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Light-Induced Giant Rashba Spin—Orbit Coupling at
Superconducting KTaO;(110) Heterointerfaces

Yulin Gan, Fazhi Yang, Lingyuan Kong, Xuejiao Chen, Hao Xu, Jin Zhao, Gang Li,
Yuchen Zhao, Lei Yan, Zhicheng Zhong,* Yunzhong Chen,* and Hong Ding*

The 2D electron system (2DES) at the KTaO; surface or heterointerface with
5d orbitals hosts extraordinary physical properties, including a stronger
Rashba spin—orbit coupling (RSOC), higher superconducting transition
temperature, and potential of topological superconductivity. Herein, a huge
enhancement of RSOC under light illumination achieved at a superconducting
amorphous-Hf ;Zr, ;O,/KTaO,(110) heterointerface is reported. The
superconducting transition is observed with T_ = 0.62 K and the
temperature-dependent upper critical field reveals the interaction between
spin—orbit scattering and superconductivity. A strong RSOC with B,, =19 T
is revealed by weak antilocalization in the normal state, which undergoes
sevenfold enhancement under light illumination. Furthermore, RSOC strength
develops a dome-shaped dependence of carrier density with the maximum of

1. Introduction

Antisymmetric spin-orbit coupling (SOC)
could guarantee spin-momentum locking
of the charge carrier and allow the manip-
ulation of spin rotation, which plays a key
role in the development of future quantum
electronic/spintronic devices.['] Currently,
the broken structural inversion symmetry at
surfaces or interfaces becomes the heart of
the growing research field of spintronics!**)
and has been extensively investigated in var-
ious systems including semiconductors,>]
topological insulators,’ and complex ox-
ide interfaces.[®l Among them, the strong

B,, = 12.6 T achieved near the Lifshitz transition point n_ =~ 4.1 x 10"* cm~2.
The highly tunable giant RSOC at KTaO, (110)-based superconducting

interfaces show great potential for spintronics.
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Rashba spin—orbit coupling (RSOC) of 2D
electron system (2DES) trapped at com-
plex oxide surfaces or interfaces allows
the electric or light gating modulation,®°]
and enables a highly efficient spin-to-
charge conversion,!'! providing an ener-
getically competitive candidate for the de-
velopment of spintronic logic devices.!'!]

The burgeoning 2DESs at surfaces or interfaces of com-
plex oxides, the prime example of which is the LaAlO,/SrTiO,
(LAO/STO) interfaces, not only show strong RSOC but also pos-
sess diverse emergent properties and functionalities, such as
superconductivity (SC)1'213] and ferromagnetism.['*] Their coex-
istence or interaction(!>!®l promotes emergent electronic states
that favor the control of novel quantum orders for potential ap-
plications. It’s worth noting that the RSOC would lead to spin-
split parabolic interfacial states and form helical spin texture on
the Fermi contours, showing a topologically nontrivial electronic
state. The combination of SC and RSOC is predicted to generate
topological superconductivity.'”] Therefore, oxide 2DESs hosting
both SC and strong RSOC are also ideal systems to search for
topological superconductors and related applications.!'819]

The RSOC induced an effective magnetic field B,, determines
the spin precession and degeneration. A large RSOC and its en-
hancement have been widely pursued for 3d 2DESs at STO-based
interfaces. Despite the discovery of the interesting correlation
between RSOC and SC, both the SC transition temperature (T, <
0.3 K) and the spin-orbit energy (E,, = 0.01-0.04 meV) at STO-
based interfaces remain low. Compared to the 3d 2DESs, the 5d
2DESs at KTaO,(KTO)-based interfaces have been found to host
both stronger RSOC (B, up to 2.6 T and E_, as high as 0.2 meV
for (001)-oriented interfaces)!?”! and higher SC transition tem-
perature (T, up to 2.2 K for (111)-oriented interfaces).[?!-23]
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Figure 1. a) Temperature-dependent R,, for various out-of-plane B. b) The out-of-plane B dependence of R,, at different temperatures. c¢) A zoom-in
of the anomalous metallic state at low field observed in superconducting regime. d) Temperature dependence of B, derived from the midpoint. The

orange solid line represents the best fit from the WHH model.

Meanwhile, the anisotropic ~2DESs along different
orientations!?! and interfacial strong correlations!®! could
offer high flexibility to engineer their properties, presenting a
valuable platform for not only energy-efficient spintronic devices
but also the coexistence of RSOC and SC. However, to date, the
RSOC of 5d 2DESs has been investigated exclusively at KTO
(001) interfaces without SC, and the RSOC at superconducting
KTO (110) or (111) interface was rarely investigated./2%%]

In this work, we achieved a very large RSOC at a supercon-
ducting Hf| ;Zr, ;O,/KTaO,(110) heterostructure grown at room
temperature. The typical superconducting transition is observed
at T, = 0.62 K. Meanwhile, the investigation of weak antilocaliza-
tion (WAL) suggests a giant RSOC in this system. Further light-
gating modulates the band filling, which reveals a dome-shaped
dependence of RSOC on carrier density (n,,,) with B,, enhanced
seven times around the Lifshitz transition point. Such highly tun-
able giant RSOC in a superconductor should promote endeavors
to the development of spin field-effect transistor and exploration
of topologically nontrivial electronic states.

2. Results and Discussion

2.1. Superconductivity

The 12 nm amorphous Hf; ;Zr, O, (a-HZO) films with Hall bar
geometry were deposited on KTO (110) single-crystal substrates
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at room temperature at the base pressure of ~1 x 10~/ mbar by
pulsed laser deposition (PLD). The temperature-dependent sheet
resistance R, (R,—T) of a-HZO/KTO (110) interface (Figure S3a,
Supporting Information) shows a clear superconducting transi-
tion at midpoint T, = 0.62 K, which can be well described by
the Berezinskii—Kosterlitz—Thouless (BKT) modell'?) for a 2D su-
perconducting system, giving a Ty of ~0.593 K (Figure S3Db,
Supporting Information). By increasing out-of-plane magnetic
field B, the superconducting transition is fully suppressed when
B > 0.3 T, showing a superconductor—metal transition with the
critical R, around 2 kQ sq~! (Figure 1a). Interestingly, a low
field as small as 0.01 T could break the zero resistance, and a
finite residual R, (~ 15.4 Q sq7!) at low temperatures following
the sharp resistance drop is observed, indicating an anomalous
metallic state.[”®] Such saturated residual resistance grows as B
increases. The further magnetoresistance isotherms in Figure 1b
exhibit an anomalous magnetoresistance at low field (a zoom-
in image in Figure 1c), which is superimposed on the typical
U-shaped magnetoresistance derived from the B-induced super-
conducting transition and may relate to the RSOC[!>2%] ag dis-
cussed in detail later. The presence of SOC in SC has an im-
pact on upper critical field B,,, where the Werthamer—Helfand—
Hohenberg (WHH) model incorporating the spin-paramagnetic
and spin—orbit scattering terms was developed to describe the be-
havior of T-dependent B, (Figure 1d)/?°! (Section S2, Support-
ing Information). The fitted dimensionless A, = 0.609 mirrors
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Figure 2. a) The MC from 2 to 30 K. The Ay, and B, characterize the phase-coherent transport and RSOC. b) A zoom-in of the black rectangle region
in (a) shows a pronounced B-induced WAL-WL transition, which forms a minimum at B.. c) The MC in tilted B fields at 2 K. The short-dashed curve is
the best fit of OMC to Kohler's rule. d) MC as a function of Bcos@. Inset: Schematic drawing of the device in tilted B. Solid curves are the best fits of the

MC to MF model.

the non-negligible interaction between SC and the spin—orbit
scattering.3%]

2.2. A Large Rashba Spin—Orbit Coupling of 5d Electrons

Besides SC, the WAL phenomenon is another powerful way
to characterize the interfacial RSOC. The magnetoconductance
(MC) measurements with out-of-plane B in the normal states are
performed to detect the RSOC strength. In Figure 2a, the MC
at 2 K first decrease rapidly to a minimum at a critical field (B,)
forming a negative cusp-shaped MC with a maximum at B =0
followed by an increasing MC, showing a WAL behavior in typi-
cal weak localization (WL) system. Here, both the phase-coherent
transport and RSOC contribute to the WAL, which are mainly
determined by the inelastic scattering field (B;) and B, respec-
tively. These negative and positive MC behaviors are attributed to
the dominant WAL and WL regimes, respectively. Therefore, the
B. in Figure 2b signifies the B-induced crossover from WAL (B <
B.) to WL (B. < B) and approximately reflects the RSOC strength,
i.e., By, « B_[31321 Meanwhile, the WAL amplitude (Ay,,), i.e.,
the absolute value of Ac,, at B, reflects the interaction be-
tween RSOC and WL, so it is proportional to B, /B;.*}l Com-
pared with general STO-based interfaces (Ay,; < €*/zh and B, <
5T)[893L3234] and other representative families (Ay,; < 0.5¢%/7h
and B, < 0.5T),[%%-38] the WAL in our a-HZO/KTO (110) inter-
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face at 2 K shows much larger Ay,; (up to 3.5¢/xh) and higher B,
(up to =9 T), suggesting a very large RSOC.

Upon warming in Figure 2a, the WAL is broadened and dis-
appears above 30 K due to decreasing WL.l Here, the negative
MC at 30 K primarily shows a quadratic B dependence (Figure
S4, Supporting Information), which originates from the orbital
effects related ordinary MC (OMC). Therefore, the total MC is
mainly contributed from both the WAL and OMC. Normally,
OMC obeys the Kohler’s rule and becomes stronger with increas-
ing mobility.*) Here, the mobility (4, = 1/(en,, R, (0)) (Figure
S5, Supporting Information) increases by approximately an order
of magnitude from 10 cm? V! s71 at 300 K to 136 cm? V-1 571 at
2 K, thereby the OMC should become stronger at lower temper-
ature. However, the OMC is surpassed by WAL totally up to 14 T
at 2 K (Figure 2b), suggesting a strong WAL and implying a very
large RSOC effect again. With increasing temperature, the OMC
appears gradually at high field and dominates the MC above 30 K
completely.

For typical RSOC from the interfacial breaking of inversion
symmetry, the electron spin should be confined at the interface,
which would compete with the in-plane B (B)) induced Zeeman
effect.*”) The WAL effectis further investigated in tilted B and be-
comes broader with increasing relative angle (9) between B and
the out-of-plane direction (Figure 2c). When B is tilted parallel to
the interface (§ = 90°), the WAL induced cusp-shaped MC fea-
ture disappears completely, only leaving behind the OMC. When
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Figure 3. a) Schematic of the light-gating mechanism. b) The evolution of Hall effect for increasing laser power. c) The n  and ny¢ as a function of laser
power. d) The evolution of MC with increasing laser power. The solid black curves are the best fits to MF model.

presented as a function of the perpendicular component of B, i.e.,
Bcosd, all MC curves in Figure 2d coincide with each other for the
entire field range. Meanwhile, the absence of significant suppres-
sion of WAL from Zeeman-type spin splitting up to 14 T also im-
plies a very large RSOC,”! where the A, >> |/2uy B eh/p,,m*
~ 6 meV (m* = 0.36m, is the effective mass/?)).

To quantify RSOC strength, the 2D localization theory in dif-
fusion regime developed by Maekawa—Fukuyama (MF) with the
D’yakonov—Perel mechanism of spin relaxation is employed to
analyze the WAL induced quantum correction on MC.33! The

total MC is expressed as:
1 1  B;+2B,
TV <2 * B

1 1 Bi 1 Bi+Bso
AR "\ 7B

1 B, + 2B o (0) B2
_l 1 SO —A XX 1
"2 n( B, >] TG, 1+CB @)

1

Ao, (B) _ v <1

B, +B,,
G, 2 B

where y (x) is the digamma function and G, = €*/(rh). The last
term from Kohler’s rule describes the OMC with fitting parame-
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ters A, and C. The best fit at 2 K extracts the B, of 1.9 T, which
is approximately B_/4 ~2.25 T,>32] and the deduced spin split-
ting energy A, = 2apk; = 28.4 meV3* (ap = \/en3B, /m* is
the Rashba coefficient and k; = 1/27n,,,). This is indeed much
stronger than the 6 meV evaluated by the in-plane Zeeman ef-
fect. With warming, the spin relaxation time extracted from the
Dbest fits of temperature-dependent MC to MF model is inversely
proportional to relaxation time, showing consistency with the
D’yakonov—Perel mechanism of spin relaxation/®8! (Figure S4,
Supporting Information). Meanwhile, the increasing B; reveals
a weakened WL, showing good agreement with the broadened
WAL.

2.3. Light-Induced Enhancement of Rashba Spin—-Orbit Coupling

To further modulate such RSOC, light gating experiments with
the laser wavelength of 375 nm (=~3.306 eV) are carried out to
increase the n,,, by pumping the electrons localized at the in-gap
states to the Ta 5d t,, conducting bands (Figure 3a).*’! By control-
ling the laser power (P) up to 15 mW, the Hall effect undergoes a
linear to nonlinear transition when P > 0.25 mW (Figure 3b). The
nonlinear Hall effects show a linear B-dependence at low field
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Figure 4. a) Comparison of B, among different RSOC systems (KTO(001),[2%] STO(001),[°] STO(110),146] STO(111).147] The B, in this work is ex-
tracted from the best fits in Figure 3d. b) The ay and E, as a function of carrier density. c) Comparative graph of Rashba coefficients mainly extracted
from the transport measurements of various mainstream 2DESs for low-power spintronics, including KTO-based systems (Al/KTaO; with g-factor of
0.5-2,148] and the related value extracted from ARPES is marked as rhombus,[%¢] y-Al,O, /KTaO;,[*4] EuO/KTa03,[*] alaAlO, /KTaO;12%), STO-based
systems (LaAl;_,Mn, O, /SfTiO; (0 < x < 1),31 y-Al,04/SrTiO5,[34] LaAlO; /SrTiO;,[8] LaAl;_,Cr, 05 /SrTiO5 (x=0,0.1,0.2),5%! NiFe/LAO//STOI'®]) and
semiconductors (InAlAs/InGaAs/InAlAs,[33] GaSe,[*'] InP/InGaAs/InAlAs,[P] InGaAs/InAlAs,[32] GaN/AIGaN,[>3] InSb,37] InAs[>4]).

and then change to nonlinear B-dependence at high field, form-
ing an anticlockwise bending, which is a typical behavior of ordi-
nary Hall effect contributed by two types of carriers, and the crit-
ical carrier density (n.) at the transition point implies the Lifshtz
transition of the energy band structure.[*>*}] Therefore, the two-
carrier model (Figure S6, Supporting Information) is employed
to extract the carrier density from the Hall coefficients (R, =
dR,,/dB)at B~ 0Tand 14 T, where the ;. = 1/(— eR;, (B — 0)) and
nyr = 1/(— eRy (B — )) give the carrier density of electrons with
higher mobility and n,, respectively.*) An obvious divergence
between n,; and n; is observed for P > 0.25 mW in Figure 3c,
indicating the Lifshitz transition at n_ of ~4.1 x 10" cm~2. With
the monotonous increase of n,, from 2.5 x 10" to 7.4 x 10"
cm™?, the R, (0) in Figure S7a (Supporting Information) under-
goes a similar evolution with previous reports on optical mod-
ulation of 2DESs at KTO(001)-based interfaces.?**! As n,, in-
creases, the MC in Figure 3d transits gradually from a typical
WAL behavior at 0 mW to a typical two-carrier induced OMC with
undetectable WAL contribution at 15 mW (Figure S8, Supporting
Information), where the RSOC is highly tuned (Figure S9, Sup-
porting Information). Notably, analogous to the nonmonotonic
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evolution of RSOC at STO-based interfaces,*!32%] the extracted
B, in Figure 3d also exhibit a characteristic dome-shaped de-
pendence on n,,, with a maximum of 12.6 T around the Lifshitz
transition point in Figure 4a. It is worth mentioning that such
giant RSOC at a-HZO/KTO interface is significantly stronger
than that in other oxide systems,[®?%#¢47] and leads to techno-
logically more competitive @y = 0.11-0.29 eV A (Figure 4b,c)
than various mainstream 2DESg!®10:20.31,3435,3741,44.48-54] {51 1w
power spintronic devices such as the spin field-effect transis-
tor proposed by Datta and Das!**! where the high ay leads to
high charge—spin conversion efficiency and short gate length
(L = nh? [2aym* = 11.4-29.2 nm) for the shift between the two
spin components. The highest Rashba coefficient is similar to the
significant spin splitting of band structure with ap = 0.32 eVA
extracted from the angle-resolved photoemission spectroscopy
(ARPES) in (001).5%) (The corresponding A, are in Figure S10,
Supporting Information.)

A remarkable correlation between RSOC and SC is that
the RSOC can convert an s-wave superconductor into an ef-
fective topological superconductor.’’] The RSOC removes the
spin degeneracy of the parabolic energy band and forms two
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Figure 5. a) The ideal 5-layer slab structure of (110) KTaO3. b) The tight-binding calculated electronic band structure (rigid shift of Fermi level) and the
Er shows the initial Fermi level. c) The splitting energy as a function of energy for the G (0,0) to X (%, 0) k -path for bottom bands 1-2 (magenta line)

and 3-4 (violet line) of b). d) Schematic spin-texture at the enlarged region close to the G center based on DFT calculated spin directions (k vector unit:
T T

(53D

spin-resolved parabolas, while the displaced energy is E,, =
m*a? /2h*and is related to the parameter window of topologi-
cal phase in a Majorana host. Previous studies on 3d 2DESs
in LAO/STO observed zero-bias conductance peaks!'! and
€? /h-quantized conductance plateau,!'®! which indicate the pre-
cursor of topological superconductivity at oxide heterointerfaces.
The E,, of 0.31-2.03 meV in a-HZO/KTO (Figure 4b; Table S1,
Supporting Information) is much higher than the one in STO-
based systems and comparable to that in typical material InAs
nanowires.””] The designer interface is flexible to incorporate a
ferromagnet,|*3°8] by this way, it is possible to introduce a suf-
ficiently large Dirac gap to the Rashba states, but without de-
stroying the superconductivity.>®! In this view, the a-HZO/KTO
heterointerface is potentially promising for topological supercon-
ductivity.

2.4. Density Functional Theory Calculations

To further understand the nature of such giant RSOC, we per-
formed density functional theory (DFT) calculations on KTO-
based bulk and (110) layered structures. The polar atomic layer
sequence of this film and surface symmetry breaking introduce
potential divergence to cause electronic and atomic reconstruc-
tion. Meantime, specific amorphous HZO interface configura-
tions further tune interfacial electronic structure of the 2DES. In
order to capture intrinsic inversion symmetry breaking, we con-
structed a simple tight-binding model based on bulk Ta-d and O-p
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orbital projected Wannier basis. Non-symmetry surface lattice is
shown in Figure 5a, where vertical direction cutting-off causes
inversion symmetry breaking of hopping matrix of tight-binding
Hamiltonian. Furthermore, the magnitude of atomic spin—orbit
coupling forheavy Ta element is much larger than that of 3d tran-
sition metal Ti.[®*] Rashba-like spin splitting is observed in the
tight-binding calculated electronic band structure in Figure 5b
due to strong hybridization between Ta-d and O-p orbital. Mean-
time, light-controlled electron doping shifts realistic Fermi level
to cross additional Ta-t), conduction bands, which make con-
tributions to transport signal. Energy splitting between the up
and down parabolic band at I' high symmetry point is up to
30 meV, corresponding to Lifshitz transition shown in Figure 5b.
Inversion symmetry breaking and strong SOC cause spin split-
ting bands for the lowest four bands, where the splitting energy
is presented in Figure 5c with maximum of 20 meV. The esti-
mated ay, (~0.1 eVA) is around one order higher than that (=102
eVA) in STO systems.[*>] Moreover, we use this simple Wannier
orbital projected tight-binding model to illustrate the complex
Rashba-like spin-texture surface state of (110) perovskite thin film
(Figure 5d) based on DFT spin directions, whose relaxed lattice
and band structures are presented in (Figure S11, Supporting
Information). More interestingly, the spin-texture of KTO might
present novel patterns, which is demonstrated by (111)/%!] and
(001)[62] orientation of KTO slab, combination between linear and
cubic term,[®3] as well as anomalous hall conductivity with the
special spin-texture.l® These unique spin-orientation features
may be rooted in strong SOC, multiplied bands of ,, orbitals,
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geometry configuration mixing of different directions of films,
and sensitivity of surface or interface, where spin-splitting bands
are always observed but unique spin-textures are also presented
named as Rashba-like spin-texture.[®]

3. Conclusion

We have created a new oxide heterointerface a-HZO/KTO (110)
with both large RSOC (B,, = 1.9 T) and superconductivity (T, ~
0.62 K). Further light modulation of WAL reveals a giant RSOC,
which exhibits a dome-shaped evolution as a function of carrier
density. A maximum value of B, = 12.6 T is achieved around
the Lifshitz transition point n. of ~4.1 x 10'* cm~2. The giant
RSOC, relatively high T, and large E,, (~0.31-2.03 meV) of our
a-HZO/KTO (110) make such system a highly promising candi-
date for not only energy-efficient spintronic devices but also the
exploration of fundamental physics such as topological supercon-
ductor in 2DES and non-Abelian braiding statistics in the future.

4. Experimental Section

Sample Fabrication: All samples were grown by pulsed laser deposi-
tion (PLD) using a KrF laser on 5 x 5 x 0.5 mm (110) KTO single-crystal
substrates. A pulse laser (with a wavelength of 248 nm, a repetition fre-
quency of 2 Hz, and laser fluence of 1) cm~2) was focused with a lens
onto the HfysZry 5O, ceramic targets. Before film growth, a hard mask
made from amorphous LaMnO; was pre-patterned as the Hall bar geom-
etry by optical lithography (W = 50 um, L = 500 um). The 12 nm amor-
phous Hfy sZry 5O, films were deposited at room temperature with base
pressure of ~1 X 1077 mbar and the distance between target and sub-
strate of 70 mm. The film thickness and growth rate are calibrated by
small-angle X-ray reflectivity (XRR) measurements in Figure S1 (Support-
ing Information).

Transport Characterization: Both magneto-transport and supercon-
ductivity were characterized in the Hall Bar geometry with ultrasonically
wire-bonded aluminum wires as electrodes. A commercial physical prop-
erty measurement system (PPMS, Quantum Design) was employed to
characterize the angle-dependent magneto-transport and the light-tunable
magneto-transport at low temperatures. A semiconductor laser (4 =
375 nm) was introduced into PPMS by an optical fiber to illuminate the
devices and the spot size of the light on devices is 2 mm in diameter.
The laser power (0-15 mW) and photon flux (0-9.01 x 10" cm~2 s71)
are calibrated at the end of the optical fiber. A dilution refrigerator insert
with a base temperature of 50 mK in PPMS was used for measuring the
superconductivity with perpendicular magnetic field.

Supporting Information

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