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ABSTRACT: With the help of the two-dimensional electron gas
(2DEG) at the LaAlO3−SrTiO3 interface, spin and charge
currents can be interconverted. However, the conversion
eﬃciency has been strongly depressed by LaAlO3, which blocks
spin transmission. It is therefore highly desired to explore 2DEGs
sandwiched between ferromagnetic insulators that are transparent
for magnons. By constructing epitaxial heterostructure with
ferromagnetic EuO, which is conducting for spin current but
insulating for electric current, and KTaO3, we successfully
obtained the 2DEGs, which can receive thermally injected spin
current directly from EuO and convert the spin current to charge
current via inverse Edelstein eﬀect of the interface. Strong
dependence of the spin Seebeck coeﬃcient on the layer thickness
of EuO is further observed and the propagation length for nonequilibrium magnons in EuO has been determined. The present work demonstrates the great potential of the 2DEGs formed by
ferromagnetic oxides for spin caloritronics.
KEYWORDS: 2DEG, thermal spin injection, spin-charge conversion, inverse Edelstein eﬀect, Rashba spin splitting
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electron momentum. Consequently, non-equilibrium spin
accumulation will appear once an electric current is applied
along interface, yielding an output of spin current. This is the
so-called Edelstein eﬀect (EE).10 On the contrary, injecting
spin current into interface will result in an inverse Edelstein
eﬀect (IEE), i.e., an electric current along interface.
Based on the technique of ferromagnetic resonance (FMR),
the IEE has been intensively studied in the past few years by
directly injecting spin current to the interfaces of metallic
multilayers, including NiFe/Ag/Bi,11 NiFe/Ag/Sb,12 Fe/Ag/
Sn, 1 3 NiFe/Bi 1. 5 Sb 0.5 Te 1. 7 Se 1. 3 , and NiFe/Sn-doped
Bi2Te2Se.14 For conducting oxide interfaces, spin-to-charge
conversion was also realized in recently years after pumping

he two-dimensional electron gases (2DEGs) conﬁned to
the heterointerfaces of two non-magnetic insulators
LaAlO3 (LAO) and SrTiO3 (STO) have received intensive
attention in the past decade because of their exotic properties
that may lead to new conceptual physics and potential
applications. Novel eﬀects stemming from interfacial reconstruction have been observed, including 2D superconductivity
and its coexistence with ferromagnetism,1−4 abnormal increase
in superconducting temperature with magnetic ﬁelds,5 giant
thermopower,6 current-driven Rashba ﬁeld,7 out-of-plane spin
texture,8 strong gating eﬀect on interfacial conductance,9 etc.
Due to broken spatial inversion symmetry, the conducting
interface owns a unique character, i.e., Rashba-type spin−orbit
coupling. In addition to splitting energy band of the 2DEG
according to spin texture, this distinct spin−orbit coupling
causes a spin-momentum locking, i.e., electron spins align
along a direction parallel to interface but perpendicular to
© 2019 American Chemical Society
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spin current into the 2DEGs at the LAO−STO interfaces.15,16
Diﬀerent from the case of metallic multilayers, spin current
now has to transmit through an insulating layer (LAO) to
reach interface. Soon afterward, the EE was reported for the
same kind of oxide interface.17 It was found that a radio
frequency current applied to the LAO−STO interface
produced a spin current, causing a magnetic precession of
the ferromagnetic (FM) cap layer. In particular, the spin−orbit
torque eﬃciency is unprecedentedly high (∼6.3 at room
temperature), almost 2 orders of magnitude larger than the
spin Hall angles in heavy metals such as Pt and Ta.
Among these works, the spin-charge conversion via the
LAO−STO interface is of special interest because, in a sense, it
reveals the great potential for spintronics of oxide interface
with strong electron correlation and thus deserves further
investigations. Unfortunately, the IEE (EE) of the LAO/STO
system has been signiﬁcantly depressed by the LAO layer,
which impedes the transmission of spin current especially at
low temperatures.16 In addition to this, FMR spin pumping,
which has been frequently adopted while investigating the
physical processes associated with spin current, has drawbacks.
Although it is powerful in generating strong spin current, as is
well-documented,18−21 sometimes it introduces parasitic
eﬀects that must be completely eliminated or else spurious
signals will lead to a misunderstanding of the experimental
results.22 Therefore, it is highly desired to get new 2DEGs
sandwiched between FM insulators that allow magnon
propagation thus the generation of magnon spin current by
thermal gradient. Here, we report a new species of 2DEGs at
oxide interfaces, which favors an eﬃcient spin-to-charge
conversion but does not need electron transmission and
resonance spin pumping. By constructing the epitaxial
heterostructure with FM EuO, which acts as a source for
magnon spin current but is insulating for electric current, and
dielectric KTaO3 (KTO), spin current generated in EuO by
thermal gradient has been directly injected into the 2DEG
residing in the interfacial layer of KTO (Figure. 1a), yielding
unbalanced electron momentum due to the IEE of the 2DEG
and, thus, a sizable electric output (Figure 1b,c). Because spin
injection takes place in the manner of thermal diﬀusion of nonequilibrium magnons rather than electron transmission
through EuO, the impedance of the oxide insulator to spin
current is avoided. Because spin injection is driven by
temperature gradient, possible parasitic eﬀects associated
with FMR are eliminated.
2DEG at the EuO−KTO interface has been fabricated by
epitaxially growing a EuO layer on (001)-oriented KTO single
crystal substrate (5 × 3 × 0.5 mm3) using a molecular beam
epitaxy system with a base pressure below 2 × 10−10 mbar,
following the procedures described in ref 23. Substrate
temperature was set to 500 °C. In total, ﬁve samples were
prepared with layer thicknesses of t = 5, 9, 15, 30, and 45 nm,
respectively. A 2 nm thick MgO cap layer was in situ deposited
to avoid the degrading of EuO in air. The technique of smallangle X-ray reﬂectivity has been adopted for the determination
of layer thickness. X-ray diﬀraction indicates that the EuO layer
thus obtained is single crystal, with its lattice rotating along
[001] axis by 45° with respect to that of KTO to get epitaxial
growth on KTO.23
As shown by the θ-2θ X-ray scan spectra in Figure 2a, the
EuO layer exhibits clear (00l) reﬂections. A Φ-scan around the
(111) peak of the EuO (001) ﬁlm and the KTO (001)

Figure 1. Sketches for thermal spin injection and the IEE of the
EuO−KTaO3 interface. (a) A schematic experiment setup for the
investigation of spin Seebeck IEE. The directions of magnetic ﬁeld,
spin current, and electric measurement are mutually orthogonal. JC
and JS denote the direction of charge current and magnon
propagation, respectively. (b) Band structure for the Rashba-type
two-dimensional electron system. Arrows mark the directions of
electron spins. (c) Fermi contours at the Fermi level in equilibrium
(light line) and non-equilibrium state (bold line). Thick arrows mark
the directions of spin polarization and electric current, respectively.
The left (right) shift of the outer (inner) Fermi contour is due to spin
accumulation. In the case of thermal spin injection, JS points to the
direction of magnon propagation. These magnons have a spin
polarization opposite to applied ﬁeld because they are excited spin
waves. In contrast, the spin polarization of the injected magnons into
2DEG aligns along the ﬁeld direction. To focus on the main feature of
the spin Seebeck IEE, possible distortions in spin textures due to the
spin polarization of the 2DEG have been ignored.

substrate indicates that the EuO layer is epitaxial, consistent
with the result of reﬂected high-energy electron diﬀraction.23
The EuO−KTO interface is highly metallic. As shown in
Figure 2b, sheet resistance (RS) displays a rapid decrease upon
cooling. This behavior is observed in all samples. The RS(300
K)/RS(2 K) ratio is around 5.5. The decrease in the layer
thickness of EuO generally causes a slight upward shift of the
entire RS−T curve but does not aﬀect the metallic character of
the interface, where T represents temperature. A further
analysis yields a rectify-shaped anisotropic magnetoresistance,23 indicating that the conduction of the EuO−KTO
interface is indeed two-dimensional in nature. The deduced
layer thickness of the 2DEG is about 6 nm.23
As is well-documented,24−26 Eu atoms deposited in ultrahigh
vacuum will uptake oxygen atoms from the surface layer of
oxide substrate to form the EuO phase, leaving behind oxygen
vacancies. For the KTO substrate, when the content of oxygen
vacancies is high enough, a metallic 2DEG will appear, residing
in an interfacial layer. The layer thickness of EuO slightly
inﬂuences sheet resistance by aﬀecting the outward oxygen
diﬀusion from KTO thus the carrier density of 2DEG. A direct
measurement of Hall resistance shows that the carrier density
grows from ∼1.0 × 1014 to 1.2 × 1014 cm−2 as the layer
thickness increases from 5 to 15 nm (T = 10 K), while the
corresponding mobility changes from ∼82 to ∼101 cm2/(V s)
(see Figure S1). Even a thick EuO layer causes a slight
decrease in mobility, probably due to interlayer atomic
diﬀusion.
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Figure 2. Structural, transport, and magnetic properties of the EuO/KTO heterostructures. (a) X-ray diﬀraction spectra of the samples with
diﬀerent EuO layer thicknesses. (00l) reﬂections of the EuO layer can be clearly seen. Here, the intensity of the (002) reﬂection of KTO has been
normalized to the same value for comparison. (b) Sheet resistance as a function of temperature for diﬀerent 2DEGs, showing the typical metallic
behaviors. (c) Thermomagnetic curve measured under a magnetic ﬁeld of 0.05 T in ﬁeld-cooling mode for the sample of t = 15 nm. FM order sets
in around 70 K. (d) A magnetic loop of the EuO layer, obtained at 10 K with in-plane magnetic ﬁeld for the same sample of panel c. It indicates an
easy-plane axis.

Figure 3. Spin Seebeck IEE of a EuO−KTO interface with the EuO layer thickness of 15 nm. (a) Left column: magnetic-ﬁeld dependence of
thermoelectric current measured under a ﬁxed heating power of P = 65 mW but diﬀerent temperatures. Horizontal row: magnetic-ﬁeld dependence
of thermoelectric current measured under a ﬁxed temperature of 10 K but diﬀerent heating powers. (b) Thermoelectric current as a function of
temperature. P = 65 mW. (c) Thermoelectric current as a function of heating power, obtained at 10 K. Arrows in the ﬁgure mark the direction of
magnetic cycling. Here, heating power instead of ΔT was adopted because of the diﬃculty of getting an accurate ΔT when P is low.

typical magnetic transition is observed around TC = 70 K.
Figure 2d is the corresponding magnetic loop measured at 10
K along the ﬁlm plane, in which magnetic easy axis lies. The
saturation magnetization is very close to theoretical value (6.8

EuO layers exhibit the standard FM behavior of the EuO
phase. Figure 2c shows the temperature dependence of the
magnetization (M) of a representative sample (t = 15 nm),
measured with a ﬁeld of H = 0.05 T in ﬁeld-cooling mode. The
1607
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versus 7 μB/Eu2+). These are the standard magnetic behaviors
of the EuO phase. Variation in EuO layer thickness slightly
inﬂuences the M−T and M−H relations, whereas the main
magnetic characters of EuO remain unaﬀected (see Figure S2).
Spin Seebeck measurements were performed by a Quantumdesigned physical property measurement system (PPMS). A
Cu block (10 mm × 10 mm × 5 mm) was placed on the
topside of the sample as a cold reservoir. To stabilize the
temperature of sample surface, the cold sink was thermally
contacted to the sample chamber of the PPMS. To be
uniformly heated, the sample (5 mm × 3 mm × 0.5 mm) was
mounted on a Cu plate (5 mm × 5 mm × 1 mm) under which
a resistance heater located. To get good thermal contact,
thermal adhesive was employed between Cu block (Cu plate)
and sample. The whole package, including the top cold sink,
the sample, and the bottom heating unit was mounted on a
polyvinyl chloride sample holder. The temperature diﬀerence
of the topside and backside of EuO/KTO was obtained by
directly measuring the temperatures of the Cu cold sink and
Cu plate via two thermocouples (Pt100 thermocouple with an
area of 2 mm × 2 mm and a thickness of 0.2 mm). To generate
non-equilibrium magnons in EuO, a thermal gradient is
established by heating the backside Cu plate while keeping the
cold sink at the preset temperature. Electric output (VIEE) were
collected, by a nanovoltmeter (Keithley 2182A), from two
electrodes connected to 2DEG as the magnetic ﬁeld is cycling
between ±0.5 T along the interface (electrode separation of 4
mm). The left column of Figure 3a presents the magnetic-ﬁeld
dependence of the thermoelectric current IIEE for the typical
sample of t = 15 nm, measured at diﬀerent temperatures under
a ﬁxed thermal gradient of ∇T ≈ 18.8 K/cm in the EuO layer
(corresponding to a heating power of P = 65 mW). Here, IIEE
is deﬁned by VIEE/R. R = RS × L/W, with RS being the square
resistance of the 2DEG and L and W being electrode
separation and sample width, respectively. The temperature
diﬀerence between the backside and topside of EuO/KTO is
3.5 K, obtained by direct measurements. Adopting the thermal
conductivity of ∼23.8 W/mK for EuO27 and ∼6.3 W/mK for
KTO28 at 10 K, it is easy to estimate the thermal gradient in
EuO. Corresponding to the negative to positive sweeping of
the magnetic ﬁeld, the thermoelectric current ﬁrst takes a
constant positive value and then, when H exceeds a threshold
ﬁeld, suddenly drops to a negative value that is the same as the
positive one in magnitude. Reversing sweeping direction, an
opposite process takes place at a negative threshold ﬁeld.
Finally, a rectangle-shaped clockwise IIEE−H loop is formed.
Here the conventional thermopower stemming from longitudinal temperature gradient has been corrected, which is
independent of magnetic ﬁeld. Due to the presence of a Cu
plate, the sample has been uniformly heated. The conventional
thermopower caused by inhomogeneous heating, which results
in an upward and downward shift of the whole VIEE−H loop, is
smaller than 0.25 μV, only ∼25% of the spin Seebeck VIEE (see
Figure S3). Obviously, a vertical thermal gradient indeed
generates a horizontal electric ﬁeld in 2DEG in the presence of
an orthogonal magnetic ﬁeld, and the maximal thermoelectric
current is ∼1.1 nA. Noting the fact that the electric current is
negative (positive) when the magnetic moment of EuO aligns
along (against) the ﬁeld direction marked in Figure 1a, the
electric ﬁeld in 2DEG must direct along the yellow arrow, as
shown in Figure 1a.
Notably, VIEE changes its sign at a deﬁnite ﬁeld of ±80 Oe,
which is exactly the coercive ﬁeld of EuO (Figure 2d). This

result indicates that the sign change takes place accompanying
the magnetization reversal of the EuO layer. This kind of
phenomenon is usually observed when the sample exhibits an
anomalous Nernst eﬀect or a spin Seebeck eﬀect. It cannot be
the anomalous Nernst eﬀect of the EuO layer because EuO is
an insulator without mobile charges (see Figure S4). It cannot
be the anomalous Nernst eﬀect of the 2DEG either although
2DEG is magnetic23 because the VIEE−H loop, in that case,
should be counterclockwise on the analogy of the anomalous
Hall eﬀect of the 2DEG (see Figure S5); generally, the
anomalous Nernst eﬀect is equivalent to anomalous Hall eﬀect
except that the driving force for electric current now is thermal
gradient rather than electric ﬁeld. From ﬁrst glance, the VIEE−
H dependence here is similar to that resulted by spin Seebeck
eﬀect in the hybrid structure like Pt/YIG (Y3Fe5O12) if EuO
acts as YIG and 2DEG acts as Pt. As is well-documented,29−32
when a temperature gradient is established in an insulating FM
material, a thermal diﬀusion of non-equilibrium magnons will
appear parallel to thermal gradient. This analysis implies the
formation of a spin current in EuO and the spin injection to
the EuO−KTO interface or 2DEG. Due to the Rashba spinmomentum locking of the 2DEG,33 the spin accumulation will
result in uncompensated electron momentums at the Fermi
contours as sketched by Figure 1c, yielding an electric output.
Based on these analyses, we can safely say that the spin-charge
conversion here has been driven by the spin Seebeck IEE of
the 2DEG.
To conﬁrm this conclusion, we checked the current
direction produced by the IEE. Because the sample is heated
on backside, as shown in Figure 1a, the spin current will start
from conducting interface and ending on the EuO surface.34
This will cause a left (right) shift of the outer (inner) Fermi
contour when the magnetization of EuO aligns along the
downward direction as experimentally set (Figure 1c). As a
consequence, the electron momentum is greater along than
against the x axis. This implies an electron drift against the x
axis, consistent with the experimental observation. Because the
spin polarization of the spin current is parallel to the magnetic
direction of the EuO layer, magnetization reversal thus reverses
the direction of the electric output. As expected, when aligning
spin polarization of spin current to the direction of electric
measurement, VIEE will vanish. In this case, uncompensated
electron momentums appear in the perpendicular direction of
electric measurements. Indeed, no VIEE is detected after
rotating magnetic ﬁeld in ﬁlm plane by 90° (see Figure S6).
As shown by the left column of Figure 3a, the spin Seebeck
IEE is strongly temperature dependent. It is the strongest at 10
K and invisible at 30 K. We did not perform the experiments in
the temperature range below 10 K because it is diﬃcult to get a
thermally stable state there. In general, the weakening of the
IEE implies a reduction of the numbers of non-equilibrium
magnons that reach the 2DEG. This eﬀect could be ascribed to
the decrease of the magnon lifetime at lifted temperatures35
due to enhanced magnon−magnon or magnon−phonon
interaction. Remarkably, the IEE disappears at a critical
temperature that is well below of the Curie temperature of
EuO (30 versus 70 K). This is consistent with a previous
report that the EuO-induced magnetic hysteresis disappears
above 30 K for the 2DEG at the EuO−KTO interface.23 A
possible explanation is that the interfacial layer of EuO has a
lower Curie temperature. This will occur if Eu uptakes
excessive oxygen atoms from KTO, forming the EuO1+δ
phase.36,37 Figure 3b is a summary of the spin Seebeck IEE
1608
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Figure 4. Comparison of the spin Seebeck IEE of diﬀerent samples. (a) Magnetic-ﬁeld dependence of thermoelectric current for diﬀerent samples,
measured at 10 K with a ∇T of 18.8 K/cm (P = 65 mW). The nominal thickness of the EuO is t = 5, 9, 15, and 30 nm. Arrows in the ﬁgure mark
the direction of magnetic cycling. (b) Thermoelectric current as a function of layer thickness. A nearly linear growth of IIEE in the initially stage and
a tendency toward saturation above the layer thickness of 30 nm can be clearly seen. The solid line is the result of curve ﬁtting to the equation of
IIEE = IIEE0[1 − exp(−t/λ)], which reveals the inﬂuence of ﬁnite magnon propagation length on IIEE.

contributions to the IIEE of the distant magnons from interface
due to the ﬁnite propagation length.
Depicting the thermoelectric current as a function of layer
thickness, we obtained a quantitative relationship between IIEE
and t. As shown in Figure 4b, IIEE increases nearly linearly with
ﬁlm thickness in the initial stage. This behavior is expected to
appear when the ﬁlm thickness is shorter than magnon
propagation length. In this case, the number of nonequilibrium magnons collected by the EuO−KTO interface
will be proportional to ﬁlm thickness. Notably, strong thickness
dependence of the spin Seebeck eﬀect has already been
reported for the Pt/YIG hybrid structures.35,38 When t is thick
enough, however, the growth speed of IIEE with t slows down,
exhibiting a tendency toward saturation. This behavior will
appear when the ﬁlm thickness is greater than the magnon
diﬀusion distance. In this case, distant non-equilibrium
magnons annihilate on their way toward the 2DEG. According
to Kehlberger et al.,38 there will be a simple relation IIEE =
IIEE0[1 − exp(−t/λ)] if the IIEE−t dependence is determined
by the magnon diﬀusion, where IIEE0 and λ are two adjustable
parameters, with λ being magnon propagation length. Indeed,
the experimental data in Figure 4b can be well-described by the
above equation adopting the ﬁtting parameters of IIEE0 = 1.2
nA and λ = 16 nm. Obviously, it is the near interface layer of
EuO that dominates the spin Seebeck eﬀect. Magnons more
than 16 nm away from interface have a very low probability to
be collected by interface thus have negligible contributions.
Remarkably, the magnon propagation length deduced here (16
nm) is much smaller than that of YIG (∼10 μm) but
comparable to that reported for γ-Fe2O339 and Fe3O4.40 Short
magnon diﬀusion distance could be a general feature of most
magnetic oxides.

voltages obtained at diﬀerent temperatures. VIEE, which is
deﬁned by [VIEE(−0.3 kOe) − VIEE(+0.3 kOe)]/2, is ∼1 μV at
10 K. The corresponding current is 1.1 nA. With the increase
of temperature, the thermoelectric current linearly decreases
and vanishes above 30 K.
The horizontal row in Figure 3a depicts the IIEE−H loop as a
function of heating power, obtained at a ﬁxed temperature of
10 K. As expected, IIEE is zero without being heated (not
shown), i.e., thermal gradient is indispensable for the spin
Seebeck IEE. IIEE is ∼0.1 nA when the heating power is 2.2
mW and ∼1.1 nA when P is 65 mW, monotonically increasing
with heating power. This is understandable because a higher
heating power will generate a greater thermal gradient thus a
stronger spin current. The IIEE−P relation is depicted in Figure
3c. IIEE increases rapidly as P starts to grow from zero and
tends to a state of saturation when P exceeds 40 mW. The
nonlinear relation means the enhancement of energy
dissipation when heating power is high.
To get further information on spin Seebeck IEE, we
performed a systematic investigation of the samples with
diﬀerent EuO layer thicknesses. As shown in Figure 4a, the
VIEE-H loop varies from sample to sample. The IIEE step at the
threshold magnetic ﬁeld displays an obvious increase with t. It
is ∼0.2 nA for t = 5 nm and ∼1.0 nA for t = 30 nm, enhancing
by a factor up to 5 as t increases. The magnetic behaviors of
these samples are similar and, thus, are unlikely to be
responsible for the diﬀerent thermoelectric eﬀects (see Figure
S2). Considering the fact that thick EuO layers can provide
more non-equilibrium magnons, the spin current received by
the 2DEG will increase with ﬁlm thickness. In this picture, we
can understand the strong thickness dependence of IIEE. At ﬁrst
glance, however, the IIEE growth with t is nonlinear, slowing
down when the ﬁlm is thick. This means a reduction of the
1609
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thermal spin injection cannot be directly compared to that of
spin pumping by FMR. As an alternative, we studied the eﬀect
of an insulating buﬀer layer on the spin Seebeck IEE. A control
sample has been fabricated for this investigation, which is
composed of EuO (15 nm), KTO and an intermediate LaTiO3
layer (5 unit cells in thickness). It is found that VIEE is ∼1 μV
for EuO/KTO and ∼25 nV for EuO/LaTiO3/KTO for a ﬁxed
thermal gradient of 18.8 K/cm (see Figure S7). The LaTiO3
layer has severely depressed the thermoelectric eﬀect.
Obviously, LaTiO3 has blocked the spin current transmission
from EuO to 2DEG. Here, LaTiO3 rather than LaAlO3 was
adopted as buﬀer layer because LaAlO3 always forms an
amorphous layer when deposited on KTO, even at high
temperatures.46
The 5d oxide KTO is distinct due to its strong spin−orbit
coupling. The electronic structure of the 2DEG residing in
KTO is therefore especially attractive. Based on the measurement of angle-resolved photoemission (ARPES), King et al.47
obtained the sub-band structure of the 2DEG yielded by
irradiating KTO surface, which has been cleaved in an
ultrahigh vacuum, using UV light. Unfortunately, the Rashba
spin splitting of the 2DGE cannot be resolved from the ARPES
spectrum. Based on the analysis of the eﬀect of weak antilocalization for the 2DEG at the amorphous LAO−KTO
interface, Zhang et al.48 obtained the Rashba coupling constant
of ∼0.1 eV Å. This constant is comparable to the topological
insulator, which is known for its strong spin−orbit interaction
(∼0.36 eV Å for Bi2Se349). Therefore, large Rashba spin
splitting and direct spin injection both cause the strong spin
Seebeck IEE observed here.
In conclusion, 2DEGs sandwiched between ferromagnetic
insulators EuO and 5d oxides KTaO3 have been obtained. A
direct thermal spin injection from EuO to 2DEG and an
eﬃcient spin-to-charge conversion have been achieved via the
inverse Edelstein eﬀect of the conducting interface. The
propagation length of non-equilibrium magnons in EuO has
been determined. The present work suggests a potential
application of magnetic 2DEGs to spintronics.

Unlike the case of spin pumping by FMR, it is not possible
to determine the eﬃciency or the Rashba−Edelstein parameter
for the spin-charge conversion in the case of thermal spin
injection, due to the diﬃculty to estimate spin current. To
quantify thermoelectric eﬃciency, we deﬁne a spin Seebeck
coeﬃcient by SSC = EIEE/∇T, where EIEE equals VIEE/L with L
being the electrode separation for voltage measurements.
Actually, SSC is the electric ﬁeld produced by unit temperature
gradient via spin Seebeck eﬀect. It thus allows a comparison of
the thermoelectric eﬃciency of diﬀerent systems. In Figure 5,

Figure 5. Spin Seebeck coeﬃcient as a function of the thickness of
magnetic layer for the EuO/KTO (diamonds) and Pt/YIG (solid
circles) hybrid structures, depicted at a ﬁxed temperature of 10 K. The
data of Pt/YIG have been collected from the literature denoted in the
ﬁgure. The Pt ﬁlms have the thicknesses between 5 and 10 nm. The
solid line is a guide for the eye.

we show the SSC values of EuO/KTO for two selected ﬁlm
thicknesses of t = 15 and 45 nm. The corresponding results are
∼0.13 and ∼0.15 μV/K. For comparison, the reported SSC
values for the Pt/YIG hybrid structures are also presented in
Figure 5, with the YIG layer thickness ranging from 50 nm to 1
mm. Pt/YIG is a model system for the investigation of spin
Seebeck eﬀect. YIG owns the longest magnon diﬀusion
distance among magnetic materials (∼10 μm) and Pt has a
strong spin−orbit interaction. According to Figure 5, SSC is
around 1 μV/K when the thickness of the YIG slab is 1 mm,
which is larger by a factor of 6.7 than the SSC of EuO/KTO.
This is understandable. Because of the long magnon
propagation distance, thicker YIG slabs will provide more
eﬀective non-equilibrium magnons for the Pt detector. With
the decrease of ﬁlm thickness, however, SSC undergoes a rapid
decrease. It is ∼0.02 μV/K when t = 1 μm and ∼0.008 μV/K
when t = 50 nm. Comparing the results for the EuO/KTO and
Pt/YIG heterostructures with the same thickness for magnetic
layer (∼50 nm), the SSC of the former system is greater by a
factor of ∼19 than that of the latter. Obviously, the EuO/KTO
system is much more eﬃcient than Pt/YIG for thermoelectric
conversion.
Here, we emphasize that the spin current in EuO/KTO
appears accompanying the diﬀusion of non-equilibrium
magnons and is directly injected into the 2DEG at the oxide
interface. This is diﬀerent from the FM ﬁlm/LAO/STO
system, for which the spin injection to 2DEG is achieved by
transmitting electrons through the LAO layer and, thus, is
strongly depressed at low temperatures.16 The eﬃciency of
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