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Abstract

Oxide two-dimensional electron gas (2DEG) is a low-dimensional carrier system formed at the
interface of oxide heterojunctions with strong and tunable Rashba spin—orbit coupling which
makes oxide 2DEG an ideal platform for converting spin current and charge current. This review
provides a summary of the recent advances on the 2DEGs at oxide interfaces for spin-charge
interconversion. On one hand, we analyze properties and the efficiency of the spin-to-charge
conversion through different ways of spin current injection. On the other hand, the conversion of
charge current to spin current under different experimental methods has been summarized. These
research achievements provide perspectives and methods for understanding and regulating the
spin-charge interconversion of the 2DEG at the oxide interface.

Keywords: spin-charge interconversion, two-dimensional electron gases, oxide interfaces,
Rashba spin—orbit coupling

1. Introduction magnetism [9] superconductivity [10-12], gate tunable

Rashba effect [13—16] and spin-charge interconversion

In 2004, Hwang et al reported a high-mobility two-dimen-
sional electron gas (2DEG) at the interface of LaAlO3/SrTiO3
(LAO/STO), a landmark oxide interface [1]. This spurred
intensive research on the origins of 2DEGs, and soon after
various STO-based heterointerfaces were fabricated to pro-
duce 2DEGs [2-7]. Diverse phenomena have been observed
at the interface, including ultrahigh mobility [8], interfacial

* Authors to whom any correspondence should be addressed.

[17-28]. Among them, the latter two effects are particularly
attractive in the sense that they provide opportunities to
incorporate spin-orbitronic functionalities into 2DEGs.
Various quantum materials including Rashba interfaces
(i.e. non-magnetic metal interfaces [29, 30], 2DEGs at insulating
oxide interfaces [20, 23], metal-insulating oxide interfaces
[31, 32]), topological insulators [33-36], two-dimensional
materials (i.e. graphene, two-dimensional metal carbide) [34, 37],
and non-collinear antiferromagnets [38, 39] have been used as

© 2023 I0P Publishing Ltd
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Figure 1. Experimental methods used for the characterization of spin-charge interconversion for 2DEGs at the oxide interfaces.

the source of spin-charge interconversion. Among them, the
2DEGs at oxide interface exhibit efficient spin-charge inter-
conversion, which have aroused wide interest among researchers
(figure 1). Owing to Rashba spin—orbit coupling, the 2DEGs at
the oxide interface have the characteristic of spin-momentum
locking, i.e. both electron momentum and electron spin are
constrained to the conductive interface and are locked ortho-
gonally [40, 41]. Through this mechanism, non-equilibrium spin
density can be converted into current and vice versa, achieving
mutual conversion between spin current and charge current
[42, 43]. As a result, the efficiency of charge-spin interconversion
is dependent to the strength of the Rashba spin—orbit coupling
(SOC). Strong Rashba spin—orbit coupling has been demon-
strated at STO-based heterointerfaces [13, 44-46]. In con-
temporary research, a novel 2DEG is generated at the interface of
KTaO; (KTO) based heterostructures and their surface. Noted
that KTO possesses a stronger SOC compared to STO, attribu-
table to the presence of 5d tantalum (Ta) ions in its structure
[17, 47, 48]. Higher spin-charge interconversion efficiency is
expected to be achieved in KTO systems. In addition, the
strength of Rashba spin—orbit coupling can be modulated by
external electric fields [49—52]. Therefore, controlling spin—orbit
coupling in 2DEG is of great significance for achieving efficient
conversion between spin current and charge current.

It is important to note that the direct Edelstein effect
(DEE) [42] refers to the phenomenon in spin—orbit coupling
materials where a perpendicular electric field induces spin
polarization that is perpendicular to the field direction and
charge polarization that is parallel to the field direction.
Figure 2(a) shows the sketch of a simplified Rashba-type
system at equilibrium, which illustrates dispersion relations of
LAO/STO system [20]. At the Fermi level, there are two
Fermi contours with opposite spin textures (the spin direction
of electrons on the outer contour is opposite to that on the
inner contour). As shown in the top panel of figure 2(b), when
an in-plane electric field is applied along the positive direction
of vector k,, due to spin-momentum locking, the Fermi circle
will move a distance of Ak in the opposite direction, causing
a non-equilibrium spin accumulation and promoting the
conversion of charge current to spin current [53]. DEE leads
to the generation of spin current induced by a charge current
flowing in inversion antisymmetric 2DEGs [53] as described
by the following relation:

Js o< ar(h/e)(z x Jo), (D

where Jg is the spin-current, ag is the Rashba parameter, z is
the interfacial electric field direction perpendicular to the
2DEGs, and Jc is the charge current. The efficiency of
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Figure 2. (a) Sketch of a Rashba-type system at equilibrium. Reproduced from [20], with permission from Springer Nature. (b) Diagram for
the Fermi profile of the Direct Edelstein effect (DEE) and Inverse Edelstein effect (IEE). (c) The bulk band structure of SrTiO; and KTaOj3.
[47] John Wiley & Sons. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Rashba coefficients for Al/KTaO3 with g-factor
of 0.5-2 [17] and the related value extracted from ARPES is marked as rhombus [54], v-Al,0;/KTaO5 [48], Hfy 5Zrys0,/KTaO5 [55],

EuO/KTaOj3 [56], aLaAlO3/KTaO; [52],) STO-based 2DEG (LaAl; _Mn,0;/SrTiO3 (0 < x < 1) [49], 4-Al,O3/SrTiO; [57], LaAlO3/

SrTiO; [13], LaAl;_,Cr,05/SrTiO3 (x = 0, 0.1, 0.2) [58], NiFe/LAO/STO [20]) and semiconductors (InAlAs/InGaAs/InAlAs [59], GaSe
[60], InP/InGaAs/InAlAs [58], InGaAs/InAlAs [61], GaN/AlGaN [62], InSb [63], InAs [64]. [55] John Wiley & Sons. © 2023 Wiley-

VCH GmbH.

charge-to-spin conversion is represented by:

J.
Oes = =

7 2

On the contrary, the inverse Edelstein effect (IEE)
[43, 65] describes the phenomenon of charge accumulation
resulting from the injection of spin-polarized current into
spin—orbit coupled materials. As shown in the bottom panel of
figure 2(b), when a perpendicular spin current is injected into
the 2DEG, it induces a change in momentum space accord-
ingly. Therefore, a lateral charge current is converted at the
interface [42]. IEE length (A\jgg), which serves as a critical
parameter in characterizing the inverse Edelstein effect,
represents the distribution length of the charge accumulation,
i.e. the diffusion distance of charges. The spin-to-charge

conversion efficiency is typically characterized by A\gg:

Jo

Js h
with ar representing the Rashba coefficient, T representing
momentum/spin relaxation time, Js representing the spin
current and Jc representing the charge current [33, 66].
Generally, a larger \jgg implies that charge accumulation can
diffuse over a greater distance within the material, resulting in
a higher efficiency of spin-to-charge conversion [29].

This review introduces the latest progress in research on
spin-charge interconversion based on the 2DEG at the oxide
interface, as shown in figure 1. We talk about the strong
Rashba spin—orbit coupling in the oxide 2DEG and its con-
trollable properties, which is the origin of spin-charge inter-
conversion in oxide 2DEG. Based on this, we discuss the

. QRT

3)

)\IEE
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conversion from spin current to charge current through dif-
ferent injection methods of spin current, including electrical
spin injection, dynamic spin pumping and thermal spin
injection. Additionally, we focus on the characterization
methods of conversion from charge current to spin current,
such as spin torque ferromagnetic resonance (ST-FMR),
second-harmonic Hall measurement, non-reciprocal charge
transport and double Hall bar nonlocal measurements.
Researchers devote to explore material systems to seek higher
spin-charge conversion efficiencies. Simultaneously, they
should search for more effective methods to control external
fields in order to achieve precise modulation of the spin-
charge conversion process.

2. Rashba spin-orbit coupling of 2DEGs

At the heterointerface of oxides, the Rashba SOC phenom-
enon can facilitate an efficient transformation between spin
current and charge current. Furthermore, the strength of
Rashba spin—orbit coupling can be modulated by external
multistimuli, including electrical fields [49-52], allowing for
the manipulation of electronic states on-demand at the oxide
interfaces. Therefore, tuning spin—orbit coupling of 2DEGs is
of great significance for achieving highly efficient conversion
between spin and charge currents [67].

2.1. Strong Rashba spin—orbit coupling

Due to the confinement of electrons in a two-dimensional
interface and the breaking of inversion symmetry, interfacial
electrons are exclusively accumulated on the 3d electronic
shell of the Ti ions, residing in the #,, conduction bands of
STO. Quantum confinement lifts the orbital degeneracy of the
bulk band structure and leads to the hierarchic band structure
of 2DEGs. Under the effect of spin—orbit interaction, the
splitting of the d,, and d,, and/or d,, orbitals occurs, lifting
the degeneracy of the electronic states and resulting in sizable
Rashba spin splitting, which is enhanced by orbital hybridi-
zation [44, 45, 68]. As evidenced by theoretical calculation,
the strong dependence of the charge-to-spin conversion on the
Fermi level originates from the Rashba spin splitting of the
hierarchic band structure, and the enhanced spin splitting due
to orbital hybridization leads to the highest conversion effi-
ciency when the Lifshitz transition occurs [44, 45, 55].
Notably, the observed Lifshitz transition occurs when the
emergence of a second species of charge carriers occupying
the d,, and/or d,, orbital states [69—71]. The direct visuali-
zation of Rashba-split bands, using angle-resolved photo-
emission spectroscopy (ARPES), has predicted a highly
efficient spin-charge interconversion [46, 72, 73].

Compared with 3d transition metal oxide STO, the
uniqueness of KTO as a 5d transition metal oxide lies in its
stronger atomic spin—orbit interaction [74, 75]. The bulk band
structures of STO and KTO are shown in figure 2(c), the spin
splitting energy A, is ~ 0.02 eV for the Ti 3d electrons in
STO, while ~0.4 eV for the Ta 5d electrons, which is almost
20 times than that of STO [47]. Many researchers have

investigated KTO-based oxide 2DEGs to obtain a larger
Rashba coefficient (ag = Ay,/2kr where kg is Fermi wave
vectors). The largest Rashba coefficient currently discovered
by researchers comes from Al/KTaOj; [17], where ag = 0.32
eVA, extracted from the angle-resolved photoemission
spectroscopy in (001) orientation [48]. Figure 2(d) illustrates
a comparison of the extracted Rashba coefficients in different
systems including traditional semiconductor 2DEGs, STO-
based oxide 2DEGs and KTO-based oxide 2DEGs [55],
indicating that compared with traditional semiconductors
2DEGs and STO-based oxide 2DEGs systems, the KTO-
based oxide 2DEGs system has a larger Rashba coefficient
[17, 20, 48, 49, 52, 54, 56-64, 76]. Therefore, it is expected
that a higher spin-charge interconversion efficiency will be
achieved in KTO-based 2DEGs systems [77, 78].

2.2. Electric field tunable of SOC

Different from conventional semiconductor 2DEGs, oxide
2DEGs have a large Rashba spin—orbit interaction, whose
magnitude can be modulated by the application of an external
electric field [13]. Extensive efforts have been made to tune
the Rashba field and other novel properties for 2DEGs at
oxide interfaces by electrostatic gating [49-51, 79, 80].
Conventional electric field effect to tune properties requires
high voltages of tens to hundreds of volts, which is also called
back-gate voltage modulation. Caviglia et al [13] successfully
achieved effective control of the Rashba SOC by applying
gate voltage at the LAO/STO interface. As shown in
figures 3(a) and (b), through quantitative analysis of weak
anti-localization of the LAO/STO interface 2DEG under
different gate voltages, Caviglia et al [13] investigated the
influence of gate voltage on the strength of Rashba SOC and
proposed that the field effect on the critical temperature of
superconductivity is due to the field effect on the strength of
spin—orbit coupling (figure 3(c)). Besides LAO/STO system
[13, 71, 81-83], back-gate voltage modulation has also been
explored massively in other systems, such as LaVO;/SrTiO;
[84], EuO/KTO [56] and LAO/KTO [50]. Different from the
studies with conventional electric field effects, the electric
double layer transistor (EDLT) with an ionic liquid (IL) as the
dielectric layer provides a more powerful means to tune the
carrier density and Hall mobility with only a few volts
[85-87]. Figure 3(d) illustrates the basic mechanism of EDLT
at the 1-Al,O3/SrTiO3; (GAO/STO) interface and figure 3(e)
shows the gate voltage dependence of the contribution of
spin—orbit interaction and inelastic scattering, which shed
light on the modulation of spin—orbit interaction [14].

3. Spin-to-charge conversion in 2DEGs

The conversion of spin current to charge current enables the
detection and manipulation of electron spin states [88].
Similar to the spin-to-charge conversion at topological insu-
lator interfaces [35], the spin-to-charge conversion for 2DEG
at the oxide interface has a series of characteristics, such as
high effective conversion efficiency and gate tunability,
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Figure 3. (a) Weak anti-localization of the LAO/STO interface at different back-gate voltages. (b) Back-gate voltage tunable Rashba SOC of
the LAO/STO interface. (c) Back-gate voltage dependence of the electrons factor g and superconducting critical temperature 7T,. Reprinted
(figure) with permission from [13], Copyright (2010) by the American Physical Society. (d) Basic mechanism of EDLT under applied

positive voltages. (e) Gate voltage tunable Rashba SOC of the 7-Al,03/SrTiO5 interface. Reprinted with permission from [14]. Copyright

(2017) American Chemical Society.

which may facilitate the development of novel technologies
such as spin-based memory and logic devices. A\gg is the
figure of merit characterizing the efficiency of spin-to-charge
conversion. Aigg of Rashba interfaces are measured at room
temperature (0.1-0.4nm for Bi/Ag [29, 89]), topological
insulator surfaces (2.1 nm for «-Sn [43]), heavy metals
(0.2 nm for Pt, 0.3 nm for Ta and 0.43 nm for W) while that of
2DEGs are measured at low temperature (e.g. 6.4nm for
LAO/STO). Therefore, researchers have done a lot of
research to explore the higher conversion efficiency in 2DEG.
Three main methods have been explored to inject spin cur-
rent, namely electrical spin injection, dynamic spin pumping
and thermal spin injection.

3.1. Electrical spin injection

In 2012, Reyren et al [90] demonstrate efficient electrical spin
injection at the LAO/STO oxide interface via Hanle mea-
surements [91, 92], which also gives information on the spin
lifetime. The Hanle effect (inverse Hanle effect) is a
phenomenon where the precession of spin accumulation is
influenced by a perpendicular or transverse magnetic field.
When an external magnetic field is applied perpendicularly
(parallel) to the magnetization of the ferromagnetic spin
injector, spin accumulation is suppressed (restored). Reyren
et al [90] utilized a nonlocal, 3-terminal configuration for spin
injection into the 2DEGs at the interface, as shown in
figure 4(a). They analyzed the voltage changes associated
with the spin accumulation dynamics driven by vertical or
transverse magnetic fields (Hanle and inverse Hanle effects)
and the modulation of the density of states at the quasi-two-

dimensional electron system (2-DES) interface using back-
gate voltage. Figure 4(b) demonstrates the Hanle and inverse
Hanle effects under back-gate voltage modulation. The
influence of bias and back-gate voltages reveals that the spin
accumulation signal is amplified by resonant tunneling
through localized states in the LAO strongly coupled to the
2-DES by tunneling transfer. It is worth noting that the total
amplitude of the Hanle signal ARyA is observed to be larger
by five to six orders of magnitude than the theoretically
estimated value [93]. They attributed this large amplitude to
resonant spin injection tunneling transmission [90]. However,
Inoue et al later provided an alternative explanation for the
similar magnetoresistance (MR) phenomenon observed at the
Co/LAO/Nb:STO interface (figure 4(d)), which differed
from the Hanle effect [94]. They gave a different interpreta-
tion to the observed MR (figure 4(c)) and assigned the origin
of the magnetoresistance to spin-dependent hopping through
defect states in the barrier [94]. They have questioned the
reliability of explaining the Hanle effect in a three-terminal
geometric structure and have raised doubts about the derived
spin lifetime which is characterized by the observed MR in
ferromagnet-nonmagnet tunnel junctions.

3.2. Dynamic spin pumping

In contrast to conventional electrical spin injection, the
technique of spin pumping injection, as reported by Lesne
et al [20], offers advantages in terms of enhanced detectability
of electrical signals, compatibility with gate control, and
convenience for investigating the efficiency of spin-to-charge
conversion at oxide interfaces. Numerous research groups



Nanotechnology 35 (2024) 092001

Topical Review

Nb:SrTiO3 LaAlO3 Co

8.25 LA B B ) | LI B B | | LI B B l LI B B
845F", H,H,V =-100V ]
E™, H. H,, no gate ]

8.10 |+ .
- H,H,V =+30V -

" L g

€ 8.05 ]
&0 V= 0.113 V ) ' E
-2 -1 0 1 2

p,H (T)
2 uU.c

T=10K

-—1-—’

0.8 -04 0.0 0.4 08
B(T)

~

s i

401.6
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have successfully employed this dynamic spin pumping
technique to introduce spin-polarized currents into 2DEGs at
oxide interfaces [17, 20, 25, 47]. As shown in figure 5(a),
Lesne et al [20] first reported significant spin-to-charge con-
version for the 2DEG at the LAO/STO interface, spin
pumping drives the magnetization of a ferromagnetic layer
(e.g. NiFe) into precession by applying an external magnetic
field and radio frequency microwaves together. When reso-
nance conditions are reached, angular momentum is ejected
from the NiFe layer, then spin-polarized carriers accumulate
at the interface between the ferromagnet and channel layer.
Through ferromagnetic resonance (FMR) measurement, spin-
polarized current is pumped into 2DEGs, and then charge
accumulates through IEE; thus, a voltage signal (Vigg) can be
recorded, as shown in figure 5(b). Figure 5(c) shows the gate
dependence of \gg , from which a crossover between positive
to negative spin-to-charge conversion is clearly visible near
Vy, = 0. It was found that the amplitude of the conversion

current can be modulated by more than an order of magnitude
when a gate voltage is applied, and even its sign can be
changed, so the efficiency of spin-to-charge conversion also
shows gate tunability, which researchers attribute to the huge
tunability of Rashba SOC. In their system, Agg is as high as
—6.4nm at 7 K and decreases with increasing temperature. In
a study conducted by Vaz er al [25], a significant enhance-
ment in spin-to-charge conversion efficiency was observed in
the AlO,/STO 2DEG at low temperatures. The correlation
between the magnitude of the conversion and the gate-tunable
electronic structure was elucidated and presented in
figure 5(d). Furthermore, figure 5(e) depicts the dependence
of the A\jgg on the applied gate voltage. The spin-to-charge
conversion varies strongly in sign and amplitude, with its sign
changing several times in the studied range of gate voltages.
Moreover, the conversion efficiencies at maximum values are
extremely high for both positive and negative values
(+28 nm, —16nm). Note that M\gg is proportional to the
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Rashba orbit splitting. This amplified \gg is due to the
enhanced Rashba-like splitting in the vacant band crossing
regime with a nontrivial topology. In addition to the STO-
based 2DEG system, another promising oxide system with
spin-to-charge conversion potential is KTO-based 2DEG. As
analyzed above, Ta is a 5d element that is heavier than Ti, so
KTO is expected to have a larger spin—orbit coupling [47].
Recently, Vicente-Arche et al synthesized a new Rashba 2D
electron gas by depositing aluminum on a KTO substrate
(figure 5(f)) [17]. This material stands out as the sole
demonstrator of effective spin-to-charge conversion through
spin pumping. The spin pumping ferromagnetic resonance
(SP-FMR) results, as depicted in figure 5(g), reveal a value of

Mg around —3.5nm at 10 K. This finding is comparable to
the measurements conducted on LAO/STO 2DEGs
[20, 22, 95], which exhibited values ranging from 2 to
—6.4nm based on gate voltage. Moreover, it represents one
of the largest values reported thus far, albeit lower than that
observed in AlO,/STO [25] (Mg = 30 nm). It is noteworthy
that the resulting raw current is in the magnitude of 40 nA,
significantly surpassing the value of 1 nA reported in thermal
spin injection experiments [18].

More recently, the Bibes’s group [21] proposed a method
to suppress power consumption by coupling the ferroelectric
properties with spin-to-charge conversion in oxide 2DEG.
The polarization of a ferroelectric can be switched by an
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electric field, typically at an energy cost 1000 times smaller
than that of switching a ferromagnet [96]. In addition, ferro-
electrics can host strong electric fields that greatly change the
carrier density in adjacent materials, thus tuning their prop-
erties in a non-volatile manner. Figure 6(a) shows their basic
concept of ferroelectrically controlled spin-to-charge conver-
sion. They switch the polarization direction by applying dif-
ferent gate biases on STO with ferroelectric properties. As a
result, the pumped spin current can be converted into positive
or negative charge currents under different polarization con-
ditions. Figure 6(b) shows the electric field manipulation of
spin-to-charge current conversion where achieved Ajgg is +
60nm. Figure 6(c) shows the normalized charge current
produced after applying + 200V voltage pulses, demon-
strating non-volatile control of spin-to-charge conversion. It is
noteworthy that the polarization direction of ferroelectric STO
can be manipulated by an electric field to induce spin current
conversion into charge current, and the converted current has
characteristics similar to a hysteresis loop under different
polarization states. Figure 6(d) illustrates the relationship of
Al with temperature. This non-volatile gate-tunable 2DEGs
spin flow conversion into charge flow induced by ferroelectric
properties rather than ferromagnetic properties opens a new
path for low-power spintronics.

Lag 6751933MnO5; (LSMO) is a strongly correlated half-
metallic ferromagnetic-perovskite oxide that can be epitaxially
grown on STO due to the small lattice mismatch of ~0.8%. As a
result, LSMO is an ideal candidate for exploring efficient spin
injection and intrinsic spin-to-charge conversion. Ohya et al [22]
researched the epitaxial single-crystal heterostructure of LSMO/
LAO/STO (figure 7(a)), which can suppress spin scattering and
provide an ideal environment for studying intrinsic spin-to-
charge conversion. As is shown in figure 7(b), the efficiency of
spin-to-charge conversion is enhanced at lower temperatures,
with a significant increase to 6.7 nm at 20 K. The efficiency
can be further improved by controlling the density and relaxation
time of carriers. Band structure calculations reproduce this
behavior well and predict that by adjusting the position of the
Fermi level near the Lifshitz point [69, 70], the efficiency of
spin-to-charge conversion will be further significantly improved.
In order to achieve a larger IEE efficiency, a larger ag, a larger
momentum/spin relaxation time (7) and efficient spin current
propagation are required. Recently, Kaneta-Takada et al [24]
used strongly correlated polar metal LaTiO3, 5 (LTO) layers to
carefully cultivate high-quality fully epitaxial LSMO/LTO/
STO heterostructures via molecular beam epitaxy (MBE), which
is shown in figure 7(c). They demonstrated a large spin-to-
charge conversion efficiency using spin pumping ferromagnetic
resonance voltage measurements. LTO has a high resistivity p,
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which can prevent the reduction of two-dimensional electron 7.
In addition, the sharpness of the interface in the heterostructures
is also thought to substantially increase 7 due to the suppression
of interface roughness scattering. Apart from that, LTO has
excellent lattice matching and metal abundance, so spin current
can be effectively propagated in LTO. Therefore, LTO is a
suitable material for maximizing 7 and spin current propagation,
resulting in a larger IEE efficiency. Figure 7(d) shows Ak as a
function of temperature, as well as data from various STO
interfaces with other materials [21, 22, 25, 95, 97]. The large
increase in dielectric constant [98] leads to an increase in STO’s
7. Therefore, as temperature (7) decreases, A\jgg increases sig-
nificantly. Notably, Kaneta-Takada et al [24] achieved a giant
Mg of 193.5nm at 15 K, which is the highest value reported
among all materials including spin Hall systems.

3.3. Thermal spin injection

Thermal spin injection is a recently discovered spin current
phenomenon that originates from the spin dependence of the
Seebeck coefficient, which may offer an innovative way to

simplify device integration without the need for electric
power, unlike spin pumping by magnetization dynamics.
Zhang et al [18] successfully obtained 2DEGs by construct-
ing epitaxial heterostructures with ferromagnetic EuO and
KTaO; (figure 8(a)). They found that the 2DEGs at the EuO/
KTO interface can directly receive thermally injected spin
current from EuO and convert the spin current to charge
current via the inverse Edelstein effect of the interface. They
used a thermal gradient to efficiently inject spin current into
the 2DEG, which is called the spin Seebeck effect. The spin
Seebeck effect is zero without a thermal gradient, which
means that a temperature difference is required to generate
this effect. The spin Seebeck effect also increases with
increasing heating power so can be controlled by adjusting
the heating power. The potential parasitic effects [99-102]
that spin pumping injection may generate, including the dc
electromotive forces due to rf-current rectification via aniso-
tropic magnetoresistance effect, planar Hall effect, and
anomalous Hall effect, will lead to a misunderstanding of the
experimental results [103]. Spin injection takes place in the
manner of thermal diffusion of non-equilibrium magnons
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rather than electron transmission through EuO. This approach
effectively avoids the impedance of oxide insulators to spin
currents. Since thermal spin injection is driven by a temper-
ature gradient, it eliminates possible parasitic effects asso-
ciated with ferromagnetic resonance (FMR). Zhang et al [18]
conducted a systematic study on samples with varying
thicknesses of EuO layers. The Iigg-H measurement curve for
a 30 nm thick EuO sample is shown in figure 8(b), and a
rectangle-shaped clockwise Iigg—H loop is formed. Notably,
there is a non-zero threshold magnetic field that causes the
current to reverse due to the coercive field of EuO layer
causing magnetization reversal. Thus, the analysis of the
Iigg—H measurement results confirmed that the spin-to-charge
conversion here has been driven by the spin Seebeck IEE of
the 2DEG. As shown in figure 8(c), the thermoelectric current
increases with increasing thickness of the EuO layer but not
linearly. This is because thicker EuO layers can provide more
non-equilibrium magnets, leading to a thermoelectric effect.
However, as the film becomes thicker, the contribution from
distant magnets from the interface decreases, slowing down
the growth of the thermoelectric current. It is difficult to
determine the efficiency of spin-to-charge conversion in
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thermal spin injection, due to the difficulty of estimating spin
current. To measure thermoelectric efficiency, Zhang et al
[18] defined a spin Seebeck coefficient (SSC) as the electric
field generated by unit temperature gradient via the spin
Seebeck effect, which allows comparing thermoelectric effi-
ciency of different systems. As shown in figure 8(d), com-
paring results for EuO/KTO and Pt/YIG heterostructures
with the same thickness for magnetic layer (about 50 nm),
SSC of the former system is about 19 times larger than that of
the latter system, which indicates that EuO/KTO system has
much higher thermoelectric conversion efficiency than Pt/
YIG system.

4. Charge-to-spin conversion in 2DEGs

Spin current induced by a charge current has been extensively
explored to electrically manipulate magnetism and high
charge-to-spin conversion efficiency is expected to enable a
low power spin—orbit torque (SOT) [104-107] switching
mechanism. The efficiency of charge-to-spin conversion can
be characterized by many measures.
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4.1. Spin torque ferromagnetic resonance (ST-FMR)

In 2017, Wang et al [26] achieved a significant breakthrough
by successfully showcasing the efficient conversion of
charge-to-spin in a 2DEG at the LAO/STO interface. This
work was accomplished using the spin torque ferromagnetic
resonance technique (ST-FMR), as depicted in figure 9(a). By
applying radio frequency current (Igp) to the 2DEG, a
nonequilibrium spin current was generated via DEE in the
CoFeB/LAO/STO heterostructure.

The generated torques make the CoFeB magnetization
into precession with the same frequency as Izg. The product
of anisotropic magnetoresistance and radio frequency current
oscillations generates a mixed voltage V,,;x, which is detected
by a lock-in amplifier (figure 9(b)). The efficiency of charge-
to-spin conversion is represented by Ocs:

Eequol‘FMd

% > [1+ 477Meff/Hr]]/2’
a

Ocs = “4)
where the symmetric component V; is mainly attributed to the
damping-like (DL) torque, the antisymmetric component V, is
originated from the field-like (FL) torque and Oersted field, e
is the electron charge, 7 is the reduced Planck constant, (oM,
is the saturation magnetization of ferromagnetic (FM) layer,
teM 18 the thickness of FM, d is the thickness of the 2DEGs
conducting layer, 4mM.¢ is the effective magnetization of FM
layer, and H, is the resonance field, respectively. By calcu-
lating the symmetrical component of the voltage Vi, the
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efficiency of charge-to-spin (Ocs) is evaluated to be ~6.3 at
room temperature (figure 9(c)), which is almost 2 orders of
magnitude larger than the spin Hall angles in heavy metals,
such as Pt and Ta [97, 108, 109]. Additionally, in contrast to
previous SOT devices, the spin source of the 2DEG and the
ferromagnetic layer composed of CoFeB are physically
separated by the insulating layer of LAO, with no direct
contact between them. Remarkably, spin transmission across
the LAO overlayer at room temperature is observed, a
phenomenon which Wang et al [26] attribute to inelastic
tunneling facilitated by localized states within the LAO layer.
Following this progress, Yang et al [27] subsequently
reported further achievements in charge-to-spin conversion.
Their study showcased effective conversions of charge cur-
rent to spin current within 2DEGs at various interfaces,
including LAO/STO, LaTiO;/STO (LTO/STO), and con-
ducting STO surfaces irradiated by Ar" ions. Due to the lack
of an insulator between the 2DEG and FM layers, the ST-
FMR spectrum of a 5-nm-thick NiFe layer on Ar"etched STO
shows a larger signal amplitude. According to equation (4),
the 4mM.¢ represents the contribution of interfacial aniso-
tropy. The interfacial anisotropy of all three types of devices
studied is found to be very large. The contribution of inter-
facial anisotropy for NiFe/Ar" etched STO is 0.93 T, for
NiFe/LAO/STO is 0.92T, and for NiFe/LTO/ STO is
0.90 T via calculation. In addition, they calculated the charge-
to-spin conversion efficiency at different microwave-
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Table 1. The efficiency of charge-to-spin conversion obtained from ST-FMR measurements.

2DEG Configuration Charge-to-spin conversion efficiency (10csl)
LAO/STO CoFeB/LAO/STO 6.3 at 300 K [26]
Ar'etched STO  NiFe/Ar" etched STO 0.9 at 300K [27]
LAO/STO NiFe/LAO/STO 1.8 at 300 K [27]
LTO/STO NiFe/LTO/STO 0.6 and 2.4 at 300 K [27, 28]
~-Al,03/KTO Py/+-Al,O3/KTO 36at 5K and 1.1 at 300K [112]

frequencies of the AC current Ixg. At a frequency of 6 GHz,
the LAO/STO, LTO/STO, and Ar" etched STO interfaces
exhibit charge-to-spin conversion efficiencies of 1.8, 0.6, and
0.9, respectively. These efficiencies surpass those typically
observed in conventional heavy metal systems [109-111]
(figure 9(d)). This will enable SrTiOz-based 2DEGs SOT
devices for low-power non-volatile memory and logic. Zhang
et al [28] observed a charge-to-spin conversion efficiency at
the LaTiO35/SrTiO3 interface. The charging current flowing
along the LTO/STO interface can effectively generate a spin
current, producing a SOT in the adjacent NiFe layer, with a
maximum conversion efficiency of about 2.4 at room temp-
erature. As shown in figure 9(e), 10csl ranges 1.5-2.4 as
temperature varies. This may help to expand the range of
SOT-based spintronic applications and demonstrates the great
potential of oxide 2DEGs in spintronic applications.
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It’s worth noting that Zhang et al [112] are the only ones
to have reported the realization of charge-to-spin conversion
through ST-FMR in KTO-based systems, as shown in
figures 10(a) and (b). The conversion efficiency as high as
approximately 3.6 at 5 K and 1.1 at 300 K are detected for the
Py/+-Al,05/KTO with a v-Al,O3 layer of 3 unit cell (u.c.),
which are more than an order of magnitude higher than that of
Pt (about 0.07 at 300 K). We sort out the efficiency of charge-
to-spin conversion obtained from ST-FMR measurements,
which is shown in table 1. Moreover, the full angle dependent
ST-FMR measurements are carried out as the magnetic field
rotates the magnetization direction of the Py layer in the
sample plane at room temperature, as is shown in figure 10(c),
suggesting that the Rashba effect at the ~-Al,O3/KTO
interface is opposite in sign to that for the heavy metal Pt. It is
worth noting that a strong dependence of the conversion
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efficiency on band filling is observed, and the most efficient
conversion takes place at the filling level corresponding to
Lifshitz transition (figure 10(d)). Theoretical analysis indi-
cates that enhanced spin splitting of the electronic band
structure is responsible for efficient conversion.

4.2. Second-harmonic Hall measurement

In addition to using ST-FMR to characterize the efficiency of
charge-to-spin conversion, Grezes et al [21] recently used
harmonic Hall voltage measurements to quantify spin—orbit
torque. They achieved non-volatile electric field control of
spin—orbit torque (SOT) in MgO/CoFeBa/Ta/STO devices,
as shown in figure 11(a). By injecting an AC current of up to
600 pA along the x-direction, they induced small oscillations
in magnetization near its equilibrium and generated con-
tributions to the Hall resistance of the first and second har-
monics. The second harmonic signal provided a sensitive
method for measuring the current-induced SOT effective field
[113-115]. Figure 11(b) shows the second harmonic Hall
resistance under positive and negative gate fields along the x-
axis, corresponding to anti-damping like torque.

Figure 11(c) shows the measured SOT anti-damping like
effective field per linear current density poHap/J, as a func-
tion of the gate-electric field. The results show a remanent
modulation of the SOT- H,p, effective field, with inversion of
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the Hap sign for opposite maximum gate-electric fields. The
dependence shows a hysteresis that is inverted. Thus, the SOT
hysteresis can be understood as resulting from both the cur-
rent redistribution in the stack when varying the 2DEG
resistivity, and the variations of the conversion with the
2DEG Fermi level position. Therefore, the ability to manip-
ulate the 2DEG using gate voltage provides degrees of free-
dom not available in classical ferromagnetic/spin Hall effect
bilayers, where the sign and amplitude of SOT under a given
current are fixed by the stack structure. SOT can be elec-
trically controlled in a non-volatile manner in both amplitude
and sign. Figure 11(d) further demonstrates the dynamic
control of the SOT effective field, showing the normalized
second harmonic Hall resistance measured at the residual shift
after applying gate field pulses, proving the repeatability of
the reversal of the SOT torque sign. The experiment was not
performed at zero field but at shifted electrical remanence E, .
Their work paves the way for electrically reconfigurable SOT
MRAM circuits, SOT oscillators, skyrmion and domain wall-
based devices, and magnetic resonance circuits [20, 116].

4.3. Non-reciprocal charge transport

Another way to characterize the conversion of charge flow to
spin flow is through the current-induced effect. When a
charge current is passed through Rashba 2DEGs, it generates
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a transverse spin density [17, 65]. In experiments, the current-
induced effect is mainly described by analyzing the current-
induced Rashba spin—orbit field. However, the Rashba spin—
orbit field cannot be directly measured, so it is mainly char-
acterized and fitted by measuring magnetoresistance and
anisotropic magnetoresistance to reflect the ability of charge-
to-spin conversion. In 2014, Narayanapillai et al first pro-
posed a theoretical model of a synthetic magnetic field Hggp,
as shown in figure 12(a) [117]. They believe that the root
cause of the change in magnetoresistance is the combined
action of the current-induced Rashba spin—orbit field Hg
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perpendicular to the current and the applied magnetic field
Hy. At the same time, they gave a theoretical formula
for quantitatively analyzing the Rashba spin—orbit field :

Hipp = HA + Hy 4+ 2HaHgcos¢ and o = arctan [ Hgsing /
(Ha + Hgcosg)]. Through this model, they measured and
analyzed the anisotropic magnetoresistance of the LAO/STO
interface. It is worth noting that the direction and magnitude
of Hy are related to the direction and magnitude of the applied
current. Soon after, Vaz et al [118] also analyzed the current
effect at the LAO/STO interface, as shown in figure 12(b).
They measured the anisotropic magnetoresistance under the
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conditions of 7= 2K, B=9T, V, = 80V, and observed a
large non-reciprocal charge transport. They analyzed the
bilinear characteristics of magnetoresistance, that is, Agymr 1S
linearly related to current density and magnetic field. Based
on this, Vaz ef al [118] proposed a new theoretical model for
determining Rashba parameters. In addition, Choe et al [119]
first performed gate voltage regulation of non-reciprocal
charge transport at the LAO/STO interface, with the test
diagram shown in figure 12(c). Since the Rashba spin—orbit
interaction in the LAO/STO conductive interface is gate-
controllable, Choe et al [119] applied a gate voltage V, to
reflect the non-reciprocal response. As shown in figure 12(e),
MR was measured by applying different gate voltages. For
each applied gate voltage, magnetoresistance MR was mea-
sured in two directions of current +/; and —I;. The strong
asymmetric V, dependence of the nonreciprocal response can
be observed. The ratio of resistance changes AR,./R.«
between +/I, and —I, is plotted as a function of gate voltage
in figure 12(d). When V, is applied, the sub-band hierarchy
along the (001) STO of 2DEG causes significant changes in
spin—orbit interaction, leading to the transition of Lifshitz
points (figure 12(d) inset). Apart from that, the gate-
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controllable spin—orbit interaction can be inferred from the
crossover between weak localization and weak anti-localiza-
tion behavior at low temperatures [13]. Recently, Zhang et al
[120] studied the strong anisotropic bilinear magnetoresis-
tance of 2DEG based on (110) STO. They found that the
bilinear magnetoresistance (BMR) measured along the [001]
axis can be 5 times that measured along the [112] axis,
explored the close relationship between BMR and current-
induced effective Rashba spin—orbit field, and determined an
effective Rashba spin—orbit field of up to 4.5T, which is
shown in figure 12(f). This work demonstrates the great
potential of anisotropic 2DEG for the exploration of unusual
effects. In addition to SrTiO3-based 2DEG, Bibes’ group [17]
recently reported the direct Edelstein effect in a new interface
2DEG based on perovskite oxide KTaO;, as shown in
figure 12(g). 2DEGs are generated by the simple deposition of
Al metal onto KTaOj; single crystals, shown to display the
DEE through unidirectional magnetoresistance. Figure 12(h)
shows the bilinear magnetoresistance at the AlO,/KTO
interface, contributing to the exploration of charge-to-spin
conversion based on KTO.
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4.4. Double Hall bar nonlocal measurements

In contrast to external spin injection [20, 25], Jin et al [121]
employed the two-dimentional Spin Hall effect (2D-SHE)
[122] as a means to generate spin currents in a 2DEG of STO
with Rashba spin—orbit coupling, realizing the charge-to-spin
conversion. As depicted in figure 13(c), when a charge current
(jci“j“‘) is applied along the x direction, the Fermi contours are
displaced by Ak along —x which results in the generation of a
transverse spin density oriented along y direction, through the
direct Edelstein effect. This spin density can then diffuse and
produces a transverse spin current in the material or in adjacent
layers. Furthermore, as a result of the displacement of the
Fermi contours by Ak, the electrons experience a precession of
their spins around the new expected spin direction. This pre-
cession causes the tilting of the spins along the +z direction for
ky > 0 and the —z direction for k, < 0. As a consequence, a
spin current polarized along the z direction is created in the y
direction. This is the two-dimentional spin Hall effect.

Within systems featuring pronounced spin—orbit interac-
tions, longitudinal charge currents give rise to transverse spin
currents through the mechanism of the spin Hall effect. Oxide
heterostructures provide an advantageous platform for the gen-
eration of spin-polarized currents via the spin Hall effect, facil-
itating further investigations into non-local spin diffusion.
Jin et al bypassed the problem of the low spin injection efficiency
at a LAO/STO interface by generating a spin current instead
through the inherent spin Hall effect and demonstrate the non-
local spin transport [90, 94, 121, 124]. Figure 13(a) illustrates the
basic concept of a four-terminal non-local configuration. The
SHE facilitates the conversion of locally applied charge current
into a transverse spin current, which subsequently diffuses to
non-local terminals. Through an analysis of the channel length-
dependent Hanle effect observed in a four-terminal non-local
device (figure 13(b)), it has been posited that the Spin Hall
coefficient (angle) measures at 0.15, while a more dependable
spin lifetime of 150 ps is attained at low temperatures.

Trier et al [123] took a different approach compared to Jin
et al [121] in fabricating Hall bar devices. Instead of using elec-
tron beam lithography, they utilized pulsed laser deposition to
create Hall bar devices with varying channel lengths. Through
their experiments, they were able to establish a precise relationship
between the non-local spin voltage and the channel length [111].
In their study, they observed the nonlocal resistance as a function
of the magnetic field (B) applied along the x-axis. The results
depicted in figure 13(d) demonstrate a significant charge-to-spin
conversion efficiency, which can be effectively adjusted by an
electric field. Remarkably, by manipulating the experimental
conditions, such as the electric field, it was possible to tune the
Spin Hall coefficient to values ranging from 5% to over 40%.

5. Conclusion

This review mainly introduces the mutual conversion of spin
and charge in 2DEG at oxide interfaces. Due to the confine-
ment of electrons in a two-dimensional plane and the breaking
of spatial inversion symmetry, there is a large spin—orbit
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coupling of the 2DEG at the oxide interface compared to
traditional semiconductors. In addition, the strength of
Rashba spin—orbit coupling can be modulated by external
electric fields, allowing control of electron spin. Currently,
research on spin-charge interconversion in oxide 2DEGs is
mainly based on STO-based and KTO-based 2DEGs. The
conversion of spin current to charge current is mainly carried
out through the inverse Edelstein effect. There are three main
ways to inject spin current: electrical spin injection, spin
pumping injection and thermal spin injection. The electrical
injection method is simple, but it is difficult to detect elec-
trical signals. Spin pumping is the most widely used method
for injecting spin current with a range of advantages, such as
efficient spin-current transport and strong controllability.
Thermal spin injection may provide an innovative way to
simplify device integration without electricity and eliminate
the potential parasitic effect of spin pumping while it’s dif-
ficult to determine the efficiency of spin-to-charge conversion
via thermal spin injection. There are four main research
methods for charge-to-spin conversion: ST-FMR, second-
harmonic Hall measurement, non-reciprocal charge transport
and double Hall bar nonlocal measurements. Among them,
ST-FMR is the only method that can directly derive the
charge-to-spin conversion efficiency. DL and FL. moments
can be analyzed quantitatively by second-harmonic Hall
measurement. Non-reciprocal charge transport is the simplest
way to measure the efficiency of conversing charge current to
spin current which can be intuitively reflected by changes in
resistance and double Hall bar nonlocal measurements detect
the charge-to-spin conversion by the spin Hall effect rather
than the Edelstein effect.

Overall, utilizing the high conversion efficiency of
charge to spin for 2DEGs at the oxide interfaces, it is
anticipated that the flipping of magnetic moments in ferro-
magnetic layers can be achieved. This enables the imple-
mentation of SOT in structures comprising ferromagnetic
layers and 2DEG heterojunctions, thereby facilitating the
development of novel magnetic storage devices. The high
conversion efficiency of spin to charge makes oxide 2DEGs
suitable for the spin—orbit (SO) unit in mgnetoelectric spin—
orbit (MESO) [125] logic devices for information read-out.
However, there exists an insulating oxide layer between the
ferromagnetic layer and the conducting 2DEG. This layer
hampers the transport of spin and charge currents, which
maybe a problem for impeding the realization of functional-
ities in magnetic storage devices. It is expected to improve
higher transmission efficiency and spin-charge interconver-
sion efficiency for 2DEGs at the oxide interfaces for appli-
cations in ultra-low power spintronics devices. We sincerely
hope that this article will provide a clear overview of spin-
charge interconversion of 2DEGs at the oxide interfaces and
inspire more investigations on this promising research field.
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