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The transition metal oxide family harbors various types of materials of interest for
spintronics: half-metallic manganites are highly efficient spin injectors and detectors,
yielding record values of tunnel magnetoresistance; multiferroic materials, and in particular
BiFeOs, allow the electrical control of magnetization and spin excitations at room
temperature; combined with ferromagnets, piezoelectric perovskites enable a controlled
tuning of magnetic anisotropy, domain dynamics and even magnetic order. In this review, we
argue that a new opportunity is emerging for oxides in spintronics with the rise of
spin-orbit-driven phenomena such as the direct and inverse spin Hall and Rashba-Edelstein
effects. After surveying the few results reported on inverse spin Hall measurements in oxide
materials, we describe in depth the physics of SrTiOs-based interfaces and their usage for
both spin-to-charge and charge-to-spin conversion. Finally, we give perspectives for a more
thorough exploration of spin Hall effects in oxides and enhanced conversion ratios in both

three- and two-dimensional structures.



1. Introduction: Electrical control of magnetization

Spintronics utilizes both the charge and spin degrees of freedom of electrons to store,
transmit and process information®. Historically, spin-based information has been recorded
by the magnetization direction in a ferromagnetic metal — typically a transition metal alloy
based on Co, Fe and/or Ni — and manipulated by the application of a magnetic field
generated by current lines. Although this approach led to a first generation of non-volatile
magnetic random-access memories (MRAM), commercialized in 2006, their design and
very large power consumption prevented reaching higher storage densities. A first
technological breakthrough towards denser memories came with the discovery of
spin-transfer torque, a mechanism by which a spin-polarized current running through a
ferromagnet is able to switch its magnetization?. This led to simpler and more compact
designs as well as a significant reduction in write energies, remaining however one to two
orders of magnitude above desirable values.

Interestingly, the first experimental demonstration of spin-transfer torque magnetization
switching was reported in 1999% almost concomitant with the rediscovery of
magnetoelectric multiferroics”, an important family of materials that attracted a huge
attention in the following decades®®. Multiferroics are appealing for spintronics because
they possess at least two ferroic (or antiferroic) order parameters (often being ferroelectric
and magnetic) that can be coupled, which provides a route to control magnetism
electrically”. Importantly, multiferroics are insulators, meaning that they are not controlled
through the application of an electrical current — as with spin-transfer torque — but by an
electric field, allowing much lower power consumption together with non-volatility (in
contrast with approaches based on dielectrics such as MgO®).

The route from the concept of magnetoelectric switching using multiferroic materials to its
practical realization has been long and tortuous® 2. Reasons include the virtual inexistence
of ferroelectrics with a large magnetization, imposing the need to combine multiferroics
with ferromagnets, the limited number of room-temperature multiferroics and the modest
amplitude of the magnetoelectric coupling. However, recent results™>** have aroused the

interest of major electronics companies™>*®

, boosting the use of multiferroics in
next-generation spin-based transistors that require ultralow power consumption.

While oxide materials have only played a small part in the development of spin-transfer
torque, they have been at the heart of the research on multiferroics, with materials such as

BiFeO3; — a room-temperature ferroelectric with non-collinear antiferromagnetic order —



on the spotlight'”. Additionally, materials such as SrTiOj3 are starting to be used to convert
charge currents into spin currents, opening new doors for spintronic devices that operate
without external magnetic fields. In this review, we will discuss the potential of oxide
materials for the low-power electrical control of magnetism through spin-orbit-based
mechanisms. With conventional materials such as heavy metals, this approach already
allows a decrease of power required to switch magnetization in current-based schemes and
aims to rival the performance of magnetoelectric switching, providing enhanced endurance
and exciting prospects for spin-current detection. As we explain hereinafter, oxides may
have an unanticipated but essential role to play in this new arena.

2. Direct and inverse spin Hall and Rashba-Edelstein effects

A new paradigm for magnetization manipulation aims at harnessing pure spin currents
from charge currents, in materials or interfaces with large spin-orbit interactions. This
concept is at the heart of spin-orbitronics, where the interplay between charge and spin
currents is exploited via spin-to-momentum coupling, enabled by the spin-orbit coupling
(SOC). Two important physical effects that allow the creation of pure spin currents from
charge currents (and vice versa) are the spin Hall effect (SHE*®'®) and inverse spin Hall
effect (ISHE?*?Y), both observed in bulk materials with SOC (see Figure 1a). Their origin
is attributed to either extrinsic effects, such as impurity scattering, or intrinsic effects of the
SOC on the band structure. Moreover, the conversion factor between charge and spin
currents is set by the spin Hall angle (64), i.e., the ratio between a 3D spin current (js) and a
3D charge current (jc). An advantage of the SHE and ISHE over electrical spin injection is
that they realize spin-to-charge interconversion without using a ferromagnetic conductor
and thus circumvent drawbacks like the intrinsic limitation of the transferred angular
momentum per unit charge observed in conventional spin torque experiments. Indeed, spin
currents generated by the SHE in non-magnetic heavy metals have been shown to
efficiently generate spin-orbit transfer torques that are able to control the magnetization of

29 generate magnetic oscillations® or

a FM material®*?®, move magnetic domain walls
amplify spin waves?®®?” in heavy metal/ferromagnet bilayers; all of this with a reduced
power consumption.

Recently, the realization of efficient spin-to-charge interconversion in two-dimensional
electron gases (2DEG), at surfaces of topological insulators or in semiconductor quantum
wells (via SOC) has been widely recognized and has attracted much attention. At these

interfaces (surfaces), due to their two-dimensional nature, the combination of the spatial



symmetry breaking, that results in a built-in electric potential along the direction normal to

the interface (or surface) z, and SO interaction is at the essence of the so-called Rashba
effect?®. The corresponding Rashba Hamiltonian can be expressed as Hg = aR(ﬁ X 0) - Z,

where c is the vector of the Pauli spin matrices, Kk the momentum and ar the Rashba
coefficient, proportional to the electric field strength and the SO interaction. In a Rashba
system the momentum and spin degrees of freedom are locked (Figure 1b) and the spin
degeneracy of the 2D band structure is lifted (see light dashed lines in Figure 1c
corresponding to the steady state). When a charge current flows along -x, it will induce an
equal shift by Ak, of both inequivalent Fermi contours (Figure 1c, black lines), thus
yielding a spin accumulation with polarization along y; an effect called the
Rashba-Edelstein effect (REE). This spin accumulation can diffuse in an adjacent
conducting material through the interface and generate a pure 3D spin current without net
charge current. Conversely, when a spin accumulation is induced at the interface, by
injection of a spin current along Z, the two inequivalent Fermi contours are shifted in equal
magnitude but opposite directions (see dark lines in Figure 1d), yielding a net charge
current along -x; an effect called the Inverse Rashba-Edelstein Effect (IREE). The
efficiency of this effect can be estimated with its figure of merit, Areg, given by the ratio
between the 2D charge current generated, j2P, and the 3D spin current injected, j3P. Note
that since one current is 2D and the other 3D, A ree has the dimension of a length and is

usually expressed in nm. In the simplest case of circular contours, Aree is also proportional
to the Rashba coefficient ag and the relaxation time t, so that Aree = % A way to

optimize the spin-to-charge conversion is thus to find interfaces housing large electric
fields (together with large SOC) or even to use external gate voltage to tune the Rashba
SOC (as we demonstrate further ahead). For the REE, the charge-to-spin current
conversion efficient is given by gree, Which represents the ratio between the 3D spin
current generated and the 2D charge current injected.

In principle, spin-to-charge interconversion through the REE and IREE does not satisfy the

Onsager reciprocity due to the inequivalence of the considered spin currents. The
i2D

efficiency of the IREE, given by Aree = ;;—D is calculated with the spin current injected
S

into the Rashba interface (by spin pumping for example), whereas for the REE the

conversion efficiency (previously introduced in spin torque ferromagnetic resonance

3D

(ST-FMR) experiments®?%) is similarly given as qree = E_D It must be noted that the



definition of j3P is not the same in these two experiments. When performing spin
pumping, the broadening of the FMR line gives the final spin current j2P injected into the
2DEG after crossing the interface, so that A jree does not depend on the transmission by the
interface but only on the intrinsic properties of the Rashba system®V. In contrast, in
ST-FMR experiments, j3P is the spin current absorbed by the magnetic material, so that
gree depends on both the intrinsic properties of the Rashba system and the interface
transmission®?.

Several experiments performed at interfaces with large Rashba SOC between two metals®*
%) two-dimensional materials*>*" and topological surfaces states**** have also recently
been considered for the realization of the REE and IREE effects, opening a route to an
efficient control of magnetization at lower energy consumption*?*®. From here on, we

address the potential of transition metal oxides for efficient spin-to-charge interconversion.

3. Inverse and direct spin Hall with oxide materials

The investigation of the direct and inverse spin Hall effects in oxide conductors is in its
infancy and systematic studies as a function of structural parameters or across materials
families are still lacking. The first experimental measurement of an inverse spin Hall effect
in an oxide was in indium-tin oxide (ITO) through spin-pumping experiments from a
La-doped yttrium iron garnet (La-Y1G) thin film*". No details on the structural quality of
the ITO films were provided, but it can be assumed that they were polycrystalline films.
Indeed, one of the advantages of ITO is that highly conductive films can be grown on top
of it, without a strong dependence on their crystalline quality or epitaxial nature. A few
months later, similar experiments were reported with ITO combined with a NiFe film and a
small spin Hall angle 054=0.0065+0.001 was determined*®.

While ITO contains In and Sn, two 4d elements, oxides based on heavier atoms with strong
atomic spin-orbit coupling are potentially more interesting candidates to realize a strong
spin-to-charge interconversion via spin Hall effects. Indeed, working with amorphous and
polycrystalline IrO, thin films, Fujiwara et al. were able to measure a spin Hall angle of
Osue=0.065 and 0.04 respectively through nonlocal ISHE experiments in lateral
spin-valves with NiFe electrodes®®. Combined with its high resistivity, this large SHE
angle makes IrO, a promising material for the detection of spin currents at room
temperature.

Finally, to this date spin Hall angle measurements have been done for only one perovskite



material, SrRuO3, combined into epitaxial heterostructures with Lag7Sro3sMnO3; (LSMO)
used as a spin injector. Below T¢=160 K, SrRuO; is a ferromagnet, and ISHE has been
demonstrated both in its paramagnetic phase and down to 50 K below T¢. The maximum
response was 0spe=-0.027+0.018 at 190 K.

While the oxide perovskite family is mostly known for its members possessing ferroic
properties (ferroelectrics, ferromagnetic metals and multiferroics®®), it also comprises a
number of non-magnetic conductors based on 3d, 4d and 5d elements, as illustrated in
Table 1. With LSMO now established as an efficient spin injector (with Gilbert damping
coefficients as low as 5.10 (Ref. 3) and thus better than most ferromagnetic metals), such
conductive oxides could be advantageously integrated into high-quality epitaxial
spintronics architectures to assess their spin Hall response. In particular, it would be
interesting to explore trends across the 4d and 5d row as well as to probe the role of crystal

orientation and of possible interface dipoles.

4. Inverse and direct Rashba-Edelstein effect in SrTiOs-based

heterostructures

In the search for alternative systems to explore 2D Rashba physics, oxide interfaces
emerge as prominent candidates, for their exotic and unusual electronic properties. The
acclaimed LaAIO3/SrTiO3 (LAO/STO) system serves as a great example of an all-oxide
system that exhibits fascinating properties such as interfacial conductivity with high
mobilities®?, superconductivity®® and traces of magnetism®* . Additionally, Caviglia et
al.>” showed that the quasi two-dimensional electron gas formed at the interface also
shows strong gate-tunable Rashba SOC, ideal for further exploration of spin-to-charge
interconversion.

Several groups have since then confirmed this effect through magnetotransport®® % and
theory®>®, using both the LAO/STO interface as well as other STO-based systems®.
Importantly, one unique feature of these systems is that the Rashba SO coupling is
extremely dependent on the position of the Fermi level, hinting for the potential use of
external gate voltages to tune the effect.

In bulk SrTiOg3, the cubic crystal field lifts the degeneracy of the 3d orbitals, so that the
energy of the tq triplet is lowered with respect to the eq doublet. The tyq triplet, forming the
conduction band, is composed of three degenerate ellipsoidal Fermi surfaces centered in

the I" point and aligned along the main lattice directions. At the LAO/STO interface, when



a 2DEG is formed, the degeneracy is lifted due to the perpendicular confining electric field
that breaks inversion symmetry. In this scenario, a light dy, band is split towards lower
energy [76] with respect to the other two heavier dy, and dy, bands. At low carrier densities,
hence low Fermi level, only the dy, band is occupied. In this regime, transport is carried
out with only one type of carrier and the spin splitting is expected to be rather small, since
the Rashba parameter is only a few meV®®%. By increasing the carrier density, the dy, and
dy, bands become populated and their Rashba coefficient is calculated to have a sign
opposite to one of the dy, band® . At an energy level close to the crossing of both light
and heavy bands the Rashba parameter increases about one order of magnitude as a result
of the strong mixing between both orbital characters. Naturally, this level of tunability of
the Rashba coefficient unlocks the possibility to tune both the amplitude and the sign of the
spin-to-charge conversion, by shifting between one-band and multi-band occupation.

Such experiments were demonstrated by Lesne et al. in NiFe/LAO/STO heterostructures’>.
The NiFe layer is used to pump a pure spin current towards the 2DEG formed at the
LAO/STO interface, where it is converted into a 2D charge current. A voltage peak was
measured, which appears at the very same magnetic field corresponding to magnetization
precession in a steady state in FMR experiments (see Figure 2a). The conversion efficiency
was tuned through electrostatic doping by using back-gate voltage, as displayed in Figure
2b. For negative gate voltages the 2DEG is depopulated to a carrier density of about 1x10™
cm™. With the Fermi level at a lower position, only the light dxy band is occupied, so that
the charge current measured is low. As expected, by slightly changing the amplitude of the
gate voltage (i.e. from -200V to -50 V) the current produced is almost unaltered, as no new
bands were populated. For 0 V, the detected signal drops to zero, revealing that heavy dy,
bands start to be occupied and their Rashba coefficient starts to counteract the one from
lighter bands. Reaching the crossing point, at about 3x10*® cm™, the increasing Rashba
parameter is accompanied by a peak in the charge current detected, corresponding to a
Mree = 6.4 nm. Note that this value is one order of magnitude higher than the one observed
in Ag/Bi bilayer’® and also higher than Agee = 2.1 nm found at the surface of the
topological insulator a-Sn*?. Additionally, a relaxation time of t ~ 1.4 ps can be derived
for the given Aree and a Rashba parameter of ag ~ 0.03 eV.A (deduced from theory "2 and
magnetotransport measurements®°®). At higher positive gate voltages, the signal
decreases again, presumably due to the highly non-trivial interaction between other bands
that become populated for higher carrier densities.

A priori, the results stated above for the LAO/STO interface are rather surprising,



considering that its Rashba parameter of 0.03 eV.A is one order of magnitude smaller than
the 0.56 eV.A found for Bi (111) surface®?, However, since Mree - 0rT, one can understand
the importance of having a protected high mobility 2DEG mediating the spin-to-charge
conversion, thus providing higher momentum relaxation times than the ones found in
conventional metal/metal interfaces.

Although the work by Lesne et al. was done at low temperatures, several other groups have
investigated spin-to-charge conversion up to room temperature. At 300K, the dielectric
constant of STO becomes as low as 300, compared to 20000 below 4 K, hampering the
generation of large electric fields at the interface. Also, the mobility of charge carriers in
the LAO/STO 2DEG is known to be 1000-5000 cm?/V.s at low temperature, but two orders
of magnitude lower at higher temperatures, driving the relaxation time to lower values.
Chauleau et al. found that Arge drops to 1 nm at 75 K and about 0.15 nm at room
temperature’. Contradictorily, other groups have found an increase of the detected IREE
voltage with increasing temperature’. In view of the decrease of the momentum
relaxation time with temperature, these results seem hard to reconcile with a simple inverse
Rashba-Edelstein picture. Lastly, Zhang et al. performed similar experiments on Ar+
irradiated STO and found a Aree = 0.23 nm™. The low conversion efficiency might
however be due to the increased roughness (and reduced mobility of the 2DEG).

Regarding the reciprocal effect, experimental results on the REE are still scarce. Wang et
al.’”® have demonstrated through ST-FMR experiments that when driving a RF charge
current through the LAO/STO 2DEG (see Figure 2c), a non-equilibrium spin density is
propagated perpendicularly towards the ferromagnetic top layer. This leads to
magnetization precession under the influence of the induced damping-like torque, revealed
by the large symmetric contribution to the measured voltage signal (Figure 2d). The
charge-to-spin conversion efficiency was estimated to be ggree = 0.63 nm™ at room
temperature and was found to fall drastically when temperature decreases. This decrease
was attributed to a lower conduction of spin-polarized electrons through defect states in the
LAO barrier.

Using a Hall-bar like geometry, Jin et al. demonstrated charge-to-spin and spin-to-charge
conversion within the same device’”. In these experiments, a charge current injected
between the source and the drain induces a perpendicular spin current (through the REE).
The spin current propagates in the 2DEG channel, is reconverted to a charge current
(through IREE) and gets nonlocally detected at the adjacent contacts of the Hall-bar (see

Figure 2e). Since the propagating spin current has a polarization perpendicular to the



plane, applying an in-plane magnetic field induces Larmor precession of the spins, so that
for large enough fields the spins will become parallel to the plane. This effect can be seen
in Figure 2f, where Hanle experiments showed a decrease of the detected voltage with
increasing magnetic field.

Additionally, anisotropic magnetoresistance measurements suggest that the REE might also
be responsible for the appearance of a unidirectional component in transport’®. Depending
on the magnetization direction of the magnetic overlayer, the produced spin current might
be either absorbed (through spin-transfer torque) or reflected, allowing two different
resistive states. This effect, labeled unidirectional spin Hall magnetoresistance, have been
demonstrated in ferromagnet/metal bilayers’® and other topological systems®®®?, but is yet
to be realized for oxide-based heterostructures. Finally, let us mention that IREE has also
been reported at the interface of other oxides such as Bi,03®2, which provides another

approach for spin-charge interconversion with oxide materials.

5. Conclusion

The broad variety of properties displayed by transition metal oxides, especially perovskites,
and their excellent structural compatibility are key features to their integration into
countless types of multifunctional devices. Although the energies driving their physical
response are usually related to crystal field (with corresponding level splitting due to
oxygen rotations, Jahn-Teller distortions and polar shifts) and to on-site Coulomb repulsion
(strong electronic correlations), spin-orbit coupling should not be neglected and may in
fact produce phenomena of giant amplitude, as illustrated by the record inverse and direct
Rashba-Edelstein effect observed in LaAlO3/SrTiOs. Importantly, in such SrTiOs-based
systems, electrons in the 2DEG are protected from leakage towards neighboring metals by
a potential barrier (e.g. a thin LaAlO3 film), which provides an optimization route to
achieve long scattering times at room temperature®®. However, attempts to quantify the
influence of spin-orbit coupling through transport measurements in oxides have been
scarce so far. Yet, with several metallic compounds with 4d and 5d elements, perovskites
are promising materials for efficient direct and inverse spin Hall effects, and systematic
investigations should be undertaken. In addition, the strongly ionic nature of most oxides
implies that the electric fields generated at interfaces between dissimilar compounds can be
larger than with other materials families. If one of the materials is a ferroelectric, this can
be an efficient way to achieve strong Rashba coefficients, which may be electrically
tunable in a non-volatile way. In parallel, novel materials beyond perovskites may also be



interesting candidates, as illustrated by the giant Rashba splitting recently discovered in

delafossites
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Figure Caption

Figure 1 - (a) Representative sketch of the Spin Hall effect. When an electrical current
passes through a non-magnetic metal with SOC, spin accumulations appear on the two
surfaces of the sample perpendicular to the charge current applied. In other words, a pure
spin current perpendicular to the charge current is generated. Conversely, a pure spin
current injected through a material with SOC will generate a transverse charge current; the
Inverse Spin Hall Effect (ISHE). (b) The momentum-dependent spin split subbands plotted
as brown and blue parabolic lines in the (k«ky)-E plot. In a Rashba system, this spin
splitting is caused by broken inversion symmetry and SO interaction that lift the spin
degeneracy of the band structure®®. (c) Representation of the Rashba-Edelstein Effect
(REE). A charge current (jc) injected at the interface along -x induces a shift Ak, of both
Fermi contours, resulting in a spin accumulation polarized along the y axis due to the
inequivalence of the two contours. (d) Representation of the Inverse Rashba-Edelstein
Effect (IREE). When a spin current is injected perpendicularly to the 2DEG with the spin
polarization along the y axis, the spin population is altered in the steady state causing a
displacement in momentum space of the two inequivalent Fermi surfaces (red and blue
lines) by +Aky. This results in a net charge current generated perpendicularly to the spin
current and to its spin polarization®®.

Figure 2 — (a) Schematic of the FMR-spin pumping measurement configuration. Two
contacts are made to probe the voltage generated through the IREE after the injection of a
pure spin current into the 2DEG through spin pumping. A third contact is used as back-gate

voltage, allowing an electrostatic tuning of the properties of the 2DEG and ultimately a



modulation of the generated charge current. (b) Gate dependence of the spin-to-charge
conversion efficiency Mree. A sketch of the band structure is presented in the inset. The
colored shaded area represents the assumed swept region using gate voltage. At about +125
V, the Fermi level is at the avoided crossing point, where the Rashba coefficient og IS
expected to be the largest. (c) Schematic of a charge-to-spin conversion configuration. An
applied RF charge current passing through the 2DEG generates a perpendicular spin
accumulation through the REE. Considering that a static d.c. magnetic field is applied in a
different direction compared to the incoming spin polarization, precession of the FM
magnetization is triggered through torque transfer. If the spin current generated is large
enough, magnetization switching in the FM might occur. (d) ST-FMR detected voltage at
FMR resonance, including both symmetric and antisymmetric Lorentzian components. (e)
Schematic of the Hall-bar like nonlocal spin detection configuration. A charge current
injected between source and drain is converted into a spin current and then reconverted
back to a charge current, to be finally detected in the adjacent contacts. (f) The nonlocal
voltage detected as a function of the applied in-plane magnetic field generates a Hanle
curve.

Table 1 - Examples of metallic perovskite oxides based on different 3d, 4d and 5d
transition metals. All mentioned 4d and 5d, as well as Ti, V and Ni compounds do not
show magnetic ordering. Some of the mentioned Cr, Mn and Co compounds as well as
SrFeQO3 are magnetic below some critical temperature but maintain a metallic behavior in

the paramagnetic state.
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3d| Sc Ti V Cr Mn Fe Co Ni Cu Zn
-- La;,Sr,TiO3 SrVO; | Lag,SrCrO; | La;,SryMnO; |  SrFeO; | La;,Sr,CoO; | LaNiOj -- --
10°sx<0.95 0.65sx 0.17sxs0.6
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4d| Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
-- -- SrNbO4 SrMoO, -- CaRuO; SrRhO; -- -- --
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5d -- Hf Ta W Re Os Ir Pt Au Hg
-- KTaO3 4 WO, 4 ReO; SrOsO; SrirO; - -- --
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