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ABSTRACT

Two-dimensional electron gases (2DEGs) based on KTaO3 are emerging as a promising platform for spin-orbitronics due to their high Rashba
spin-orbit coupling (SOC) and gate-voltage tunability. The recent discovery of a superconducting state in KTaO3 2DEGs now expands their
potential towards topological superconductivity. Although the band structure of KTaO3 surfaces of various crystallographic orientations has
already been mapped using angle-resolved photoemission spectroscopy (ARPES), this is not the case for superconducting KTaO3; 2DEGs.
Here, we reveal the electronic structure of superconducting 2DEGs based on KTaO3 (111) single crystals through ARPES measurements.
We fit the data with a tight-binding model and compute the associated spin textures to bring insight into the SOC-driven physics of this
fascinating system.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0169750
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. INTRODUCTION

Oxide interfaces can harbor exotic phases of condensed mat-
ter, often absent in the interface constituents of their bulk form."’
A paradigmatic example is the SrTiO3; (STO) two-dimensional elec-
tron gas (2DEG) that forms when STO is interfaced with epitaxial
oxides, such as LaAlO3 (LAO),’ or through local redox processes
occurring at the interface when STO is covered with a reactive metal,
such as Al or Ta.""® While some properties of STO 2DEGs can be
found in bulk STO, including high mobility transport” and low tem-
perature superconductivity,® these are often superior or of different
nature in STO 2DEGs. For instance, mobilities exceeding 10° cm?

V™! 57! have been reported in STO-based 2DEGs,” while the record
value for bulk STO is ~10* cm®* V™' s7! . Another instance is super-
conductivity in STO 2DEGs is two-dimensional '’ and highly tunable
by electrostatic gating.'! Moreover, 2DEGs also display unique fea-
tures, such as Rashba spin-orbit coupling (SOC),'* which only arises
in environments with broken inversion symmetry (e.g., surfaces
or interfaces), and shows intrinsic signatures of two-dimensional
transport, such as the quantum Hall effect.'

Key insight into the physics of STO 2DEGs was gained through
angle-resolved photoemission spectroscopy (ARPES) by mapping
their electronic structure. Such measurements revealed band split-
tings and sub-bands arising from quantum confinement,' ' which
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are absent in the bulk."® Most ARPES results have been collected
on (001)-oriented STO 2DEGs and have shown the coexistence of
bands having a d,, orbital character with a low effective mass and
bands having a d,;/,, character with a higher effective mass. Orbital
mixing due to the reduced symmetry produces avoided crossings
where SOC-related effects are enhanced.'” Such studies dramatically
advanced the understanding of the superconducting phase diagram
(with heavier bands playing a key role) and of spin-charge intercon-
version phenomena driven by the Rashba SOC.'”"*** The electronic
structure of STO 2DEGs grown along other crystal orientations,
namely (110) and (111), has also been mapped by ARPES.”** These
experiments helped to understand the differences in their physical
responses, notably regarding the dependence of superconductivity
on the Fermi energy. For 2DEGs oriented along (110) and (111)
directions, this dependence is much less pronounced due to their
reduced orbital splitting (see, e.g., Refs. 25 and 26).

Similar to STO, KTaO3 (KTO) is a quantum paraelectric that,
in the bulk, becomes metallic upon minute electron doping.”*” This
prompted the exploration of KTO interfaces a few years after the
discovery of STO 2DEGs.” ' Aside from measurements on ionic-
liquid gated crystals showing an ultralow critical temperature T, of
40 mK,* initially no superconductivity was found in KTO 2DEGs,
consistent with the absence of superconducting properties in bulk
KTO.* At first, efforts on KTO 2DEGs were concentrated on the
(001) orientation, and one notable finding was the presence of a large
Rashba SOC through weak antilocalization or spin-charge intercon-
version experiments,’* where the Rashba coefficient was found to be
5-10 times larger than in STO, as expected from the heavier mass
of Ta compared to Ti. The sizable band splitting induced by Rashba
SOC was sufficiently large to be directly imaged by ARPES,” which
also revealed bands with well-defined orbital character, akin to the
situation in STO 2DEGs.

In this context, the discovery of superconductivity with a
T: up to 2.2 K in (111)-oriented KTO 2DEGs came as a big sur-
prise.”® This finding was soon confirmed by different groups; see,
e.g., Refs. 37-39. Superconductivity was also found up to about
1 Kin (110)-oriented KTO 2DEGs."’ Until now, the reasons for this
huge orientational dependence—at odds with the situation in STO
2DEGs—have not been clarified, even if some theoretical propos-
als have recently emerged discussing the role of electron-phonon
coupling or the Rashba SOC in driving the superconductivity.”' *
To resolve this conundrum, high quality ARPES measurements are
needed to precisely map and understand the electronic structure
of superconducting KTO 2DEGS. A few years before the discov-
ery of superconductivity in KTO (111), two studies reported the
band structure of KTO (111) surfaces using ARPES. % The band
structure of KTO (110) 2DEGs was also reported not long ago.*
Yet, whether these samples were superconducting or not remains
unknown. Recently, Chen et al. reported ARPES data for KTO (001),
superconducting KTO (110) and (111), measured using soft x-rays
with 1000 eV photon energy. However, due to this high photon
energy, it was not possible to resolve the exact band structure near
the Fermi energy.”’

In this paper, we report the electronic structure of KTO (111)
2DEGs measured by ARPES with high energy resolution using a
photon energy of 31 eV. The samples are prepared by depositing a
few A of Eu, triggering a redox reaction to form a 2DEG. They are
superconducting with an anisotropic T. of 0.6 and 0.8 K, depending

pubs.aip.org/aip/apm

on the direction along which the current is applied. The dispersion
curves and Fermi surfaces obtained by ARPES were fitted with four
spin-resolved band pairs below the Fermi energy. We calculate the
band-resolved spin textures as a function of energy and discuss the
results in light of future spin-charge interconversion experiments
and the origin of superconductivity in this system.

Il. METHODS
A. Sample preparation

Single crystalline KTO (111) substrates from MTI Corpora-
tion were pre-annealed at 300 °C for 2 h in an ultra-high vacuum
inside a molecular beam epitaxy (MBE) chamber. We grew 3 A of
Eu at 300 °C using a Knudsen cell heated to 500 °C at a growth
rate of 0.043 A s™ and a deposition pressure of 1.2 x 10™° mbar.
Subsequently, the sample was transferred in situ to the ARPES
chamber.

For ex situ transport measurement, another sample with 3 A
Eu was prepared in the exact same deposition conditions. In order
to protect the 2DEG at the Eu/KTO (111) interface from oxidation
from the air, we capped the sample in situ with 2.1 nm of Al grown
at room temperature using a Knudsen cell heated to 1000 °C at a
growth rate of 0.092 A s™'. Thus, the Al overlayer was spontaneously
and completely oxidized into AlO, when exposed to the air prior
to the transport measurements. Both samples were grown on two
pieces cleaved from the same KTO (111) substrate.

B. Angular resolved photoemission spectroscopy

High-resolution angular resolved photoemission spectroscopy
(ARPES) measurements were performed at the Cassiopée beamline
of Synchrotron SOLEIL (France). This beamline is equipped with a
Scienta R4000 hemispherical electron energy analyzer. All the mea-
surements were performed at 15 K (sample space cooled by liquid
He) in order to minimize the thermal broadening of the spectral
lines. The energy and angular resolution were 15 meV and <0.25°,
respectively. The data presented in the manuscript were collected
with linearly horizontally (LH) polarized photons with a photon
energy of 31 eV. The collected data were normalized by taking
the second derivative of the intensity background of the electron
analyzer and smoothed using an averaging filter.

C. Tight-binding model

Our tight-binding (TB) model considers 36 bands (18 band
pairs). One unit cell considers three of each of the 5d Ta t,4 orbitals
(dxy» dxz, and d,;) giving rise to the basis

{ldyit ). ldyii ) dyerr), [dyery ), [dent ), ey,
|dayat)s [dyar )s [dyear )s |dyeay ) [t ) ey ), 1)
dy3t)s dyay )s |dyest )s [dyes ) |deat )s |daxs) ) }-
We add another copy with different parameters to reproduce the

sub-bands arising due to the quantum confinement of electrons near
the surface. We diagonalize the tight-binding Hamiltonian

H= Hhop + Hsoc + Hmix (2)

to describe the electron gas that is confined at the interface of KTO
(111) with a lattice constant a = 4.0 A formed by the Ta atoms.
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For the hopping term, we consider

Ae 0 0 b+ gt 0 0 0 0 0

0 Ae 0 0 hy* + b+t 0 0 0 0

0 0 Ae 0 0 b+ by + b 0 0 0

by + W, + H 0 0 Ae 0 0 B+ h) +hg” 0 0

Hhop = 0 Hy + 1, + I, 0 0 Ae 0 0 hy* +h) + 0
0 0 By + by + 0 0 Ae 0 0 B+ b+ hE

0 0 0 He + 1+ 0 0 Ae 0 0

0 0 0 0 I+ W+ I 0 0 Ae 0

0 0 0 0 By + hy + 0 0 Ae

with hJ = t,¢* indicating the nearest-neighbor « = {r,8} hop-
ping of the {dyy,dy.,d.x} orbitals along {x,y,z} according to the
Slater-Koster rules. The linearly independent hopping amplitudes
are t; = —0.65 eV and t5 = —0.05 eV. Note that the ¢ hopping
is not relevant for nearest-neighbor hoppings considering only
the t;, orbitals. The onsite energies are Ae=1.946 eV (and
Ag =2.011 eV for the sub-bands), causing a shift of the bands in
energy.

The gradient potential at the interface displaces the oxygen’s
p orbitals away from the bond connecting two neighboring Ta
atoms. Hopping terms that were forbidden in bulk are now allowed
by the Slater-Koster rules. By analogy with KTO (001) 2DEGs, dis-
cussed in Ref. 35, hopping between two neighboring Ta d orbitals,
via an intermediate hopping to an oxygen p orbital, causes an effec-
tive hopping network. The hopping is asymmetric and gives rise to
orbital mixing terms,

ELiLybL $202 1SnBny gz

0 0 0 0 e*iakz _ e*iakx —iak, _ e*iaky 0 0 0
0 0 0 e—iukx _ e—iakz 0 —iaky e—iuky 0 0 0
0 0 0 e*iuky _ e*iakz e*iaky _ e*iukx 0 0 0 0
0 eiukx _ eiukz eiak}, _ eiukz 0 0 0 0 e—iakz _ e—iakx e—iukz _ e—iaky
Hmix =g eiukz _ eiukx 0 eiuky _ eiukx 0 0 0 e*iukx _ e*iakz 0 e*iakx _ e*iuky
eiukz _ eiaky eiakx _ eiaky 0 0 0 0 e—iaky _ e—iakz e—iaky _ e—iakx 0
0 0 0 0 eiakx _ eiakz eiaky _ eiukz 0 0 0
0 0 0 eiukz _ eiakx 0 eiak}, _ eiakx 0 0 0
0 0 0 eiukz _ iaky eiakx _ iaky 0 0 0 0
1 0
= | 4)
0 1
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The amplitude is ¢ = 3 meV (and g = 1 meV for the sub-bands).

Hsoc with A = 0.4 eV describes the on-site spin-orbit coupling,
which mixes the different spin orientations and orbitals. It is the
same for each lattice site and reads

0 0 0O 1 0 —i
0O 0 -1 0 —-i O
A0 -1 0 0 i 0
Hsoc = = (5)
31 o 0 0o 0 —i
0 i -i 0 0 0
i 0 0 i 0 O

in the basis {|dut ), |dxy ), [dyet )s [dyey ), |dext ), vy )}

D. Transport measurements

The transport measurements were performed in DC with the
current flowing along the [110] and [112] directions of the sam-
ple inside a dilution refrigerator with a base temperature of 25 mK.
The sample holder is thermally decoupled from the mixing chamber
plate to allow a continuous temperature sweep from 25 mK to 2 K.

Ill. RESULTS AND DISCUSSION
A. Structural and transport properties

Figure 1 exhibits the temperature dependence of the sheet
resistance of the sample capped with 2 nm of Al It shows a metal-
lic behavior from 300 to ~1 K [see the supplementary material
Fig. S1(a)] and then undergoes a superconducting transition. The
orange and blue lines in Fig. 1 correspond to the data measured
with the current along [110] and [112] directions, respectively. The
difference in the resistance along [112] and [110] directions at low
temperatures suggests the presence of a strong in-plane anisotropy
as demonstrated by previous studies.”® The sample undergoes a
superconducting transition along both directions, with T (middle
of the transition) ~0.82 and 0.58 K. The magnetoresistance and Hall
measurements at 2 K were carried out to estimate the carrier density

sb—1nio ' ' ]
— 11 [112]
=2r 1
3
2
(7]
o, |
0 Eu (3 A) // KTO (111)
0.5 1.0 15 2.0

T(K)

FIG. 1. Transport measurement. Temperature dependence of the sheet resis-
tance measured with current parallel to [110] (orange) and [112] (blue) directions
where the superconducting transitions are observed at temperatures T, = 0.82 and
0.58 K, respectively.

pubs.aip.org/aip/apm

and mobility (see the supplementary material for detailed discus-
sion). The mobilities were quite different along [112] and [110],
amounting to 111 and 33 cm® V™! s7%, respectively. This hints at
an anisotropy in the band structure between the I'-M and I'-K
directions.

B. Band structure of Eu/KTO (111) 2DEG

The band dispersion of the Eu(3 A)/KTO (111) sample was
measured along the I'-K and I'-M directions with a photon energy
of 31 eV at normal emission; see Figs. 2(a) and 2(d). The data clearly
indicate an anisotropic electronic structure. By performing a manual
photon energy scan, we also found photon emission intensity close
to 106 eV of photon energy. This photon energy is similar to the one
reported by Bruno et al.*> However, we found the highest photoe-
mission intensity at 31 eV and, thus, in the following, we show the
band structures measured using 31 eV of photon energy. The sam-
ple is superconducting, but the ARPES measurements were carried
out in the normal state at 15 K. Tight-binding fits of the band struc-
ture are overlaid on the ARPES dispersion data. Out of the eighteen
pairs of bands in our TB model, four are visible in the measurement
window. Similar to our previous report on KTO (001),” we have
associated four different colors for each pair of bands. The pink and
green band pairs arise from the t,, orbitals, whereas orange and cyan
band pairs are the contribution from another copy of the sub-band
arising due to the quantum confinement of the 2DEG. We have also
considered the mixing of Ta 5d orbitals and the spin-orbit coupling.
In Ref. 35, we could easily identify the orbital character of each band
pair. However, unlike in KTO (001) 2DEGs, all three t;, orbitals
are highly hybridized in the case of KTO (111) 2DEGs and, there-
fore, it is not possible to ascribe a specific orbital character to each
band pair, as also discussed in Ref. 45. However, the contribution
of orbitals with a given character depends on the in-plane direction.
This can be inferred from the clear asymmetry observed in the con-
trast of Fig. 2(d), where the pink band pairs are better visible in the
data along the I-M’ direction, whereas the green band pair is bet-
ter visible along the I'-M direction. The energy distribution curves
(EDC) at k = 0 [Figs. 2(c) and 2(f)] and momentum distribution
curves (MDC) at Fermi energy (Er) [Figs. 2(b) and 2(e)] correspond-
ing to the dispersion curves for both '-K and I'-M directions are
analyzed to determine the quality of the TB fits with respect to the
experimental observation of the band structure. The detailed analy-
sis is discussed in the supplementary material. Furthermore, the pink
band pair in Fig. 2(d) appears to be heavier in the raw data around
k = £0.2 A7 in comparison with the fit. An explanation for the
apparent enhancement of the effective mass of the pink band pair
could be an electron-phonon interaction that causes parabolic bands
to look kinked below a certain binding energy. This effect has been
observed previously in STO 2DEGs."* The disagreement between
the fit and the data occurs because our model does not consider
electron-phonon coupling. From the TB calculation, we can esti-
mate the effective mass. We find that the cyan and green band pairs
exhibit a lower effective mass of 0.67 m, at the I point in comparison
with the orange and pink band pairs, which have a higher effective
mass of 1.45 m., where m, is the electron mass. In general, the effec-
tive masses are k-dependent and anisotropic. The Rashba splittings
near the I' point have also been calculated from the TB model. For
the pink and orange band pairs, the splitting is isotropic near I' with
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FIG. 2. Electronic band structure of KTO (111) 2DEG. Band dispersion of Eu/KTO (111) 2DEG measured by ARPES along high symmetry directions (a) K and (d) T-M.
The tight-binding fits of the band structure are overlaid on the data, where a specific color is associated with each pair of bands. Momentum distribution curves (MDC) at E¢
are shown in (b) for T-K and in (e) for T-M directions. Energy distribution curves (EDC) at T are shown in (c) and (f).
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FIG. 3. Fermi surfaces. Constant energy maps with their corresponding tight-binding fit at (a) Fermi energy (Er) and (b) 10 meV, (c) 20 meV, (d) 40 meV, (e) 60 meV, and
(f) 80 meV below the Fermi level. The high symmetry points (T, M, and K) and their directions are shown with white arrows in (a).
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values of ag = 20 and 8 meV A", respectively. For the green and
cyan bands, the splitting is anisotropic. It is zero along I'-M and has
values of ag = 14and 4 meV A~} along I'-K, respectively. The ar val-
ues obtained for KTO (111) 2DEGs are comparatively smaller with
respect to the high ar of ~300 meV A™" observed for the heavy band
pair in KTO (001) 2DEGs.* A similar reduction in ar was observed
in the case of the SrTiO3 (111)-based 2DEGs in comparison with the
(001)-based ones.*” We have not performed photon energy scans to
prove the two-dimensional nature of the Eu/KTO (111) electron gas.
However, from the dispersion measurements, we observe sub-bands
that are indicative of quantum confinement and consistent with a
2DEG.

Figure 3 shows constant energy maps and their correspond-
ing TB fits for different binding energies. We observe a star-shaped
Fermi surface centered at I' with three concentric FSs. The star-
shaped FS fitted by the pink band pair displays a major diameter
of ~0.47 A7 along the I-M direction and a minor diameter of
~0.35 A™! along the T-K direction. Although the general star shape
of the outermost FS matches the one reported by Bruno et al,*
the ratio between the major and minor diameters differs, suggest-
ing a slightly different shape of the FS in the case of an MBE-grown
KTO (111) based 2DEG compared to a free KTO (111) surface. At
Er = 0, the TB fits suggest star-shaped FSs for the pink and orange
band pairs, whereas the green and cyan band pairs display hexag-
onal and circular-shaped FSs, respectively. The total carrier density

pubs.aip.org/aip/apm

calculated from the TB model is 12.5 x 10"* cm™2. This is in good
agreement with the carrier density (11.4 x 10'> cm™) obtained from
the first transport measurements performed just after the ARPES
measurements (see the supplementary material for a detailed dis-
cussion). Bruno et al. discussed in their TB model that each branch
of the outermost star-shaped FS can possess different orbital charac-
teristics.”” Our measurements [Figs. 3(a)-3(c)] with LH polarization
reveal the branches having d,, and d,; orbital characteristics and
limit the possibility of visualizing the branches possessing d,. orbital
characteristics, which is consistent with Ref. 45.

C. Spin textures of the fitted bands

To understand the spin texture of the 2DEG, we have extended
the TB calculation to compute the spin textures for all band pairs at
different iso-energy lines. The spin textures for all the band diagrams
shown in Fig. 3 are depicted in Fig. 4. The size and direction of the
arrows correspond to the magnitude and in-plane orientations of the
spins. The color of the arrows indicates the out-of-plane component,
with red along [111] and blue along [111]. In our previous study of
KTO (001) 2DEGs, we showed that near the band edge, each band
pair has a k-linear Rashba-like splitting with almost circular iso-
energy lines and perpendicular spin-momentum locking.”” On the
contrary, for KTO (111) 2DEGs, the spin textures exhibit perpen-
dicular spin-momentum locking only at the pink and orange band

0.2
0.1
= S[111]
<
= 0.0
x‘.:.
-0.1 0.4
-0.2 0.2
0
0.2
-0.2
0.1
<
= 00 -0.4
X‘L
-0.1
-02 -40 meV -60 meV -80 meV
02 -01 00 01 02 —02 -01 00 01 02 -02 -01 00 01 02
K1) [A7'] i 10) [A7'] K101 [A7']

FIG. 4. Spin textures. The fitted iso-energy lines from Fig. 3 (same colors), with arrows indicating the spin texture. The arrow orientation and size correspond to the in-plane

component. Their color indicates the out-of-plane component, with red along [111] and blue along [111]. In each panel, the left (right) half shows the spins of the outer
(inner) band of each band pair. The spins of the green and cyan bands reverse at some points of the Fermi lines as the inner and outer bands intersect.
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pairs along the high symmetry directions, i.e., along I'-K and I'-M.
The surface of KTO (111) has C3, symmetry with the mirror planes
perpendicular to (110), which is reflected in the iso-energy lines as
well as the spin textures shown in Fig. 4. The C3, symmetry forces the
states at each mirror plane (states along I'-M and equivalent direc-
tions) to have a zero spin component parallel to the mirror plane.
Hence, the spin texture is in-plane at the tips of the star-shaped pink
band pair but exhibits sizable out-of-plane components in between.
Furthermore, the momentum splitting for each pair of sub-bands is
not the same at every k point. As previously determined in Ref. 45,
the splitting for the pink and green band pairs is larger along the
I'-K direction than along the I'-M direction. From the ARPES data,
we observe that the bands of neighboring band pairs are closer along
the I'-K direction, which gives rise to a situation of avoided crossing
similar to that found in the STO (001) band structure.”’ Therefore,
the momentum splitting as well as the Rashba coupling constant is
greater close to these points. This should motivate experiments to
study the Edelstein effect in such systems. The C3, symmetry of the
system allows an in-plane spin polarization perpendicular to an in-
plane applied charge current. However, the magnitude of the spin
polarization as well as its orientation with respect to the charge cur-
rent does not depend on the direction of the applied charge current.
Despite the nonzero out-of-plane components of the spin texture,
the net current-induced spin polarization is expected to be in-plane,
enforced by the Cs, symmetry of the system.

IV. CONCLUSION

In summary, we have visualized the electronic band struc-
ture of superconducting KTO (111) 2DEGs using ARPES. The
results show similarities with those reported on KTO (111) sur-
faces, with the following main features: (i) the Fermi surfaces of the
bands from the outer pair have a pronounced anisotropic, star-like
shape, while the other bands have more isotropic Fermi surfaces
(inside the measurement window); (ii) the spin textures strongly
deviate from a standard Rashba model, showing considerable warp-
ing for the outer band pair and radial rather than orthoradial spins
for some of the inner bands; and (iii) the band splitting is moder-
ate at the band bottoms but larger at the end of and in between the
branches of the star. The anisotropy of the Fermi surfaces and spin
textures echo that of the superconducting critical temperature and
mobility, and our results thus constrain the applicability of the mod-
els proposed to explain superconductivity in KTO 2DEGs.*” The
in-plane anisotropy of the system suggests that spin-charge con-
version effects from the Rashba-Edelstein effect should be highly
anisotropic and deviate from predictions using standard models,'”
which could bring novel functionalities for spin-orbitronics.

SUPPLEMENTARY MATERIAL

The supplementary material contains information regarding
the transport measurement, x-ray photoelectric spectra (XPS) and
low energy electron diffraction (LEED) for the substrate as well as
the sample, the analysis related to energy distribution curves (EDC)
and momentum distribution curves (MDC), and additional ARPES
data measured using linear vertical (LV) polarization.
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