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Collimated Bidirectional Propagating Spin Wave Generated by a Nonlocal
Spin-Current Nano-oscillator
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Pure spin currents, generated by nonlocal spin injection and spin-orbit effects, have been widely used
to control magnetization reversal and dynamics by current without charge transfer and its side effects
in the device’s actual working region. Here we experimentally demonstrate that a single coherent spin-
wave mode can be excited by the pure spin current in a nonlocal spin-injection spin-valve device. The
microwave spectra show that the observed spin-wave frequency is higher than the ferromagnetic reso-
nance frequency, and almost does not change with the excitation current at moderate magnetic fields,
indicating that the observed dynamical mode is a linear propagating spin-wave mode. Furthermore, micro-
magnetic simulations based on our device geometry generally reproduce the experimentally observed
field-dependent and current-dependent oscillation characteristics, and provide us with the additional spa-
tial information that the spin-wave mode exhibits collimated and bidirectional propagation paths in the
direction perpendicular to the applied magnetic field. Our simulation results also show that the current-
local Oersted field in our nonlocal device is much smaller than in conventional nanocontact magnetic
oscillators, and has a minimal impact on the spin-wave dynamics. A near-symmetrically-collimated and
bidirectional propagating spin-wave beam with magnetic field–controllable beam direction and current-
independent frequency, achieved in our demonstrated nonlocal spin-current nano-oscillator, can be used
as a local spin-wave source for magnonic logic devices and can be used to build daisy-chaining oscillatory
neural networks with mutual synchronization.
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I. INTRODUCTION

Recent manipulation of magnetization reversal and con-
trol of dynamics using pure spin currents generated by
the spin-orbit effects (spin Hall, spin Seebeck, and inter-
facial Rashba effects) in bilayers of ferromagnets with
heavy nonmagnetic metals or topological materials have
demonstrated that pure spin currents are anticipated to rev-
olutionize electronics [1–6]. Before the spin-orbit effects, it
was experimentally proved that a pure spin current can be
efficiently generated by injecting a spin-polarized charge
current by spatially separating charge and spin currents
within lateral spin-valve structures, also named “nonlo-
cal spin-injection devices” [7–12]. The pure spin cur-
rent can transfer spin angular momentum without charge
current, minimize charge current–induced Joule heating
and Oersted field effects on the actual layer or region
to avoid local heating and Oersted field-induced side
effects [13,14], and achieve energy-efficient magnetic-
random-access-memory and magnonic devices. Therefore,
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spin current–driven magnetization switching and modula-
tion of magnetic damping in both nonlocal spin-injection
and spin-orbit-torque devices have been intensely stud-
ied in recent years [15–18]. Additionally, since spin cur-
rent–driven coherent magnetization dynamics can be used
as a microscale or nanoscale microwave signal source or
spin-wave source in a wide variety of applications, such as
wire communications and analog neuromorphic comput-
ing, planar spin Hall nano-oscillators (SHNOs) with vari-
ous materials and geometries have also received increased
attention in recent years because of their simplicity and
reproducibility [19–32]. Many spectroscopy experiments
found that the abundant and distinct dynamical behav-
iors driven by the pure spin current in SHNOs are closely
related to the geometry of spin-current injection and the
magnetic properties of the free magnetic layer, differing
from that of conventional spin-transfer-torque (STT) nano-
oscillators (STNOs), where the spin current always flows
together with the charge current through the magnetic mul-
tilayers and results in undesirable Joule heating and a
significant local Oersted field [14,33–35]. However, sub-
stantial experiments and consistency regarding excitation
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FIG. 1. (a) The stacked multilayer of the nonlocal spin-current
nano-oscillator. The two bold arrows indicate the magnetization
directions of the polarized and free layers. The thin arrows and
the curves indicate the polarization and the flow direction of
electrons, respectively. The diameter of the circular nanocontact
is approximately 90 nm. (b) Magnetoresistance (MR) hysteresis
loop measured with a small current I = 0.1 mA and an in-plane
magnetic field.

of coherent magnetization dynamics by the spin current in
nonlocal spin-valve devices are still lacking [36–39].

Here we experimentally study the dynamics of mag-
netization auto-oscillations based on a nanocontact non-
local spin-valve structure. A single coherent spin-wave
mode can be excited by the pure spin current. Its fre-
quency is slightly higher than the ferromagnetic resonance
(FMR) frequency fFMR of the permalloy (Py) free layer,
and remains almost constant with increasing excitation
current at low magnetic fields H ≤ 1000 Oe and under-
goes a weak blueshift with increasing current at high fields
H ≥ 1095 Oe, in contrast to the localized “bullet” mode
with a frequency much lower than fFMR and a signifi-
cant nonlinear frequency redshift observed in conventional
STNOs and SHNOs with in-plane magnetization. Fur-
thermore, the spatial mapping of this mode, obtained by
micromagnetic simulation modeling from our experimen-
tal device’s geometry, further confirms that the dynamical
mode is a linear propagating spin-wave mode with colli-
mated and bidirectional propagation paths in the direction
perpendicular to the applied external magnetic field.

II. EXPERIMENT

A. Device fabrication and electronic characteristics

Figure 1(a) shows a schematic of the nonlocal spin-
current nano-oscillator (NLSCNO) based on stacked mag-
netic multilayers. The device is based on a trilayer
Py(5 nm)/Cu(10 nm)/Co30Fe70(10 nm) disk with 20-μm
diameter deposited on an annealed sapphire substrate by
magnetron sputtering. The spin-polarized Co30Fe70 layer
and a half of the Cu space layer are processed into a
circular nanopillar with a diameter of approximately 90
nm by a combination of electron-beam lithography and
Ar-ion milling. The two Au electrodes are attached to
the top surface of the circular Co-Fe nanopillar and the
Cu space layer at the edge of a 20-μm-diameter Py(5

nm)/Cu(5 nm) disk, respectively. The electrodes are elec-
trically insulated by a 30-nm-thick insulating SiO2 layer.
In this spin-valve structure, the magnetoresistance ratio is
about 2% at room temperature [Fig. 1(b)], much smaller
than the giant-magnetoresistance ratio of the conventional
perpendicular spin-valve structure with the current flow
fully perpendicular to the device plane. The reason is
that most current passes through the extended Cu layer
rather than the bottom Py free layer because the electri-
cal conductivity of Cu is 10 times greater than that of
Py. All the microwave-generation-spectra measurements
described below are performed with an in-plane magnetic
field at room temperature.

B. Spectral characteristics of the nonlocal spin
current–driven dynamical mode

To experimentally explore the dynamical states of the
Py layer induced by injection of spin current generated
by spin diffusion in the Cu layer and spin accumula-
tion at the Cu/Co-Fe interface, we perform spectroscopic
measurements on the nonlocal spin-valve device with dif-
ferent in-plane magnetic fields H and excitation currents.
In our all spectroscopic measurements, the magnetizations
of both the Co-Fe layer and the Py layer are aligned by
the applied static in-plane field H above the coercive field
Hc ∼ 100 Oe of the devices [see Fig. 1(b)]. To exert suf-
ficient spin-transfer torque on the Py layer and excite its
magnetization auto-oscillation, we need to generate the
spin current with the spin magnetic moment antiparallel
to the Py layer’s magnetization by applying a positive
electric current as defined in Fig. 1(a). Figure 2 shows
representative auto-oscillation spectra acquired above the
onset current I with field H ranging from 270 to 1175

FIG. 2. Microwave-generation spectra (symbols) of the
NLSCNO obtained above the onset excited current and at the
labeled values of the magnetic fields H . The curves are the
results of fitting with a Lorentzian function. PSD, power spectral
density.
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Oe. The spectral peaks, shown in Fig. 2, are well approx-
imated by the Lorentzian function, as shown by the solid
curves. No auto-oscillating peak is observed in all nega-
tive currents, consistent with the expected effects of STT
produced by the nonlocal spin current on the dynamic
damping, and in contrast to our previously studied vertical
nanocontact–based spin Hall nano-oscillator (VNSHNO)
[31], where, like positive currents, negative currents can
also excite auto-oscillating magnetization because of the
chiral symmetry of the spin-current polarization arising
from the spin Hall effect in the VNSHNO structure.

The dependence of the oscillation characteristics on
the excitation current can be used as a vital indicator
to identify the mode of the spin wave excited in spin-
torque nano-oscillators. In previous studies, the nonlinear
self-localized “bullet” spin-wave mode with a frequency
far below the spectrum of linear spin waves was usually
observed in SHNOs [19,20,23,24,28] and conventional
nanocontact STNOs (NCSTNOs) with in-plane magneti-
zation [14,33]. This spin-wave “bullet” mode exhibits a
significant redshift and thermal linewidth broadening with
increasing excitation current due to nonlinearity [20,40–
42]. To obtain further insight into the nature of the dynam-
ical states in our NLSCNO, we investigate the dependence
of the spectral characteristics on the excitation current I
at different magnetic fields. Figure 3 shows pseudocolor
maps of the current dependence of the microwave power
spectral density generated by our device at various fields
H . In contrast to the nonlinear spin-wave “bullet” mode
with a distinct redshift of the frequency with increas-
ing current, the observed current-dependent spectra show
that the frequency of the auto-oscillator remains almost

constant with increasing current at low magnetic fields
H ≤ 1000 Oe, indicating that the dynamical nonlinearity
coefficient is much smaller than that of the “bullet” mode
in the Py(5 mn)/Pt(4 nm)–based SHNO system [19,20]
and the linear spin-wave modes localized in the potential
well created by the spin current in the NCSTNO based on
the extended Co70Fe30(8 nm)/Cu(20 nm)/Py(5 nm) disk
[36,37]. At high fields H ≥ 1095 Oe, the oscillation fre-
quency gradually exhibits a weak blueshift with increasing
current, which may be related to a considerable out-of-
plane component of the magnetic field due to a slight
deviation of the applied field from the film plane in our
experiment because previous studies found that an out-
of-plane orientation of magnetization could cause positive
nonlinearity [33,42,43].

To gain further insight into the dynamical mode
observed in our NLSCNO, we also analyze the dependence
of the spectra on the magnetic field. Field-dependent spec-
tral characteristics such as the full width at half maximum
(FWHM), the central peak frequency fc, and the gener-
ated power P are extracted from the Lorentzian fitting. To
eliminate a possible contribution from current-dependent
spectral characteristics, we focus on the field-dependent
minimum linewidth of the dynamical mode, which coin-
cides with the highest peak power spectral density at
current Ip . Figure 3(k) shows that both Ip and the onset
current Ic rapidly decrease by 43% as the applied magnetic
field H increases from 270 to 1175 Oe, in opposition to the
established models of spin torque–induced magnetization
dynamics in conventional NCSTNOs [27,33] and SHNOs
[19,20], where Ic increases with increasing H due to local
viscous damping of the magnetization precession [44]. The
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FIG. 3. Dependence of the microwave-generation characteristics on current at different magnetic fields H . (a)–(j) Pseudocolor plots
of current-dependent spectra obtained at H = 270 Oe (a), H = 410 Oe (b), H = 550 Oe (c), H = 685 Oe (d), H = 750 Oe (e),
H = 805 Oe (f), H = 910 Oe (g), H = 1005 Oe (h), H = 1095 Oe (i), and H = 1175 Oe (j). (k) Dependence of the onset current Ic
(open circles) and the current corresponding to the highest peak power spectral density IP (solid circles) on the external magnetic field
H . (l)–(n) Dependence of the central generation frequency fc (l), linewidth FWHM (m), and integral intensity P corresponding to the
highest-intensity peak of the power spectral density at IP (n) on H . fc, FWHM, and P are determined by our fitting the power spectra in
(a)–(j) with the Lorentzian function. The solid lines are given as guides for the eye. Dashed horizontal lines show the FMR frequency
fFMR of the Py layer.
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observed anomalous field-dependent characteristic cur-
rents are related to the field-dependent STT efficiency
between the Py free layer and the Co-Fe polarized layer.
Unlike the previously reported NCSTNOs, the Co-Fe(10
nm) polarized layer of our NLSCNO is a quasi-free-layer
without the pinning effect from an adjacent antiferromag-
net layer. As shown in Fig. 1(b), the magnetoresistance
loop shows that the coercive field of Co-Fe(10 nm) is only
approximately 100 Oe, also suggesting a weak pinning
effect with a negligible shape magnetic anisotropy because
the circular Co-Fe nanopillar is rotationally symmetric. At
high current density and low external magnetic fields, spin
current excites magnetization precession of the extended
Py(5 nm) and also drives deviation of the magnetization of
Co-Fe(10 nm) from its equilibrium position, and in con-
sequence reduces the STT efficiency with decreasing H .
The broad linewidth FWHM and low peak power spectral
density below 600 Oe [Figs. 3(m) and 3(n)] also support
the above argument. Meanwhile, the current-induced con-
siderable Oersted field located at the Co-Fe layer can also
significantly modulate the Co-Fe magnetization direction
in the lower-field range and can reduce the STT efficiency
from the polarized layer to the free layer. Besides, the fre-
quency of the dynamical mode, observed in this nonlocal
spin-valve structure (Fig. 3), is slightly higher than the
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FIG. 4. Analysis of the distribution of the electrical current,
spin current, and Oersted field in a nonlocal spin-current nano-
oscillator. (a) Calculated spatial map of the electrical current
density Jc in the extended Cu layer at I = 3 mA. (b) Calculated
spatial map of the spin current density Js injected from Cu into
Py with consideration of the spin-diffusion length of 300 nm of
Cu, where the arrows indicate the spin direction antiparallel to
the magnetization direction of the Py layer. (c) Calculated spatial
map of the in-plane Oersted field HOe in the Py layer at I = 3
mA. (d) Section of Jc (solid curve), Js (dashed curve), and HOe
(blue spheres) distributions along the y axis, as shown by the
dashed lines in (a),(b),(c), respectively. (e) The FMR frequency
landscape calculated by our taking into account the applied exter-
nal field Hext = 805 Oe and current-induced Oersted fields at
I = 3 mA. The dashed circle marks the nanocontact.

FMR frequency of the Py layer, suggesting that this mode
is a propagating spin wave.

III. SIMULATIONS

A. Calculation of nonlocal spin current and Oersted
field

To further elucidate the nature of the observed dynam-
ical mode, we perform micromagnetic simulations using
OOMMF [45]. The simulation cell size is 5 × 5 × 5 nm3,
and the simulated volume is a circular Py disk with a
diameter of 3 μm and a thickness of 5 nm. The fol-
lowing material parameters are used in the simulations:
exchange stiffness A = 13 pJ/m, saturation magnetization
Ms = 700 kA/m, Gilbert damping constant α = 0.03, and
effective STT efficiency P = 0.05 [7,8]. Figures 4(a) and
4(b) show the electrical current and spin-current distribu-
tions of the Cu layer, which are numerically calculated by
the COMSOL Multiphysics package [46] with resistivity of
0.27 μ� m for the 5-nm-thick Py layer and 0.017 μ� m for
the Cu layer. Calculation of the current distribution shows
that approximately 95% of the outflowing current drains
through the 5-nm-thick residual Cu layer, and only approx-
imately 5% passes through the 5-nm-thick Py layer, which
supports a small giant-magnetoresistance ratio of approx-
imately 2% as observed in Fig. 1(b). The radial electrical
current and spin current with spin polarization along the
y axis reach their largest values in the Cu layer near the
edge of the nanocontact [Fig. 4(d)]. To more accurately
calculate the spin-current distribution of our device, we
also take account of the spatial decay of the spin polariza-
tion in the Cu layer by using an experimentally obtained
spin-diffusion length λ = 300 nm [7]. From the results, the
spin current is more localized than the electrical current
[Fig. 4(d)]. We also calculate the position-dependent Oer-
sted field from the current-density distribution. The radial
current-induced chiral Oersted field in the Py layer has its
maximum HOe = 22 Oe located on the circle with 120-nm
diameter [Fig. 4(c)]. The spin current density decreases
by about a factor of 2 within a distance of about 40
nm from the nanocontact edge, while the Oersted-field
distribution is much less localized than that of the spin
current.

To quantitatively analyze the effect of the local Oersted
field on magnetic dynamics, we numerically calculate the
spatial profile of fFMR of the Py layer at a representative
magnetic field Hext = 805 Oe by using the well-known
Kittel formula based on the calculated total magnetic field,
including the Oersted field. The FMR frequency fFMR is
defined as fFMR = γ

√
Htot(Htot + 4πMs), where γ is the

gyromagnetic ratio and Ms is the saturation magnetization.
Figure 4(e) shows the weak antisymmetric FMR frequency
fFMR landscape along the y axis caused by the circular Oer-
sted field, which could promote preferential propagation
paths for the generated spin wave [31,34,47]. Therefore, it
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FIG. 5. Dependence of auto-oscillation spectra obtained by
micromagnetic simulation on the magnetic field H from 200 to
1200 Oe increased in 50-Oe steps. The low-frequency peak with
higher power intensity is the fundamental auto-oscillation mode,
while the high-frequency peak is the third harmonic mode of
auto-oscillation. FFT, fast Fourier transform.

is necessary to take the spin current and Oersted field into
account in our micromagnetic simulations.

B. Dependence of power spectra on the magnetic field
and current

Figure 5 shows micromagnetic simulations of current-
induced magnetization dynamics, including the calculated
circular-Oersted-field and spin-current distributions at dif-
ferent external magnetic fields, generally consistent with
the experimentally observed microwave-generation spec-
tra with a single oscillating peak in Fig. 2. The slight
deviation in the frequency between simulated and exper-
imentally observed values may be caused by the deviation
of actual Ms and the stray field from the top Co-Fe(10
nm) nanopillar, which is not taken into account in the sim-
ulations. The third harmonic 3f is also observed in the
calculated spectra due to the large amplitude of oscilla-
tion at sufficiently large currents. Higher-order harmonics
are not experimentally observed, which may be because of
our microwave spectroscopy’s limited detection sensitiv-
ity. However, the physical mechanism of only odd-order
harmonics rather than even-order harmonics is not clear
yet, warranting further studies.

To gain more detailed information on the dynamical
properties of this spin-current nano-oscillator, we further
study the dependence of the calculated spectra on the exci-
tation current I at a representative magnetic field H = 805
Oe. Figure 6 shows that auto-oscillation has a fundamental
frequency fc = 8.35 GHz higher than the calculated FMR
frequency fFMR = 7.4–8.1 GHz [Fig. 4(e)], and remains
constant with increasing current above the onset current
I = 2.1 mA. These results are also consistent with the
experimental observations discussed for Fig. 3.

FIG. 6. Pseudocolor map of the calculated power spectral den-
sity as a function of excited current I at H = 805 Oe. FFT, fast
Fourier transform.

C. Spatial characteristics of the auto-oscillation mode

The spatial characteristics of the calculated auto-
oscillation mode can also be accessed in our micromag-
netic simulation. Figures 7(a)–7(d) show four representa-
tive snapshots of the distribution of instantaneous in-plane
magnetization component My for excitation current I = 3
mA and H = 805 Oe, suggesting the oscillation period τ

is approximately 0.12 ns. Furthermore, the Fourier spec-
trum [Fig. 7(f)], obtained by fast Fourier transform of the
spatially averaged My(t), shows that the oscillating magne-
tization’s fundamental frequency is 8.35 GHz, confirming
the oscillation period τ = 0.12 ns. Meanwhile, the third
harmonic is also observed in the calculated spectrum. Time
sequences of My show a propagating spin-wave feature
with a highly anisotropic propagation velocity and ampli-
tude for parallel and vertical magnetic field directions,
respectively [Figs. 7(a)–7(d)]. The section profiles of My
at t = 40 ns further show that the spin-wave wavelength
λ is 0.9 μm along the y axis and 0.3 μm along the x axis,
and the oscillating amplitude of magnetization is also large
along the y axis, suggesting that the spin-wave propagation
path is preferentially in the direction perpendicular to the
external magnetic field [Fig. 7(e)]. To obtain comprehen-
sive information on the power distribution of the modes,
we also calculate the normalized spatial power maps of the
observed dynamical mode and its third harmonic, obtained
from the time dependence of the local magnetization com-
ponent m2

y by pointwise temporal fast Fourier transform
over the simulated area. Figures 7(g) and 7(h) show that
the fundamental and third-harmonic modes both exhibit
a bidirectionally elongated spatial profile in the direction
perpendicular to the applied magnetic field. Additionally,
combined with the calculated spatial profile of the Oersted
field above [Fig. 4(c)], we find that the largest power den-
sity is located on the upper side of the nanocontact, where
the total magnetic field is the minimum due to the Oer-
sted field opposite the applied magnetic field [Fig. 1(d)],
suggesting the propagation direction of the spin wave is
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FIG. 7. Spatial characteristics of the auto-oscillation mode. (a)–(d) Time sequences of in-plane magnetization component My
obtained from micromagnetic simulations at I = 3 mA and in-plane magnetic field H = 805 Oe. (e) Section of the magnitude of
My at simulation time t = 40 ns along the y axis and the x axis, respectively, as shown by the dashed lines in (a). (f) Calculated
auto-oscillation spectrum showing a single oscillating mode and its third harmonic obtained by fast Fourier transform (FFT) of the
time-dependent My . (g),(h) Normalized spatial maps of the square of the simulated dynamical magnetization component M 2

y of the
fundamental mode f = 8.35 GHz (g) and its third-harmonic mode 3f = 25.05 GHz (h). The large dashed circle represents the bound-
ary of the active simulation region, the small dashed circle marks the top nanocontact, and the arrow shows the direction of the applied
external field.

modified slightly by the weak local Oersted field. Unlike in
previous studies of NCSTNOs [14,34], the strong Oersted
field (approximately 1 kOe) causes a highly asymmet-
ric propagation of spin waves by locally modifying the
spectral frequency of spin waves of the extended mag-
netic films. Meanwhile, the current-induced local Oersted
field may completely prevent spin waves from propagat-
ing by creating a deep potential well to localize or trap
spin waves if it is strong enough and localized [14]. In
our NLSCNO, the maximum Oersted field is 22 Oe for
excitation current I = 3 mA, only about 2.7% of the uni-
form external magnetic field Hext = 805 Oe [Fig. 4(d)].
The small Oersted field causes a relatively weak variation
of ±0.35 GHz (approximately 4.5% of 7.75 GHz) in the
FMR-frequency landscape in the Py free layer [Fig. 4(d)],
which is much smaller than the reported 3 GHz (approx-
imately 17% of 18 GHz) in NCSTNOs [34]. Therefore,
in contrast to the highly collimated and single-direction
spin-wave beam observed in NCSTNOs, the propagating
spin-wave beam in our NLSCNO is a collimated and bidi-
rectional beam with a weak asymmetric amplitude along
the ±y axis perpendicular to the external field because
the current-induced local Oersted field in the actual oscil-
lating layer can be minimized in our modulated nonlocal
spin-current nano-oscillator.

IV. CONCLUSION

In summary, our experiment and numerical simula-
tion demonstrate a linear propagating spin-wave excitation
in a NLSTNO based on planar nonlocal spin injection.
Differing from a localized spin wave observed in previ-
ously reported NLSCNOs with extended polarized and free
magnetic layers, our NLSCNO excites a linear propagat-
ing spin wave with a constant frequency with increas-
ing excitation currents due to a negligible nonlinearity
and Oersted field. Moreover, in conventional NCSTNOs,
the current-induced strong local Oersted field dramati-
cally modifies the spin-wave propagation symmetry and
results in a highly collimated and single-direction propa-
gation feature due to the opposite propagating path being
blocked completely by the strong circular Oersted field-
induced corral effect. However, in our NLSCNO, spin
waves have bidirectional propagation paths in the direc-
tion perpendicular to the external magnetic field because
the weak Oersted field-induced corral effect is very lim-
ited. Besides, the radial and nonlocal spin current not
only excites the auto-oscillation of the nanomagnet under
the central nanocontact but can also effectively increase
the spin-wave propagation length by spin-torque modu-
lation of spin-wave damping in the outer region of the
central nanocontact in our nonlocal geometry. All these
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features and the planar geometry improve nonlocal spin-
injection devices, which is promising for implementation
of nanoscale spin-wave sources for potential magnonics
applications and building daisy-chaining oscillatory neural
networks for spin wave-based analog computation.
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