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ABSTRACT: In magnetic systems, angular momentum is carried by spin and orbital
degrees of freedom. Nonlocal devices, comprising heavy-metal nanowires on magnetic
insulators like yttrium iron garnet (YIG), enable angular momentum transport via
magnons. These magnons are polarized by spin accumulation at the interface through the
spin Hall effect (SHE) and detected via the inverse SHE (iSHE). The processes are
generally reciprocal, as demonstrated by comparable efficiencies when reversing injector
and detector roles. However, introducing Ru, which enables the orbital Hall effect
(OHE), disrupts this reciprocity. In our system, magnons polarized through combined
SHE and OHE and detected via iSHE are 35% more efficient than the reverse process.
We attribute this nonreciprocity to nonzero spin vorticity, resulting from varying electron
drift velocities across the Pt/Ru interface. This study highlights the potential of orbital
transport mechanisms in influencing angular momentum transport and efficiency in GGG
nonlocal spintronic devices.
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Spin current generation/detection mechanisms and spin magnon propagation,’” is ideal for magnonic studies. The
transport in magnetic systems have been a key research interaction of YIG with spin currents injected from or into thin
area over the past decade due to their possible applications and Pt nanowires generates and detects magnons electrically via
the fundamental understanding of these mechanisms."* The nonlocal measurements, bypassing the need for charge flow
spin Hall effect (SHE) in the bulk of the heavy metal® ™ and within the insulator. This spin current creates spin accumu-
the Rashba-Edelstein effect (REE)"~” at inversion asymmetric lation at the YIG interface, manipulating its magnetic states
interfaces involving high spin—orbit interactions, have been through spin angular momentum transfer to control magnon
intensively investigated to generate spin currents and a generation and propagation. The inverse process, where
nonequilibrium spin density from a charge current. The spin magnons from YIG are converted back into electrical signals
current and spin accumulation may diffuse and exert a spin— in Pt via the iSHE, exhibits crucial bidirectional reciprocity of
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orbit torque on an adjacent magnetic layer.”"” The 7

reciprocal process involves spin currents generated by

magnetization precession, fhﬂ-uSiI'lg into a heaW'metal layer revealed that charge currents can induce orbital accumulation,
and detected as a voltage via the inverse SHE (iSHE) and/or generating transverse orbital currents via the orbital Hall and

. . 12-15 :
inverse REE. (iREE) (.effects. . Nota.bly, the direct (SHE, orbital Rashba-Edelstein effects (OHE and OREE),>~’
REE) and inverse (iSHE, iREE) spin-current conversion

efficiencies have been found to be similar to each other.
Devices studied include nonlocal devices, where spin angular
momentum transfer differs based on whether magnetic layers
are conducting or insulating.ls*17 In metallic ferromagnets,
spin transport involves conduction electrons,” while insulating
magnets (e.g, YIG/Pt structures) require spin transport Received:  November 27, 2024
through magnon creation and annihilation."” > Revised:  February S, 2025
Spin current-induced magnon dynamics in insulating Accepted:  February 6, 2025
magnets interfaced with Pt have been widely studied over Published: February 14, 2025
the past decade.'®*>*! In particular, YIG, a magnetic insulator,
known for its low magnetic damping” and long-distance

the conversion.'
Recent experimental studies and theoretical models have

analogous to spin counterparts. These effects stem from
orbital textures in momentum space and can occur without
spin—orbit coupling (SOC).”* Such phenomena have been

predicted in materials like transition metals,””~** metal-oxide
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Figure 1. (a) Colored scanning electron microscope (SEM) micrograph of a nonlocal magnon transport device with the measurement scheme. The
device consists of three parallel wires. The two Pt wires having thicknesses of 7 nm and 13 nm (center and right, in red) serve as a source and/or
detector of spin current, and the third Pt/Ru wire (left, green) can generate and detect spin and orbital currents. The spacing between the two
wires varies from 500 nm to 2 ym in different devices. The angle between the direction of the charge current (parallel to the wire) and the external
magnetic field is represented by a. (b) Schematic representation of the cross-section of a device with the measurement scheme. A spin
accumulation is generated by a charge current injection in the middle Pt wire due to the SHE, as shown by red and blue electrons. This spin
accumulation generates magnons via spin angular momentum transfer to YIG, which are then converted into spin current and a resultant voltage at

the detector Pt (or Ru) wire due to the iSHE (or iSHE + iOHE).

interfaces,”*** and two-dimensional systems.**"** The emerg-
ing field of orbitronics™ explores orbital angular momentum to
harness orbital currents independently or with the spin degree
of freedom. This interest has spurred efforts to observe orbital
transport phenomena. Additionally, orbital currents convert
efficiently into spin currents in high-spin—orbit coupling
materials, enabling ferromagnet manipulation. This phenom-
enon is termed orbital torques. Recent findings of the inverse
OREE (iOREE) at interfaces like LaAlO,/SrTiO,* and Pt/
CuO,* show orbital currents convert into charge currents,
boosting the potential of nonlocal magnon transport devices
and broadening their applications. These developments allow
for comparisons between OHE, OREE, iOHE, and iOREE
efficiencies in magnon transport devices on insulating magnets.

While approximate reciprocity in spin-charge interconver-
sion has been reported,’> some studies claim large orbital
torques can arise in systems with weak orbital pumping.
Previous studies have failed to compare orbital-to-charge and
charge-to-orbital conversion in identical samples, where it is
unclear if the differences come from sample variations or
intrinsic nonreciprocity. To resolve this, it is essential to study
these effects in a single device.

This work investigates the role of a strong OHE material
(Ru) in the reciprocity of magnon generation and detection in
a Ru/Pt-based nonlocal device. Specifically, we analyze
magnon generation via OHE and SHE in a Ru/Pt wire and
detection via the iSHE in Pt, as well as the reciprocal process:
magnon generation via SHE in Pt and detection via iOHE and
iSHE in the Ru/Pt wire. We identify the differences and
attribute them to charge-to-orbital interconversion in the Ru
layer and its interface with Pt.

To examine the reciprocity between magnon generation and
detection, we study magnon transport in a nonlocal geometry,
as shown in Figure 1(a). Our device comprises two Pt wires
and one Pt/Ru wire, all deposited on a 1.5 pm thick YIG film.
YIG’s low damping enables long magnon propagation
lengths,'” Additionally, its electrically insulating nature
mitigates electrical shunting effects and simplifies the magnon
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generation complexity associated with spin and/or orbital
currents originating from the self-torque mechanism.

The YIG thin films were grown by liquid phase epitaxy on
GGG substrates, provided by Matesy GmbH. Electron beam
lithography was used to define the device pattern. After
fabricating alignment markers, two parallel Pt wires (250 nm
wide, 7 nm, and 13 nm thick, respectively) are fabricated. We
use a Singulus Rotaris DC magnetron sputtering tool for the
metal deposition. We then fabricate a third wire, also 250 nm
wide and parallel to the Pt wires with equal spacing. A Pt(1.5
nm)/Ru(4 nm)/MgO(2 nm)/Ta(2 nm) multilayer stack was
deposited for orbital current generation and detection. Ru
generates and detects orbital currents, while Pt converts these
into spin currents via spin—orbit interaction. The MgO/Ta
layer protects Ru from oxidation. The device comprises three
parallel wires (250 nm wide, SO ym long) separated by 500 nm
to 2 yum. A typical scanning electron microscopy image of the
device is shown in Figure 1(a).

To characterize magnon generation and detection, we
conduct nonlocal electrical measurements. We inject current
into one Pt wire (the injector wire), which generates a
transversally polarized spin current and a spin accumulation at
the YIG/Pt interface, as illustrated in Figure 1(b). This spin
accumulation can couple to the YIG magnetization via the
exchange interaction, thereby polarizing magnons within the
YIG; this mechanism allows the spin currents to polarize
magnons, but not the orbital currents, which have to go
through an orbital-spin interconversion via SOC before
interacting with the magnetization. These magnons then
propagate toward the other Pt electrode (the detector
electrode). At the detector electrode, a reciprocal process
occurs: the magnons interact with the Pt and are converted
into a spin current at the interface, which in turn induces a
voltage signal due to the iSHE in Pt. For each measurement,
the device is placed in a cryostat with an in-plane 0.1 T
rotating magnetic field. We used a Keithley 6220 as a current
source in conjunction with a Keithley 2182A nanovoltmeter in
Delta mode, and a constant pseudo-DC current was applied to
the injector wire, and the corresponding voltage at the detector
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wire was measured using a Keithley 2182A nanovoltmeter. The
Delta mode measures the voltage for pulses of the same
amplitude but opposing polarity, eliminating any thermal offset
signals and being equivalent to first harmonic lock-in
measurements. We define a nonlocal resistance (R,;) of the
detector wire as

‘/det

R

nl
(1)
where V,, is the voltage measured at the detector wire, and I,
is the current applied to the injector wire. Given the symmetry
constraints of the SHE and iSHE mechanisms, the magnon
injection/detection process only occurs when there is a
component of the spin accumulation that is collinear with
the magnetization.'” Therefore, we measure the dependence of
R, on the angle between the magnetization and current
direction (a) by placing the sample in an 0.1 T in-plane
rotating field (greater than the anisotropy field of YIG).

In Figure 2(a), we present the dependence of R, as a
function of « for a fixed I,,; = 0.3 mA, in a device with a gap of
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Figure 2. (a) Nonlocal resistance (R,;) as a function of the angle (a)
between the charge current and the magnetization direction. The red
data points correspond to the current injected in the 13 nm thick Pt
wire and nonlocal voltage measurement in the 7 nm thick Pt wire
(Pti3um = Pt;,m). Whereas the green points correspond to the
current injected in the 7 nm thick Pt wire and nonlocal voltage
measurement in the 13 nm thick Pt wire (Pt; ., — Pt;3 ). Solid
lines represent the sinusoidal fit. An offset baseline has been removed
so the nonlocal resistance values are zero at @ = 0 degrees. (b) The
detected power Py, = V 3,/Ry, (where Ry, is the resistance of the
detector wire) as a function of injected power Py = If;,ijj (where R,
is the resistance of the injector wire) for a device with 1 um spacing
between the two wires.

1 ym between 13 nm and 7 nm thick Pt wires. Note that the
current also induces Joule heating, which can generate
magnons; however, in this work, we focus only on magnons
generated by spin currents by measuring the odd components
of voltages for two different current polarities in delta mode. As
expected, the R,; shows a typical sin(2a) dependence (up to an
offset and a scaling constant) in contrast to thermal magnons,
which show a sin(@) dependence (up to an offset and a scaling
constant).*' It shows that the maximum amplitude corre-
sponds to the generation/detection of magnons when the spin
polarization and magnetization are collinear and the minimum
when they are perpendicular. Next, we verify the reciprocity of
magnon transport by interchanging the current and voltage
contacts of the injector and detector wires. For identical-
thickness Pt wires, we find the expected reciprocity, as shown
in the Supporting Information (S1). To make sure that the
reciprocity is not only found for nominally identical wires, we
use Pt wires with different thicknesses and resistances: 13 and
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7 nm, with resistances of 5 kQ and 13 k€, respectively, as
injector and detector. This approach also allows us to rule out
the possibility that the effect is only observed for certain
resistance combinations.

The measured R, for the two directions, Pt, ., = Pt;3 ., (in
green) and Pt ; .. = Pt; .., (in red), as well as sinusoidal fits
for R, is shown in Figure 2(a). Here, the subscripts 7 nm and
13 nm stand for the thickness of the Pt wires to distinguish
them from each other. From the measurement and
corresponding fits, we find R, (Pt; ., = Ptiz.m) & Ry
(Pti3 um = Pty o) = 451 uQ + 5.4 u€. As R, exhibits similar
amplitudes within the error bars in both measurements, we
thus conclude that reciprocity is maintained between magnon
generation and detection via the SHE and iSHE in our Pt — Pt
device.

Additionally, we perform these measurements for several
injected currents and compare the injected power with the
detected power between the two Pt wires of different
resistances. As shown in Figure 2(b), the detected power
increases linearly with the injected power and it exhibits a
similar slope (6.51 X 107'¢ + 2.6 X 107*® for Pt; ,. = Pty o
and 6.57 X 107" + 4.47 x 107" for Pt, ,, = Pt;3 ,,n) when
the injector and detector are interchanged. Based on this
observation, we adopt a power-to-power comparison approach
hereafter.

Furthermore, the measurements on identical Pt wires (in
terms of thickness and resistance) further confirm that magnon
generation and detection are reciprocal processes. The details
are provided in the Supporting Information (S1).

Next, we analyze whether the reciprocity holds for magnon
generation/detection when the magnon current is generated
via the recently discovered OHE mechanisms. To this end, we
replaced one of the 13 nm thick Pt wires with an orbital
current generation electrode, ie., the Ru wire. Note that the
spin-charge interconversion processes in the Ru wire exhibits a
dominating OHE as demonstrated in our previous work.’”**
We expect the generation of orbital currents in Ru and its
efficient conversion to a spin current in the adjacent 1.5 nm Pt
layer. The resulting spin accumulation at the interface with
YIG polarizes the magnons, which are detected at the 7 nm Pt
detector wire as a voltage generated via the iSHE mechanism,
as explained previously. In Figure 3(a), we show the R,
dependence as a function of a for a current I, = 0.2 mA in
injector Ru wire (blue circle). The R,; shows the expected
angular dependence with an amplitude R,; = 2.7 mQ + 17 u€Q.
Next, we reverse the position of the injector and detector, i.e.,
we inject the current into the Pt wire, detect the voltage in the
Ru wire, and repeat the same measurement, as shown in Figure
3(a) (red). The magnons are polarized by the spin
accumulations at the YIG/Pt interface and propagate toward
the Ru electrode. These magnons accumulate underneath the
Ru wire and create a spin current that flows into the 1.5 nm Pt
(below the Ru layer) and is converted into an orbital current.
As the thickness of Pt is smaller than the orbital diffusion
length, the converted orbital current further diffuses into the
Ru layer, where it is converted into a voltage via the inverse
OHE; at the same time, the Pt layers are in the range of the
spin diffusion length (1.8—2.5 nm in similar systems)*”*
ensuring high efficiency of spin to orbital conversion and
avoiding the injection of spin current in the Ru layer. The
amplitude of R, for magnon injection via pure SHE and
detection via iSHE and iOHE is found to be R,; = 2.1 mQ +
28 uf2 for an injected current I;,= 0.3 mA in the Pt electrode.

inj
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Figure 3. (a) Comparison of the nonlocal resistance as a function of
the angle between the injected current and magnetization direction,
when current is injected into Pt (Ru) wire and voltage is detected in
Ru (Pt) wire, depicted by red circles (blue squares). The injected
current is adjusted to account for differences in the resistance of the
two electrodes by maintaining the same injected power at
approximately 1.1 mW. (b) Linear fits for power injected (Pmi) to
power detected (P,,) between wires 800 nm apart for Ru — Pt (1.68
X 107" + 1.50 X 107"7) and Pt — Ru (1.24 X 107"° + 4.58 x 107'%).
The data for other spacing between the injector and the detector are
shown in the Supporting Information (S2).

Since the resistance of the detector influences the measured
voltage, one should take into account the difference in
electrical resistance between the injector and detector when
comparing the two processes. To account for this difference
between the nanowires (Rp, = 12.3 kQ and Ry, = 29.3 kQ), the
current is adjusted so that the electrical power applied to both
injectors is the same in both cases (1.1 mW). Here, we
highlight again that the signal detected at the detector in our
experiments solely arises from the magnons polarized by the
injector. The voltage signal arising from thermal magnons is
not responsible for the measured R,;. We also emphasize that
the magnitude of R, differs depending on whether the
magnons are generated solely by the SHE in Pt and detected
by iOHE and iSHE at the Ru/Pt wire or generated by the
OHE and SHE in a Ru/Pt wire and detected via iSHE in Pt.

To better understand the asymmetry in the magnon
generation/detection process, we plotted P, as a function of
P, for Pt to Ru (red) and Ru to Pt (blue), as shown in Figure
3(b). The measurements are performed for different distances
between the injection and detection wires and for different
injected powers P, for each measurement; the data is fitted to
a sinusoidal function, the value of the amplitude is extracted for
each P, in each device, and P,,(P,;) is fitted to the line

diﬁt(ij). The efficiency from P,,; to P, is defined as

_ oPfi(®,)

aan

)

These efficiencies show a clear difference (&p_p, = 1.24 X
107" + 4.58 X 107'® compared to &x,pe = 1.68 X 1075 + 1.5
% 107'7), and the respective linear fits can be seen in Figure 3
(b) for Pt —» Ru (red) and Ru — Pt (blue).

We have demonstrated nonreciprocal generation and
detection of magnons in YIG, attributed to the introduction
of a Ru layer in one of our electrodes, by reversing the roles of
injector and detector in our experiments. To explain this, we
note that a similar nonreciprocity in charge-spin current
mutual interconversion has been predicted and experimentally
observed in NiFe/CuOx samples due to additional spin
current generation via spin vorticity coupling.*> This effect
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arises from a resistivity gradient along the thickness of CuOx,
leading to a nonuniform spatial distribution in the drift velocity
of conduction electrons. Such an inhomogeneous drift velocity
can be seen as uniform motion upon which a rotation has been
superimposed, the latter being captured via the so-called
vorticity.***> Thus, the inhomogeneous drift induces a
nonzero motional orbital angular momentum which is
transferred to the spin through the spin-vorticity coupling.****
Consequently, the process of charge-spin conversion has an
additional vorticity contribution. In our Ru/Pt bilayers, a
similar variation in the drift velocity emerges around the Pt/Ru
interface due to different mobilities in the two materials. Thus,
our observed nonreciprocity can be understood in an
analogous fashion and is well represented by the bilayer
model considered in the Supporting Information of ref 43. We
further note that while our experiments observe a non-
reciprocity in the spin—orbital-charge conversion, similar to ref
43., Onsager reciprocity is not violated by our results. The
emergence of an additional drive - vorticity - in one of our
electrodes causes our standard injection-detection measure-
ment protocol to simultaneously demonstrate multiple
elements of the Onsager response matrix, leading to an
observed nonreciprocity despite a symmetric or reciprocal
Onsager response matrix.

In conclusion, we have identified nonreciprocal processes in
a nonlocal device with Ru that exhibits a strong OHE. We have
found that the reciprocity observed in Pt — Pt, irrespective of
the wire thickness and resistance, where SHE and iSHE are
means of magnon generation and detection, does not hold
once Ru is included. We compare the situation where the
magnon generation (detection) involves both OHE and SHE
(iOHE and iSHE), first by measuring the change in R,; while
applying the same power in both Pt - Ru and Ru — Pt and
then measuring the P, in the detector while applying different
P;; in the injector and calculating the power to power
efficiency in both directions. We obtain a strongly non-
reciprocal efficiency &p g, = 0.73 &ry_p. This strong
nonreciprocity is thus a salient feature when the interconver-
sion among charge, spin, and orbital angular momentum
occurs. We consider the emergence of vorticity around the Ru/
Pt interface as a plausible mechanism underlying our observed
nonreciprocity.

Note: We note that during the preparation of the
manuscript, we became aware of a related work by J.A.
Mendoza-Rodarte et al,*® which, however, relies on a
comparison of the spin injection and the thermal spin
generation as two separate effects.
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