape the electrical and thermal transport, magnetism, optical
response, and the electron correlations foster interactions between the charge, orbital
and spin degrees of freedom resulting in phenomena such as Mott and metal-insulator
transitions, magnetic or charge ordering, superconductivity [!$]. Besides, deviations from
the ideal cubic structure such as bucklings or distortions of the oxygen octahedra can in-
duce the lowering or breaking of symmetries, allowing the emergence of properties and
in%uencing the phase transitions. For example, the o"-centering of the B atom can in-
duce a dipolar moment and be switchable by electric &eld, thus rising ferroelectricity. The
realization of solid solutions and chemical doping further extends the possible elemental
combinations, with a chemical tuning of the physical properties and phase transitions.

Figure !.!: Properties of Transition Metal Oxide Perovskites a. Unit cell of KTaO3, with a typical
cubic perovskite structure and alternating polar (KO)→ and (TaO2)+ planes along the (’’!) direction.
b. Illustration of the typical energy splittings of the Ta-(d states brought successively by the crystal
&eld and the spin-orbit coupling, and model of the corresponding orbitals. Adapted from [!)].

Adding to the variety of physical phenomena they can exhibit, their synthesis and in-

!(

 Divergence of  the dielectric constant at low T
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Lin et al. PRX  (2013) Koonce PR (1967)

 Most dilute superconductor
∼1e for 30 000 uc ! 
(superc. metal ∼5-20 e for 1uc)

 Electron doping (Ox vacancies or Nb doping)

Bulk Superconductivity in SrTiO3

 Origin of  superconductivity ?

Edge et al. PRL 115, 247002 (2015), Gor’kov PNAS 113 
4646 (2016), J. Ruhman PRB 84 1103 (2016)…

Soft TO phonons, ferroelectric fluctuations…

 No superconductivity in doped bulk KTaO3

 Superconductivity survives over
more than 3 decades in doping
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Formation of  the 2-DEG: the “polar catastrophe”

Nakagawa, Nature Mat (2006)

 Proposed for LaAlO3 /SrTiO3

 divergence 
of  the 

potential

 Electron transfer

12
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Electronic reconstruction : the “polar catastrophe”

 Electronic reconstruction

S. Thiel et al. Science (2006)

prediction : nsheet = 3.3 1014 e-/cm-2 (0.5 e-/u.c.)

 experimentally  : nsheet = [1013-1014 cm-2]

critical thickness : 4 u.c. 

 satisfied experimentally but …

Alternative scenario : polarity induced oygen vacancies
Yu & Zunger Nat. Commun. (2014)

13
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Synthesis of 2-DEGs by redox process
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Al atoms Al + O Ta
O
Al

TaO2 plane

A reactive metal is deposided on the surface of  SrTiO3 or KTaO3 substrate

 Each oxygen vacancy provides 2  electrons

 Metal is oxidized creating oxygen vacancies near the interface

Senkupta et al  J. Appl. Phys. (2018), Vaz et al. Nature Mat. 18, (2019), Rödel
et al. Adv. Mater. 28, (2016)
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 AlOx/(111)-KTaO3 2-DEGs

KTaO3 KTaO3

 sputtering of  1-2 nm of  Al on KTO substrate (T∼ 600°C)

Al 

2-DEG 

AlOx

 oxidation of  Al and reduction of  Ta ions

S. Mallik et al. Nature 
Commun. (2022)

H. Witt et al Adv. Phys. 
Res. (2023)

AlOx/KTaO3(110)AlOx/KTaO3(111)

Col. ESPCI and LAF Thales-CNRS

Synthesis of 2-DEGs by redox process
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SrTiO3 vs KTaO3-based interfaces

Doped bulk SrTiO3 is superconducting : 
Tc≈300-400mK

Doped bulk KTaO3 is not superconducting

SrTiO3 based interfaces are all 
superconducting

Tc(001)≈Tc(110) ≈ Tc(111) ≈ 300mK

Strong orientational dependence of  Tc in 
KTaO3 based interfaces

Tc(111) ≈ 2.2K, Tc(110) ≈ 1K , Tc(001) ≈ 
50mK

Gate tunable superconductivity Gate tunable superconductivity

 SrTiO3 based interfaces  KTaO3 based interfaces
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Band structure and quantum confinement

Ti [Ar] 3d2 4s2                 In SrTiO3, titanium is Ti4+ (3d0)

However, in two-dimensional superconductors, the superfluid stiff-
ness, i.e., the energy associated with the phase rigidity of the
superconducting condensate, can be comparable to the pairing
energy, allowing for a Tc suppression driven by the loss of phase
coherence. In this case, the transition is expected to belong to the
Berezinskii–Kosterlitz–Thouless (BKT) universality class, where the
transition is controlled by the unbinding of topological vortex-
antivortex pairs13–15. Critical magnetic field measurements in (111)-
KTaO3 2-DEGs, both in the perpendicular and in the parallel geo-
metry, set an upper bound, d ≈ 5 nm, on the extension of the 2-DEG in
the substrate6. This is lower than the superconducting coherence
length, ξ ≈ 10–15 nm6, which confirms that the superconducting
2-DEG is within the 2D limit. In addition, the presence of disorder,
which has been identified in this system6,7, is also expected to lower
the superfluid rigidity and reinforce the role of phase fluctuations.
Even though themeasurements of the current-voltage characteristics
in ref. 6 could be compatible with indirect signatures of a BKT tran-
sition, a direct measurement of the superfluid stiffness is required to
properly address this issue16.

Here, we show that a 2-DEG can be generated at the surface of a
(111)-oriented KTaO3 crystal simply by sputtering a very thin Al layer.
The deposition of Al leads to the reduction of Ta ions as evidenced by
X-ray photoelectron spectroscopy (XPS) and leads to the formation of
an interfacial gate-tunable superconducting 2-DEG. We use resonant
microwave transport to measure the complex conductivity of the
2-DEG and extract the temperature-dependent superfluid stiffness
Js(T). Our results are consistent with a node-less superconducting
order parameter in a rather strong-coupling regime (Δð0Þ=kBT

0
c = 2.3).

Taking into account the presence of disorder and finite-frequency
effect, we show that the superconducting transition follows the
Berezinskii–Kosterlitz–Thouless model, which was not observed on
SrTiO3-based interfaces.

Results
2-DEGswere generated by dc sputtering of a very thin Al layer on (111)-
oriented KTaO3`substrates at a temperature between 550 and 600 °C.
The preparation process is detailed in the Methods section. Prior to
deposition, wemeasured the in-situ X-ray photoelectron spectra (XPS)
of the Ta 4f valence state (Fig. 1a top) of the KTaO3 substrate. The
spectra show the sole presence of Ta5+ states (4f5/2 and 4f3/2), indicat-
ing the expected stoichiometry of the substrate. The Ta 4f core levels
were thenmeasured after growing 1.8–1.9 nmofAl and transferring the
sample in vacuum to the XPS setup. The bottom graph in Fig. 1a shows
the Ta 4f core level spectra with additional peaks corresponding to
reduced states of Ta i.e., Ta4+ andTa2+. Thedeeper and lighter shadesof
same-colored peaks correspond to 4f5/2 and 4f3/2 split peaks. The
reduction of Ta5+ to Ta4+ upon Al deposition indicates the formation of
oxygen vacancies at the surface of KTaO3, which in turn suggests the
formation of a 2-DEG. The Ta2+ signal may be due to the presence of a
small amount of Ta in the AlOx layer (akin to the situation in AlOx/
STO17) or reflects the presence of small clusters of oxygen vacancies
around some Ta ions, reducing their apparent valence state. We
monitored the Al oxidation state by measuring the Al 2p core levels
after exposure of the sample to the atmosphere, which evidenced full
oxidation of the Al layer into AlOx. Thus, as in the AlOx/SrTiO3 system,
the 2-DEG is formed through a redox process by which oxygens are
transferred from the KTaO3 substrate to the Al overlayer17–19.

The structure of the AlOx/KTaO3 (111) interface has been imaged
by scanning transmission electron microscopy (STEM). Figure 1b
depicts the high-angle annular dark field (HAADF) - STEM image in
cross-section. The electron energy loss spectroscopy (EELS) indicates
that a small amount of K and Ta diffuse into the AlOx layer. In contrast,
the Al signal decays very rapidly in KTaO3, indicating no Al diffusion
into KTaO3. Our fabrication method based on the sputtering of a thin
Al film has already been successfully implemented to generate 2-DEGs

on (001)-oriented KTaO3 substrates showing a fivefold enhancement
of the Rashba spin–orbit coupling as compared to SrTiO3

20. In the
present work, four samples, labeled A, B, C, and D, have been investi-
gated by transport measurement at low temperature in a dilution
refrigerator (see Methods section for fabrication parameters).

Figure 2a shows the resistance vs temperature curve of sample A
on awide temperature range revealing a superconducting transition at
Tc≃0.9K. In Fig. 2b, we plot the Tc as a function of the 2D carrier
density,n2D for the different samples studied and compare their values
with those extracted from ref. 6. Our results confirm the trend
observed in the literature (Tc increases with the carrier density) and
demonstrate that our growth method, while being much easier to
implement than the molecular beam epitaxy of a rare-earth element
such as Eu or the pulsed laser deposition of a complex oxide, is able to
produce good quality samples with similar Tc. The resistance vs tem-
perature curves of sample B measured for different values of a mag-
netic field applied perpendicularly to the sample plane are shown in
Fig. 2c. The temperature dependence of the critical magnetic field is
consistent with a Landau-Ginsburg model near Tc, μ0HcðTÞ=

Φ0

2πξ2k ðTÞ
,

taking into account an in-plane superconducting coherence length
ξk = ξkð0Þð1# T

Tc
Þ#

1
2. We found ξ∥(T =0) ≈ 27 nm, which is comparable

with the value reported in ref. 6.
Although KTaO3 is a quantum paraelectricmaterial like SrTiO3, its

permittivity is reduced by a factor of five as compared to SrTiO3,
making the electric field effect less efficient in a back-gating
configuration1,2. To overcome this difficulty, we prepared an AlOx/
KTaO3 sample using a thinner substrate (150μm). After cooling the
sample, the back-gate voltage was first swept to its maximum value
VG = 200V while keeping the 2-DEG at the electrical ground. This
forming procedure is commonly applied on SrTiO3-based interfaces to
ensure the reversibility of the gate sweeps in further gating
sequences21. Figure 3 shows the sheet resistance of sample C as a
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Fig. 1 | XPS and STEM characterization of the AlOx/KTaO3 samples. a X-ray
photoelectron spectra near the 4f core level binding energy of Ta for a KTaO3-
substrate prior to deposition (top) and after deposition of 1.8 nm of Al (bottom).
The fitted peaks for Ta5+, Ta4+, and Ta2+ are shown in cyan, green and violet colors,
respectively. The deeper and lighter shades of the same colors represent the 4f5/2
and 4f2/2 valence states of the respective peaks. The data and sum fit envelope are
shown in red circles and black lines. b (top) HAADF scanning transmission electron
microscopy image at the cross-section of KTaO3 (111) andAlOx interface. TheKTaO3

is observed along the [112] direction. (down) EELS maps (Al-L2,3, Ta-O2,3, and K-L2,3
edges) showing thepresenceofAlon topof the interfacewithout any interdiffusion
but with some limited diffusion of Ta and K inside the AlOx layer.

Article https://doi.org/10.1038/s41467-022-32242-y

Nature Communications | ��������(2022)�13:4625� 2

 t2g d-orbital 

Ta [Xe] 4f14 5d3 6s2    In KTaO3, tantalum is Ti5+ (5d0)
A=(Sr2+,K+)

M=(Ti4+,Ta5+)

O2-

 In SrTiO3 or KTaO3 - based interfaces electrons of  
the 2DEG occupy t2g bands 

 XPS on KTaO3 interface

https://fr.wikipedia.org/wiki/Argon
https://fr.wikipedia.org/wiki/Orbitale-d
https://fr.wikipedia.org/wiki/Orbitale-s
file:///fr.wikipedia.org/wiki/Xe%CC%81non
https://fr.wikipedia.org/wiki/Orbitale-f
https://fr.wikipedia.org/wiki/Orbitale-d
https://fr.wikipedia.org/wiki/Orbitale-s
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 t2g anisostropic bands in  SrTiO3 crystal 

ml = −
!2

2a2t1
≈ 0.7m0 mh = −

!2

2a2t2
≈14m0

light heavyt2 t1 t1

dxy dxz,dyz

(001)

Band structure and quantum confinement
En
er
gy

z

dxy

dxz/yz
EF

t1 and t2 obtained by DFT

 Interfacial Quantum Well in (001)- LaAlO3 / SrTiO3

Self  consistent solution of  Poisson-Schrödinger equations
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Band dispersions and Fermi contours
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Figure 2.14. Schematic representation of the STO(001) surface 2DEG subbands, with three
light dxy and two heavy dxz and dyz bands, as a function of (a) the Fermi level EF position and
(c) in momentum space and constant energy. (b,d) Experimental observation of the previous
schematics using ARPES. Modified from [193]. (e) Realistic orbitally resolved electronic
structure of the 2DEG in STO(001). The magnified panels reveal a weak Rashba-type spin
splitting at the band bottom, which becomes heavily enhanced (by one order of magnitude) at
the avoided crossings between light (blue) and heavy (red) subbands, where orbital character
becomes strongly mixed. (f) Calculated Fermi surface emphasizing how orbital mixing and
large spin splittings occurs at the crossings of circular dxy and elliptical dxz,yz bands. Adapted
from [196].

bands, respectively [203, 204, 97]. The biggest impact of SOC is observed at the crossing
between dxy and dxz/yz bands, leading to a prediction of the largest Rashba parameter ↵R in
this system. A more realistic band structure was calculated by King et al, and is shown in Fig.
2.14e and 2.14f. Notice that, at the crossing between bands, the orbital character becomes
strongly mixed. Joshua et al. argued that the strongest effect in the system is the atomic
SOC, which is especially prominent when d -bands are degenerate [162]. They calculated that,
while adding carriers to the interface (shifting the EF up in energy), a maximum of spin-orbit
strength (L.S product) is observed at these avoided crossing points. Other authors confirmed
this, predicting an increase of the Rashba splitting by one order of magnitude (linked to the
atomic SOC), when reaching these special points [200, 203, 97].
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structure of the 2DEG in STO(001). The magnified panels reveal a weak Rashba-type spin
splitting at the band bottom, which becomes heavily enhanced (by one order of magnitude) at
the avoided crossings between light (blue) and heavy (red) subbands, where orbital character
becomes strongly mixed. (f) Calculated Fermi surface emphasizing how orbital mixing and
large spin splittings occurs at the crossings of circular dxy and elliptical dxz,yz bands. Adapted
from [196].
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between dxy and dxz/yz bands, leading to a prediction of the largest Rashba parameter ↵R in
this system. A more realistic band structure was calculated by King et al, and is shown in Fig.
2.14e and 2.14f. Notice that, at the crossing between bands, the orbital character becomes
strongly mixed. Joshua et al. argued that the strongest effect in the system is the atomic
SOC, which is especially prominent when d -bands are degenerate [162]. They calculated that,
while adding carriers to the interface (shifting the EF up in energy), a maximum of spin-orbit
strength (L.S product) is observed at these avoided crossing points. Other authors confirmed
this, predicting an increase of the Rashba splitting by one order of magnitude (linked to the
atomic SOC), when reaching these special points [200, 203, 97].
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(c) in momentum space and constant energy. (b,d) Experimental observation of the previous
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structure of the 2DEG in STO(001). The magnified panels reveal a weak Rashba-type spin
splitting at the band bottom, which becomes heavily enhanced (by one order of magnitude) at
the avoided crossings between light (blue) and heavy (red) subbands, where orbital character
becomes strongly mixed. (f) Calculated Fermi surface emphasizing how orbital mixing and
large spin splittings occurs at the crossings of circular dxy and elliptical dxz,yz bands. Adapted
from [196].

bands, respectively [203, 204, 97]. The biggest impact of SOC is observed at the crossing
between dxy and dxz/yz bands, leading to a prediction of the largest Rashba parameter ↵R in
this system. A more realistic band structure was calculated by King et al, and is shown in Fig.
2.14e and 2.14f. Notice that, at the crossing between bands, the orbital character becomes
strongly mixed. Joshua et al. argued that the strongest effect in the system is the atomic
SOC, which is especially prominent when d -bands are degenerate [162]. They calculated that,
while adding carriers to the interface (shifting the EF up in energy), a maximum of spin-orbit
strength (L.S product) is observed at these avoided crossing points. Other authors confirmed
this, predicting an increase of the Rashba splitting by one order of magnitude (linked to the
atomic SOC), when reaching these special points [200, 203, 97].
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Al(2Å)/a-TiO2(001) 
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FIG. 1. (a, b) ARPES energy-momentum intensity maps measured at the Al(2Å)/SrTiO3(001) interface

prepared in-situ, using respectively 47 eV linear vertical (LV) and 90 eV linear horizontal (LH) photons.

(c, d) Corresponding Fermi surface maps. Data at h⌫ = 47 eV were measured around the �102 point, while

data at h⌫ = 90 eV were measured around �103. (e, f) Fermi surface maps measured at the Al/SrTiO3(111)

and Al/TiO2(001) anatase interfaces prepared in-situ. Unless specified otherwise, all spectra in this and

remaining figures were measured at T = 8 K.

simpler and cheaper, fabrication route for 2DESs is thus adaptable to numerous oxides,

given that oxygen vacancies are shallow donors in these materials, resulting in itinerant

electrons. Moreover, this technique is scalable to industrial production, and ideally suited

for applications that rely on charge or spin injection and for the realization of mesoscopic

devices.

The existence of a 2DES at the interface between the oxidized Al layer and SrTiO3(001),

SrTiO3(111) and anatase-TiO2(001) is evidenced by our angle-resolved photoemission spec-

troscopy (ARPES) data presented in Figure 1 –see the Supporting Information for details

about the surface preparation, Al deposition, and ARPES measurements. For simplicity,

and to recall that we are simply depositing pure Al (not aluminum oxide) on top of the
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Figure 2.14. Schematic representation of the STO(001) surface 2DEG subbands, with three
light dxy and two heavy dxz and dyz bands, as a function of (a) the Fermi level EF position and
(c) in momentum space and constant energy. (b,d) Experimental observation of the previous
schematics using ARPES. Modified from [193]. (e) Realistic orbitally resolved electronic
structure of the 2DEG in STO(001). The magnified panels reveal a weak Rashba-type spin
splitting at the band bottom, which becomes heavily enhanced (by one order of magnitude) at
the avoided crossings between light (blue) and heavy (red) subbands, where orbital character
becomes strongly mixed. (f) Calculated Fermi surface emphasizing how orbital mixing and
large spin splittings occurs at the crossings of circular dxy and elliptical dxz,yz bands. Adapted
from [196].

bands, respectively [203, 204, 97]. The biggest impact of SOC is observed at the crossing
between dxy and dxz/yz bands, leading to a prediction of the largest Rashba parameter ↵R in
this system. A more realistic band structure was calculated by King et al, and is shown in Fig.
2.14e and 2.14f. Notice that, at the crossing between bands, the orbital character becomes
strongly mixed. Joshua et al. argued that the strongest effect in the system is the atomic
SOC, which is especially prominent when d -bands are degenerate [162]. They calculated that,
while adding carriers to the interface (shifting the EF up in energy), a maximum of spin-orbit
strength (L.S product) is observed at these avoided crossing points. Other authors confirmed
this, predicting an increase of the Rashba splitting by one order of magnitude (linked to the
atomic SOC), when reaching these special points [200, 203, 97].
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Figure 3.2: Band structure and Fermi surface of the 2DEG at the (110)-oriented LAO/STO
interface from [88] a. Energy dispersion of the bands in a (001)-2DEG. Along !M red and blue
indicates dyz,xz and dxy characters respectively while along !K they indicates dyz and dxy and
black represent a dxz character. b. Same for (110). Red lines indicates dyz,xz character while black
line indicates a dxy character. c. ARPES measurement (blue : dxy , red : dxz/yz) and d. Fermi surface
of a (110)-oriented 2DEG with the two ellipses visible, from [88]. The lower intensity band in d. is
the dxy band.

bands have more similar out of plane masses and DOS suggesting that they could both accommodate
superconductivity.

3.1.2 About the LAO/STO(111) interface

The LaAlO3/SrTiO3(111) is challenging to grow, because the lowest energy state of the surface is
not an atomically !at TiO2. Despite these challenges, G. Herranz et al. have successfully grown
both (110) and (111) interfaces with conducting 2DEGs, showing that there is also, as in the (001)
orientation, a critical thickness required to forge the 2DEG. The critical thickness at which a 2DEG
appears at room temperature for the (001),(110) and (111) orientation are respectively 4, 8 and 9
monolayers of LaAlO3 [70]. The abrupt jump from an insulating to a conducting state at the critical
thickness of the three orientations is displayed "gure 3.3. They also showed that epitaxial growth
was not required to obtain 2DEG: especially in the (110) orientation which is not made of polar
capping LAO and should not promote electronic reconstruction, a conducting 2DEG gas still forms.

The (111) interface breaks the tetragonal symmetry of the lattice into a trigonal symmetry. The
subsequent Fermi surface has been found to have a honey-comb/hexagonal symmetry in DFT [90],
con"rmed by ARPES measurement [71] [72] as depicted in "gure 3.4. The six-fold symmetry of
the system, which some authors have called "A Three-Orbital Strongly Correlated Generalization
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of unprecedented quality. The Fermi surface of the resulting 
2DEG is obtained by ARPES and is shown in Figure 2a. It 
consists of a sixfold symmetric star-shaped contour centered 
at the Γ point with a second hexagonal contour within it. This 
suggests that the previous observation by Bareille et al.[35] of a 
threefold symmetric Fermi surface was due to photoemission 
selection rules. The star-shaped Fermi surface sheet has a major 
diameter of ≈0.6 Å−1 along the Γ-M direction and the minor 
diameter along Γ-K of ≈0.3 Å−1. The dispersion of the bands 
along these high symmetry directions is shown in Figure 2b,f. 
In Figure 2b we see two electron-like bands with ≈130 meV 
bandwidth along the Γ-M direction. These bands have Fermi 
wave vectors kF = 0.26 and 0.14 Å−1 and belong to the star-like 
and hexagonal Fermi surface contours respectively. They are 
clearly resolved as maxima in the momentum distribution 
curve (MDC) at EF shown in the inset. Along the Γ-K direction 
the same two bands overlap, and appear as a single contour in 
Figure 2f, which corresponds to where the star-like and hexa-
gonal contours touch. Increased spectral weight near EF and 
k|| = 0 in the dispersion plots of Figure 2b,f reveal the existence 
of another electron like band with low density. These bands can 

be seen more clearly in the energy distribution curves (EDCs) 
at k|| = 0 shown in Figure 2c,g appearing as peaks in intensity 
at ≈30 meV. From the simple argument that the bandwidth of 
the system is much less than the ∆SO ≈ 400 meV of bulk KTO 
(cf. Figure 1), and the energetic separation of the low and high 
density bands is only 100 meV, the low-density band cannot be 
attributed to the J = 1/2 singlet. Rather, it is a higher order sub-
band; a manifestation of the quantum confinement of electrons 
near the surface, and evidence for the two-dimensionality of 
this system. Curvature plots obtained from the dispersion plots 
further confirm the presence of these sub-bands (see Figure S2, 
Supporting Information). In order to estimate the density of 
this system it is necessary to understand the nature of these 
bands, in particular their spin degeneracy.

With the aim of better understanding the electronic struc-
ture observed in our ARPES experiments we performed tight 
binding supercell calculations based on a relativistic ab initio 
bulk band structure. Bulk truncation and a potential well were 
imposed to emulate the band bending that arises at the surface 
due to positively charged oxygen vacancies. A self-consistent 
solution of the Poisson and Schrödinger equations, which 

Adv. Electron. Mater. 2019, 5, 1800860

Figure 2. a) Fermi surface of KTaO3 2D electron gas measured at 108 eV with LH polarized light. b,f) Energy-momentum dispersion measured along 
high symmetry directions Γ-M and Γ-K respectively. Top inset momentum distribution curves at the Fermi level. c,g) energy distribution curves at k// = 0 
where the first and second sub-band are observed as distinct maxima in the curve. d,h) Tight-binding supercell calculations of the electronic structure 
along the high symmetry directions Γ-M and Γ-K respectively. The orbital character is indicated by the triangle color scale: dxz(red), dxy(green), and 
dyz(blue). e) Calculated Fermi surface of the confined 2DEG.
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identified through weak antilocalization (WAL) in LaAlO3/SrTiO3

(LAO/STO) 2DEGs10, which are non-centrosymmetric systems. αR

was found to amount to a few tens of meV⋅ Å—considerably lower
than at the surface of heavy metals—and, quite remarkably, to be
tuneable by a gate voltage10,11. Aside from a report of a giant RSOC
at the surface of STO12 that later studies did not observe13, ARPES
could not provide a direct visualization of Rashba-split bands in
STO 2DEGs due to the limitation in the energy resolution. This
moderate αR combined with the long scattering time of such
2DEGs was however successfully used to achieve spin-charge
interconversion with very high efficiency7,8.

Another family of oxide 2DEGs is basedonKTaO3 (KTO) insteadof
STO14. Bulk STO and KTO share several features: they are both quan-
tum paraelectrics and become n-type conductors when doped with
minute amounts of impurities15. Just like STO, KTO may also harbor
2DEGs when interfaced with appropriate materials such as LAO16,
LaVO3

17 or reactive metals such as Al (that locally create oxygen
vacancies which are n-type dopants)18. One major difference though is
that Ta ismuchheavier thanTi and thus RSOC inKTO2DEGs shouldbe
significantly stronger than in STO 2DEGs. Indeed, WAL data yields
αR ≈ 300meV ⋅Å16 and compatible values were recently derived from
bilinearmagnetoresistance experiments18. Despite several attempts to
use ARPES to map the band structure of KTO 2DEGs19,20, Rashba-split
bands were nonetheless never observed, although band structure
calculations on KTO16 and related systems21 do predict a strong Rashba
splitting of the Ta dxz=yz bands. Therefore, the band structure of (001)-
oriented KTO 2DEGs remains elusive to this day, as is the direct
visualization of Rashba splitting in any oxide, except for surface states
in delafossite single crystals22.

In this paper, we report the synthesis of (001)-oriented KTO
2DEGs through the deposition of 1 Å of Al by molecular
beam epitaxy. We use ARPES to measure the band dispersion and
associated Fermi surfaces. The data reveal a pair of Rashba-split
dxz=yz bands with a αR consistent with values extracted from
magnetotransport16,18 and earlier density-functional theory (DFT)
calculations16. We fit the ARPES data with an 14-band tight-binding
(TB) Hamiltonian (see Methods), determine the corresponding
spin and orbital textures and compute the Edelstein effect for each

band pair. We finally discuss the role of symmetry and anisotropy
on the Edelstein effect.

Results
Band structure of KTO(001) 2DEGs
To create an electron gas in a (001)-oriented single crystal of
KTO, we deposited 1–2 Å of Al by molecular beam epitaxy (MBE)
following the same protocol as detailed in refs. 18, 23. The sample
was then transferred in ultra high vacuum to the ARPES mea-
surement chamber (see Methods). Figure 1 displays the detailed
band structure of KTO//Al(1 Å) near Γ002 (corresponding to a
photon energy of 31 eV at normal emission). Results from 2 Å
samples gave very similar results, albeit with a poorer signal to
noise ratio. We observed a metallic state at the surface, with
nearly parabolic bands crossing the Fermi level ϵF. By varying the
photon energy we found that the probed states did not sig-
nificantly disperse with kz, thereby confirming the quasi-2D nat-
ure of the electron gas. In Fig. 1a, we show the band dispersion
along the (100) in-plane direction with linear horizontal polar-
ization (LH) of the photon beam. On the right side, the same data
are compared with theoretical fits obtained with our TB model. As
detailed in the Methods it comprises a total of 14 bands out of
which four band pairs fall in the measurement window. The
model includes orbital mixing of the 5d orbitals of Ta and the
strong SOC. For clarity, we associate a specific color to each band
pair. Pink, green and orange band pairs result from different
linear combinations of the three t2g orbitals. The first two are
predicted to display mainly a dxy component and a low effective
mass me = 0.23m0 with m0 the electron mass. We note that
although the green bands are not very visible here, they are
clearly present on similar data taken at room temperature18 and in
earlier ARPES studies of KTO 2DEGs19,20, hence we include them in
our model. The orange bands instead are mainly formed by mixed
dxz and dyz orbitals and display a larger effective mass me = 0.52
m0. The cyan band pair is introduced in our model as additional
dxy subbands originated from the quantum confinement of the
carriers along the z direction. However, some uncertainty remains
regarding the actual dominant orbital character (i.e., dxy or dxz=yz)

Fig. 1 | Electronic band structure of KTO(001) 2DEGs. a Band dispersion of Al/
KTO(001) surface measured by ARPES. The electrons are collected at normal emis-
sionwith linearly polarizedphotons at 31 eV (Γ002 of bulkKTO). The tight-bindingfits
are overlaid to thedata in the right panel. A specific color is associated to eachpair of
bands. The yellow box highlights the energy range in panels b–d. b (c) Sum of

spectra obtained from two orthogonal linearly (circularly) polarized photons, i.e.,
linear horizontal and vertical (LV + LH), and circular left and right (CL +CR) respec-
tively. d Same as c with overlaid tight binding fits. Constant energy maps and the-
oretical contours at e 5meV, f 25meV and g 50meV below the Fermi level. The
energies are indicated by gray horizontal lines on the dispersion in panel a.

Article https://doi.org/10.1038/s41467-022-33621-1
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Figure 2. Electronic band structure of the KTaO3(110) 2DEG. (a,b) ARPES dispersions along !–M ([11̄0])

and !–Z ([001]) for EuOx/KTO(110), overlaid with tight-binding fits including spin–orbit coupling. (c) Constant-

energy map at the Fermi level showing two orthogonal elliptical Fermi pockets. (d) Brillouin-zone cut for the

(110) orientation with schematic orbital-selective hopping: mixed dxz/yz along !–M and dominant dxy along !–Z.

(e,f) Band dispersions from DFT using the relaxed interfacial structure extracted from STEM. (g) Calculated spin

(red) and orbital (blue) angular-momentum textures at the Fermi surface. The anisotropic Rashba splittings and

orbital-momentum locking revealed here underpin the orbital Edelstein response discussed below.

visible in both HAADF and 4D-STEM images, reach amplitudes up to →25 pm in the interfacial unit cell and

decay over →2 nm into the substrate. Consistent with prior reports on perovskite (110) surfaces29, 30, we find

that polarity is compensated by rumpling of the Ta–O planes. Our density-functional theory (DFT) calculations

reproduce this distortion, with Ta ions shifted by →51 pm. This value is higher than that observed by STEM, likely

because the polar discontinuity is already partially reduced at the interface compared to the free surface. Overall,

the observed displacements of both cations and oxygen indicate a broken symmetry and polar-type distortion in

the interfacial 2DEG region. Finally, the Ta valence was probed by analyzing the fine structure of the Ta O-edge

in EELS. Layer-resolved spectra (Fig. 1g) show a reduction in Ta valence that saturates →2 nm from the interface,

reaching a maximum decrease of →12%, cf. Fig. 1h. This confirms the presence of a reduced Ta state in the 2DEG,

in agreement with the structural distortions identified above.

Density functional theory calculations

To connect the observed orbital textures to the underlying atomic structure, we carried out density functional theory

(DFT) calculations using the relaxed interfacial structure extracted from STEM. Fig. 2e,f show the resulting band

dispersions of the KTO (110) 2DEG along the high-symmetry directions !–M and !–Z corresponding to the [11̄0]

and [001] directions, respectively. The calculations yield two light and two heavy subbands and reveal a strong

anisotropy between the !–M and !–Z directions, with a significantly flatter dispersion along !–Z.
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proximity effects. The carrier density n is tuned by applying a voltage 
to a Pd/Au bottom gate electrode. In Fig. 1b we show the longitudi-
nal resistance Rxx as a function of temperature for two magic-angle 
devices, M1 and M2, with twist angles of 1.16° and 1.05°, respectively. 
At the lowest temperature studied of 70 mK, both devices show zero 
resistance, and therefore a superconducting state. The critical temper-
ature Tc as calculated using a resistance of 50% of the ‘normal’-state 
(non-superconducting) value is approximately 1.7 K and 0.5 K for the 
two devices that we studied in detail. In Fig. 1c, d we show a single- 
particle band structure and density of states (DOS) near the charge 
neutrality point calculated for θ = 1.05°. The superconductivity in both 
devices occurs when the Fermi energy EF is tuned away from charge 
neutrality (EF = 0) to be near half-filling of the lower flat band (EF < 0, 
as indicated in Fig. 1d). The DOS within the energy scale of the flat 
bands is more than three orders of magnitudes higher than that of 
two uncoupled graphene sheets, owing to the reduction of the Fermi 
velocity and the increase in localization that occurs near the magic 
angle. However, the energy at which the DOS peaks does not gener-
ally coincide with the density that is required to half-fill the bands. 
In addition, we did not observe any appreciable superconductivity 
when the Fermi energy was tuned into the flat conduction bands 
(EF > 0). In Fig. 1e we show the current–voltage (I–Vxx, where Vxx 
is the four-probe voltage, as defined in Fig. 1a) curves of device M2 
at different temperatures. We observe typical behaviour for a two- 
dimensional superconductor. The inset shows a tentative fit of the 
same data to a Vxx ∝ I3 power law, as is predicted in a Berezinskii–
Kosterlitz–Thouless transition in two-dimensional superconductors23. 
This analysis yields a Berezinskii–Kosterlitz–Thouless transition tem-
perature of TBKT ≈ 1.0 K at n = −1.44 × 1012 cm−2, where, as before, 

n is the carrier density induced by the gate and measured from the 
charge neutrality point (which is different from the actual carrier  
density involved in transport, as we show below).

In contrast to other known two-dimensional and layered super-
conductors, the superconductivity in magic-angle TBG requires the 
application of only a small gate voltage, corresponding to a minimal 
density of only 1.2 × 1012 cm−2 from charge neutrality, an order of mag-
nitude lower than the value of 1.5 × 1013 cm−2 in LaAlO3/SrTiO3 inter-
faces and of 7 × 1013 cm−2 in electrochemically doped MoS2, among 
others24. Therefore, gate-tunable superconductivity can be realized 
in a high-mobility system without the need for ionic-liquid gating or 
chemical doping. In Fig. 2a we show the two-probe conductance of 
device M1 versus n at zero magnetic field and at a 0.4-T perpendic-
ular magnetic field. Near the charge neutrality point (n = 0), a typical 
V-shaped conductance is observed, which originates from the renor-
malized Dirac cones of the TBG band structure. The insulating states 
centred at approximately ±3.2 × 1012 cm−2 (which corresponds to ns 
for θ = 1.16°) are due to single-particle bandgaps in the band structure 
that correspond to filling ±4 electrons in each superlattice unit cell. In 
between, there are conductance minima at ±2 and ±3 electrons per 
unit cell. These minima are associated with many-body gaps induced by 
the competition between the Coulomb energy and the reduced kinetic 
energy due to confinement of the electronic state in the superlattice 
near the magic angle; these gaps give rise to insulating behaviour near 
the integer fillings18. One possible mechanism for the gaps is similar 
to the gap mechanism in Mott insulators, but with an extra two-fold 
degeneracy (for the case of ±2 electrons) from the valleys in the origi-
nal graphene Brillouin zone17,18,25,26. In the vicinity of −2 electrons 
per unit cell (n ≈ −1.3 × 1012 cm−2 to n ≈ −1.9 × 1012 cm−2) and at a 
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Figure 2 | Gate-tunable superconductivity in magic-angle TBG. 
a, Two-probe conductance G2 = I/Vbias of device M1 (θ = 1.16°) measured 
in zero magnetic field (red) and at a perpendicular field of B⊥ = 0.4 T 
(blue). The curves exhibit the typical V-shaped conductance near charge 
neutrality (n = 0, vertical purple dotted line) and insulating states at the 
superlattice bandgaps n = ±ns, which correspond to filling ±4 electrons 
in each moiré unit cell (blue and red bars). They also exhibit reduced 
conductance at intermediate integer fillings of the superlattice owing to 
Coulomb interactions (other coloured bars). Near a filling of −2 electrons 
per unit cell, there is considerable conductance enhancement at zero field 
that is suppressed in B⊥ = 0.4 T. This enhancement signals the onset of 

superconductivity. Measurements were conducted at 70 mK; Vbias = 10 µV. 
b, Four-probe resistance Rxx, measured at densities corresponding to 
the region bounded by pink dashed lines in a, versus temperature. Two 
superconducting domes are observed next to the half-filling state, which 
is labelled ‘Mott’ and centred around −ns/2 = −1.58 × 1012 cm−2. The 
remaining regions in the diagram are labelled as ‘metal’ owing to the 
metallic temperature dependence. The highest critical temperature 
observed in device M1 is Tc = 0.5 K (at 50% of the normal-state resistance). 
c, As in b, but for device M2, showing two asymmetric and overlapping 
domes. The highest critical temperature in this device is Tc = 1.7 K.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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 (001)-LAlO3/SrTiO3  High-Tc superc. cuprates

 Iron pnictide superconductors  Twisted bilayer graphene
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4

(a)

FIG. 2. The superconducting phase diagram of doped STO,
from Ref. [12]. The lower concentrations are achieved via O
reduction and the higher concentrations, via Nb doping. The
dashed lines mark the Lifshitz transitions where additional
bands cross the Fermi level. The red superconducting dome
refers to the LaAlO3/SrTiO3 interfaces. The original data
by Schooley et al. is shown by the pink circles [1]. Figure
reproduced with permission from Ref. [12]. Copyright 2014
by the American Physical Society.

suppressed – In standard Migdal-Eliashberg theory, the
high-energy cuto↵ is usually set at the Fermi energy, be-
low which the Coulomb repulsion is short-ranged and es-
sentially independent of frequency (since the plasmon fre-
quency is much larger than ✏F ). The use of a sharp cut-
o↵ is justified by the fact that the interaction is nearly
frequency independent over the wide range of frequen-
cies !D < ! < ✏F , which makes the end result depend
only logarithmically on the cuto↵ (the Tolmachev loga-
rithm, see [66]). In this case, the impact of the Coulomb
repulsion on Tc is strongly suppressed by pair excita-
tions in the range !D < ! < ✏F , giving rise to the so-
called Anderson-Morel Coulomb pseudo-potential [67].
In the low-density regime, however, the e↵ectiveness of
this Tolmachev-Anderson-Morel mechanism in suppress-
ing the Coulomb repulsion is much less obvious [68], as
the pairing interaction is expected to display a signif-
icant frequency-dependence for energies near ✏F . This
also causes the value of Tc to depend strongly on the en-
ergy cuto↵, making its precise location important [69, 70].
(iii) The density of states is very small – In three-
dimensional systems such as STO, the density of states
⌫ vanishes in the limit of zero density. As a result,
the BCS coupling strength � = ⌫V0 arising from the
phonon-mediated interaction V0 is suppressed by the
same amount as the density of states. Given that this
coupling goes in the exponent, it makes the predicted
Tc ⇠ !D exp [�1/⌫V0] immeasurably small. Of course,
in the very dilute regime, the BCS logarithm from which

the equation above is derived disappears, and the attrac-
tive interaction must overcome a threshold value to cause
pairing. As a result, the standard Migdal-Eliashberg ap-
proximation of considering only states near the Fermi
level needs to be revisited, as the gap function may de-
pend substantially not only on frequency, but also on
momentum [71].

C. Possible Mechanisms for Superconductivity

In the previous subsection we have argued that the
standard Migdal-Eliashberg approach cannot be applied
in a straightforward way to describe the superconducting
state of STO. In this subsection, we discuss several ideas,
some of which attempt to generalize the Eliashberg the-
ory, that have been put forward to circumvent the issues
(i)-(iii) discussed above.

1. Long-range electron-phonon interaction

We start with issue number (iii), and with the sem-
inal work of Gurevich, Larkin and Firsov (GLF) [20].
In this paper the authors studied the bounds on super-
conductivity in semiconductors. The main premise was
to point out that long-range attractive interactions can
cause a relatively high transition temperature in spite of
the low density of states. For instance, let us consider as
a toy model the case of an attractive Coulomb interac-
tion V ' �4⇡e2/"q2. In such a case, the dimensionless
coupling strength characterizing this interaction is the di-
mensionless density rs = ↵/aBkF , where aB is the Bohr

radius and ↵ = (9⇡/4)
1
3 . Thus, the coupling strength

is enhanced, rather than suppressed, in the low-density
limit.
GLF pointed out that such an attractive interaction

appears naturally in polar crystals through the exchange
of longitudinal optical (LO) phonons (see Section III for
an extended discussion). The exchange of these phonons
renormalizes the Coulomb repulsion and adds a dynam-
ical contribution from the lattice in the long-wavelength
limit. For example, in the case of a single LO mode we
obtain the screened Coulomb interaction

VC(!, q) =
4⇡e2

"c(!, q ! 0)q2
(1)

=
4⇡e2

"1q2


1�

✓
1

"1
� 1

"0

◆
!
2

L

!
2

L � !2

�

where "0 and "1 are the low and high frequency dielec-
tric constants and !L is the LO phonon frequency. Given
that "0 > "1 the second term is attractive. The long-
range character of this term, manifested by its 1/q2 de-
pendence, arises from the absence of electronic screening
in the very dilute regime.
GLF argued that as long as !L is much smaller than

the Fermi energy ✏F , the Migdal criterion is obeyed and

 The interface phase diagram is much less extended in doping range

(e/uc)

 Quantum Confinement at the interface must play a role

Maria N. Gastiasoro et al, Annals of  Phys. (2020)
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Band structure and electrostatic doping

SchrödingerPoisson

 Self  consistent solution of  Poisson-Schrödinger equations

 Must include the role of  gate voltage and gate-depend dielectric constant

dxy : confined, weak density of  states 

dxy/yz : delocalized (bulk-like), high density of  states  

dxz/yzdxydxy

(001)-LAlO3/SrTiO3
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 Superconductivity emerges when high-mobility carriers appear in the 2D gas

density of  states: N0
xz:yz

=
m//

xz/yz

π!2
> N0

xy

 favorable for superconductivity

transition  dxy dxy + dxz/yz

HMLM

1 band 2 bands

 dxz/yz band is responsible for superconductivity

J. Biscaras et al. Phys. Rev. Lett. (2012)
See also Gariglio et al. APL Mater. (2016), 

Valentinis et al. Phys. Rev. B (2017)

dxz/yz

dxy

Tc ∝ e
−
1
N0V

(001)-LAlO3/SrTiO3
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Superconducting Phase diagram (001)-LAlO3/SrTiO3

31

Carrier density n2D

C
rit

ic
al

 te
m

pe
ra

tu
re

 T
c

In
su

la
tin

g 

Superconducting
z

E
ne

rg
y

Tc
max

QCP

E
ne

rg
y

z

dxy

dxy

dxz/yz

UD OD

EF

EF

?
1) Tc

max could correspond to a maximum of n3D

2) Tc
max could correspond to the formation of  two-gap 

superconductivity with repulsive coupling  (s±wave
superconductivity)

www.advancedsciencenews.com
www.advmatinterfaces.de

2201392 (6 of 8) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

with the highest energy occupied band varies nonmonotoni-
cally with gate voltage, thus explaining the gate dependence 
of Tc.[40] They ascribed this peculiar carrier density evolution 
to repulsive electronic correlations between bands that repels 
the highest energy band and proposed a model that reproduces 
well the experimental observations. We could not access the 
SdH regime in this work due to limited magnetic field and 
rather low electronic mobilities. While we cannot rule out this 
alternative scenario, in our case, the analysis of nonlinear Hall 
effect and capacitance measurements is more consistent with 
a monotonous increase of both electrons populations. More 
recently, an extended s-wave symmetry of the gap has been pro-
posed to explain the gate dependence of Tc.[41] Although little 
is known on the exact symmetry of the superconducting gap, 
tunneling and microwave conductivity experiments are more in 
favor of a nodeless isotropic gap.[42–44]

(. Conclusion

In conclusion, we measured the low-temperature transport 
behavior of a field-effect LaAlO3/SrTiO3 device, whose electron 
density can be tuned simultaneously by means of a back-gate and a 
top-gate. In the superconducting state, we evidenced a bifurcation 
in the Tc dependence on n2D that we relate to the filling threshold 
of a high-energy xyd  subband using self-consistent Schrödinger–
Poisson calculation of the quantum well band structure. Close to 
the optimal doping point c

maxT , a top-gate voltage step produces 
an increase in Tc whereas a back-gate voltage step generates a 
decrease in Tc, corresponding respectively, to a single-band and 
a two-band superconducting state. In the latter case, a repulsive 
coupling between the two condensates leads to the formation of a 
s±-wave superconducting state in which pair-breaking inter-band 
scattering suppresses superconductivity hence providing a generic 

Figure ). Results of the numerical simulations of coupled Schrödinger and Poisson equations showing the spatial dependence of conduction band 
energy, (Ec), the energies (Exy, Exz/yz) and the square modulus of the wave functions of the xyd  and dxz/yz electrons for different carrier densities cor-
responding to a sequence of back-gate and top-gate voltage steps: a) [VBG = −20 V, VTG = 0 V] and n2D = %.5 × %0%3 cm−2, b) [VBG = 0V, VTG = 0V] and 
n2D = 2.(5 × %0%3 cm−2, c) [VBG = +5V, VTG = 0V] and n2D = 3.%) × %0%3 cm−2), d) [VBG = 0V, VTG = +50V] and n2D = 3.%3 × %0%3 cm−2. The insets schematically 
indicate the corresponding carrier densities in the superconducting phase diagram (red circles).

Adv. Mater. Interfaces 2022, 9, 220%392
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Phase diagram of (111)-KTaO3 interfaces 
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 Similar dome shaped superconducting phase diagram with Tc
max ≈ 2.2K

 Little is known about the link between band structure and superconductivity
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At temperatures below Tc, the tunnelling current provides direct

information on the superconducting state. Figure 2c shows typical
dI/dV(V) tunnelling characteristicsmeasured below 100mV.The char-
acteristics reveal a clear superconducting gap, D, for which an analysis
using a Dynes fit20 with a single s-wave gap as fitting parameter yields
D(0K)5 (406 2)meV (Extended Data Fig. 2). The gap and the coher-
ence peaks arewell developed and are consistentwith a laterally homo-
geneous superconducting state.Thegapcloses atTgap5 0.28K.Adetailed
analysis of the temperature dependence of the spectra is given inMethods.
We note that our observation of the superconducting gap implies that
no conducting layer exists between the superconducting sheet and the
LaAlO3 layers. We did not observe signatures of a second supercon-
ducting gap as reported21 for superconducting Nb-doped SrTiO3.
Having stated these results, we now address the main question of

our study, namely how the superconducting gap relates to the super-
conducting transition temperature in a 2D superconductor tuned by
electrostatic field effect doping. To compare the size of the supercon-
ducting gap directly with the transition temperature, we fabricated

devices with four contacts to the 2DEL as well, enablingmeasurements
of the 2DEL resistance within the tunnel device (Methods). We found
that positive gate voltages (carrier accumulation) enhance the DOS at
EF and suppress the coherence peaks. Negative gate voltages (carrier
depletion) suppress the DOS at EF and broaden the coherence peaks
(Fig. 3a). Moreover, the coherence peakmaxima shift systematically to
higher voltages with decreasing carrier density, indicating an increase
of the superconducting gap. The temperature, Tgap, at which the gap
closes increases with decreasing charge carrier density (Fig. 3b and
Extended Data Fig. 3), approximately following the low-temperature
value of the gap. The temperature dependence of D is BCS-like with
2D/kBTgap< 3.4. Here kB is Boltzmann’s constant.
The gate voltage dependence ofD,Tgap andTc is presented inFig. 4a, b.

The transition temperature does not follow D and Tgap; D and Tgap

increase with charge carrier depletion over the entire voltage range,
whereas Tc has a dome-shaped dependence. A maximum Tc of 0.27K
is observed at VG5 0V, for VG. 0V the 2DEL is overdoped and for
VG, 0V the 2DEL is underdoped. For VG,2150V, we did not
observe a superconducting transition in the temperature-dependent

a b

2 nm
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SrTiO3

c

1.00.0
Intensity (a.u.)

[110]

[001]

Figure 1 | Device layout. a, b, Photograph (a) and schematic cross section
(b) of a typical Au–LaAlO3–SrTiO3 tunnel device. The broad gold ring (inner
diameter, 160mm) lies on top of the LaAlO3 layer, which serves as a tunnel
barrier between the 2DEL and the Au. The outer ring and the centre contact of

the device are Au-covered Ti contacts to the 2DEL. c, Cross-sectional high-
angle annular dark-field STEM image of aAu–LaAlO3–SrTiO3 tunnel junction.
The image is taken along the ½1!10" zone axis of the perovskite unit cells. a.u.,
arbitrary units.
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Figure 2 | Large-range tunnel spectra and the superconducting gap.
a, Current-versus-voltage tunnel characteristic, I(V), measured at 4.2K. The
voltage characterizes the voltage applied to the interface 2DEL; a positive
current is provided by electrons tunnelling from the Au into the 2DEL.
b, Differential conductance, dI/dV(V), measured in the normal-conducting
state (4.2K). c, Temperature-dependent tunnel spectra in the superconducting
state. The gap closes at 0.28K. The device area is 0.3mm2.
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Figure 3 | Dependence of the tunnel spectra on gate voltage. a, Tunnel
spectra as a function of the back-gate voltage,VG (positive voltage corresponds
to carrier accumulation). The device area is 0.5mm2. b, Temperature
dependence ofD for different values ofVG. The solid lines are the predictions of
the BCS model. Error bars define the 90% confidence interval.
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At temperatures below Tc, the tunnelling current provides direct
information on the superconducting state. Figure 2c shows typical
dI/dV(V) tunnelling characteristicsmeasured below 100mV.The char-
acteristics reveal a clear superconducting gap, D, for which an analysis
using a Dynes fit20 with a single s-wave gap as fitting parameter yields
D(0K)5 (406 2)meV (Extended Data Fig. 2). The gap and the coher-
ence peaks arewell developed and are consistentwith a laterally homo-
geneous superconducting state.Thegapcloses atTgap5 0.28K.Adetailed
analysis of the temperature dependence of the spectra is given inMethods.
We note that our observation of the superconducting gap implies that
no conducting layer exists between the superconducting sheet and the
LaAlO3 layers. We did not observe signatures of a second supercon-
ducting gap as reported21 for superconducting Nb-doped SrTiO3.
Having stated these results, we now address the main question of

our study, namely how the superconducting gap relates to the super-
conducting transition temperature in a 2D superconductor tuned by
electrostatic field effect doping. To compare the size of the supercon-
ducting gap directly with the transition temperature, we fabricated

devices with four contacts to the 2DEL as well, enablingmeasurements
of the 2DEL resistance within the tunnel device (Methods). We found
that positive gate voltages (carrier accumulation) enhance the DOS at
EF and suppress the coherence peaks. Negative gate voltages (carrier
depletion) suppress the DOS at EF and broaden the coherence peaks
(Fig. 3a). Moreover, the coherence peakmaxima shift systematically to
higher voltages with decreasing carrier density, indicating an increase
of the superconducting gap. The temperature, Tgap, at which the gap
closes increases with decreasing charge carrier density (Fig. 3b and
Extended Data Fig. 3), approximately following the low-temperature
value of the gap. The temperature dependence of D is BCS-like with
2D/kBTgap< 3.4. Here kB is Boltzmann’s constant.
The gate voltage dependence ofD,Tgap andTc is presented inFig. 4a, b.

The transition temperature does not follow D and Tgap; D and Tgap

increase with charge carrier depletion over the entire voltage range,
whereas Tc has a dome-shaped dependence. A maximum Tc of 0.27K
is observed at VG5 0V, for VG. 0V the 2DEL is overdoped and for
VG, 0V the 2DEL is underdoped. For VG,2150V, we did not
observe a superconducting transition in the temperature-dependent
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Figure 1 | Device layout. a, b, Photograph (a) and schematic cross section
(b) of a typical Au–LaAlO3–SrTiO3 tunnel device. The broad gold ring (inner
diameter, 160mm) lies on top of the LaAlO3 layer, which serves as a tunnel
barrier between the 2DEL and the Au. The outer ring and the centre contact of

the device are Au-covered Ti contacts to the 2DEL. c, Cross-sectional high-
angle annular dark-field STEM image of aAu–LaAlO3–SrTiO3 tunnel junction.
The image is taken along the ½1!10" zone axis of the perovskite unit cells. a.u.,
arbitrary units.
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Figure 2 | Large-range tunnel spectra and the superconducting gap.
a, Current-versus-voltage tunnel characteristic, I(V), measured at 4.2K. The
voltage characterizes the voltage applied to the interface 2DEL; a positive
current is provided by electrons tunnelling from the Au into the 2DEL.
b, Differential conductance, dI/dV(V), measured in the normal-conducting
state (4.2K). c, Temperature-dependent tunnel spectra in the superconducting
state. The gap closes at 0.28K. The device area is 0.3mm2.
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Figure 3 | Dependence of the tunnel spectra on gate voltage. a, Tunnel
spectra as a function of the back-gate voltage,VG (positive voltage corresponds
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 Au- LAlO3/SrTiO3 tunnel junction
5
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FIG. 2. A typical tunneling spectrum of sample A from the
first measurement run without in-gap features measured at
base temperature of the cryostat (50mK). The Dynes fit77

used to extract the gap width � and quasiparticle lifetime
parameter � is shown in addition to the data.

on the surface. Devices were structured on the sample
surface by photolithography. Then, the gold tunneling
electrode was defined by etching with KI+I solution and
electrodes to the 2DEL were created by ion milling with
subsequent electron beam evaporation of Ti.

Tunneling measurements were performed in 4-
point configuration using a Keithley 6430 Femtoamp
Sourcemeter as current source and a Keithley 2001 or
Keithley 2812 nanovolt meter. The polarity was such
that a positive bias corresponds to electrons tunneling
from the 2DEL into the gold electrode.

The shape of the superconducting gap observed in the
tunneling spectra of LaAlO3-SrTiO3 -interfaces follows
the prediction for a standard s-wave BCS superconductor
taking into account finite quasiparticle lifetime77. How-
ever, in some samples and in some measurement runs,
we observed distinct in-gap features inside the supercon-
ducting gap. These features are observable regardless of
the sweep direction or sweep rate of the measurement.
The in-gap features appear or disappear between di↵er-
ent measurement runs, i.e. after a thermal cycle to room
temperature: On sample A, in the first measurement run,
standard tunneling spectra were observed on both of the
devices which had been bonded (Fig. 2). After a ther-
mal cycle to room temperature, both devices showed in-
gap features such as shown in Fig. 3 (a) and (b). In

a number of subsequent warming and cooling cycles, in-
gap features of varying strength were observed in this
sample (Fig. 3 (c)). On sample B, in the first measure-
ment run the in-gap features shown in Fig. 3 (d) were
observed after saturating the sample with charge carri-
ers at high positive backgate voltage and then returning
to zero backgate. The in-gap features were not observed
in subsequent measurement runs on sample B. It is not
clear why only specific samples show these anomalies and
others do not.

IV. Results

The in-gap structures are shown in Fig. 3 for two dif-
ferent samples grown in two di↵erent PLD systems. Fig.
3 (a) shows tunnel spectra of sample A as a function of
temperature, Fig. 3 (b) shows spectra of sample A as a
function of magnetic field, Fig. 3 (c) shows spectra of
sample A from a di↵erent measurement run as a func-
tion of back-gate voltage and Fig. 3 (d) shows spectra
from sample B as a function of back-gate voltage. The
in-gap-features observed in Fig. 3 (a) and (b) consist of
a strong peak at zero bias and two smaller peaks, one
at either side of the gap. Additionally, the width of the
gap is increased compared to the standard spectra with
the smaller peaks appearing at voltage values comparable
to those of the coherence peaks in the standard spectra.
The in-gap features disappear at the same temperature
and field scales as the superconducting gap itself, i.e. it is
neither possible to observe the features without the gap,
nor the gap without the features. Both the application of
field and temperature suppress the gap and the features,
but do not destroy them. Temperature was increased to
1K and field to 5T, after which the features reappeared
when returning to base temperature and zero field. The
intrinsic charge carrier density of sample A was so high
that the 2DEL could not be depleted completely with the
gate voltages accessible in our experiment. Only minor
changes of the in-gap states were observed for -300 < VG

< 300 V (Fig. 3(c)).
In contrast to sample A, the spectra of sample B de-

pend strongly on the applied gate voltage. For VG >
10 V, no in-gap states were observed. For VG < 10 V,
first a single zero bias peak is present, then for decreas-
ing VG gradually more peaks appear. At first sight, the
tunneling spectra observed in Fig. 3 (c) and (d) appear
to be quantitatively di↵erent from those observed in Fig.
3 (a) and (b). However, their similarity becomes obvious
when a di↵erent distribution of spectral weight between
the central and the side peaks is taken into account.
To gain quantitative information on the properties of

the observed in-gap-peaks, we performed the fitting rou-
tine illustrated in Fig. 4: For each curve, a lifetime-
broadened BCS fit (Dynes fit) was adjusted to the part of
the superconducting gap without peaks to create a refer-
ence curve corresponding to a standard LaAlO3-SrTiO3

gap. Since spectral weight is shifted from the coher-

Tunnel spectrum

Temperature dependence of  the gap 

 BCS like gap …but low resolution spectroscopy

Richter et al Nature (2013), Kuerten, PRB (2017)
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Tunneling spectroscopy in (111)-KTaO3 2DEGs

36

 Direct measurement of  the superconducting gap 
structure Δ(0) ≈ 250 !eV

 Fully gapped but not a pure s-wave BCS gap 

 Low temperature tunneling spectrum (T=50 mK)

3

FIG. 1: Structural characterization of the tunnel junction and electronic band structure of KTaO3 (111) 2-DEG.

a. Scheme of a vertical Au–AlOx– KTaO3 trilayer junction. b. Schematic of the Ta ions triangular lattice viewed along

the [111] direction of the KTaO3 substrate. The three types of Ka ions, labelled Ta-I, Ta-II, and Ta-III, correspond to three

di↵erent (111) planes. Their apparent size decreases when moving away from the surface. c. HAADF STEM image at the

cross-section of the Au–AlOx– KTaO3 junction, observed along the [-110] direction. d. EELS maps of the di↵erent elements

(K-L2,3, Ta-M4,5, Al-K2,3 and Au-M4,5 edges). Dashed lines indicate roughly the limits of the AlOx barrier whose thickness is

around 4 nm.

electrodes, patterned as 300 µm-diameter discs, were then sputtered onto the barrier through a stencil mask. The

resulting Au–AlOx– KTaO3 trilayer constitutes a normal–insulator–superconductor (NIS) tunnel junction, enabling

direct measurement of the quasiparticle density of states of the KTaO3 2-DEG (Fig. 1a). The structure of the

junctions was characterized by scanning transmission electron microscopy (STEM). Figure 1 presents a high-angle

annular dark-field (HAADF) STEM cross-section (c) alongside with elemental maps obtained by electron energy loss

spectroscopy (EELS) (d). The AlOx barrier is continuous and well-defined, with minimal K and Ta incorporation.

The abrupt decay of the Al signal inside the KTaO3 indicates negligible interdi↵usion in the substrate, which appears

to be predominantly Ta-terminated. Following growth, soft electrical contacts were made to the gold electrodes,

while additional connections to the 2-DEG were established by wire bonding through the AlOx layer at the sample

corners in a Van der Pauw geometry. Samples were mounted on a chip carrier thermally anchored to the mixing

chamber of a dilution refrigerator equipped with a superconducting magnet. Four-contact transport measurements

were carried out with extensive low-pass filtering at each temperature stage to ensure an electronic temperature

matching that of the phonon bath.

Transport properties of the superconducting 2-DEG

shoulders

in-gap states  Shoulders structure suggests a second gap

 In-gap structures

H. Witt (PhD thesis)

 Planar tunnel junctions Au/AlOx(4nm)/KTaO3(111) 

Col. M. Bibes (LAF CNRS-Thales)
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σ (ω) =σ1(ω)− iσ 2(ω)
σ 2(ω) =

1
Lkω

Js =
!2

4e2Lk

unpaired 
electrons

Cooper
pairs

Lk: kinetic inductance

 Superfluid stiffness

!ω << Δ( )

ns =
4m
h2

Js Superfluid density

typically ω ~ 1-10 GHz

Measurements of                can be done in transmission of  reflection σ (ω)

Microwave measurement of superfluid stiffness
 Electrodynamics  of  superconductors (Mattis and Bardeen theory)  

37
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Superfluid stiffness of (001)-LAlO3/SrTiO3 interfaces

38

 RLC resonant circuit

 resonance freq :

ω0=
1

LtotCSTO

Γ(ω) = A
out

Ain
=
ZL (ω)− Z0
ZL (ω)+ Z0

reflection coefficient :

G. Singh et al Nature Commun. 9, 407 (2018)

Js =
!2

4e2Lk

 Superfluild stiffness (           )  :

Lk : kinetic inductance

(001) orientation 

!ω << Δ
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Microwave response in the superconducting state

39

Ltot =
L1Lk (T )
L1 + Lk (T )

Total inductance :   Superfluid stiffness Js (T,VG)

 Temperature dependence of  the reflection coefficient 

Superconducting transition  shift of  ω0 toward high frequencies
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Superfluid stiffness of at T≈0K

40

-20 -10 0 10 20 30 40 50
VG (V)

-30

Js

Tc

JBCS

0.1

1

J 
(K

)

exp

VG 
opt

OverdopedUderdopted

Overdoped : Transition is controlled by electron pairing : BCS like

Underdoped : transition is constrolled by the loss of  phase coherence

Js(T = 0) =
π!
4e2Rn

Δ(0)

! / τ >> Δ(0)

Δ(0) =1.76kBTcwith

 phase fluctuations reinforced by spatial inhomogeneities

T≈0

overdopedunderdoped

BCS dirty limit (                     ) :

 consistent with tunneling data Richter et al. Nature 502, 528-531 (2013)

G. Singh et al Nature Commun. 9, 407 (2018)

(001)-LAlO3/SrTiO3
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Berezinski-Kosterlitz-Thouless : role of  disorder

 Only works if  we introducte a inhomegenous distribution of  Tc 

Halperin & Nelson analysis

 Superconducting transition en R(T) curves

 Include amplitude and phase 
fluctuations 

S. Hurand PhD thesis

41
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 The 2D gas behaves as a Josephson junction array

Role of  disorder

 Similar to the dynamic of  a Josephson 
junction

VG>>0: dense array, quasi homogeneous

VG<<0 dilute array, inhomogeneous

 Current-voltage characteristics

 Switching current and hysteresis

S. Hurand Phys. Rev. B. 99, 104515 (2019)

42
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Underdoped : dilute array

Superfluid stiffness and disorder

 Origin of  disorder

- material related : domains

N. Scopigno Phys. Rev. Lett. 116, 026804 (2016) 

 Disorder Josephson junctions array

B. Kalisky Nat. Mater. 12, 1091 (2013)

-20 -10 0 10 20 30 40 50
VG (V)

-30

Js

Tc

JBCS

0.1

1
J 

(K
)

exp

VG 
opt

OverdopedUderdopted

Overdoped : dense array

- instrinsic : electronic phase separation

(001)-LAlO3/SrTiO3
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Outline
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Introduction on SrTiO3 and KTaO3 based superconducting interfaces

Origin of  the Two-Dimensional Electron gas 

Band structure and Quantum confinement 

Electric field control of  superconductivity and phase diagram

Tunneling spectroscopy and microwave conductivity

Mutigap superconductivity

Perspectives on nanodevices
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Multiband transport in (110)- oriented interfaces

45

 Two-band superconductiviy in the overdoped regime ?

 Transition single-band transport /multiband transport

 Transition occurs at optimal doping 

dxz/yz dxz/yz + dxy

Linear regime(depleted)              non-linear (doped)

 observed in bulk SrTiO3 by tunnelling

 predicted in LaAlO3/SrTiO3

0.1

0.2
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0.4

T 
(K

)

 

underdop. overdop.

Tc

-120 -80 -40 0 40
VG (V) 

Effet Hall  1 bande 2 bandes

Binning et al PRL (1980)

R. M. Fernandes (2013), Trevisan et al. PRL (2018)

1-band Hall effect 2-band
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Superfluid stiffness in (110)-oriented interfaces

46

 Resonant microwave transport
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G. Singh et al. Nat. Mat. (2019) 
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Quantitative analysis of Js(T)

47

1-band                                 2 bands
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Kogan et al PRB 80, 014507 (2009)

Intraband couplings

Interband couplings

λ11   , λ22

λ12   , λ21

 gap energies Δ1(T), Δ2(T)

 Normalised stiffness
Js1(T)/Js1(0) , Js2(T)/Js2(0)

js(T ) = γ js1(T )+ (1−γ ) js2(T )
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Phase diagram of 110-oriented interfaces

48

G. Singh et al.
Nat. Mat. (2019) 
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Phase diagram of 110-oriented interfaces

49

 s± -wave could explain the decrease of  Tc in the overdoped regime

 Relative sign of  the two superconducting order parameters (gaps)  

Trevisan et al. PRL (2018)

FeSe Hanaguri et al Science (2010), Sprau et al Science (2017)

 s    -wave (attractive λ12>0) or s± - wave (repulsive λ12<0) ?

G. Singh et al. Nat. Mat. (2019) 
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Two-gap Superconductivity in (111)-KTaO3 2DEGs 

50

 Shoulders evolve into clear quasiparticle peaks

 Two-gap superconductivity : Δ! , Δ"

 Effect of  a Magnetic field field
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FIG. 1: Structural characterization of the tunnel junction and electronic band structure of KTaO3 (111) 2-DEG.

a. Scheme of a vertical Au–AlOx– KTaO3 trilayer junction. b. Schematic of the Ta ions triangular lattice viewed along

the [111] direction of the KTaO3 substrate. The three types of Ka ions, labelled Ta-I, Ta-II, and Ta-III, correspond to three

di↵erent (111) planes. Their apparent size decreases when moving away from the surface. c. HAADF STEM image at the

cross-section of the Au–AlOx– KTaO3 junction, observed along the [-110] direction. d. EELS maps of the di↵erent elements

(K-L2,3, Ta-M4,5, Al-K2,3 and Au-M4,5 edges). Dashed lines indicate roughly the limits of the AlOx barrier whose thickness is

around 4 nm.

electrodes, patterned as 300 µm-diameter discs, were then sputtered onto the barrier through a stencil mask. The

resulting Au–AlOx– KTaO3 trilayer constitutes a normal–insulator–superconductor (NIS) tunnel junction, enabling

direct measurement of the quasiparticle density of states of the KTaO3 2-DEG (Fig. 1a). The structure of the

junctions was characterized by scanning transmission electron microscopy (STEM). Figure 1 presents a high-angle

annular dark-field (HAADF) STEM cross-section (c) alongside with elemental maps obtained by electron energy loss

spectroscopy (EELS) (d). The AlOx barrier is continuous and well-defined, with minimal K and Ta incorporation.

The abrupt decay of the Al signal inside the KTaO3 indicates negligible interdi↵usion in the substrate, which appears

to be predominantly Ta-terminated. Following growth, soft electrical contacts were made to the gold electrodes,

while additional connections to the 2-DEG were established by wire bonding through the AlOx layer at the sample

corners in a Van der Pauw geometry. Samples were mounted on a chip carrier thermally anchored to the mixing

chamber of a dilution refrigerator equipped with a superconducting magnet. Four-contact transport measurements

were carried out with extensive low-pass filtering at each temperature stage to ensure an electronic temperature

matching that of the phonon bath.

Transport properties of the superconducting 2-DEG



TIDES  – july 6ht 2026

Outline
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Introduction on SrTiO3 and KTaO3 based superconducting interfaces

Origin of  the Two-Dimensional Electron gas 

Band structure and Quantum confinement 

Electric field control of  superconductivity and phase diagram

Tunneling spectroscopy and microwave conductivity

Mutigap superconductivity

Perspectives on nanodevices



TIDES  – july 6ht 2026

Field-effect devices in LaAlO3/SrTiO3

STO

Crystalline
LAO

Au

Si3N4

Amorphous
LAO

2-DEG

Stornaiuolo et al Appl. Phys. Lett. 101, 222601 (2012)

S. Hurand et al Sci. Rep. 5, 1275 (2015 ) & APL 108, 052602 (2016) 

 Amorphous LAlO3 template method

0.05

0.10

0.15

0.20

0.25

0.30

T(
K

)

1

0

0.5

R/R350mK

0.35

 

 R
35

0m
K
(k

Ω
/  

  )
 

VTG (V)
-50 0 50 100-100

n (1013 e/cm2)
1.2 1.4 1.6 1.8 2.0 2.2

90%

50%

10%

Superc.

52



TIDES  – july 6ht 2026

0.5

1.0

1.5

2.0

T 
( K

 )

-20 -10 0 10
VTG (V)

SCI

f

QCP

-20 -10 0 10VTG (V)

 Top-gate devices

 Phase diagram

 Quantum Critical Point at T=0

 Superconductor-Insulator Transition

T ( K )

100 10-210-1 10-3
R/R2.4K

101102

b

ESPCI and LAF, CNRS-Thales

Field-effect devices in AlOx/KTaO3

100 10-210-1 10-3
a

0.5 1 1.5 2
T ( K )

100

102

104

R
 (Ω

/  
 )

 

106

c

53



TIDES  – july 6ht 2026 54

LaAlO3/SrTiO3 2DEGs : a new plateform for nanoelectronics ?

S. Goswami et al. Nat Nanotech. (2016)
D. Stornaiuolo PRB 95, 140502(R) (2017) 
G. Singh et al. Npj Quantum Mater. 7, 2 (2022)

split-gate

split-gate

2-DEG

50 nm
x

y

A. Jouan et al. Nature Elec. 3, 201 (2020)
G. Cheng et al. Nature, 521, 196 (2015)
A. V. Bjørlig Phys. Rev. Mat. 4, 122001(R) (2020)

 Nanodevices can be made but superconductivity is very fragile (low Tc), which hampers 
future developments towards nanodevices

Josephson junctions and SQUIDs Quantum Point Contact and Q-DOT

of the conductance versus gate voltage at zero bias (Fig. 2f) enables the
ZBP to be fitted and tracked versus magnetic field. A global shear of all
of the ZBP splittings above Bp is observed and offset in Fig. 2f (see
Extended Data Fig. 4). This shear, which appears in 60% of the total
devices and is possibly attributable to orbital effects11, does not influ-
ence the analysis of Bp. The ZBP at Vsg5227mV splits above a
critical pairing field Bp5 1.86 0.1T. The magnetic field at which this

pairing transition occurs is one order of magnitude larger than the
upper critical field for superconductivity (Hc2), m0Hc2< 0.2 T (here m0
is the vacuum permeability). The ZBPs at Vsg5219mV and
Vsg5217mV have successively smaller values for Bp and show pro-
nounced superconducting resonances below jBj, 0.2 T (indicated by
the red arrow in Fig. 2f). For jBj.Bp, the energy difference between
the split peaks increases linearly (Zeeman-like) with magnetic field
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Figure 1 | Device schematic and transport characteristics. a, Device
schematic. The nanowire width w5 5 nm, the nanowire QD length is 1mm,
and barriers are 0.75mm away from the sense leads 3 and 4. The length of the
open wire is 2.5mm, equal to the nanowire QD length plus total distances from

barrier to sense leads. b, Device A dI/dV characteristics (colour coded) as a
function of four-terminal voltageV23 and side gate voltageVsg in the open wire.
c, dI/dV characteristics of the nanowireQDmeasured simultaneouslywith data
shown in b.
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arrow. Red line is the fit to extract peak locations (see Methods). Right panel,
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of the conductance versus gate voltage at zero bias (Fig. 2f) enables the
ZBP to be fitted and tracked versus magnetic field. A global shear of all
of the ZBP splittings above Bp is observed and offset in Fig. 2f (see
Extended Data Fig. 4). This shear, which appears in 60% of the total
devices and is possibly attributable to orbital effects11, does not influ-
ence the analysis of Bp. The ZBP at Vsg5227mV splits above a
critical pairing field Bp5 1.86 0.1T. The magnetic field at which this

pairing transition occurs is one order of magnitude larger than the
upper critical field for superconductivity (Hc2), m0Hc2< 0.2 T (here m0
is the vacuum permeability). The ZBPs at Vsg5219mV and
Vsg5217mV have successively smaller values for Bp and show pro-
nounced superconducting resonances below jBj, 0.2 T (indicated by
the red arrow in Fig. 2f). For jBj.Bp, the energy difference between
the split peaks increases linearly (Zeeman-like) with magnetic field
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Rahba spin-orbit coupling in LaAlO3/SrTiO3

 Rashba spin-orbit coupling

ĤR =α(

σ ∧

k ).

z

 Breaking of  translational symmetry

 Magnetoconductance and weak-
localization 

A. Caviglia et al Phys. Rev. Lett. (2010)
G. Singh et al. Phys. Rev. B (2017 ) 

 Experimental evidence of  Rashba spin-orbit coupling

 Spin-orbit relaxation time
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D. C. Vaz et al. Nature Mat. 18, 1187–1193 (2019)
D. C. Vaz et al.  Phys. Rev. Mat. 4, 071001(R) (2020)

 Spin-to-charge interconversion through direct or 
inverse Edelstein effect

τSO =
!4

4α2Dm2
∝
1
τ

55
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Rahba spin-orbit coupling in LaAlO3/SrTiO3

 Rashba spin-orbit coupling

ĤR =α(

σ ∧

k ).

z

 Breaking of  translational symmetry

 Experimental evidence of  Rashba spin-orbit coupling

 gate-tunable Rashba SOC

S. Hurand et al. Sci. Rep. 5, 12751 (2015)
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Towards spintronics devices

57

 Spin to charge conversion with Inverse Edelstein effect

Conversion efficiency : 

λIEE =
jc
2D

js
=
αRτ
!

> 25nm

 larger than in other system (TI, Ag111...)

UMR Thales-CNRS (M. Bibes, A. Barthélémy),  CEA (L. Villa)

 Spin current is converted into a charge current

E. Lesne et al. Nat. Mat. 15, 1261 (2016)

D. Vaz et al. Nat. Mat. (2019)
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Towards topological superconductivity

58

Rashba spin-orbit coupling and superconductivity are the two main ingredients 
to realize topogological superconductivity that accommodates Majorana Zero 
Energy modes 

 Possible signatures of  unconventional (topological ?) 
superconductivity

D. Stornaiuolo PRB 95, 140502(R) (2017) G. Singh et al. Npj Quantum 
Mater. 7, 2 (2022).

 Superconductivity in LaAlO3/SrTiO3 is very fragile 
which hampers future developments towards topological 
superconductivity 

 KTaO3 –based interfaces with higher Tc and strong 
SOC open new perspectives



TIDES  – july 6ht 2026

Conclusions

59

Both SrTiO3 and KTaO3 are quantum paraelectric materials

A superconducting 2-DEG can be synthetized at the interface with on overlayer, e.g.
LaAlO3/SrTiO3, LaTiO3/SrTiO, AlOx/SrTiO3, LaAlO3/KTaO3, EuO/KTaO3,
AlOx/KTaO3…

A strong orientational dependence of superconductivity is seen in KTaO3-based interfaces, but
not in SrTiO3 based interfaces.

The interfacial quantum well accommodate a very rich band structure built on t2g d-orbitals.

Carrier density can be controlled by electric field effect, leading to a dome shaped
superconducting phase diagram.

Superconductivity in oxides interfaces, involved (most likely) several superconducting
condensates.

Oxide interfaces display a strong Rashba spin-orbit coupling, controlable by electric field.

Superconducting oxide interfaces form a rich platform for nanoelectronics, including spintronics
and topological electronics.


