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Orbital currents and accumulation provide a new avenue to boost spintronic effects in nanodevices. Here,
we use interconversion effects between charge current and orbital angular momentum to demonstrate a
dramatic increase in the magnon spin injection and detection efficiencies in nanodevices consisting of a
magnetic insulator contacted by Pt=CuOx electrodes. Moreover, we note distinct variations in efficiency for
magnon spin injection and detection, indicating a disparity in the direct and inverse orbital Rashba-
Edelstein effect efficiencies.
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Magnon transport in nonlocal devices [1,2] is an efficient
way of probing the collective excitation of the magnetic
order in a variety of materials such as ferrimagnets [3–6],
antiferromagnetic oxides [7–9], and Van der Waals materi-
als [10]. It permits one to access the near equilibrium
magnon transport properties in the diffusive regime [11],
thus uncovering a new type of nonlinear phenomenon such
as the magnon diode effect [12,13], while also providing a
way to study thermally driven magnon transport effects
[14–16] and nonreciprocal magnon transport [17–19].
Finally, it allows one to electrically control a magnon
population [20,21] and opens the possibility to realize
magnon transistors [22]. This, however, relies on the
possibility of efficiently injecting and detecting magnons
with a static electrical current using interfacial spin transfer
effects [23]. So far, nonlocal magnon transport devices
have relied on the direct and inverse spin Hall effect (SHE)
[24] in Pt, which has provided only small nonlocal signals,
thus limiting the application range of this method. This is
particularly problematic for materials with short magnon
relaxation lengths, such as Van der Waals magnets, since
the signals are often too small to explore new function-
alities in magnonic devices.
The recent demonstrations [25–33] that spin-charge

interconversion effects can be strongly increased by
exploiting the orbital angular momentum [34] may, how-
ever, lift this limitation. It has been reported that an orbital
current, which is a flux of orbital angular momentum, can
be generated with a large efficiency by a charge current
through orbital Hall effects in light metals [35–37], or by
the direct orbital Rashba-Edelstein effects (OREE) at metal
oxide interfaces [38–41]. This orbital current is then
converted into a spin current by the spin-orbit coupling
of either a heavy metal or within the ferromagnet, and is
then able to apply a torque on the ferromagnet’s magneti-
zation [27,39,42–44]. The reports that an orbital current can
also be efficiently converted into a charge current by the

inverse orbital Hall effect [45–47] or the inverse OREE at a
Pt=CuOx interface [48–50] open the possibility of achiev-
ing large signals in nonlocal magnon transport devices and
hence greatly expanding their range of application.
However, nonlocal magnon transport devices exploiting
interfacial orbital effects have not yet been explored. This
also permits one to probe the efficiencies of the direct and
inverse OREE in the same device. These efficiencies are
defined as the ratio of the generated spin current over the
applied charge current for the direct OREE and as the ratio
of the generated charge current over the applied spin
current for the inverse OREE. The possibility of these
two ratios being different for interconversion effects taking
place at the interface has been heavily debated [51] in the
context of the spin-to-charge interconversion. In addition,
recent orbital pumping experiments [45,47] have shown
that different mechanisms may be at play in the orbital-to-
charge and charge-to-orbital interconversion effects, hence
leading to differences in the efficiency between these
interconversion effects.
Here, we demonstrate a dramatic increase in the output

signal of yttrium iron garnet (Y3Fe5O12—YIG) based
nonlocal magnon transport nanodevices by exploiting the
OREE at the Pt=CuOx interface [39,49,52]. By comparing
the different magnon generation and detection processes in
these devices [Fig. 1(a)], we obtain indications that the
interconversion by the OREE of a charge current into an
orbital current and of an orbital current into a charge current
do not have the same efficiencies.
The nonlocal magnon transport devices, consisting of

two PtðtPtÞ=CuOxð3 nmÞ magnon injecting and detecting
electrodes, were fabricated on a 150 nm-thick YIG single
crystal (Matesy GmbH) grown by liquid phase epitaxy on a
Gd3Ga5O12 (GGG) substrate with (111) orientation. The
edge-to-edge distance between the 400 nm-wide 80 μm-
long electrodes is fixed for all devices at 2 μm. The devices
were fabricated by conventional lithography processes,

PHYSICAL REVIEW LETTERS 132, 226704 (2024)

0031-9007=24=132(22)=226704(7) 226704-1 © 2024 American Physical Society

https://orcid.org/0000-0001-8848-3649
https://orcid.org/0000-0002-3338-5715
https://orcid.org/0000-0002-8150-4379
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.226704&domain=pdf&date_stamp=2024-05-31
https://doi.org/10.1103/PhysRevLett.132.226704
https://doi.org/10.1103/PhysRevLett.132.226704
https://doi.org/10.1103/PhysRevLett.132.226704
https://doi.org/10.1103/PhysRevLett.132.226704


followed by the dc sputtering in Arþ plasma of Pt and
Cu and by a subsequent liftoff. All the electrodes were
patterned during the same lithography level to ensure the
consistency of the YIG=Pt interface quality, and the dep-
ositions of the different stackswere performed separately for
the different devices. The YIG surface was cleaned using an
Arþ etching step prior to the deposition. The devices were
left in ambient conditions for two days to achieve a
natural oxidation of the Cu layer. The measurements were
performed by rotating an external magnetic field (70 mT) in
the plane of the device. We use a conventional lock-in
detection technique with a bias current (Ibias) of 70 μA
applied in the injecting electrode at a frequency of 5.1 Hz to
measure the first (V1ω) and second (V2ω) nonlocal voltage
responses at the detecting electrodes—see Fig. 1(a) for the
electrical interconnects. All measurements were performed
at room temperature.
Figures 1(b) and 1(c) show the magnetic field angle (α)

dependence of the first (R1ω ¼ V1ω=Ibias) and second
(R2ω ¼ V2ω=I2bias) harmonic nonlocal signals, respectively,
measured on devices using Pt(2) and Ptð2Þ=CuOxð3Þ
electrodes. The signals can be fitted using R1ω ¼
R1ω
nl sin

2ðαÞ and R2ω ¼ R2ω
nl sinðαÞ, which give the ampli-

tude R1ω
nl and R2ω

nl of the first and second harmonic nonlocal

signal [1]. Here, we define R1ð2Þω
nl;Pt and R1ð2Þω

nl;CuOx
as the ampli-

tudes of the first (second) harmonic nonlocal signal
measured in devices with Pt only and Pt=CuOx electrodes,
respectively. For tPt ¼ 2 nm, the nonlocal signal ampli-
tudes strongly depend on the presence of the CuOx layer,
with the first harmonic signal going from 2.71 mΩ for
Pt-only electrodes to 19.14 mΩ for Pt=CuOx electrodes,
i.e., a factor of 7 increase in the signal. Similarly, the
second harmonic nonlocal resistance goes from 95.4 to
391.3 VA−2 , a factor of 4 increase. When increasing the
thickness of Pt, a strong decrease of both R1ω

nl;CuOx
and

R2ω
nl;CuOx

occurs [Figs. 2(a) and 2(b)], and the difference
between devices with Pt and Pt=CuOx electrodes becomes
less important. This is consistent with the picture discussed
in Fig. 1(a), where, in order for the OREE to play a role in
the magnon injection and detection processes, the thickness
of the Pt layer should be much smaller than the spin
relaxation length.
To quantify the charge-to-spin interconversion efficien-

cies as a function of the thickness of the Pt layer, the
electrical resistance of the electrodes needs to be taken into
account, since this influences the measured voltage. The
nonlocal signals depend on the detecting electrode
two point resistance (R2p) as R1ω ¼ I1ωR2p=Ibias, and

FIG. 1. (a) Left: contribution of the direct OREE to the charge to spin interconversion process. The OREE generates an orbital
accumulation at the Pt=CuOx interface, which diffuses as an orbital current (JOREEOAM ) into the Pt layer. It is then converted into a spin
current (JSOCs ) and adds up to the one produced by the SHE to form a total spin current Js which generates a magnon accumulation in
YIG. Center: schematic of the nonlocal magnon transport device with its electrical interconnects and the external magnetic field angle α.
Right: contribution of the inverse OREE to the spin-to-charge interconversion process. The spin current Js created by the magnon
accumulation is converted into a charge current JSHEc by the SHE in Pt and into an orbital accumulation at the Pt=CuOx interface. The
inverse OREE generates a charge current JOREEc , with both effects resulting in a total charge current Jc. First (b) and second (c) harmonic
resistance response as a function of α. The green and black data points correspond to devices with Pt=CuOx and Pt electrodes
respectively, both with tPt ¼ 2 nm. A baseline has been removed, so that the nonlocal signals are zero at α ¼ 0 and 180°.
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R2ω ¼ I2ωR2p=I2bias with I1ð2Þω being the first (second)
harmonic charge current generated by the spin-to-charge
interconversion processes at the detecting electrode. In
Figs. 2(c) and 2(d) we plot the first and second harmonic
nonlocal signals’ amplitudes normalized by the two point
resistance of the detecting electrode, rnωσ ¼ Rnω

nl;σ=R2p with
n ¼ 1, 2 and σ ¼ Pt or Pt=CuOx. The normalized first and
second harmonic nonlocal signals for Pt-only devices, r1ωPt
and r2ωPt , display strong drops of nearly an order of
magnitude when the Pt thickness is reduced from 3 to
2 nm. This behavior contrasts with the one observed in
devices using Pt=CuOx electrodes, where there is only a
slight decrease in r1ωCuOx

while r2ωCuOx
increases when tPt goes

from 3 to 2 nm. The difference between the normalized
nonlocal signals obtained with and without CuOx layers
vanishes when the Pt thickness increases beyond 3 nm.
These results match previous reports of the OREE at
Pt=CuOx interfaces [39,49], which attributed the thickness
dependence of the signals to interconversion and relaxation
of spin and orbital currents over the spin and orbital
diffusion length. This directly demonstrates that the pres-
ence of a Pt=CuOx interface leads to an increase of the spin-
charge interconversion processes’ efficiency in the magnon
injecting and detecting electrodes with respect to Pt-only
electrodes.
The spin-charge interconversion processes in the

Pt=CuOx electrodes possess contributions from the SHE
in Pt, and from the charge-orbital interconversion by the
OREE at the Pt=CuOx interface [39,49]. We also point out
that even if the 3 nm Cu layer does not fully oxidize in
ambient conditions [52], a strong OREE at the Cu=CuOx
interface is also expected [29]. In the injecting electrode,

the direct OREE contributes to the charge to spin inter-
conversion by inducing an orbital accumulation at the
Pt=CuOx interface, which then creates an orbital current
converted into a spin current by the spin-orbit coupling [39]
when flowing into the Pt layer [Fig. 1(a), left panel]. This
spin current then crosses the Pt/YIG interface inducing a
magnon accumulation under the injecting electrode. After
propagation, the magnon accumulation under the detecting
electrode creates a spin current that flows into Pt and is
partially converted into an orbital current via the high spin-
orbit coupling of Pt. The orbital current then creates an
orbital accumulation at the Pt=CuOx interface and sub-
sequently a charge current by the inverse OREE [Fig. 1(a),
right panel]. In addition, the SHE in Pt contributes to the
spin-to-charge interconversion processes. While the direct
and inverse interconversion efficiencies by the SHE were
demonstrated to be the same [53], our observations point to
the fact that this is not the case for the OREE.
To better quantify the contribution of the direct and

inverse OREE to the spin-to-charge interconversion in the
Pt=CuOx electrodes and explore their (different) efficien-
cies, we make use of the nonlocal signals created by
electrically and thermally generated magnons [54]. While
the electrically injected magnons depend on the spin-to-
charge interconversion efficiency of the injector electrode,
thermally injected magnons only depend on the Joule
heating generated at the injection point. Assuming that
the detection process is the same (see Supplemental
Material [55] for details), the signals from the electrically
injected magnons depend on both the injector and detector
(i.e., direct and inverse charge-to-spin conversion) efficien-
cies, while for thermally generated magnons the signals are
only dependent on the detection (inverse charge-to-spin

FIG. 2. First (a) and second (b) harmonic nonlocal signal amplitudes as a function of the Pt layer thickness (tPt). (c) First and (d)
second harmonic nonlocal spin signal amplitudes normalized by the two point resistance of the detecting electrode as a function of tPt.
The green data points correspond to devices with Pt=CuOx electrodes, while the black data points are for Pt-only electrodes.
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conversion) efficiency. These two magnon populations are
detected as the first and second harmonic responses [1]
with the angular dependences shown in Figs. 1(b) and 1(c),
respectively.
We highlight the asymmetry in the injection and detec-

tion processes by using a simple magnon diffusive picture
that can be described as follows. The electrical current
flowing in the injecting electrode generates a spin current
jelecinj ¼ κDIbias that flows across the YIG-Pt interface, with
κD the efficiency of the charge-to-spin interconversion,
containing both SHE and OREE contributions. This creates
an electrically generated magnon accumulation which
diffuses toward the detecting electrode, producing a spin
current jelecdet ¼ TYIGjelecinj at its interface with YIG [11]. For
simplicity, here TYIG contains all the magnon spin transport
parameters of YIG and across the YIG/Pt interfaces, such
as the magnon conductivity and the spin mixing conduct-
ance. The spin current in the detecting electrode (jelecdet ),
generated by electrical magnon spin injection, is detected
as the charge current I1ω ¼ κIjelecdet , with κI being the
efficiency of the spin-to-charge interconversion. The ther-
mal gradient caused by the bias current at the injector
electrode creates a flow of thermally generated magnons in
YIG and a spin current jthermdet ¼ T therm

YIG I2bias at the YIG=Pt
interface of the detection electrode [14,58]. Here, T therm

YIG is a
combination of the thermal transport parameters in YIG
and can be used for a linear response of the system to a
thermal gradient [59]; see Ref. [55] for details. The
thermally generated spin current is converted into a charge
current I2ω ¼ κIjthermdet at the detecting electrode. The first
and second harmonic normalized nonlocal responses,
r1ω ¼ I1ω=Ibias and r2ω ¼ I2ω=I2bias, respectively, are
therefore

r1ω ¼ κDTYIGκ
I; ð1Þ

and

r2ω ¼ T therm
YIG κI; ð2Þ

with κD and κI the only parameters that depend on the spin-
charge interconversion processes in the injecting and

detecting electrodes. In the following, we note κDðIÞ
Pt as

the direct (inverse) interconversion efficiencies for the

Pt-only electrodes and κDðIÞ
CuOx

as the direct (inverse) inter-
conversion efficiencies for the Pt=CuOx electrodes. Since
the direct and inverse spin-to-charge interconversion effects
are expected to have the same efficiencies for the SHE,
κDPt ¼ κIPt. Finally, the magnon transport properties of YIG,
TYIG and T therm

YIG , are assumed to be independent of the
presence of a CuOx layer on the electrodes. In addition, we
assume that the presence of a CuOx layer on top of Pt does
not open an additional spin relaxation channel and that it

does not significantly alter the thermal gradient with respect
to the one present in devices using Pt-only electrodes.
The spin-to-charge interconversion efficiencies in the Pt

and Pt=CuOx electrodes for injection and detection can be
directly compared by plotting γ1ω ¼ r1ωCuOx

=r1ωPt and γ2ω ¼
r2ωCuOx

=r2ωPt [Fig. 3(a)]. The charge current generated at the
detecting electrode by the electrically generated magnons
(γ1ω) shows an increase of a factor of 8 for tPt ¼ 2 nm in
the presence of a CuOx capping layer with respect to
uncapped electrodes. In contrast, the charge current at the
detector electrode obtained by thermally generated mag-
nons (γ2ω) shows an increase of a factor of 5. No significant
increase of the generated first and second harmonic charge
current is observed for tPt ¼ 3 and 5 nm, and γ1ω ≈ γ2ω ∼ 1.
This indicates that for a Pt thickness larger than its spin
relaxation length (∼2 nm), the presence of a CuOx capping
layer has no effect on our signals, indicating that the OREE
does not contribute to the spin-to-charge interconversion.
This is in agreement with previous reports on other types of
measurements [39,49,52]. Nonetheless, none of these
reports have been able to detect and separate the direct
and inverse OREE in the same device.
The electrical magnon spin injection depends on both the

direct and inverse charge-to-spin interconversion efficien-
cies, while the signals generated by thermally injected
magnons depend only on the inverse interconversion
efficiency. The efficiencies of the direct and inverse
charge-to-spin interconversion processes can be quantified

FIG. 3. (a) γ1ω (black circles) and γ2ω (blue stars) and
(b) γ1ω=ðγ2ωÞ2 as function of tPt.
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by the ratio

γ1ω

ðγ2ωÞ2 ¼
κDCuOx

κICuOx

:

If we assume a similar efficiency for the direct (κDCuOx
)

and inverse (κICuOx
) OREE-assisted spin-charge intercon-

version effects, this implies that γ1ω ¼ ðγ2ωÞ2 or
κDCuOx

¼ κICuOx
. This is in stark contrast with the observa-

tions for devices with tPt ¼ 2 nm [Fig. 3(b)], where
γ1ω=ðγ2ωÞ2 ¼ 0.4, clearly indicating an asymmetry in the
injection and detection processes in these devices.
We thus conclude that the efficiency of the orbital-to-

charge interconversion by the OREE appears to be larger
than the efficiency of the charge-to-orbital interconversion
by this same effect, i.e., κICuOx

¼ 0.4κDCuOx
. We stress that

these conclusions rely on a few assumptions regarding the
possibility of comparing the first and second harmonic
nonlocal signals, owing to the difference in magnon
generation processes. This is discussed in detail in
Ref. [55]. This situation is reminiscent of the previously
observed different efficiencies of the spin-charge intercon-
versions by the Rashba-Edelstein effect at a metal oxide
interface [51], which was attributed to the different scatter-
ing times within the interfacial states and in the metallic
bulk. Our results indicate that a similar mechanism might
be at play in the OREE at metal oxide interfaces. In
addition, reports of alternative spin-to-charge interconver-
sion mechanisms could explain our results. In particular, it
was demonstrated that the presence of an oxidation gradient
in Cu could result in different direct and inverse spin-to-
charge interconversion efficiencies [60]. Finally, taking into
account the different length scales observed in charge-to-
orbital [35] and orbital-to-charge [45] interconversion
experiments could shed light on these results.
We envision that the use of the OREE to increase

nonlocal magnon signals by nearly 1 order of magnitude,
as we show here, can be used to expand the range of
materials for magnon transport. This includes, for example,
materials with short magnon relaxation lengths for which
nonlocal magnon signals tend to be very small, but might
still show interesting magnonic effects. Furthermore, the
possibility of generating very large magnon accumulations
should give easier access to nonlinear magnonic phenom-
ena such as magnon condensates [61] and spin diodes [12].
The use of the orbital degree of freedom can also be used to
study the transport of collective orbital excitations in
insulating materials [62] using nonlocal devices. Finally,
the use of these devices to show the difference between the
direct and inverse interconversion efficiencies in orbital-
assisted interconversion processes will help achieve a better
understanding of charge-orbital interconversion effects.
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