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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) switching mechanism. We report on experimental results that demonstrate a charge current ﬂowing
in-plane in an oxide Rashba-Edelstein two-dimensional electron gases (2DEGs) interface that can eﬃciently generate a spin current, and a strong SOT in an adjacent permalloy layer is observed by spin-torque
ferromagnetic resonance. The charge-to-spin conversion eﬃciency |θCS | is up to a value of 0.9 for a simple
Ar+ -etched SrTiO3 /NiFe structure, which is much larger than that of heavy meals, and the structure can
be easily fabricated by magnetron sputtering. In addition, the spin-orbital coupling in the SrTiO3 /LaAlO3
interface is more eﬃcient and |θCS | can be increased up to 1.8 for the SrTiO3 /LaAlO3 /NiFe device,
whereas it is only 0.6 for a SrTiO3 /LaTiO3 /NiFe device. These results will enable the realization of SOT
devices based on SrTiO3 -based 2DEGs for low power nonvolatile memory and logic.
DOI: 10.1103/PhysRevApplied.12.034004

I. INTRODUCTION
Two-dimensional electron gases (2DEGs) at the interface of oxides were ﬁrst discovered at SrTiO3 /LaAlO3
(STO/LAO) interfaces, which attracted signiﬁcant attention because of their unique physical properties and
prospective applications [1]. A number of exotic properties including ultrahigh mobility [2], local magnetism [3],
and superconductivity [4,5] have been observed in these
systems. The microscopic mechanism of conductivity is
still in debate, and three competing theories have been
proposed to explain the formation of 2DEGs [6–8]. With
the emergence of diﬀerent 2DEGs, alternative approaches
have been explored to investigate the eﬀective tuning of
their carrier mobility and interfacial magnetism [9–12].
According to the literature, spin-orbital coupling is very
strong in 2DEGs [11,12]. Recently, mutual spin-charge
conversion at heterointerfaces based on the Edelstein eﬀect
(EE) and inverse Edelstein eﬀect (IEE) has emerged as a
topic of interest in 2DEGs. Edelstein declared in 1990 that
a spin-current can be induced by a charge current ﬂowing
*
†

zhudp@buaa.edu.cn
weisheng.zhao@buaa.edu.cn

2331-7019/19/12(3)/034004(7)

in inversion antisymmetric 2DEGs [13], as described by
the following relation
−
→
JS ∝ αR (/e)(z × JC ),

(1)

where αR is the Rashba parameter, z is the interfacial elec−
→
tric ﬁeld direction perpendicular to the 2DEGs, and JC is
the charge current. The IEE is the opposite eﬀect of the EE,
which means that spin accumulation in inversion asymmetric 2DEGs can generate an in-plane electric ﬁeld perpendicular to the direction of the spin polarization. IEE has
been observed at room temperature in STO/LAO 2DEGs
by Song et al. [14]. This eﬀect was also observed by Lesne
et al. [15] at 7 K, and the authors proved that the eﬃciency for spin-to-charge conversion is very high. It was
further determined that the spin transport in STO/LAO is
via the d electrons and the diﬀusion length is up to 300 nm.
These are very promising properties with respect to the
design of alternative spintronic devices [16]. Recently, a
charge-to-spin conversion was reported at room temperature for the STO/LAO system [17]. These results hint at
the great potential of the oxide 2DEGs for applications to
spintronics, which have attracted extensive attention.
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Spin-orbit torque (SOT) is a very promising way
to manipulate magnetism using a pure charge current.
A charge current can generate a spin current in the
out-of-plane direction when it ﬂows through a layer with a
strong spin-orbital coupling. The induced spin current can
generate a SOT in an adjacent ferromagnetic (FM) layer,
causing a change in the direction of the magnetization.
In fact, SOT switching has been successfully applied to
switch the direction of the magnetization for magnetic tunneling junctions (MTJs) [18], topological insulators [19],
and antiferromagnets [20]. For example, Han et al. [19]
realized room-temperature magnetic switching for MTJs
using a topological insulator. In addition, many systems
with spin-orbital coupling have been explored for the purpose of manipulating the direction of magnetization using
an electric current.
In this report, we present results on the generation of
a spin-current from a charge current via the EE and the
SOT generated by Rashba-Edelstein spin-splitting oxide
2DEGs residing in STO, based on the technique of spintorque ferromagnetic magnetic resonance (ST-FMR). The
charge-to-spin conversion eﬃciency |θCS | is up to 0.9 for
an Ar+ -etched SrTiO3 /NiFe (Ar+ STO/NiFe) device, 1.8
for SrTiO3 /LaAlO3 /NiFe (STO/LAO/NiFe), and 0.6 for
SrTiO3 /LaTiO3 /NiFe (STO/LTO/NiFe) at room temperature for measurement at the frequency of 6 GHz. These
values are much larger than that of 0.07 in Pt [21]. Furthermore, the Gilbert damping coeﬃcient and the eﬀective
magnetic ﬁeld are investigated. In this report, an eﬃcient
and promising way to manipulate magnetization using a
pure current is proposed.

B. ST-FMR measurements

II. EXPERIMENTAL DETAILS AND RESULTS
A. Sample fabrication
+

(1) An Ar -etched STO: SrTiO3 (100) substrate
(5 × 5 × 0.5 mm3 ) is precleaned by Ar+ ions for 120 s
by magnetron sputtering, which is to make the surface
conductive. (2) STO/LAO and STO/LTO: 10 unit cells of
LaAlO3 and LaTiO3 ﬁlms are prepared on TiO2 -terminated
STO (100) substrates (5 × 5 × 0.5 mm3 ) using a pulsed
laser (248 nm) ablation technique at a temperature of
800°C and an oxygen pressure of 10−4 mbar. The ﬂuence of the laser pulses is 1.5 J/cm2 and the repetition
rate is 1 Hz. Both samples are transferred into a high vacuum chamber (base pressure less than 2 × 10−8 Torr) for
magnetron sputtering to grow NiFe (5 nm)/SiO2 (5 nm)
layers at room temperature. The sputtering pressure is
3 mTorr. The multilayer ﬁlms are patterned into standard
Hall bars (120 × 10 µm2 ) and rectangular-shaped strips
(20 × 20 µm2 ) for anisotropy magnetoresistance (AMR)
and ST-FMR measurements, respectively, using optical
lithography and dry etching. Cr (10 nm)/Au (100 nm)
metal stacks are deposited as contacts for electrical measurements.

A microwave-frequency (GHz) charge current I rf with a
power of 15 dBm from the signal generator is applied to
the device, and the dc voltage is simultaneously measured
using a bias tee. An in-plane magnetic ﬁeld with a ﬁxed
angle θ H of 45o with respect to the current axis is swept
from 0.2 T to −0.2 T. All the ST-FMR experiments are
performed at room temperature. The resistance, Hall resistance, and AMR are measured using a physical properties
measurement system (PPMS). The temperature-dependent
transport properties are measured using the van der Pauw
method.
A schematic diagram of the ST-FMR measurement
setup and sample structure is shown in Fig. 1(a). When the
ac current ﬂows through the 2DEGs and NiFe, the accumulation of spins takes place simultaneously in the 2DEGs
due to EE. These accumulated spins generate a spin current
JS in the orthogonal direction, and thus exert a spin torque
on the NiFe layer. The oscillating current-induced torque
causes the NiFe magnetization process, thus yielding resistance oscillations due to the AMR of the bilayer ﬁlms. The
resonance line shape can be measured using a direct voltage Vmix . Figure 1(b) represents the expected qualitative
Fermi contours of the Rashba-Edelstein 2DEGs. At the
Fermi level (EF ), the spin textures of the outer and inner
circles are opposite to each other. Whether the spin texture is clockwise or counterclockwise depends on the sign
of αR and the deﬁnition of the normal direction. The room
temperature Hall measurement is shown in Fig. 1(c). The
Hall voltage is linear with the magnetic ﬁeld, which indicates that only the normal Hall eﬀect exists. Based on these
data, we obtain a sheet carrier density of 2.7 × 1013 cm−2
and a carrier mobility of 7.78 cm2 /(V s) at room temperature. The details of temperature-dependent Hall resistance,
the calculated carrier density, and carrier mobility are
presented in the Supplemental Material [22]. From the
angle-dependent magnetoresistance measurements, the inplane anisotropy magnetoresistance is determined to be
approximately 0.8% as shown in Fig. 1(d). The spin Hall
magnetoresistance is approximately 0.25%.
C. ST-FMR results
A typical ST-FMR spectrum measured for the Ar+ STO/
NiFe device is shown in Fig. 1(e). The symmetric component is much larger than the antisymmetric component
in the system. While the antisymmetric component Vanti
arises from the Oersted ﬁeld torque induced by the charge
current ﬂowing in the 2DEGs layer, the symmetric voltage
Vsym is attributed to the spin torque τ|| , which corresponds
to the spin-current density JS . By quantitative evaluation
of Vsym and Vanti , the interface charge-to-spin conversion
eﬃciency |θCS | can be deduced.
Figure 2(a) shows the ST-FMR spectra for the sample
with a 5-nm-thick NiFe layer on Ar+ -etched STO in the
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FIG. 1. (a) The schematic diagram of ST-FMR and the ﬁlm layer structures [17]. (b) The Fermi contours of Rashba-Edelstein
2DEGs. (c) The Hall resistance measurement of Ar+ -etched STO surface at room temperature. (d) Angle-dependent magnetoresistance
measurements of Ar+ STO/NiFe device at 2.5 T and 300 K for three diﬀerent rotation planes. (e) ST-FMR signals of the Ar+ STO/NiFe
device obtained at 6 GHz, 15 dBm, and 300 K (black dot). Red: the symmetric Lorentzian component. Blue: the antisymmetric
Lorentzian component. Solid lines are the results of curve ﬁtting.

frequency range of 5 to 9 GHz. The amplitude decreases as
the frequency increases. From the inset ﬁgure, it is evident
that Vmix is opposite when the magnetic ﬁeld is reversed.
The measured curve can be well ﬁtted by a Lorentzian
function consisting of a symmetric and an antisymmetric
Lorentzian component as follows [21,23]:
Vmix = S

2
2 + (Hext + H0 )2

+A

devices. Figure 2(c) shows the resonant frequency f as a
function of the resonant ﬁeld H 0 . For the three samples,
the resonant ﬁeld changes slightly. As the resonant frequency increases, the resonant ﬁeld also increases in all the
samples. The curve can be ﬁtted using the Kittel equation
shown below [21,24,25]
f = (γ /2π )[μ0 H0 (μ0 H0 + 4π Meﬀ )]1/2 ,

(Hext + H0 )

,
2 + (Hext + H0 )2
(2)

where  is the line width (full width at half maximum),
H 0 is the resonant magnetic ﬁeld, S is the symmetric Lorentzian coeﬃcient, and A is the antisymmetric
Lorentzian coeﬃcient. By ﬁtting the curve, the parameters
of , S, A, and H 0 can be obtained.
Figure 2(b) is the ST-FMR signal of the three devices
in 6 GHz. The signal amplitude of Ar+ STO/NiFe is much
larger than that of the other two devices, which should be
due to the fact that no insulator exists between the 2DEGs
and FM layer in Ar+ STO/NiFe. From the resonant peak
position, we can see the resonant ﬁeld of STO/LTO/NiFe
is about 480 Oe, which is larger than that of the other two

(3)

where γ is the gyromagnetic ratio. The 4π M eﬀ represents
the contribution of interfacial anisotropy. This value is calculated to be 0.93 T for Ar+ STO/NiFe, 0.92 T for the
STO/LAO/NiFe, and 0.90 T for STO/LTO/NiFe, which are
all larger than the 0.85 T for Pt/NiFe structures [26]. These
results indicate that the interfacial anisotropy is very large
in the three devices.
Magnetic damping is studied based on the frequency
dependence of the resonance line width  as shown in
Fig. 2(d).  increases as the frequency increases for all
three samples, but  increases slower in STO/LTO/NiFe
devices. This parameter usually includes intrinsic and
extrinsic origins, which is given by [24,25]

034004-3

 = 0 + (2π α/γ )f ,

(4)

HUAIWEN YANG et al.

PHYS. REV. APPLIED 12, 034004 (2019)

(a)

(b)

(c)

(d)

FIG. 2. (a) The ST-FMR signal
of the Ar+ STO/NiFe device in
the frequency range of 5 to 9 GHz
(dot) and ﬁtting curve (line) at
room temperature. The inset is
the full magnetic ﬁeld range of
the ST-FMR signal at 6 GHz.
(b) The ST-FMR signals of the
Ar+ STO/NiFe, STO/LAO/NiFe,
and STO/LTO/NiFe devices in
6 GHz (c) Resonant frequency f
as a function of the resonant ﬁeld
H 0 . The solid curve represents a
ﬁt to the Kittel formula. (d) The
line width  extracted from the
ﬁtting of the ST-FMR signal versus the resonant frequency f. The
solid lines are the linear ﬁttings.

where 0 is the extrinsic contribution (e.g., inhomogeneous broadening) to the line width, which is usually
independent of frequency. The second term is the intrinsic
contribution, which is linearly proportional to the frequency and related to the Gilbert damping coeﬃcient α.
The Gilbert damping coeﬃcient is approximately 0.01 for
Ar+ STO/NiFe and 0.011 for the STO/LAO/NiFe device,
which matches well with the result of the NiFe ﬁlm
from spin valves [27], whereas it is only 0.006 for the
STO/LTO/NiFe device.
Using this result, the ratio of the spin-current density
entering the NiFe to the charge-current density in the
2DEGs can then be determined quantitatively in a simple
way based on the ratio of the symmetric and antisymmetric
components of the resonance curve as follows [21]:
 
 S  eμ0 MS td
JS
|θCS | =
=  
[1 + (4π Meﬀ /Hext )]1/2 (5)
JC
A

where JS is the spin-current density (A m−2 ), JC is the
charge-current density (A m−2 ) in the entire 2DEGs layer,
MS is the saturation magnetization of NiFe, t is the thickness of the NiFe layer, and d is the thickness of the 2DEGs
conducting layer.
From Fig. 3(a), we can determine that the symmetric component of Ar+ STO/NiFe is approximately 70 µV
at 6 GHz, which is induced by the spin-orbit torque in
the ﬁlm. As the frequency increases, this value decreases.

The antisymmetric component shows the same trend. In
calculating the charge-to-spin conversion eﬃciency |θCS |,
the conductive thickness of the 2DEGs is chosen as
10 nm according to the published report [28]. As shown
in Fig. 3(b), the calculated |θCS | is approximately 0.9 at
6 GHz for the Ar+ STO/NiFe device, which is the same
order as in the topological insulator case [29]. In the
STO/LAO/NiFe device, the symmetric component is only
20 µV at 6 GHz, and the antisymmetric component is also
very small. According to Eq. (5), the charge-to-spin eﬃciency |θCS | of the STO/LAO/NiFe device is calculated
to be approximately 1.8, which is larger than that of the
Ar+ -etched STO and STO/LTO devices. Here, it is surprising that a high SOT eﬃciency (0.6–1.8) presents in
all the three SrTiO3 -based 2DEGs systems, as compared
with the values of 0.06–0.3 for normal heavy metals (HM)
such as Pt, Ta, and W [18,21,24]. It is worth mentioning that strong spin-orbit coupling and giant spin splitting have been experimentally observed for Ar+ -etched
SrTiO3 , LaAlO3 /SrTiO3 , and LaTiO3 /SrTiO3 2DEGs systems, with the Rashba parameter α R in range of approximately 0.01–0.2 eV Å, which is two to three orders of
magnitude larger than the common semiconductors (e.g.,
approximately 3×10−4 eV Å for GaAs) [30]. Although the
origin of the giant spin splitting in the SrTiO3 -based systems is still a subject of debate, we believe the eﬃcient
SOT in these SrTiO3 -based systems is closely related to the
giant spin splitting in the electronic structure of 2DEGs.
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FIG. 3. (a) The symmetric component extracted from the ﬁtting of the
ST-FMR signal versus the resonant frequency f for the three devices. (b)
Charge-to-spin conversion eﬃciency
|θCS | determined from Eq. (5) at diﬀerent frequencies.

(b)

The interfacial SOT eﬃciency λ (nm−1 ) can be calculated as λ = (Js )/(Jc t2DEGs ). The value is approximately 0.09 nm−1 for Ar+ STO/NiFe, 0.18 nm−1 for
STO/LAO/NiFe, and 0.06 nm−1 for STO/LTO/NiFe,
where the STO/LAO/NiFe device shows the largest λ.
From the conduction mechanism of the three 2DEGs, this
diﬀerence is analyzed. The Ar+ -etched STO surface mixes
the Ti+ with Ti+ as a result of the oxygen vacancy induced
by etching. In the STO/LAO interface, the conductivity
arises from the charge transfer from the LaAlO3 bulk to
the interface. For these two samples, the induced interface electric ﬁeld is diﬀerent, thus the spin-orbital coupling
is diﬀerent. In STO/LTO/NiFe, less charge transfer exists
and the oxygen vacancy is also less than that of other
devices, so its SOT eﬃciency is the smallest among the
three devices. From the charge-to-spin eﬃciency, it can be
conjectured that the spin-orbital coupling of the STO/LAO
interface is probably the largest.
III. DISCUSSION
As is known, in a HM/FM structure, after the spin current generation in the HM layer, the spins need to cross
the HM/FM interface and then exert spin torques on the
FM layer. Recent works have demonstrated the important role of the spin transmission process in the resultant
SOT eﬃciency in HM/FM bilayers [31–33]. Here, for the
SrTiO3 -based 2DEGs systems, in addition to the diﬀerences in the 2DEGs conducting mechanism and probably
(a)

the spin-orbital coupling strength, the spin transmission
process from the 2DEGs to the ferromagnetic NiFe layer
is also diﬀerent. While the 2DEGs is directly in contact
with the NiFe in the Ar+ STO/NiFe device where the spin
transmission process is similar to that in HM/FM structures [31], the spins need to pass through an insulating
LAO (LTO) layer of approximately 4 nm to exert the
spin torques on the NiFe layer in the STO/LAO/NiFe
(STO/LTO/NiFe) device. Considering that the insulating
layer thickness is much larger than the usual overlap distance (<2 nm) of the electron wave functions on either
side of an insulating layer [34,35], a possible spin transmission mechanism in the STO/LAO/NiFe (STO/LTO/NiFe)
device might be the inelastic tunneling mechanism via
localized states in the LAO (LTO) band gap, as recently
demonstrated by Wang et al. [17].
Figure 4(a) shows microwave-power-dependent
ST-FMR signal in the Ar+ STO/NiFe device at 6 GHz
from 2 to 15 dBm. As the power increases, the ST-FMR
signal also increases. The voltage of the symmetric component Vsym in the three devices varies linearly with the
power, as in Fig. 4(b), which demonstrates the magnetization precession is in the linear regime.
It is worth noting that previous investigations have
revealed a large variation of the conducting thickness in
the SrTiO3 -based 2DEG systems, and the estimation of
the SOT eﬃciency strongly depends on these conducting thickness values. For instance, conducting layer ranges
from 5 to 60 nm have been reported in the Ar+ -etched
FIG. 4. (a) Microwave power dependence of the ST-FMR signal in
the Ar+ STO/NiFe device. (b) The
microwave power dependence of Vsym
extracted from the ST-FMR signals in
the three devices.

(b)
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SrTiO3 2DEGs [36–38], which would lead to a SOT eﬃciency of 0.45–5.4 for the Ar+ STO/NiFe device. Thus,
the 2DEGs conducting thickness deserves a precise characterization in the future for accurately determining the
SOT eﬃciency in the SrTiO3 -based 2DEGs systems,
which is unfortunately beyond our current ability. More
importantly, through controlling the Ar+ -etching power,
time, and the chamber pressure, we may anticipate how
to tune the 2DEGs conducting thickness, and probably
the Rashba-Edelstein spin-splitting and SOT eﬃciency as
well, in the Ar+ -etched SrTiO3 2DEGs, which may implement a more eﬃcient spin source for SOT applications
such as manipulating domain walls in racetrack memories
and switching magnetic memory or logic devices.
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IV. CONCLUSIONS
In summary, charge current ﬂowing in plane in an oxide
Rashba-Edelstein 2DEGs interface can generate a spin current and a strong SOT in an adjacent NiFe layer is observed
by ST-FMR measurements. The calculated charge-tospin conversion eﬃciency |θCS | has values up to 0.9 for
Ar+ -etched SrTiO3 /NiFe, 1.8 for SrTiO3 /LaAlO3 /NiFe,
and 0.6 for SrTiO3 /LaTiO3 /NiFe. These values are much
larger than that of 0.07 for Pt. The spin-orbital coupling
in the STO/LAO interface is probably more eﬃcient than
that of the Ar+ -etched STO surface. In addition, the structure of Ar+ -etched SrTiO3 /NiFe can be simply fabricated
by magnetron sputtering, which is very beneﬁcial for the
SOT memory device. This research hints at alternative and
promising practical applications in high energy-eﬃcient
SOT memory devices based on STO-based 2DEGs for
nonvolatile memory and logic.
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