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Inverse Orbital Torque via Spin-Orbital Intertwined States
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While current-induced torque by orbital current has been experimentally found in various structures,
evidence for its reciprocity has been missing so far. Here, we report experimental evidence of strong
inverse orbital torque in YIG/Pt/CuOx (YIG = Y3Fe5O12) mediated by spin-orbital mixed electronic
states in Pt. By injecting spin current from YIG to Pt by the spin pumping via ferromagnetic resonance
and by the spin Seebeck effect, we find a pronounced inverse spin Hall effectlike signal. While a part of
the signal is explained as being due to the inverse spin-orbital Hall effect in Pt, we also find a substantial
increase of the signal in YIG/Pt/CuOx structures compared to the signal in YIG/Pt. We attribute this to the
inverse orbital Rashba-Edelstein effect at the Pt/CuOx interface mediated by the spin-orbital coupled states
in Pt. Our work paves the way toward understanding of spin-orbital intertwined physics in nonequilibrium
and provides a way for electrical detection of the orbital current in orbitronic device applications.
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In the age of information technology, spin-based elec-
tronics has found wide application in data storage and
processing. This field is facing increasing challenges that
demand increasingly efficient materials for generation and
manipulation of spin currents [1,2]. It turned out that spin-
orbit coupling (SOC) enables generation of nonequilib-
rium spin accumulation, e.g., by the spin Hall effect (SHE)
[3–5] and Rashba-Edelstein effect [6–9]. A reciprocal
effect such as inverse SHE (ISHE) provides a way to detect
spin current electrically. Injection of the SOC-induced spin
to a ferromagnet can exert torque on the magnetization,
which is known as spin-orbit torque (SOT), an effect that
originates from the exchange interaction between nonequi-
librium spins and local magnetic moments [10–12]. Since
SOC increases with the atomic number, heavy metals,
such as Pt, Ta, and W, have been widely used in spin-
tronics investigation, making them prime candidates for
devices used to manipulate the magnetization by electri-
cal means only. In this scenario, light materials, such as
Cu, are often overlooked, because they have negligible
SOC.
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However, recent studies have shown that naturally
oxidized Cu films can significantly enhance SOT effi-
ciency, which reveals a crucial role of an oxide interface
[13–16]. This effect can be explained in the recently devel-
oped framework of orbital-angular-momentum (OAM)
currents, which can be generated even in weak SOC mate-
rials. Apparently, OAM would not play any significant role
due to the angular-momentum quenching in solids, how-
ever, it has been shown that the orbital Hall effect (OHE)
can generate an OAM current in a transverse direction
to an external electric field even if the OAM is com-
pletely quenched in the ground state [17–21]. At surfaces
and interfaces, where the inversion symmetry is broken,
orbital hybridizations induce a local electric dipole, which
influences the OAM polarization. Its interaction with struc-
tural asymmetry results in the orbital Rashba effect (ORE)
[22–27], which induces a chiral OAM texture for elec-
tronic states in k space. Thus, application of an external
electric field can result in nonequilibrium OAM accumu-
lation, which is known as the orbital Rashba-Edelstein
effect (OREE) [27,28]—the orbital counterpart of the spin
Rashba-Edelstein effect [6–8]. The transfer of the OAM to
the magnetization of a magnetic material provides an alter-
native mechanism to induce magnetization dynamics [29].
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Such orbital torques (OTs) provide a promising route for
magnetic nanodevices based on light elements.

Among different material candidates, a surface-oxidized
Cu (CuOx) is found to exhibit a strong OREE [27].
This is supported by recent papers on OT in heterostruc-
tures involving CuOx [27,29,30]. In particular, Ref. [29]
demonstrated an innovative route to achieve large torque
efficiency using strong SOC of Pt in TIG/Pt/CuOx struc-
ture, where TIG = Tm3Fe5O12. In Ref. [29], the OAM
induced by the OREE is harnessed by the orbital-to-spin
conversion in Pt, which has strong SOC, and the result-
ing spin exerts torque on the magnetization of TIG. So
far, we emphasize that there is still no experimental evi-
dence of its reciprocal process, the inverse OT. We also
note that Refs. [16,31] found negligible efficiency for the
inverse OT.

In this paper, we report an experimental observation
of the inverse OT in heterostructures of YIG(40)/Pt(tPt)/

CuOx(3) by means of spin pumping via ferromagnetic
resonance (FMR) and longitudinal spin Seebeck effect
(LSSE) in YIG, where the numbers in parentheses indi-
cate the thickness of each layer in nanometers. When
comparing with the result in YIG(40)/Pt(tPt), we find a
substantial increase of the inverse SHE-like signal upon
adding a CuOx capping layer, suggesting the crucial role
of the Pt/CuOx interface, where strong ORE exists. From
this, we conclude that upon spin injection, nonequilibrium
electronic states exhibit strong coupling between the spin
and orbital due to the strong SOC of Pt, and it is con-
verted into charge current by the inverse OREE (IOREE)
at the Pt/CuOx interface. The efficiency of this process
depends on two aspects: (1) the spin-orbital degree of
coupling that determines how efficiently the orbital cur-
rent is conducted upward; (2) how strong is the IOREE,
which is driven by the perpendicular E field (due to the

inversion symmetry breaking and/or any charge-transfer
process due to the oxidation) at the Pt/CuOx interface.
Figure 1 presents a schematic illustration of the mecha-
nism for converting spin-orbital mixed current into charge
current by two mechanisms. The spin is injected from YIG
and as the spin couples with the OAM at Pt, it is converted
into a charge current not only by the inverse SHE-OHE in
Pt [Fig. 1(a)] but also via the IOREE at the CuOx inter-
face [Figs. 1(b) and 1(c)]. We find that this contribution
is much stronger than the “conventional” contribution by
the ISHE in Pt. Our finding not only demonstrates the
inverse OT unambiguously, but also sheds light on the
nonequilibrium spin-orbit physics. The YIG(40) film used
in this work is grown by liquid phase epitaxy onto a 0.5-
mm-thick (111)-oriented Gd3Ga5O12 (GGG). The Pt and
Cu films are dc-sputter-deposited at room temperature in
a working pressure of 2.8 mTorr and a base pressure of
2.0 × 10−7 Torr or lower. The set of samples with the Cu
capping layer is left outside the chamber for 2 days to
naturally oxidize. All the YIG samples are cut from the
same YIG(40) film in pieces with lateral dimensions of
1.5 × 3.0 mm2 (see Appendix A for details).

The investigation of the structural properties of the het-
erostructures is carried out by conventional x-ray diffrac-
tion (XRD), grazing incidence x-ray diffraction (GIXRD),
and SEM images. To investigate the oxidation process, we
deposit a thick film of Cu(60) on top of the Pt(3) layer
and left the sample exposed to air. The GIXRD pattern in
Fig. 2(a) clearly shows the diffraction peaks characteristic
of CuOx and of the polycrystalline Cu film with preferen-
tial texture oriented along the planes (111), (200), (220),
and (202), as previously reported [32]. We deposit a cap-
ping layer of Pt(5) on the Cu surface and the GIXRD
pattern is shown in Fig. 2(b) where no CuOx peaks are
identified. Clearly the capping layer of Pt(5) prevents the

(a) (b) (c)

FIG. 1. Illustration of the inverse SHE and OHE process. (a) Without CuOx layer, the only contribution is due to the conversion of
�JLS in charge current. (b) With CuOx layer, the additional �J IOREE

C appears driven by the interface Pt/CuOx. (c) IOREE in the presence
of a chiral OAM texture in k space.
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(a) (b)

(c) (d)

FIG. 2. (a) Shows the GIXRD pattern of a film of Cu(60) that is left in contact with air for 2 days. The result shows the presence
of strong CuOx peaks. In (b), the GIXRD pattern clearly shows that a capping layer of Pt(5) prevents the Cu layer oxidation. (c),(d)
SEM surface images of CuOx(3) and CuOx(7), respectively. The images reveal pyramidal structures associated to the orientation of
the GGG substrate. Inset of (b) shows the conventional XRD pattern of GGG/Pt(3)/Cu(60)/CuOx, exhibiting reflections associated
with the (222), (444), and (666) crystal planes of GGG as well as (111) texture of the Cu layer.

Cu oxidation. The XRD spectrum also shows the peak cor-
responding to (111) Bragg reflections from the Cu film,
demonstrating that the orientation of the GGG substrate
strongly influences the orientation of the Cu grains. Fig-
ures 2(c) and 2(d) show SEM images of Cu/CuOx films
deposited in GGG(111)/Pt(3) revealing a continuous film
with different shapes of CuOx pyramids with dimensions
smaller than 1 μm associated to the orientation of the GGG
substrate. Furthermore, preliminary results performed by
TEM, on the samples used in this work, confirm that the
natural oxidation of surface layers of Cu films can have
thicknesses of up to approximately 10 nm.

We use the FMR-driven spin-pumping (FMR SP)
technique excited at 9.41 GHz [33,34] to investi-
gate the interplay between orbital and spin currents
in two series of heterostructures: YIG(40)/Pt(tPt) and
YIG(40)/Pt(tPt)/CuOx(3), where 0 ≤ tPt ≤ 7 nm. For the
second series of samples, a Cu(3 nm) island with

dimensions 1.5 × 2.0 mm2 is deposited on top of the Pt
layer. In this technique, illustrated in Fig. 3(a), a spin
current is coherently injected through the YIG/Pt inter-
face by the uniform precession of the YIG magnetization
under FMR. The upward spin current density (�J SP

S ), dif-
fuses through the Pt layer generating a local electric field,
�EISHE ∝ �J SP

S × σ̂ , by means of the ISHE, where spin cur-
rent polarization σ̂ ‖ �MYIG. By measuring the voltage dif-
ference (VSP) produced between the two electrodes, we can
define the SP signal as the current ISP = VSP/R, where R is
the electric resistance along the Pt layer. Figure 3(b) shows
typical ISP signals for the sample YIG/Pt(2)CuOx(3),
which obey the equation �J SP

C = (2e/�)θSH(�J SP
S × σ̂ ) as

expected, i.e., null at φ = 90◦ (black), maximum positive
at φ = 0◦ (blue), and maximum negative φ = 180◦ (red).
Here φ is the angle between the dc field and the direc-
tion of the voltage measurement. Inset of Fig. 3(b) shows
the same behavior obtained for the sample YIG(40)/Pt(2).
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(a) (b)

(c) (d)

(f)(e)

FIG. 3. (a) Schematically shows the SP configuration. (b) Typical ISP signals for the samples with and without the CuOx cover
layer (inset). (c) Comparison of the SP signals of the samples with (black) and without (red) CuOx capping layer, respectively,
obtained for Prf = 110 mW. The inset shows the derivative of the FMR absorption signal for both samples. (d) ISP signals for samples
YIG(40)/Pt(2)/Cu(3)/MgO(5) (blue) and YIG/Pt(2) (red), which confirm that the enhancement occurs only when the Cu cover layer
is oxidized. (e) Dependence of ISP signals, as a function of the rf power, for samples YIG/Pt(2) (red) and YIG/Pt(2)/CuOx(3) (black).
(f) Dependence of ISP as a function of tPt, for samples YIG/Pt(2) (red) and YIG/Pt(2)/CuOx(3) (black). The solid lines are guides
to the eyes. The inset shows the difference between the data of the samples with and without the CuOx cover layer, which reaches a
maximum for tPt ≈ 2 nm.

014069-4



INVERSE ORBITAL TORQUE VIA . . . PHYS. REV. APPLIED 19, 014069 (2023)

Figure 3(c) clearly shows the significant gain of the SP
signal, for the sample YIG(40)/Pt(2)/CuOx(3) (black)
compared with the sample YIG(40)/Pt(2) (red).

While the bare YIG presented a FMR linewidth of
�H = 2.63 Oe, it increases to 2.84 Oe after deposition of
Pt and increases for 3.06 Oe after deposition of CuOx on
top of Pt, which characterizes the transfer of spin angu-
lar moment from YIG to the Pt layer [inset of Fig. 3(c)].
To confirm the effect of the Cu oxidation, we prepare
a sample in which the Cu layer is protected by a layer
of MgO(5). The results of Fig. 3(d) show that the ISP
signals for samples YIG(40)/Pt(2)/Cu(3)/MgO(5) (blue)
and YIG(40)/Pt(2) (red) are equivalent, thus confirming
that the enhancement shown in Fig. 3(c) comes from the
Pt(2)/CuOx(3) interface. Figure 3(e) shows the depen-
dence of the peak value of ISP, as a function of the rf
power used to excite the FMR, for both samples (see
Appendix A). By comparing the slopes of the black and
red lines, we observe that the gain in ISP, due to the pres-
ence of CuOx(3), is around 5 times. The dependence of ISP
as a function of the Pt layer thickness, with a rf power of
110 mW, for both sets of samples is shown in Fig. 3(f). The
ISP signal for the sample YIG(40)/Pt(tPt) (red) exhibits the
usual behavior, i.e., increases as the tPt increases reach-
ing the saturation for tPt > 4 nm. On the other hand, the
dependence of ISP on tPt for the set of samples with a cap-
ping layer of CuOx(3) (black), increases sharply reaching a
maximum at tPt ∼ 3 nm, then decreases to the same range
of saturation values observed for the YIG(40)/Pt(tPt) sam-
ples. The solid lines in Fig. 3(f) are guides to the eyes.
The unusual dependence of ISP on tPt, for the samples
YIG(40)/Pt(tPt)/CuOx(3), is explained as due to the inter-
play between the spin and orbital states that is mediated
by the strong SOC of Pt. The spin-orbital mixed current
(�JLS) is partially converted into charge current by means
of the inverse spin and orbital Hall effects of Pt and by
the strong IOREE at the Pt/CuOx interface. As the Pt
layer thickness increases, the �JLS current no longer reaches
the Pt/CuOx interface due to the finite diffusion length of
the spin-orbital intertwined current in Pt, thus causing the
measured voltage to decrease.

To confirm the results obtained by SP, we perform spin-
injection measurements using the LSSE technique on the
same two sets of samples. In LSSE, the application of a
temperature gradient in a magnetic material generates a
spin current along the direction of the temperature gradi-
ent, which is the magnetic analog of the thermoelectric
Seebeck effect [35]. Figure 4(a) shows schematically the
LSSE setup, in which a thermal gradient is applied perpen-
dicular to the sample plane [see Appendix B]. It highlights
the perpendicular temperature gradient �∇T and the upward
spin-orbital coupled current (�JLS), the ISHE-like charge
currents in Pt (�JC) due to the inverse spin and orbital
Hall effects, as well as the OREE current on the Pt/CuOx
interface.

Figure 4(b) shows LSSE signals, where thermal voltages
(VLSSE) are measured along sample plane for heterostruc-
tures of YIG(40)/Pt(2) (red) and YIG(40)/Pt(2)/CuOx(3)

(black). From negative to positive field sweep, the per-
pendicular temperature gradient is fixed at the same value
for the measurements of both samples. Surprisingly, the
measured LSSE signal value for the sample with a CuOx
capping layer increases more than 2 times compared to the
sample without CuOx. Figure 4(c) shows the LSSE sig-
nals of YIG(40)/Pt(2)/CuOx(3) for various temperature
differences (0 K ≤ �T ≤ 20 K) between the heat baths
placed on the lower and upper surfaces of the sample
(see Appendix C). The LSSE signal amplitude (�ILSSE),
defined in Fig. 4(b), increases linearly as a function of
�T, as summarized in Fig. 4(d) for the heterostructures
of YIG(40)/Pt(2)/CuOx(3) (black) and YIG(40)/Pt(2)

(red), respectively. The linear fits of Fig. 4(d) are obtained
by means of �ILSSE = −ξ�T cos φ [36], where ξ =
(SFM/R)(wPt/tYIG + tGGG) (see Appendix C). Here, SFM is
the spin-Seebeck coefficient, wPt is the distance between
the electrical contacts, φ is the azimuthal angle as defined
in Fig. 4(a), and tYIG and tGGG are the thicknesses of the
YIG and GGG layers, respectively. From the linear fits
shown in Fig. 4(d) we obtain ξ (1)/ξ (2) ∼= 2.6, where ξ (1)

and ξ (2) are the linear coefficients for the black and red
lines, respectively. Thus, the presence of CuOx increases
the LSSE signal by a factor of 2.6. Figures 4(e) and 4(f)
show the dependence of �ILSSE for both series of samples
as a function of tPt for �T = 27 K and �T = 3 K, respec-
tively. As expected, the dependence of �ILSSE × tPt for
YIG(40)/Pt(tPt) is given by �ILSSE = βλN tanh(tPt/2λN),
where β depends on the interface YIG/Pt properties
and λN is the spin-diffusion length in the Pt layer [37].
�ILSSE increases monotonically, reaching the saturation
for tPt > 4 nm, and the red line corresponds to the best
fit to the data with λN = 1.6 ± 0.2 nm, which is in the
range of reported spin-diffusion lengths for Pt that span
an order of magnitude, ranging from just over 1 to 10 nm
[34,38]. On the other hand, the results for the samples
YIG(40)/Pt(tPt)/CuOx(3), indicated in Figs. 4(e) and 4(f)
by the black symbols, shows the same behavior of the SP
signal of Fig. 3(f). Black lines are guides to the eyes. The
LSSE signal rapidly increases as a function of tPt, reaches
a maximum for tPt ≈ 3 nm and then decreases to values
of the same order as the saturation values obtained for the
YIG(40)/Pt(tPt) samples.

This very peculiar behavior can also be explained as
being due to the interplay between the electron spin
and orbital degrees of freedom. In the LSSE, an upward
spin current, �J LSSE

S ‖ �∇zT, driven by the �∇zT, is injected
through the YIG/Pt interface. Due to the strong SOC of Pt,
the out-of-equilibrium spin states, thermally pumped into
Pt, give rise to a spin-orbital mixed current (�JLS). As the
coupled spin-orbital current propagates upward through
the Pt layer, it is converted into charge current, either by
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(a)
(b)

(c) (d)

(f)(e)

FIG. 4. (a) Schematically shows the LSSE configuration. (b) Field sweep of the LSSE signal for the samples with (black) and without
(red) a capping layer of CuOx(3), for �T = 27 K. With the deposition of the CuOx layer, the LSSE signal obtained a gain of order 2.6.
(c) Field scan curves for values of �T ranging from 0 to 20 K, for the sample with the cover layer of CuOx. The inset of (b) shows
the same curves obtained for sample YIG(40)/Pt(2). (d) Dependence of �ILSSE as a function of �T for samples YIG/Pt(2)/CuOx(3)

(black) and YIG/Pt(2) (red), where �ILSSE is defined in (b). (e),(f) Dependence of �ILSSE as a function of tPt for �T = 27 K and
�T = 3 K, respectively. The red symbols are the data for the sample YIG/Pt(tPt) and the black symbols are the data for the sample
with the capping layer of CuOx. The insets of (e),(f) show the difference between the data of the samples with and without the CuOx
cover layer, which reaches a maximum for tPt ≈ 2 nm.
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the inverse SHE or inverse OHE, as well as by the strong
OREE at the Pt/CuOx interface. It is wortwhile to mention
that preliminary results performed in YIG/Pt(4)/AlOx(3)

also exhibit a gain of more than twice compared to
YIG/Pt(4) (see Fig. 8,Appendix C).

The interaction between charge, spin, and orbital
degrees of freedom, triggered by the FMR-driven or
thermal-driven spin pumping, represents a unifying prin-
ciple to explain the experimental results reported in this
work. By injecting the pure spin current from the FMR
SP or LSSE from YIG into Pt, the nonequilibrium elec-
tronic states have strong intertwining between the spin and
orbital and carries spin-orbital mixed current. In Pt, a part
of the spin-orbital mixed current is converted into charge
current. This occurs either by the inverse SHE or inverse
OHE. We note that this has been conventionally interpreted
solely in terms of the inverse SHE, neglecting the orbital
contribution. Meanwhile, as the spin-orbital coupled cur-
rent propagates across the Pt layer and reaches the CuOx
interface, it is converted to charge current via the inverse
OREE. However, if the Pt layer is thicker than the relax-
ation length for the spin-orbital mixed current, it cannot
reach the CuOx interface and only the inverse SHE and
OHE contributions contribute. This explains why the effi-
ciencies for YIG/Pt and YIG/Pt/CuOx converge to the
same value for tPt > 7 nm.

In conclusion, we use LSSE and FMR SP tech-
niques to investigate the interplay between spin, orbital,
and charge degrees of freedom in heterostructures of
YIG(40)/Pt(tPt)/CuOx(3). Due to the strong SOC of Pt,
the spin states, pumped through the YIG/Pt interface, cou-
ple with the local orbital states, thus generating an upward
pure spin-orbital current (�JLS) without flow of charge. Part
of this current is converted, within the Pt, into a trans-
verse charge current by either the inverse-SHE effect or
the inverse-OHE effect. Part of the remaining spin-orbital
current that flows upward, is transformed into a transverse
charge current by means of the inverse OREE. This cur-
rent is added to the previous charge current, thus increasing

the resulting charge current. The dependence of the charge
current as a function of Pt-layer thickness, provides a clear
picture of the phenomenon of converting spin-orbital cur-
rent to charge current. As the Pt-layer thickness becomes
larger than the spin-orbital diffusion length, the �JLS no
longer reaches the Pt/CuOx interface, and the IOREE
mechanism ceases to occur. Therefore, the charge-current
value is reduced to the saturation values of the charge
currents generated only by the inverse SHE combined
with the inverse OHE. Certainly, the results reported here
open different avenues to understand the basic mechanisms
underlying the spin-orbital coupling phenomena.

All data are included in the submitted material.
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APPENDIX A: SAMPLE PREPARATION AND
SPIN-PUMPING MEASUREMENTS

To carry out this work we produce YIG(40)/Pt(t)/
CuOx(3) and YIG(40)/Pt(tPt) heterostructures, where tPt

(a) (b) (c)

FIG. 5. Ferromagnetic resonance measurements for samples of (a) pure YIG, (b) YIG/Pt (2 nm), and (c) YIG/Pt(2 nm)/CuOx(3 nm),
with a layer of Cu(3 nm) that is left to oxidize naturally for 2 days. The curve in red is the fit of the FMR from the derivative of a
Lorentzian curve.
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ranges from 1 to 7 nm. The YIG samples consist of single-
crystal yttrium iron garnet (111) films grown by liquid
phase epitaxy (LPE) onto a 0.5-mm-thick (111)-oriented
Gd3Ga5O12 (GGG) substrates. In the LPE, the films are
grown by the precipitation of a crystalline film from a
supersaturated melt in which Y2O3 and Fe2O3 are added to
a flux of PbO + B2O3. The quality of the YIG samples is
attested by the small FMR linewidth, which is 2.63 Oe [see
Fig. 5(a)]. The investigated samples are rectangular pieces
with dimensions of 3.0 × 1.5 mm2 cut from the same
single-crystal YIG wafer with thickness around 40 nm. The
metal films are dc-sputter-deposited at room temperature
in a 3-mTorr argon atmosphere in the sputter-up configu-
ration, with the substrate placed 9 cm from the target, and
with the following deposition rates: 10.2 nm/min for Pt and
13.2 nm/min for Cu. The base pressure is 2.0 × 10−7 Torr
and a 5-min presputtering procedure is used to clean the
targets.

For FMR and spin-pumping measurements, the sam-
ple is mounted on one end of a PVC rod that is inserted
through a hole drilled in the center of the back wall of a
rectangular microwave cavity operating in the transverse
electric (TE102) mode, at a frequency of 9.41 GHz with
a Q factor around 2000. The sample is slightly inserted
into the cavity in the plane of the back wall, in a posi-
tion of maximum rf magnetic field and minimum rf electric
field to avoid the generation of galvanic effects driven by
the rf electric field. With this arrangement, the static mag-
netic field H, and the microwave field hrf are in the film
plane and kept perpendicular to each other as the sample is
rotated for the measurements of the angular dependence
of the FMR spectra and the dc voltage induced by the
spin-to-charge conversion. Field scan spectra of the deriva-
tive of the microwave absorption dP/dH are obtained by
modulating the field at 1.2 kHz and using lock-in detec-
tion. Figures 5(b) and 5(c) show the FMR absorption
spectra of the YIG layer in contact with the Pt film and
Pt/CuOx measured with microwave power of 15 mW.

From the FMR spectra in Fig. 5 we obtain the values of
the half-width at half-maximum (HWHM) linewidth for
YIG/Pt [Fig. 5(b)] and YIG/Pt/CuOx [Fig. 5(c)], respec-
tively, 2.84 and 3.06 Oe, which are larger than 2.63 Oe
for single bare YIG [Fig. 5(a)]. In this case, the atomic
contact of the YIG layer with the Pt film and Pt/CuOx
produces an additional damping due to the spin-pumping
process.

APPENDIX B: LSSE MEASUREMENT

The detection of the LSSE signals is performed by mea-
suring an electrical voltage that arises in the nonmagnetic
metal, due to the conversion of the injected pure spin-
orbital current into a charge current by the ISHE including
spin and orbital components. The application of a perpen-
dicular thermal gradient in the ferromagnetic/nonmagnetic
(FM/NM) bilayer generates an upward collective, non-
coherent excitation of the YIG spins. The accumulation
of spins at the FM/NM interface diffuses noncoherently
through the NM, with a characteristic penetration length
(λLS). To observe the LSSE, the samples are placed with
the GGG substrate side in contact with a copper plate that
functions as a thermal bath at room temperature, while the
top of the sample is in thermal contact with a commer-
cial 2 × 2 mm2 Peltier module, responsible for creating the
temperature gradient across the sample. To ensure a better
heat flow through the heterostructure, both interfaces are
glued with thermal paste, and the temperature difference
(�T = [TQ − TA]) between the top and the bottom sur-
faces measured using two thermocouples. The ISHE and
IOHE voltage is directly measured between two electrodes
made with silver ink at the ends of the Pt film, as schemati-
cally shown in Fig. 6(a). Figure 6(b) shows the dependence
of the temperature difference, between the top and bottom
surfaces, as a function of the dc electric current applied to
the Peltier module.

(a) (b)

FIG. 6. (a) Schematic of the assembly used to measure the LSSE. (b) Thermal gradient �T as a function of electric current applied
to the Peltier module.
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FIG. 7. Schematic illustration of the LSSE in a heterostructure
of GGG, YIG, and Pt.

APPENDIX C: SPIN SEEBECK COEFFICIENT

The LSSE plays a role in the spintronics scenario as
a potential source of a thermally generated spin current.
The LSSE appears in a ferrimagnetic insulator, which
in most experiments uses YIG films, subjected to a per-
pendicular temperature gradient. Because of the magnetic
moment carried by out-of-equilibrium magnons, a spin
current flows parallel to the direction of the temperature
gradient and is injected into a layer of a nonmagnetic
metallic material with strong SOC. Due to ISHE and
IOHE this �JLS current is converted into a charge current,
which leads to the emergence of an electric field given
by �E ∝ (�JLS × σ̂ ), where σ̂ is the spin polarization vec-
tor. According to Fig. 7 the electric field is along the
x direction and can be written as Ex = SFM∇zT [39–41],
where SFM is the spin Seebeck coefficient with unit of
V/K. Still according to Fig. 7 the electric potential dif-
ference is given by �Vx = ExwNM cos φ. Defining ∇zT =
�Tz/tFM, the potential difference due to LSSE becomes
�Vx = SFM(wNM/tFM)�Tz cos φ. However, it is worth-
while to consider the thermal conductivity (κ) along the
sample and the thickness of the substrate and the FM
layer as the temperature difference applied to the sam-
ple is not equal to the temperature difference in the FM
[40,41]. Considering the substrate as the GGG and the
FM layer as the YIG, we can make κGGG ≈ κYIG [42,43]
neglecting the interfacial resistances, the potential differ-
ence measured between the ends of the sample becomes
[41] �Vx = SFM(wPt/tYIG + tGGG)�Tz cos φ.

It is more convenient to express the electric current as
a function of temperature, that is, �ILSSE = ξ�TZ cos φ,
with ξ = (SFM/R)(wPt/tYIG + tGGG). For φ = 0◦, from the
linear fit of the data presented in Fig. 4(d), we find ξ1 =
(2.64 ± 0.04) nA/K for the sample with the Cu layer;
and ξ2 = (1.01 ± 0.02) nA/K for the sample without the

Cu layer. Using R1 = 438 
, R2 = 385 
, wPt = 3 mm,
tYIG = 40 nm, tGGG = 0.5 mm, and φ = 0◦, we find S(1)

FM =
(0.20 ± 0.02) μV/K and S(2)

FM = (0.07 ± 0.02) μV/K, and
the ratio of the coefficients is S(1)

FM/S(2)
FM = 2.85.

APPENDIX D: ADDITIONAL COMMENTS

Additional remarks on the interpretation of our results
are necessary at this point. After detailed analysis of all
possible physical mechanisms to explain our results, the
IOREE proved to be the most reliable to elucidate the
large increase in the SP and LSSE observed signals. It is
useful to recall that our result is the inverse effect of the
effect investigated in Ref. [29], but the basic mechanism
to explain both phenomena is essentially the same. Both
works investigate the role played by the Pt/CuOx interface
in the interplay between spin current and orbital current,
where the oxidation of the Cu(3 nm) layer is obtained by
the same procedure (2 days in ambient atmosphere). The
nonmonotonic behavior of the SOT efficiency, shown in
Fig. 2 of Ref. [29], is like the voltage behavior measured
in our work [Figs. 3(f) and 4(f)]. Therefore, the signal
enhancement is due to the additional charge current driven
by the IOREE that occurs at the Pt/CuOx upper interface.
The large SOC of Pt plays a crucial role in the spin and
orbital mixed upflow, which explains the IOREE occurring
at the upper Pt/CuOx interface. Emphasizing, in our exper-
iment we are injecting an upward-flowing spin current,
while in the experiment reported in Ref. [29] the authors
inject a charge current at the Pt/CuOx. The spin-vorticity
mechanism discussed in Ref. [31], is ruled out because, to
be effective, this mechanism needs an oxidation gradient
along the CuOx layer, which does not occur in thin films of

FIG. 8. Gain in the spin-pumping signal driven by the Pt/AlOx
interface of YIG/Pt(4 nm)/AlOx(3 nm) (black) in comparison to
YIG/Pt(4 nm) (red). Measurements are performed with a power
of 100 mW and φ = 0◦.
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CuOx(3 nm). In addition, we presume that Ref. [31] is not
successful to detect the IOREE, because the authors use
the Cu/CuOx interface instead of the Pt/CuOx interface.
The large SOC material is missing in the Cu/CuOx struc-
ture, so in this system the spin-orbital current is negligible.
Furthermore, we investigate samples of YIG/Pt(4 nm) and
YIG/Pt(4 nm)/AlOx(3 nm), where the Al layer is left to
naturally oxidize, and also find a significant increase in the
SP signal as seen in Fig. 8. This preliminary result con-
firms that IOREE can occur at interfaces of Pt with other
light metal oxides. Certainly, alternative studies related to
the role played by different oxide interfaces need to be
investigated more systematically, and we believe that our
investigation will motivate future works.
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