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We demonstrate efficient intrinsic spin-to-charge current conversion in a two-dimensional electron gas using
an all-epitaxial single-crystal heterostructure of LaSrMnO;/LaAlO;/SrTiOs, which can suppress spin scattering
and give us an ideal environment to investigate intrinsic spin-charge conversion. With decreasing temperature to
20 K, the spin-to-charge conversion efficiency is drastically enhanced to +6.7 nm. Our band-structure calculation
well reproduces this behavior and predicts further enhancement by controlling the density and relaxation time of

the carriers.

DOLI: 10.1103/PhysRevResearch.2.012014

Recent observations of conversion phenomena between
spin and charge currents promise a substantial reduction of
power consumption in next-generation high-speed spintronics
devices such as spin-orbit-torque magnetoresistive random-
access memories [1]. While this conversion is well known
to occur in heavy metals [2—4], recent studies have shown
that it occurs also at various interfaces such as Ag/Bi, Fe/Ge,
and Ag/a-Sn [5-9]. At these interfaces, the Rashba spin-orbit
interaction and resulting spin splitting of the Fermi surface
appear due to the broken space-inversion symmetry, causing a
spin-to-charge current conversion that is known as the inverse
Edelstein effect (IEE) [10-12].

Very recently, a giant IEE was observed [13] in a two-
dimensional electron gas (2DEG) formed at the interface
between insulating perovskite oxides LaAlO; (LAO) and
SrTiO; (STO) [14,15]. The strong Rashba spin-orbit inter-
action at LAO/STO, which can be modulated by a gate
voltage, makes this system very attractive for controllable
efficient spin-charge conversion [16—18]; however, previously
reported results for spin-charge conversion at LAO/STO are
divergent, which cannot be explained by the difference of the
transport properties of the 2DEG, and a unified understanding
of the intrinsic mechanism of the spin-charge conversion is
still lacking [13,19-21]. For example, in Ref. [13], a large
conversion efficiency, the so-called inverse Edelstein length
Meg, of up to —6.4 nm was observed at 7 K. This value is
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much larger than that reported for Ag/Bi (Ajgg = 0.3 nm).
Meanwhile, in Refs. [19,20], the conversion signal strongly
decreases to zero with decreasing temperature. The reason
for the completely different behavior is not clear at present,
but this is likely attributed to inelastic transport of the spin
current, which is predicted to reduce the conversion signal,
especially at low temperature. This inelastic spin transport is
thought to be related to the crystal quality of samples. In metal
systems, the interface quality is known to have a large influ-
ence on the conversion efficiency [22,23]. In previous studies
on spin-charge conversion at LAO/STO [13,19-21], however,
amorphous or polycrystalline ferromagnetic films deposited
by sputtering were used for the ferromagnetic layer, which
may cause strong spin scattering, especially at the interface
between the ferromagnetic layer and LAO. In this Rapid Com-
munication, to exploit the intrinsic IEE in the LAO/STO sys-
tem, we focus on an all-epitaxial single-crystal heterostructure
of Lag ¢7S10.33Mn0O3; (LSMO)/LAO/STO. 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%. LSMO is thus an ideal candidate to
explore the efficient spin injection and intrinsic spin-charge
conversion at the LAO/STO interface.

For the experiments, we have prepared a sample
composed of Lagg7Srg33MnOs [30 unit cells (u.c.) =
12 nm)]/La(l_(g)Al(]+5)O3 (LAO, 2 u.c. = 0.8 nm) grown
on a TiO,-terminated SrTiO3 (001) substrate via molecular
beam epitaxy (MBE) [Fig. 1(a)]. We used a shuttered growth
technique with fluxes of La, Sr, Mn, and Al supplied by
Knudsen cells. The LAO and LSMO layers were grown at
730°C with a background pressure of 2 x 107* Pa due to a
mixture of oxygen (80%) and ozone (20%). As shown later,
the thickness of 2 u.c. of LAO is large enough to form a 2DEG
at the LAO/STO interface because of the presence of the
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FIG. 1. (a) Schematic illustration of the (001)-oriented full-
epitaxial multilayer structure of LSMO/LAO grown on an STO
(001) substrate. The sample size is 2 x 1 mm. In the electron-spin-
resonance system, a radio-frequency magnetic field A, was applied
along the [110] (x) direction of the sample. The static magnetic
field uoH was applied along the [110] (y) axis. Here, M represents
the magnetization of LSMO. (b) Principle of spin-to-charge conver-
sion via the inverse Edelstein effect; the spin current injected into
the LAO/STO interface moves the outer and inner Fermi circles,
generating a charge current in the x direction. Here, the dotted
and solid lines are the original Fermi circles and the ones after
a spin current is injected, respectively. (c) Scanning-transmission-
electron microscope-lattice image of the LSMO (30 u.c.)/ LAO (2
u.c.)/STO heterostructure (sample A) projected along the [010] axis.
(d) Atomic-force-microscope image of the surface of sample A, in
which atomic steps are observed.

LSMO layer, as shown in previous reports on LAO/STO with
a metallic capping layer [13,24,25]. As shown in Fig. 1(b),
in which we assume that a simple parabolic band structure
is split due to the Rashba effect, the spin current that is in-
jected into the LAO/STO interface moves the outer and inner
Fermi surfaces in opposite directions under the ferromagnetic
resonance (FMR) condition, generating a charge current in the
[110] (x) direction. This effect induces the electromotive force
(EMF) between the electrodes at the edges of the sample in
the [110] direction [Fig. 1(a)]. We note that the EMF includes
a signal originating from LSMO that is induced by the mi-
crowave electric field, such as the galvanomagnetic effects
(e.g., anomalous Hall effect and planar Hall effect), which
should be separated from the IEE signal. For this purpose,
we have grown two LSMO/LAO/STO samples with a 2DEG
(sample A) and without a 2DEG (sample B); as shown in a
previous study on MBE-grown LAO/STO films [26], a 2DEG
is formed only when the composition ratio c = (1-§)/(1 + §)
of La to Al in La(l,(g)Al(1+5)O3 is below 0.97 & 0.03. In
samples A and B, ¢ was set at 83% and 101%, respectively.
Because the IEE is observed only in sample A, we can extract
the pure IEE signal by comparing the results between samples
A and B. The thickness of 2 u.c. of the LAO layer is the
most suitable to avoid the degradation of the film quality of
the LSMO layer caused by the off-stoichiometry condition
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FIG. 2. (a) Temperature dependence of the magnetization of
LSMO (30 u.c.)/LAO (2 u.c.)/STO (sample A). (b) Temperature
dependence of the sheet resistance of the reference samples of LAO
(8 u.c.)/STO with the ratio ¢ of La to Al of 83% (sample ref-A) and
101% (sample ref-B). (c) Temperature dependences of the mobil-
ity and the carrier density measured for sample ref-A (¢ = 83%).
(d) Temperature dependence of the sheet resistance of the LSMO (30
u.c.)/LAO(2 u.c.)/STO samples with a 2DEG (sample A, ¢ = 83%)
and without a 2DEG (sample B, ¢ = 101%). The dotted curve is the
sheet resistance reported for LSMO/STO, which is reproduced from
Ref. [27] assuming the film thickness to be the same as that of our
LSMO layer.

of LAO, especially in sample A. Generally, the (inverse) EE
is known to tend to gradually decrease as the LAO thick-
ness increases [19,21]. The scanning transmission electron
microscope (STEM) image of sample A (LSMO/LAO/STO)
shown in Fig. 1(c) confirms that all the layers are single
crystalline and coherently grown on the STO substrate. The
sample surface is atomically flat with atomic steps [Fig. 1(d)].
We measured the EMF in the [110] direction because this
direction is nearly along the atomic step edges along which
we can obtain the highest mobility [see Fig. 1(a)]. The
LSMO layer has a Curie temperature above room temperature
[Fig. 2(a)].

To confirm that a 2DEG is formed only when ¢ = 83%,
we measured the transport properties of reference samples
of La(lﬂg)Al(lJr(g)Og, (8 uc. = 3.2 nm)/STO with ¢ = 83%
(named sample ref-A) and ¢ = 101% (named sample ref-B),
which were grown with the same growth conditions as those
for samples A and B, respectively. Actually, as shown in
Fig. 2(b), sample ref-A (¢ = 83%) shows metallic behavior
while sample ref-B (¢ = 101%) shows insulating behavior,
confirming that a 2DEG exists only when ¢ = 83%. By the
Hall measurements, the sheet career density n of the 2DEG
in sample ref-A was estimated to be 2.1 x 10" cm~2 and the
mobility p was 3.7 x 103cm?V-!s! at 20 K [Fig. 2(c)].
As shown in Fig. 2(d), sample A shows similar metallic
behavior, while sample B shows nearly the same temperature
dependence of the sheet resistance as that of a single LSMO
layer grown on STO (dotted curve reproduced from Ref. [27]).
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FIG. 3. (a)—(c) Magnetic-field uoH dependences of (a) the mi-
crowave absorption derivative, (b) EMF, and (c) j* measured for
sample A (LSMO/LAO/STO with a 2DEG) at various temperatures.
The used microwave power is 30 mW.

These results confirm the presence of the 2DEG only in
sample A.

We have carried out spin pumping measurements us-
ing a transverse electric (TEg;;) cavity of an electron-spin-
resonance system with a microwave frequency of 9.1 GHz.
We cut the samples into a small piece with a size of 2 x 1 mm,
connected gold wires to the contacts at both edges of the
sample with a distance of 1.5 mm apart, and put the sample
at the center of the cavity. For the measurements, a static
magnetic field uwoH was applied along the [110] (y) direction
in the film plane, which corresponds to the easy magnetization
axis of LSMO. Meanwhile, the microwave magnetic field /¢
was applied along the [110] direction. The used microwave
power was 30 mW.

As shown in Figs. 3(a) and 3(b), the EMF peak appears at
the FMR magnetic field at all the measurement temperatures,
indicating that the measured EMF is induced by the FMR, as
in general spin pumping experiments. We note that we can
eliminate the influence of the thermal effects as discussed in
Sec. 1 of the Supplemental Material (SM) [28]. To derive
the IEE signal from the EMF, we extracted the symmetric
component V;, which includes the IEE signal, from the EMF—
H curves (Sec. 2 in SM [28]). Then, we estimated the sheet
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FIG. 4. (a) Comparison between j* (with a 2DEG) and jP
(without a 2DEG) as a function of temperature. (b) Temperature
dependences of experimental Agg and predicted Ajgg for Aaso = 4,
5, and 6 meV. (c) Dispersion relation of the 2DEG at the LAO/STO
interface (blue curves). The red dotted lines, from bottom to top,
are the estimated Ep positions at 20, 40, 60, 80, 100, and 140 K in
our sample. (d) Fermi surface of the 2DEG when the carrier density
is 2.1 x 10" cm™2 and Er = 210meV, which corresponds to the
measurement condition of the IEE at 20 K. The color scale represents
the absolute value of the group velocity in the x direction. (e) Details
of the Fermi surface with the spin orientations (see arrows). The color
scale represents F,(k), which is an indicator of the contribution of
each state to the electron flow when a spin current is injected. In
(c)—(e), Aaso is assumed to be 5 meV. Note the large difference in
the scale of the axes between (d) and (e).

current density jé* = V;/(wR), where R is the resistance [see
Fig. 2(d)] and w is the sample width (I mm). In Fig. 3(c), one
can see a drastic increase in j» with decreasing temperature.

To separate the IEE signal from the one originating from
LSMO such as the galvanomagnetic effects, we derived the
IEE-induced sheet current density ij by subtracting the sheet
current density j5, which was measured for sample B (see
Sec. 3 of SM [28]), from j*. As shown in Fig. 4(a), j2 is much
larger than jB, especially at low temperatures, indicating that
j2& is mainly attributed to the IEE signal.

We estimated the spin current density j in sample A using

gy ? (uohet*n(An Myy + V(4 My )* + 40?) ( g)
8ol [(4m My )* + 4o?] hn)

)]
where 7 is the Dirac constant,  is the angular frequency of the
microwave, e is the elementary charge, &, is the microwave
magnetic field, y is the gyromagnetic ratio in LSMO, aa
is the Gilbert damping constant, and M, is the saturation
magnetization of LSMO [29]. g™ is the real part of the
spin-mixing conductance given by
1 ArMdismo(aa — i)

Ty o

js:

g (2
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FIG. 5. (a) Obtained damping constant @, and (b) js as a function
of temperature.

where dismo is the thickness of LSMO (12 nm), and «; is
the intrinsic Gilbert damping constant of LSMO with no spin
current generation. Due to the spin current generation from
LSMO in sample A, o is larger than o;. s and o are
obtained by

(=410, 3

where f is the frequency of the microwave, ug is the Bohr
magneton, and g is the effective electron g-factor (1.95 for
LSMO [30]). AW and AW, are the experimental FMR
spectral linewidths for sample A and intrinsic LSMO (e.g.,
no spin injection), respectively. The obtained temperature
dependence of ws is shown in Fig. 5(a). Here, we set o;
to be 1.57 x 1073, which was reported for a high-quality
LSMO film in Ref. [31]. Depending on the difference of
the crystal quality of the LSMO layers, this method may
overestimate j; and thus underestimate Agg in our study. We
have obtained g™ =40nm~2 and j, = 5.8 x 10* Am~2 at
20 K. The obtained temperature dependence of js is shown
in Fig. 5(b). The complicated temperature dependences are
likely related to the changes in the spin polarization and the
magnetization of LSMO as a function of temperature.
Following the above-mentioned procedure, we obtained
the temperature dependence of Agg (=P /) [red open cir-
cles in Fig. 4(b)], which shows that Ajgg drastically increases
with decreasing temperature and amounts up to +6.7 nm
at 20 K. This temperature dependence is similar to that
in Ref. [21] but is completely opposite to that reported in
Refs. [19,20]. As discussed below, this characteristic increase
in Ajpg with decreasing temperature mainly originates from
the intrinsic feature of the IEE in the LAO/STO system.
Following the approach in Ref. [32], we calculated the
band structure of the LAO/STO interface using the effective-
mass Hamiltonian with atomic spin-orbit coupling and in-
terorbital nearest-neighbor hopping by polar lattice distortion
based on the six 3d-,, orbitals of up- and down-spin com-
ponents of the dy,, d,., and d., orbitals of Ti (see Sec. 4 in
SM [28]). The calculated band structure is shown in Fig. 4(c).
Comparing the ng values obtained for sample ref-A [see
Fig. 2(c)] and the theoretical carrier density (Fig. S4 in SM
[28]), we estimated the Ep positions in our samples, which are
shown as the red dotted lines in Fig. 4(c). From the Boltzmann
equation, for the nth Fermi surface SF,, the two-dimensional
(2D) current density jFS and the nonequilibrium spin density

respectively. To avoid the complexity of the calculation due to
the complex spin structure around the (110) directions [17],
we assumed the directions of the charge current along [100]
and spin of the injected spin current along [010] for simplicity.
Here, F, (k) and S, (k) are defined as

Fu(k) = FsgnlS, ()] (v, ()0
V(o]
5,00 = Fro, (o2 )
V(o]

where F is the absolute value of the effective electric field that
is applied to each electron state, and v, (k) is the x direction
component of the group velocity v(k). We assumed that the
relaxation time 7 (k) is proportional to |Kk|. Then, jCZD, the total
nonequilibrium spin density §s, and Ajgg are expressed by

2D FSn FSn S
Je —;]C , 8s—;8s , MEgg = i = s
(6)

The most important indication in the above equations is
that the charge current is mainly carried by electrons with
large v, (k). As shown in the calculated v,(k) mapping at
the Fermi surface when Er = 210meV [Fig. 4(d)], which
corresponds to the case of the measurement temperature of
20 K in our study, we see that electrons in the vicinity
of k, =0 mainly contribute to the charge current. In fact,
especially the d,, states that are located at k, = +0.1867 /a
have large v, (k) and F,(k) as shown in Figs. 4(d) and 4(e),
where a is a lattice constant of STO. Here, the atomic spin-
orbit energy Aaso was assumed to be 5 meV, which corre-
sponds to the effective Rashba parameter ag = h>Ak/(2m)
of 3.5 x 1073 eV m for the d,, band with the effective mass
m = 0.41my (mg is the electron mass in a vacuum) [32].
Here, Ak is the spin split of k, when k, = 0 [see Fig. 4(e)].
This relatively small value of agr is due to the large Er (or
carrier density) in our sample. If we can decrease Er down
to the Lifshitz point (Ep &~ 100 meV), Ak and thus ag will
be largely increased, as described in Sec. 6 in SM [28].
Similarly, when Er > 210meV, the d,, states near k, =0
have a dominant contribution to the charge current, leading
to a nearly energy-independent value of j2P/8s (=eApp/T)
when EF 2 210 meV and AASO =5 meV (Flg 6) Thus, )LIEE
is almost determined by 7 in this energy region.

In a way similar to the derivation of Eqs. (4)—(6), we
can obtain the relaxation time t from the experimental sheet
resistance of sample A shown in Fig. 2(d) (Sec. 5 in SM
[28]). Using the theoretical value of ij/(Ss (Fig. 6) and t,
we can predict Ajgg that is expected in our system at each
temperature [dotted curves in Fig. 4(b)]. We see that pre-
dicted Agg increases with decreasing temperature as with the
experimental Ajgg, which confirms that our result originates
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FIG. 6. Calculated j2P/8s as a function of Er when Aaso is 4,
5, 6, and 10 meV. The dotted vertical lines correspond to the carrier
concentrations at 20 and 140 K in our sample (see Fig. S4 in SM
[28]). We can see that j2°/8s can be negative for Axso = 10meV,
which may be the origin of the negative Ajgg reported in Ref. [13].

from the intrinsic IEE. The reason for the larger values of
predicted Agg than the experimental values especially at low
temperatures is probably due to our overestimation of j; or the
small influence of spin scattering.

Comparing between the previous results of the IEE at
LAO/STO [13,19-21] and our result, the small thickness
of LAO only of 2 u.c. and the single crystallinity of our

sample are likely keys to suppressing the extrinsic effect
and to obtaining the large intrinsic IEE. Furthermore, our
band-structure calculation suggests that Ajgg will be dramat-
ically enhanced if we can tune the Ep position at around
the Lifshitz point (Fig. 6). At the same time, we see that
increasing T is important to enhance the IEE, indicating that
single-crystalline 2D systems with a high mobility are very
promising for efficient conversion between spin and charge
currents.

In summary, we have demonstrated efficient intrinsic spin-
to-charge current conversion in a two-dimensional electron
gas using an all-epitaxial single-crystal heterostructure of
LSMO/LAO/STO. With decreasing temperature to 20 K, Agg
was drastically enhanced to 4-6.7 nm. Our band-structure cal-
culation well reproduces this behavior and predicts a further
significant enhancement of Ajgg by adjusting the Fermi-level
position near the Lifshitz point [18,34-39].
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