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metal-insulator transitions, among others. 
It is this plethora of bulk properties that 
enrich the phase diagrams of transition 
metal oxides compared to those of conven-
tional semiconductors, and which renders 
2DEGs in correlated materials so prom-
ising for the discovery of new function-
alities and emergent physical phenomena. 
This is exemplified by the observation of 
superconductivity,[3] magnetism,[4] strong 
electron lattice interactions,[5] and quasi 
1D conductivity[6] in the 2DEG stabilized 
in (001)-oriented SrTiO3 (STO) which is, 
by far, the most studied system among 
ABO3 transition metal oxides. At present 
it is possible to create confined electron 
systems in other several oxides including: 
KTaO3, BaTiO3, and TiO2 by different syn-
thesis strategies.[7–10] While the various 
methods used to engineer such 2DEGs 
may differ, the physics of the resulting 
system is always dominated by the host 
crystal. This is an advantageous situa-

tion since different methods allow 2DEGs to be obtained in 
diverse forms, thereby expanding the range of experimental 
probes to which these systems are accessible. A significant step 
forward in the understanding of these systems came with the 
experimental observation of the electronic structure of 2DEGs 
by angle resolved photoemission spectroscopy (ARPES).[11–16]  

2D electron gases (2DEGs) in oxides show great potential for the discovery 
of new physical phenomena and at the same time hold promise for electronic 
applications. In this work, angle-resolved photoemission is used to determine 
the electronic structure of a 2DEG stabilized in the (111)-oriented surface of 
the strong spin–orbit coupling material KTaO3. The measurements reveal 
multiple sub-bands that emerge as a consequence of quantum confinement 
and form a sixfold symmetric Fermi surface. This electronic structure is well 
reproduced by self-consistent tight-binding supercell calculations. Based on 
these calculations, the spin and orbital texture of the 2DEG is determined. 
It is found that the 2DEG Fermi surface is derived from bulk J = 3/2 states 
and exhibits an unconventional anisotropic Rashba-like lifting of the spin-
degeneracy. Spin-momentum locking holds only for high-symmetry directions 
and a strong out-of-plane spin component renders the spin texture threefold 
symmetric. It is found that the average spin-splitting on the Fermi surface 
is an order of magnitude larger than in SrTiO3, which should translate 
into an enhancement in the spin–orbitronic response of (111)-KTaO3 2DEG-
based devices.
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Spintronics

The realization of 2D electron gases (2DEGs) with remark-
able physical properties at complex oxide interfaces has 
become one of the major driving forces in the field of oxide 
electronics.[1,2] The correlated materials used in these hetero-
structures display fascinating bulk properties, ranging from 
high temperature superconductivity to ferroelectricity and Mott 
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This facilitated direct comparisons with electronic structure 
calculations that have provided the foundations for the under-
standing of the electronic properties of these systems.

The lifting of spin degeneracy due to an inversion-symmetry 
breaking electric field normal to a surface and/or heteroint-
erface is broadly known as the Rashba effect. Its presence in 
oxide 2DEGs has been inferred from magnetotransport experi-
ments and theoretically investigated in (001)-oriented STO 
and KTO 2DEGs.[17–20] Very recently there has been a surge 
in attention directed toward understanding the spin–orbit 
coupling mechanism, and the spin texture of oxide 2DEGs 
in general, due to their potential in spin-orbitronics applica-
tions.[21–24] Interest was further raised by the observation of 
spin-to-charge conversion at the (001)-LAO/STO interface with 
a figure of merit that far exceeded the record held by traditional 
spintronic materials.[25,26] For a single parabolic band with 
Rashba spin splitting, the figure of merit used to quantify the 
conversion efficiency of 3D spin to 2D charge current is pro-
portional to the Rashba coupling constant αR. This parameter 
describes the linear relationship between spin-up/-down energy 
splitting ∆R and the in-plane momentum (k||) in a free electron 
Rashba system according to ∆R = 2αRk||.[27] While there is some 
evidence that this relationship is valid in STO 2DEGs at low  
carrier densities, the form of the Rashba spin-splitting in 
quantum confined multiorbital systems can be significantly 
more complex.[18,19,23] When looking for spintronic systems a 
common design rule is to maximize αR of the 2DEG, and thus 
the magnitude of Rashba spin-splitting, through the choice of 
parent material.[20] This is done by looking for materials with 
large atomic spin–orbit coupling (ξ) and by looking for ways to 
break inversion symmetry at a microscopic level, which are both 
thought to augment αR. Following these classic design rules, 
KTO appears to be an attractive analog to STO for oxide spin-
orbitronics. As well as being isostructural to STO, the spin–
orbit coupling (SOC) strength is ξKTO ≈ 0.4 eV for the Ta 5d 
electrons, while ξSTO ≈ 0.02 eV for the Ti 3d electrons in STO.

The bulk band structure of KTO and STO is shown in 
Figure 1 where the different effects of SOC in KTO and STO 
are evident. The conduction band minimum in KTO is at the 
Γ point and consists of two spin-degenerate J = 3/2 bands. 
The members of this doublet have different band masses, evi-
denced from the light and heavy bands observed in transport 
experiments.[28] Due to the large spin orbit interaction the J = 1/2 
band sits 400 meV above and does not contribute to the elec-
tronic conduction. In the case of oxide 2DEGs, the roles played  
by multiorbital physics, the strong crystal field, spin–orbit cou-
pling, quantum confinement, and their interplay, in defining 
the electronic structure in general and subsequently the 
Rashba coupling constant αR, should be carefully examined. 
To date, most studies have focused on the (001)-oriented 2DEG  
systems. A combined theoretical and experimental exploration 
of 2DEGs in different orientations offers the attractive 
possibility of defining the design rules in more detail.[29,30] 
Interest in (111) oriented oxide heterostructures has surged 
recently,[31–33] and is reinforced by theoretical proposals for  
topological states in (111) oxide based 2DEGs.[34–36] Further-
more, considering the recent surprising results in STO based 
systems further progress in the understanding of KTO 2DEGs 
holds a great potential for spin-orbitronic functionalities.

In this communication we present ARPES measurements 
of the electronic structure of a 2DEG confined in the (111)-
KTO surface. We thereby tune, both SOC and crystallographic 
orientation simultaneously, compared to the well-studied STO 
(001) system. Our measurements reveal a sixfold symmetric 
Fermi surface that is well reproduced by tight binding super-
cell calculations based on relativistic density functional cal-
culations of the bulk electronic structure. Based on this band 
structure we study the spin texture formed as a consequence of 
quantum confinement and Rashba-like lifting of degeneracy in 
this system. We put our results into a broader context by com-
paring the band structure calculations to those of the (111)-STO 
2DEG. As a measure for the spin-orbitronic response of (111)-
KTO 2DEGs we calculate the difference in Luttinger volume for 
spin-split pairs of a Fermi surface sheet. We found this quantity 
in KTO to be an order of magnitude larger than in STO for the 
largest Fermi surface sheet. Additionally, we found that the spin 
texture of the (111)-KTO 2DEG differs from the classical Rashba 
picture in several ways: it has a sizeable out of plane spin com-
ponent with threefold symmetry, the momentum splitting on 
different parts of the Fermi surface is neither isotropic nor a 
simple function of momentum, and spin-momentum locking 
holds only for high symmetry directions. We rationalize these 
findings in terms of the multiorbital physics of these systems, 
bulk SOC, and the important role of the bulk crystal field.

We stabilized a 2DEG by creating oxygen vacancies in the 
surface of commercial (111)-KTO single crystals by irradiation 
with synchrotron light in ultra-high vacuum (UHV). Mobile 
carriers released by the oxygen vacancies then create a confined  
electronic system near the surface. All the measurements 
presented here were obtained after exposing the substrate to  
synchrotron light for a sufficiently long time to saturate the 
electron density (see Figure S1, Supporting Information).[37,38] 
Our improved preparation method of the KTO surface 
allowed us to obtain measurements of the (111)-KTO 2DEG 
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Figure 1. Calculated bulk electronic structure of a) KTaO3 and b) SrTiO3. 
The orbital character is indicated by the color scale: dxz(red), dxy(green), 
and dyz(blue).
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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 
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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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are coupled by this spatially dependent potential, was found 
numerically. The magnitude of the potential at the surface was 
chosen to ensure the calculated band structure has a bandwidth 
comparable to what is observed by ARPES. The calculated band 
dispersions along Γ-M and Γ-K are shown in Figure 2d,h respec-
tively and the calculated Fermi surface is shown in Figure 2e. 
The star-like and hexagonal Fermi surface contours are found, 
in good agreement with our data, and in contrast with the dis-
persing gutters along Γ-M obtained from a bilayer tight-binding 
model in ref. [35]. The binding energies of the higher order sub-
bands are also well reproduced by our calculation. This striking 
agreement without the need to include any ad hoc hypotheses 
encourages us to look more closely at the calculation to gain 
insight into the nature of the KTO 2DEG. To clarify the comple-
mentary roles of quantum confinement and atomic spin–orbit 
coupling in defining the sub-band structure, spin texture, and 
spin-splitting in oxide 2DEGs we also perform a comparative 
analysis of our (111)-KTO tight binding supercell calculations 
with an equivalent calculation for the (111)-STO 2DEG.

Our calculation confirms that the J = 1/2 band does not 
contribute to the (111)-KTO 2DEG since the bulk SOC split-
ting of 400 meV is preserved when the confinement is along 
the (111) orientation. It follows that all the observed sub-bands 
are derived from the J = 3/2 doublet. This is different to the 
case of (111)-STO where the sub-bands originating from both 
the J = 1/2 and the J = 3/2 band intersect each other, leading 
to a rather more complex band structure. In the bulk, while 
SOC causes significant orbital mixing at the Gamma point, 
at high momenta the J = 3/2 bands retain an almost singular 
orbital character as observed in Figure 1a. The color scale of the 
calculated sub-band structure indicates the t2g orbital content 
of the states in Figure 2d. From this we see that the singular 
orbital character of the bands is preserved in the 2DEG. The 
unique orbital character of each of the extremal parts of the 
star-like Fermi surface contour along the Γ-M directions is 
also evident from their red, blue or green color in Figure 2e. 
This corresponds to a dominant dxy, dyz or dxz character, and 
demonstrates that each Fermi surface contour has contribu-
tions from all three t2g orbitals. Spatial confinement along the 
(111) direction has an equivalent effect on all t2g orbitals and as 
a consequence, neither (111)-STO nor KTO 2DEGs show dra-
matic orbital polarization in momentum-integrated measure-
ments.[39,40] This is demonstrated by the common bandwidth of 
all the extrema of the star-like Fermi surface, which is predicted 
by our calculations, and confirmed by our measurements. 
However, as seen near k|| = 0 in Figure 2d,h, our calculation 
suggests that the degeneracy of the J = 3/2 bands at the Gamma 
point is lifted. This can be attributed to the lower symmetry 
of the trigonal crystal field at the (111) surface which lifts the 
degeneracy of the eg′ manifold,[34] though the splitting is not 
resolved by our experiment.

An important aspect of these calculations is that, by 
including the potential well at the surface, the 2DEG and 
Rashba-type spin-splitting emerge without the need to explicitly 
including symmetry breaking terms by hand. This follows from 
the long-range hopping terms and spin–orbit coupling included 
in our realistic tight binding model derived from density func-
tional theory calculations of bulk KTO. Therefore, the supercell 
calculation provides direct insight into the 2DEG spin texture. 

While the spin splitting that we describe here is not observed 
in our experiment, since it is of such paramount importance 
in spintronic experiments, we will explore it in more detail. 
Figure 3a,b shows the first four sub-bands in the Fermi sur-
face for (111)-STO and KTO 2DEGs respectively. In KTO we 
see that the spin degeneracy of both the star-like and hexagonal 
Fermi surface contour is lifted, which allows us to estimate the 
density of the state observed experimentally. From the area of 
the star-like and hexagon-like Fermi surface sheets we estimate 
a 2D electron density of n2d = 1.2 × 1014 cm−2. This is a lower  
limit of the 2DEG density since we only consider the filling 
of the lowest order sub-bands. This carrier density is similar 
to that observed in 2DEGs on (001)-KTO by previous ARPES 
experiments suggesting that the creation of oxygen vacancies 
by photons, or the screening mechanism, does not depend 
strongly on surface orientation. This density is also similar to 
that obtained in similar experiments on STO and displays the 
same saturating behavior.[13,14]

In the free electron 2DEG model proposed by Bychkov and 
Rashba, the two concentric circles that form the spin-split 
Fermi surface have in-plane, chiral spin windings of opposite 
sign for each contour.[41] We observe the same characteristic 
here as shown by the arrow vectors at certain points of the 
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Figure 3. Tight-binding supercell calculations of the first 4 sub-bands 
in the Fermi surface of a) KTaO3 and b) SrTiO3 2D electron gas. The 
arrows indicate the spin direction for the Rashba-like split Fermi contour. 
Each split sub-band is plotted with the outer (inner) sub-band in a lighter 
(darker) color tone. c,d,e,f) Enlarged view of the band splitting in the high 
symmetry directions.
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star-like Fermi surface contours in Figure 3 
where the color scale represents inner (dark) 
and outer (light) contour of a spin-split pair 
and the arrows represent the in-plane spin 
vector. This spin momentum locking holds 
only along the Γ-M and Γ-K directions for all 
sub-bands. However, in contrast to the classic 
Rashba picture, the momentum splitting on 
different parts of the Fermi surface is not con-
stant, to an extent that cannot be explained  
by the expected proportionality to k||. To quan-
tify this, we can use the definition of αR from 
the free-electron Rashba picture to define an 
effective Rashba constant at different points 
on the Fermi surface. This effective αR will 
have a strong k|| dependence as observed in 
Figure 3 and can be used as a comparative 
measure of Rashba like spin-splitting. Our 
calculation results in αRΓM

KTO = 2 meV Å at 
the tip of the star, and a momentum splitting 
∆kΓM

KTO ≈ 2 × 10−3 Å−1 along the Γ-M direction as shown in 
Figure 3c. In Figure 3d the splitting along the Γ-K direction is 
∆kΓK

KTO ≈ 5 × 10−3 Å−1 obtaining αR
KTO = 21 meV Å at the inter-

section of the star’s lobes where the Fermi contour changes 
orbital character. This indicates that the effective strength of 
Rashba-like spin–orbit coupling is higher at these intersections. 
This is reminiscent of the enhanced Rashba spin-splitting 
predicted at the avoided crossings of light and heavy bands in 
(001)-STO 2DEGs. Indeed, our (111)-KTO calculation reveals 
that the orbital angular momentum (OAM) is enhanced in the 
regions of these avoided crossings, as would be expected within 
the framework of a OAM induced Rashba-like spin splitting.[42] 
These intersections can also be described as avoided crossings. 
In contrast to the case of (001)-STO where the avoided cross-
ings only appear as the heavy dxz/yz sub-bands become signifi-
cantly populated, the avoided crossing to the (111)-STO and 
KTO 2DEGs extend over the full bandwidth of the system, as 
is indicated by the dashed box in Figure 2h. Interestingly, the 
strength of OAM and the effective αR

KTO value at this avoided 
crossing have an energy dependence, indicating that some 
modulation of SOC in both (111)-STO and KTO 2DEGs would 
be expected and should be strongest for low densities, as was 
recently observed in magnetotransport experiments.[43]

Due to the reduced SOC in bulk STO relative to KTO the naïve 
expectation is that Rashba-like spin–orbit coupling should be an 
order of magnitude smaller in STO. In our calculation for (111)-
STO we find that along the Γ-K direction ∆kΓK

STO ≈ 2 × 10−3 Å−1 
(αRΓK

STO = 5 meV Å) at the Fermi level as shown in Figure 3f. 
This gives the somewhat counter intuitive result that the max-
imum Rashba splitting ∆k in STO and KTO is only different by 
a factor of ≈3 (factor of ≈4 in αR). However, at the Fermi level 
in the Γ-M direction, we show a value of ∆kΓM

STO ≈ 1 × 10−4 Å−1 
and a corresponding αRΓM

STO = 0.05 meV Å as depicted in 
Figure 3e. This is indeed approximately a factor of 40 smaller 
than the equivalent value in KTO. This suggests that at the 
avoided crossings, while SOC surely play some role, the mag-
nitude of the maximum Rashba spin splitting is controlled by 
the enhancement of OAM, which is more dramatic in STO 
than KTO. In any spin-orbitronic application, the contribution 

of the entire Fermi surface should be considered. To this end, 
we calculate the change in Luttinger volume of the largest 
Fermi surface sheet in STO and KTO, normalized by the car-
rier density. We find that in KTO there is a 1% change in 
volume while in STO there is only a 0.1% change. It can  
be attributed to the significant spin-splitting found everywhere 
on the Fermi surface in the (111)-KTO 2DEG unlike for STO 
based 2DEGs and to the fact that the large splitting along Γ-K 
is more spread in the former than in the latter (cf. Figure 3d,f). 
The complex splitting distribution is a result of the nontrivial 
interplay between SOC, confining electric field and OAM. This 
should translate into a quite dramatic enhancement in the spin-
orbitronic response of (111)-KTO 2DEG based devices.

In Figure 4 we show the spin texture for the split first sub-
band in a (111)-KTO 2DEG where further differences compared 
to the conventional Rashba picture are clear. The arrows indi-
cate the in-plane spin direction and magnitude while its color 
indicates the out-of-plane component. Away from the high sym-
metry directions the spins of a spin-split pair wobble in opposi-
tion around the Fermi surface. Interestingly, for confinement of 
KTO and STO 2DEGs along the (111) direction, our calculations 
predict a sizeable out of plane spin expectation value. In contrast 
to the sixfold symmetry of the electronic dispersion, the out-
of-plane spin component presents a threefold symmetry. This 
chara cteristic allows the detection of the out-of-plane spin tex-
ture in magneto-transport experiments, as was recently demon-
strated in (111)-STO 2DEGs.[44] That our calculation shows a 
similar out of plane spin component in both of these systems, 
provides further evidence that it is a general feature of perovskite 
based 2DEGs confined in the (111) plane. It is a manifestation 
of the principle that the preferential direction of polarization  
is imposed by the crystal field, and plays an important role in 
defining the spin structure of an electronic system.

In summary, we have measured the electronic band structure 
of the 2DEG stabilized in the surface of (111)-KTO by means of 
ARPES. We resolved a Fermi surface formed by a sixfold sym-
metric star-shaped contour with a second hexagonal contour 
within it. The experimentally determined electronic structure 
is well described by tight-binding supercell calculations. We 
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Figure 4. Calculated spin texture of the split first sub-band of a (111) -KTaO3 2D electron gas. 
The vector arrow denotes the in plane component and the color scale indicates the out-of-plane 
spin component.
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demonstrated that the 2DEG is formed by bands derived from 
the J = 3/2 doublet and the Fermi surface contours have con-
tributions from all three t2g orbitals. Our calculation predicts a 
sizable momentum dependent Rashba splitting of the Fermi 
surface with a complex spin-texture presenting a substantial 
out-of-plane spin component and wobbling of the in-plane spin 
component. Based on our results we suggest that the maximal 
spin-splitting at the Fermi level is not a good metric for the 
performance of a material for spintronic applications. Indeed, 
despite the only moderate enhancement of the maximal αR, an 
analysis of Luttinger volume suggests that -(111)-KTO is a very 
good candidate because the large bulk SOC in KTO leads to  
significant spin-splitting everywhere on the Fermi surface 
unlike STO based 2DEGs. Together with the predicted novel 
out of plane spin component with threefold symmetry in the 
(111)-KTO 2DEG makes the material an ideal candidate to 
explore new possibilities in spin-orbitronic devices.

Experimental Section
ARPES Measurements: The 2DEG was stabilized in the surface of 

commercial KTaO3 (111) single crystals. As-received crystals were 
annealed for 30 min at 450 °C in UHV (P < 10−9 mbar). After annealing, 
a small dose of K was evaporated onto the surface which helped to 
prevent charging effects during the ARPES measurements that arose 
due to the insulating nature of the substrate. It is important to note that 
the 2DEG is induced by oxygen vacancies created as a consequence of 
light irradiation and is not dependent on the amount of K deposited (see 
Figure S1, Supporting Information). ARPES measurements were taken at 
T = 10 K at the I05 ARPES beamline of the Diamond Light Source using 
a photon energy of 108 eV.[45]

Calculations: The relativistic electronic structure calculations were 
performed within the density functional theory (DFT) using the Perdew–
Burke–Ernzerhof (PBE) exchange-correlation functional, as implemented 
in the WIEN2k package.[46] A 10 × 10 × 10 k-mesh was used to sample 
the Brillouin zone and the muffin-tin radius RMT for all atoms was chosen 
such that its product with the maximum modulus of reciprocal vectors 
Kmax becomes RMTKmax = 7.0. To describe the quantum confinement at 
the surface, the bulk DFT calculations were downfolded using maximally 
localized Wannier functions[47,48] made of Ta-t2g orbitals, and the 
resulting 6-band tight-binding transfer integrals implemented within 
a 30-unit (90 Ta Layers) supercell, with an additional on-site potential 
term, accounting for the electrostatic band bending potential. This was 
solved self-consistently with Poisson’s equation assuming an electric-
field dependent dielectric constant modeled according to ref. [49]. The 
only adjustable parameter was the potential that was varied until the 
experimental bandwidth was reproduced.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The authors gratefully acknowledge discussions with S. Okamoto and 
N. Sivadas. F.Y.B. was supported by SNSF Ambizione Grant No. PZ00P2-
161327. M.S.B. gratefully acknowledges the financial supports from 
CREST, JST (Project No. JP-MJCR16F1). S.M.W., S.R., Z.W., A.d.l.T., A.T., 
and F.B. acknowledge the financial support by SNSF projects No. 146995 
and 165791. The authors acknowledge Diamond Light Source for time 

on beamline I05 under proposal SI11741. The authors acknowledge the 
Swiss Light Source for time on SIS beamline under proposal 20150450.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
2D electron gas, angle resolved photoemission spectroscopy, KTaO3, 
oxide electronics, spin–orbit coupling

Received: November 27, 2018
Revised: February 13, 2019

Published online: 

[1] J. A. Sulpizio, S. Ilani, P. Irvin, J. Levy, Annu. Rev. Mater. Res. 2014, 
44, 117.

[2] S. Stemmer, S. James Allen, Annu. Rev. Mater. Res. 2014, 44, 151.
[3] N. Reyren, S. Thiel, A. D. Caviglia, L. F. Kourkoutis, G. Hammerl, 

C. Richter, C. W. Schneider, T. Kopp, A.-S. Rüetschi, D. Jaccard, 
M. Gabay, D. A. Muller, J.-M. Triscone, J. Mannhart, Science 2007, 
317, 1196.

[4] J.-S. Lee, Y. W. Xie, H. K. Sato, C. Bell, Y. Hikita, H. Y. Hwang, 
C.-C. Kao, Nat. Mater. 2013, 12, 703.

[5] Z. Wang, S. McKeown Walker, A. Tamai, Y. Wang, Z. Ristic, 
F. Y. Bruno, A. de la Torre, S. Riccò, N. C. Plumb, M. Shi, 
P. Hlawenka, J. Sánchez-Barriga, A. Varykhalov, T. K. Kim, 
M. Hoesch, P. D. C. King, W. Meevasana, U. Diebold, J. Mesot, 
B. Moritz, T. P. Devereaux, M. Radovic, F. Baumberger, Nat. Mater. 
2016, 15, 835.

[6] A. Annadi, G. Cheng, H. Lee, J. W. Lee, S. Lu, A. Tylan-Tyler, 
M. Briggeman, M. Tomczyk, M. Huang, D. Pekker, C. B. Eom, 
P. Irvin, J. Levy, Nano Lett. 2018, 18, 4473.

[7] K. Zou, S. Ismail-Beigi, K. Kisslinger, X. Shen, D. Su, F. J. Walker, 
C. H. Ahn, APL Mater. 2015, 3, 036104.

[8] K. Ueno, S. Nakamura, H. Shimotani, H. T. Yuan, N. Kimura, 
T. Nojima, H. Aoki, Y. Iwasa, M. Kawasaki, Nat. Nanotechnol. 2011, 
6, 408.

[9] T. C. Rödel, F. Fortuna, S. Sengupta, E. Frantzeskakis, P. Le Fèvre, 
F. Bertran, B. Mercey, S. Matzen, G. Agnus, T. Maroutian, 
P. Lecoeur, A. F. Santander-Syro, Adv. Mater. 2016, 28, 1976.

[10] Z. Wang, Z. Zhong, S. McKeown Walker, Z. Ristic, J.-Z. Ma, 
F. Y. Bruno, S. Riccò, G. Sangiovanni, G. Eres, N. C. Plumb, 
L. Patthey, M. Shi, J. Mesot, F. Baumberger, M. Radovic, Nano Lett. 
2017, 17, 2561.

[11] W. Meevasana, P. D. C. King, R. H. He, S. Mo, M. Hashimoto, 
A. Tamai, P. Songsiriritthigul, F. Baumberger, Z. Shen, Nat. Mater. 
2011, 10, 114.

[12] A. F. Santander-Syro, O. Copie, T. Kondo, F. Fortuna, S. Pailhès, 
R. Weht, X. G. Qiu, F. Bertran, A. Nicolaou, A. Taleb-Ibrahimi, 
P. Le Fèvre, G. Herranz, M. Bibes, N. Reyren, Y. Apertet, P. Lecoeur, 
A. Barthélémy, M. J. Rozenberg, Nature 2011, 469, 189.

[13] P. D. C. King, R. H. He, T. Eknapakul, P. Buaphet, S. K. Mo, 
Y. Kaneko, S. Harashima, Y. Hikita, M. S. Bahramy, C. Bell, 
Z. Hussain, Y. Tokura, Z. X. Shen, H. Y. Hwang, F. Baumberger, 
W. Meevasana, Phys. Rev. Lett. 2012, 108, 1.

[14] A. F. Santander-Syro, C. Bareille, F. Fortuna, O. Copie, M. Gabay, 
F. Bertran, A. Taleb-Ibrahimi, P. Le Fèvre, G. Herranz, N. Reyren, 
M. Bibes, A. Barthélémy, P. Lecoeur, J. Guevara, M. J. Rozenberg, 
Phys. Rev. B 2012, 86, 121107.

Adv. Electron. Mater. 2019, 1800860



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800860 (7 of 7)

www.advelectronicmat.de

[15] C. Cancellieri, M. Reinle-Schmitt, M. Kobayashi, V. Strocov, 
T. Schmitt, P. Willmott, S. Gariglio, J.-M. Triscone, Phys. Rev. Lett. 
2013, 110, 137601.

[16] S. McKeown Walker, F. Y. Bruno, F. Baumberger, in Spectroscopy of 
Complex Oxide Interfaces (Eds: C. Cancellieri, V. Strocov), Springer, 
Cham 2018.

[17] H. Nakamura, T. Kimura, Phys. Rev. B 2009, 80, 121308.
[18] A. D. Caviglia, M. Gabay, S. Gariglio, N. Reyren, C. Cancellieri, 

J.-M. Triscone, Phys. Rev. Lett. 2010, 104, 126803.
[19] P. Kim, K. T. Kang, G. Go, J. H. Han, Phys. Rev. B: Condens. Matter 

Mater. Phys. 2014, 90, 1.
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