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Long-distance coupling of standing spin waves mediated by a charge current
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We propose an experimentally feasible dynamic coupling of ferromagnets mediated by a charge current in a
nonmagnetic heavy metal. Dynamic magnetic moments generate a spin current via spin pumping, subsequently
converted into charge current through the inverse spin Hall effect. This charge current, in turn, generates another
spin current via the spin Hall effect, exerting an anti-damping-like torque on the adjacent ferromagnet. Our
theoretical framework reveals the dissipative nature of this dynamic coupling, characterized by energy-level at-
traction that promotes synchronization of frequency, phase, and amplitude information. Experimental validation
is realized on submicrometer-sized Py rectangles interconnected by Pt strips using spin-torque ferromagnetic
resonance techniques. The standing spin waves excited in Py arrays exhibit high spin pumping efficiency,
enabling the demonstration of the proposed dynamic coupling. A notably long coupling length exceeding
2 µm is achieved. These findings underscore a promising pathway for integrated magnonic devices, particularly
in applications related to spin synchronization and transmission.
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Effective interaction and synchronization among magnonic
devices are crucial for advancing spintronics research [1,2].
Previous studies have extensively investigated various cou-
pling mechanisms such as magnetic exchange interactions
[3,4], dipolar interactions [4,5], and spin transfer effects [6–8].
Most of these interactions are significantly constrained by
characteristic length scales. For nanoscale devices, dipolar
coupling typically attenuates over hundreds of nanometers,
whereas exchange interactions and spin transfer effects re-
main effective only within distances of a few nanometers.

To overcome these inherent limitations, recent studies have
proposed various methodologies. A notable approach involves
photon-mediated magnon coupling [9–12], typically utiliz-
ing microwave cavity modes, where the strength of coupling
depends on cavity quality, spin density, and magnetic damp-
ing. This necessitates stringent criteria for material selection
and device architecture in magnonic applications. Addition-
ally, there are indications that magnon coupling can also be
facilitated by phonons [13,14], yet the high sensitivity of
phonon frequencies to material structure imposes inevitable
constraints on the design and integration of magnonic devices.
Recent theoretical investigations have introduced an innova-
tive strategy involving dynamic coupling mediated by electric
currents in nonmagnetic metals, offering promising avenues
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for future research and development in this field [15]. This ap-
proach capitalizes on the spin Hall magnetoresistance (SMR)
effect, which induces an additional spin torque that capable
of synchronizing the ferromagnets. This kind of dynamic
coupling is not constrained by interferromagnet distances as
it relies on the propagation of charge currents. Despite its
promising theoretical foundations, experimental validation of
this dynamic coupling mechanism remains elusive. The mod-
est additional spin torque induced by the SMR effect poses
challenges for experimental detection, primarily due to the
involvement of triple charge-spin interconversion processes,
resulting in its magnitude being two orders of magnitude
smaller than conventional spin torque.

In this study, we propose an experimentally viable ap-
proach for charge-mediated coupling of ferromagnets through
spin pumping and spin Hall effects. Based on this framework,
a spin current originating from spin precession within the
ferromagnet converts into a charge current through inverse
spin Hall effect (ISHE) [16–19]. This charge current subse-
quently traverses a non-magnetic strip to reach an adjacent
ferromagnet, converting into an other spin current via the spin
Hall effect (SHE) [20], exerting an anti-damping-like torque
on the magnetization of the neighboring ferromagnet [21–24].
In contrast to the SMR-based model, this strategy involves two
consecutive charge-spin interconversion processes, thereby
rendering the resultant torques more amenable to experimen-
tal detection. Our work verifies the existence of this dynamic
coupling effect both theoretically and experimentally, expand-
ing the scope for the design of coupled magnonic devices
beyond conventional limits.
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FIG. 1. (a) Schematic structure of the system for dynamic coupling. (b) The real part Re(ω) (solid lines, left axis) and the normalized
imaginary part Im(ω)/Re(ω) (dashed lines, right axis) of the natural frequencies for various ratios ω j /ωi. (c) The phase difference �ϕ between
m̂i and m̂ j as a function of the ratio of the intrinsic frequencies of FMs. The insets show the real and imaginary parts of m̂i/m̂ j . (d) The amplitude
ratio of m̂i and m̂ j for various ratios ω j /ωi.

The system depicted in Fig. 1(a) comprises two ferro-
magnets, FMl (where l = i, j), situated on a nonmagnetic
substrate NM within a closed electrical circuit. When sub-
jected to external excitation, the magnetizations of these
ferromagnets undergo precession. Due to the spin pumping
effect, a spin current ĴS generated by the precessing magneti-
zation within FMi can be expressed as

JSσ̂ = h̄

4π
Gr

(
⇀

mi × d
⇀

mi

dt

)
,

where Gr is the real part of the spin mixing conductance
at FM/NM interface [7,25–27]. The induced spin current ĴS

flows in -ẑ direction, from FM to NM, with the spin polariza-
tion of σ̂ . ĴS undergoes conversion into a charge current ĴC via
ISHE,

ĴC = eθSH Gr

2π

(
⇀

mi × d
⇀

mi

dt

)
× ẑ,

where θSH is the spin Hall angle. Then ĴC transfers to the
adjacent ferromagnet (FM j) through the NM strip, converting

into another spin current ĴS
′ with a polarization σ̂

′
and flows

in ẑ direction as

JSσ̂ = −θ2
SH

h̄Gr

4π

(
⇀

mi × d
⇀

mi

dt

)
.

The spin current Ĵ ′
S then exerts an anti-damping-like spin

torque τDL on FM j:

τDL = − γ h̄θ2
SH Gr

4πμ0MStF

(
⇀

mi × d
⇀

mi

dt

)
,

where Ms and tF are the saturation magnetization and
thickness of the ferromagnetic layer. During this process,
magnetizations in FMs can interact with each other through
the charge current in the NM. The magnetization dyamics
in FMl can be described by the modified Landau-Lifshitz-
Gilbert equation:

dm̂l

dt
= − γ m̂l × Heff,l +αl

(
m̂l × dm̂l

dt

)
+ α̂′

l

(
m̂l × dm̂l

dt

)

− α̂′′
l

(
m̂l̄ × dm̂l̄

dt

)
,
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where l̄ = j, i for l = i, j. γ is the gyromagnetic ratio. αl

and α̂′
l represent the Gilbert damping constant of FMl and

the damping enhancement due to spin pumping effect. The
intrinsic frequencies of two FMs ωi and ω j are decided by the
corresponding effective fields within the magnetic systems,
wihch equal to γ Heff,i and γ Heff, j respectively. In the experi-
mental process, variations in system architecture and material
properties may lead to discrepancies. Therefore, we introduce

an adjustment factor A and define α̂
′′
l = A × γ h̄θ2

SH Gr

4πμ0MStF
. The

linearized equations of motion in the absence of driving force
are solved by the form ∝ e−iωt with two complex-valued nat-
ural frequencies ω and definite circular polarization. Based on
previous experimental reports, we have selected parameters
αl = 0.0068, α̂′

l = 0.0052, Gr = 2.6 × 1019 m−2 and θSH =
0.1, respectively [26,28]. Here we use α̂′′

l = 0.0012, and a
quantitative discussion of dynamic coupling with respect to
α̂′′

l is provided in Supplemental Material section S1 [29].
The solid lines in Fig. 1(b) show the real part of ω for

various ratios ω j /ωi. It is observed that near ω j/ωi = 1 (with
|ω j/ωi − 1| < 2α

′′
l ), the precession of magnetic moments ex-

hibits coupling, and the resonance frequencies ωi and ω j

are locked around (ω j + ωi)/2. In contrast to the coupling
dominated by magnetic exchange interaction that induces
level repulsion between hybridized modes, the dynamic cou-
pling here is governed by the dampinglike term, thereby
possessing the dissipative nature which exhibits level attrac-
tion [11,26,30–34]. This non-Hermitian property highlights
compelling potential for topological information processing.
In addition, from the variation of the imaginary part of ω

with respect to ω j /ωi shown by dashed lines in Fig. 1(b), it
is found that dissipation decreases in the symmetric (acoustic)
mode and increases in the antisymmetric (optic) mode within
the coupling region. During ferromagnetic resonance exper-
iments, acoustic modes with lower damping yield stronger
signals, thereby exhibiting dynamic coupling in the system as
linewidth reduction, as elaborated in Supplemental Material
section S1 [29].

To explore its potential for synchronizer applications, we
analyze the phase and amplitude characteristics of two mag-
netization precessions. The phase difference between

⇀

mi and
⇀

m j can be obtained through the argument of
⇀

mi/
⇀

m j in the
complex plane, as shown in Fig. 1(c). It is observed that
dynamic coupling enables synchronous precession, both in-
phase and anti-phase, when the intrinsic frequencies of the
two ferromagnets are closely matched. Moreover, we find
that the amplitudes of

⇀

mi and
⇀

m j are tightly synchronized
to a nearly uniform value across the entire coupling region,
as illustrated in Fig. 1(d). These observations highlight the
retention of spin information during transport processes.

Based on the theoretical framework outlined above, ex-
perimental investigations are conducted to substantiate this
dynamic coupling. We use Permalloy (Py), a common fer-
romagnetic material, as the FM layer, and Pt as the NM
layer. Motivated by pioneering research in spin dynamic de-
tection of submicrometer-sized Py rectangles using stripline
ferromagnetic resonance and anisotropic magnetoresistance
(AMR) spin rectification [35], we designed our experiment
with Py (10 nm) rectangular arrays deposited on Pt (8 nm)
microstrips. Employing the spin torque ferromagnetic reso-

nance (ST-FMR) technique enabled us to achieve significant
magnetodynamic signals crucial for identifying evidence of
dynamic coupling. Note that the current source in the circuit
is used to assist with measuring the device resistance and
transmitting the DC current, as discussed in detail in Supple-
mental Material Section S2 [29]. Schematic structure of the
experimental system and the scanning electron microscopy
(SEM) image of the device are presented in Fig. 2(a). The
main structure of the device consists of Py rectangles with
the width of w, the length of l , and an edge-to-edge distance
of �. The samples are fabricated into devices connecting to
coplanar waveguides via multistep lithography processes and
integrated with the ST-FMR setup [28]. Details on the struc-
ture and fabrication procedures of the device are presented in
the Supplemental Material section S3 [29]. To excite spin pre-
cessions, an rf current Irf is applied along the Pt strip, and an
external magnetic field H is applied in the film plane at a 45 °
angle with respect to the Irf . At this magnetic field angle, both
the rectified voltage and the ISHE signal are maximized [36],
which facilitates the collection of more information related
to spin dynamics. All measurements are conducted at room
temperature.

Figure 2(b) depicts the typical FMR spectrum observed
from a sample with dimensions w = 1 µm, l = 1.5 µm, and
� = 300 nm. Two distinct resonance peaks are clearly dis-
cernible. According to micromagnetic simulations [37,38],
these two modes correspond to confined modes in Py el-
ements, the quasiuniform precession mode M0 and the
standing spin-wave (SSW) mode M1. Their corresponding
spatial distributions of magnetic moment precession intensi-
ties are illustrated in Fig. 2(c). Both modes are confined to
the central region of the Py element due to edge demagne-
tization effects. Detailed simulation analyses are provided in
the Supplemental Material section S4 [29]. The detected FMR
spectra can be accurately fitted with a sum of symmetrical and
antisymmetrical Lorentzian functions, with the fitting process
details provided in the Supplemental Material section S5 [29].
This fitting yields information including the symmetric (VS)
and antisymmetric (VA) components, resonance fields (Hr),
and linewidths (�H) of the two modes. The frequency de-
pendence of the extracted Hr for M0 and M1 are shown in
Fig. 2(d). To quantitatively understand the mode structure, a
dipole-exchange dispersion of spin wave is used [39–41]:

f = γμ0

2π

{[
H + 2A

μ0Ms
k2 + Ms

(
1 − ktF

2

)]

×
[

H + 2A

μ0Ms
k2 + Ms

kd

2
sin2(ϕ)

]} 1
2

,

where γ , A, Ms and tF denote, respectively, the gyromagnetic
ratio, the exchange stiffness, the saturation magnetization, and
the thickness of Py. H is the applied external magnetic field,
and ϕ is the angle between the wave vector k and H. In a Py
rectangle, spin waves in x and y directions are superimposed
with each other so that k = (p−�p)π

l x̂ + (q−�q)π
w

ŷ, where p and
q are the mode numbers. �p and �q represent the pinning
coefficients, which are defined to be positive. By fitting ex-
perimental results with the dispersion equation, we confirm
that the mode numbers (p, q) for M0 and M1 are (1, 1) and
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FIG. 2. (a) Schematic structure of the experimental system. The inset is the SEM image of the device. (b) Typical FMR spectrum
detected from the sample with w = 1 µm, l = 1.5 µm and � = 300 nm at 3 GHz. Solid lines are fitting results using Eq. (1). (c) Spatial
fast Fourier transition (FFT) of the spin precession obtained by simulation. (d) Frequency dependence of the resonance field for M0 and
M1. (e) FMR spectra detected from samples with different array distances. The microwave power is kept at 15 dBm during ST-FMR
measurements.

(1, 3) respectively, which agrees well with the simulation
result presented in Fig. 2(c).

To investigate the correlations between these precession
modes and the spin current, the line shape and intensity of the
detected voltage are analyzed. In ST-FMR measurements, the
collected symmetric voltage signal VS is typically proportional
to the spin current generated within the system. The spin
current arises from two sources: spin current converted from
the rf electric current via SHE, and spin current generated
from spin pumping [42,43]. The former source involves the rf
spin-orbit torque (SOT), which induces a modification in the
AMR of the system, resulting in rectified voltage. In the latter
case, spin current derived from spin pumping is converted
into a charge current through the ISHE [44]. Therefore, the
symmetric component VS of the voltage comprises the ISHE
voltage and the rectified voltage of the AMR induced by SOT.
On the other hand, apart from the SOT, the Oersted field in
the system also affects the precession of the magnetization,
thus contributing to the alternating AMR. This effect, caused
by the rf Oersted field, typically leads to an antisymmetric
output VS of the dc voltage [28,43]. Figure 3(a) illustrates
the ratio of VS to VA for M0 and M1 measured on samples
with varied Py rectangle sizes and � = 300 nm. It is observed
that VS/VA for M1 is approximately five times greater than
that for M0. This discrepancy implies a significantly larger
spin current in the standing spin wave mode compared to the
quasiuniform precession mode. In previous studies, enhanced
spin pumping efficiency for spin waves has been observed
in YIG/Pt heterostructures [45,46]. However, the underlying

physical mechanism remains unclear. The heightened spin
current in the SSW mode is further elucidated by the power
dependency of voltage intensity (V = VS + VA) as illustrated
in Fig. 3(b). While the voltage intensity of M0 exhibits a
linear correlation with the microwave power Prf , the voltage
intensity of M1 displays a nonlinear response, which can be
parsed into square root and linear relationships. This behavior
may be associated with the larger spin accumulation in the Pt
layer induced by M1, resulting in the spin backflow, which
causes the square root dependence of the output voltage on
the excitation power [18,45,47]. In Supplemental Material
section S6 [29], we examine the discrepancies in these modes
affecting spin pumping, positing that the large spin current

FIG. 3. (a) Ratios of the symmetry and antisymmetry compo-
nents of the output voltage for samples with different Py rectangle
sizes and � = 300 nm. The frequency of the rf current is 3 GHz. (b)
Power dependence of M0 and M1. The dashed green and magenta
lines represent, respectively, the square root and linear components
of the Prf dependence of M1 voltage intensity.
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FIG. 4. (a) Spatial distribution of the dipolar field from Py rectangles with w = 1 µm, l = 1.5 µm. �w and �l denote the distance from
the edges of Py rectangle as shown in the inset. (b) Resonance field, (c) linewidth, (d) VA, (e) VS, (f) VS/VS of M0 and M1 for samples with
different �. The green dashed line in (c) represents the linewidth of Py/Pt with the size of 20 µm × 8 µm × 10 nm. The frequency of the RF
current is 3 GHz and the microwave power is 15 dBm. Solid lines serve as visual guides.

induced by SSW may be associated with its distinctive mode
structure. Although further investigation is warranted to ex-
plore this connection, here we leverage the enhanced spin
current generation observed for SSWs to seek experimental
evidence of dynamic coupling in the system.

We further turn our attention to the potential coupling
among Py arrays. Samples with w = 1 µm, l = 1.5 µm, and
� = 400 ∼ 3000 nm are studied, and the ST-FMR results
are shown in Fig. 2(e). Considering the influence of dipolar
interactions in our study, we initially simulate the spatial
distribution of the dipolar field Hd . The outcome for a single
Py rectangle is illustrated in Fig. 4(a). It is found that Hd

decreases rapidly with increasing distances from the edges
of the Py rectangle, thus the effect of Hd on the neighboring
arrays is tiny (see Supplemental Material section S7 [29] for
details). Previous studies have shown that dipolar interactions
can generally be disregarded when the edge-to-edge spacing
between array units exceeds half their diameter [48,49]. For
instance, it has been reported that for discs with a diameter of
1 µm, the dipolar interactions between arrays are negligible
when the spacing exceeds 500 nm [49]. In our study, despite
employing a rectangular array rather than discs, these findings
remain relevant.

The extracted resonance field for samples with varying �

are illustrated in Fig. 4(b). It is observed that below approxi-
mately 700 nm, Hr for both M0 and M1 reduce slightly as �

decreases. This reduction is likely caused by magnetic dipolar
interactions, contributing to the effective field within the sam-
ple. Typically, such magnetic interactions do not involve the
magnetic damping term, thus they are not expected to affect

the linewidth magnitude. However, we find it intriguing that
the linewidths of both modes narrow with decreasing � below
2 µm, with M1 showing a particularly significant reduction,
as shown in Fig. 4(c). The steady linewidth of M0 in samples
with � above 2 µm is comparable to that of a Py/Pt continuous
film [depicted by the green dashed line in Fig. 4(c)], indicating
the fabrication homogeneity of our devices. This reduction in
linewidth suggests the existence of a coupling effect within
the system. Notably, the coupling distance extends up to 2 µm,
far exceeding the spin diffusion length of Pt [50,51], possibly
resulting from the dynamic coupling of Py elements mediated
by electrical current in Pt. Nonetheless, other effects, such as
the altered mode profile induced by magnetic dipolar inter-
actions, and the AC component of the spin current and charge
current, remain difficult to exclude. We attempt measurements
under conditions where the current source is disconnected,
thus rendering direct passage of DC charge current through
the circuitry challenging. It shows that the linewidth does not
exhibit a discernible trend with � (see Supplemental Material
section S7 [29] for details), further corroborating the presence
of coupling mediated by the DC charge current within our
system.

To differentiate between the contributions of dynamic cou-
pling versus changes in mode profile to linewidth, we further
focus on the variation of signal intensity with spacing. It
is understood that the detected voltage signal varies with
changes in � due to several influencing factors, specifically:
(1) the effective magnetic signal associated with the area of
magnetic layers, (2) the microwave power within the device,
(3) the magnetic dipolar interactions between ferromagnetic
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elements, and (4) the impact of dynamic coupling. Neglect-
ing changes in internal current distribution, the effects of
magnetic layer area, microwave power, and magnetic dipolar
interactions on both VS and VA for the same mode are expected
to be consistent. This results in both VS and VA increasing (or
decreasing) as the spacing decreases, while the ratio VS/VA re-
mains largely unchanged. Dipolar interactions may influence
the mode profile, enhancing the VS and VA of M0 while reduc-
ing those of M1. Importantly, dynamic coupling affects differ-
ent modes and their respective variations in VS and VA differ-
ently: when magnetic moments undergo coupled precession at
a specific frequency, their precession intensity increases and
linewidth decreases, leading to an increase in spin currents
within the system while charge currents remain relatively sta-
ble. Consequently, both VS and VS/VA increase in this scenario.

The variations of VA, VS and their ratio with respect to �

are accurately captured in Figs. 4(d)–4(f). With decreased �,
VA for both M0 and M1 shows significant enhancement due to
reduced device resistance that lowers microwave losses in the
circuit (See Supplemental Material section S8 [29]). Within
spacing distances of approximately 700 nm, both VS and VA of
M0 tend to increase as � decreases, while those of M1 exhibit
a decreasing trend. This phenomenon may be attributed to
changes in the mode profile induced by dipolar interactions.
Comparing these outcomes with the resonance field variations
depicted in Fig. 4(c), we confirm that dipolar interactions in-
fluence the FMR spectra when � is below 700 nm. However,
as the spacing increases beyond 700 nm, we observe a notable
decrease followed by stabilization in VS and VS/ VA for M1.
Together with the significant linewidth reduction of M1 within
this distance region shown in Fig. 4(c), these observations
underscore the dominant impact of dynamic coupling for M1
within this specific distance range. This pronounced coupling
effect may be attributed to M1 exhibiting a more substantial
spin pumping effect compared to M0.

In conclusion, our study proposes an approach for achiev-
ing long-distance coupling between ferromagnets via a charge
current in a nonmagnetic heavy metal. The theoretical results
elucidates the dissipative nature of this dynamic coupling,
characterized by energy-level attraction that facilitates syn-
chronization of frequency, phase, and amplitude information.
Experimental investigations on interconnected Py arrays via
Pt strips further validate this dynamic coupling. Two confined
precession modes, the quasiuniform precession mode M0 and
the SSW mode M1, in submicrometer-sized Py rectangles in-
terconnected by Pt strips are detected using ST-FMR. Results
indicate that the SSW mode generates a significantly larger
spin current compared to the quasiuniform precession mode,
as evidenced by the increased symmetry component and the
nonlinear power dependence of the output voltage. Notably,
a coupling effect is observed among Py arrays, characterized
by reduced linewidths, with coupling distances extending up
to 2 µm. Within distances of 700 nm, this coupling effect is
coinfluenced by dipolar interactions and dynamic coupling
mediated by the charge current. Beyond 700 nm, dynamic
coupling predominates. The observed effects are detectable
due to array superposition and efficient spin pumping of the
SSW mode. These findings propose a promising strategy for
long-distance interaction and synchronization in magnonic
devices.
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