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ABSTRACT: We demonstrate a high-quality spin−orbit torque nano-
oscillator comprised of spin wave modes confined by the magnetic
field by the strongly inhomogeneous dipole field of a nearby
micromagnet. This approach enables variable spatial confinement
and systematic tuning of magnon spectrum and spectral separations for
studying the impact of multimode interactions on auto-oscillations.
We find these dipole-field-localized spin wave modes exhibit good
characteristic properties as auto-oscillatorsnarrow line width and
large amplitudewhile persisting up to room temperature. We find
that the line width of the lowest-lying localized mode is approximately
proportional to temperature in good agreement with theoretical
analysis of the impact of thermal fluctuations. This demonstration of a clean oscillator with tunable properties provides a powerful
tool for understanding the fundamental limitations and line width contributions to improve future spin-Hall oscillators.
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■ INTRODUCTION

The spin-Hall effect (SHE) spin torque can drive magnetic
auto-oscillations or excite propagating spin waves1−5 in a
ferromagnet,6−8 potentially enabling a dc current-tunable
microwave source,9,10 neuromorphic computing,11,12 and
spin−orbit torque magnonics.1−5 However, nonlinear magnon
scattering can degrade the quality of spin-Hall oscillators
broadening line width and hampering the achievement of auto-
oscillation.8,13,14 A ferromagnetic film with spatially extended
dimensions harbors a large number of degenerate spin wave
modes which can enable nonlinear magnon scattering that
redistributes energy between modes, hampering coherent
oscillation of a desired mode.13,15,16 These adverse effects
can be reduced either by avoiding the degeneracy,6,17 e.g., via
spatial localization or by suppressing the nonlinear mode
coupling.4,18 Spatial localization in, e.g., nanoconstrictions and
planar nanogap contacts6,19−29 produces discrete modes whose
frequencies lie below the spin wave dispersion for the extended
sample thus reducing scattering channels5,6,13 and enabling
auto-oscillation. Alternative to geometrical confinement, a
localized region of reduced internal magnetic field generated
by the dipole field of a nearby micromagnetic particle confines
the spin wave modes in a nanoscale magnetic field well30−33

thus enabling auto-oscillation. Dipole-field-localized modes
offer advantages as spin-Hall oscillators:33 First, in contrast to
most geometrically confined oscillator modes, our field
confinement offers in situ tunability. In particular, the lateral
confinement and field well depth are tunable by particle
parameterssize, moment, particle-sample separationthe

last of which can be altered in-operando and is continuously
controllable if the particle is mounted on a cantilever whose
height is variable. This provides an in situ tunability of the
magnon spectrum and mode separations, and hence tuning of
nonlinear magnon scattering to control performance of the
oscillators. Second, these dipole-field-localized modes are
confined by a magnetic field rather than by sample boundaries,
thus avoiding artifacts from fabrication imperfection, so they
can provide cleaner confinement.
Here, we demonstrate spin-Hall auto-oscillations of localized

spin wave modes spatially confined by the magnetic dipole
field of a nearby Ni particle above a Py/Pt stripe. Multiple well-
resolved localized modes are driven into narrow-line width,
large-amplitude auto-oscillations persistent up to room
temperature (RT). The auto-oscillating localized modes
exhibit a minimum line width of 5 MHz at 80 K which
increases to 18 MHz at RT. We observe a line width for the
first localized mode that is approximately proportional to
temperature and primarily limited by thermal fluctuations. This
high-quality oscillator with its in-operando tunability of spatial
confinement provides a powerful tool for systematic study of
the fundamental aspects of spin-Hall oscillators, including the
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impact of multimode interactions, for advancing the future
oscillators.

■ METHODS
Py (5 nm)/Pt (5 nm) films are deposited on an undoped-Si
substrate by e-beam evaporation. The Py/Pt strips are defined
with e-beam lithography using Cr as a hard mask34 for ion
milling. A Ti/Ag/Au coplanar stripline (CPS) is fabricated on
the Py/Pt strip via photolithography. Figure 1(a) shows a

scanning electron microscopy image of our device. Three μm-
width strips provide tapered transitions to the 700 nm × 1 μm
region of interest in the center where current density is much
higher. This geometry reduces heating and contact resistance.
A 150 nm thick Al2O3 spacer deposited on the device defines
its separation from a 1 μm Ni particle located on top, in the
center of the active region, with ±200 nm accuracy in the strip
width direction [see the Supporting Information for further
details]. We measured two nominally identical devices labeled
as Device #1 and Device #2. They show similar results with
minimal device-to-device variation [see the Supporting
Information]. We report measurements performed at temper-
atures from 80 K to RT with an external field Hext applied in
the film plane at an angle 105° with respect to the orientation
of the current flow along the length of the strip. As depicted in
Figure 1(b), the spin-Hall effect35,36 in Pt converts a charge
current density JC into a spin current density JS, which exerts an
antidamping spin torque τST

37,38 on the Py magnetization. We
apply dc charge currents exceeding the critical current needed
to fully compensate the damping and excite the auto-
oscillation. The microwave power emitted by the device is
detected via anisotropic magnetoresistance (AMR) effect and
measured by a low-noise amplifier and spectrum analyzer.13,39

We use a nearby micromagnetic particle to introduce a
spatially localized minimum in the internal static fielda field
wellin the sample.30−33 The lowest-frequency spin wave

modes at the bottom of the well are discrete localized modes
(LM) whose frequencies lie well below the spin wave
continuum. In addition, a large number of spin wave modes,
both sample-confined modes and highest-order localized
modes with high mode densities, reside at the top of the
field-well at much higher frequencies. The depth of the field-
well, typically several hundreds of Gauss, determines the
spectral separation between lowest-lying localized modes and
the high-density higher-frequency modes. The spatial confine-
ment provided by the field-well determines the spectral
separations between the various discrete localized modes.
The four lowest-frequency localized modes are localized width
modes LM1 (n = 1, m = 1), LM2 (n = 2, m = 1), a localized
length mode LM3 (n = 1, m = 2), and a localized width mode
LM4 (n = 3, m = 1).33 Figure 1(c) shows micromagnetic
simulated mode profiles of the lowest-four localized modes in
the 700 nm × 1 μm active region. The mode area of LM1 is
about 350 nm × 600 nm.

■ RESULTS AND DISCUSSION
Figure 2(a) shows an auto-oscillation color map (as a function
of bias current) and representative spectra of Device #2 at Hext
= 700 G, T = RT. Below 5.4 mA, there is no signal. Above 5.4
mA, we see a group of several auto-oscillatory modes,
corresponding to localized modes that are driven into auto-
oscillations [see subsequent further analysis]. The measure-
ments here are done at RT, demonstrating that localized
modes function well as RT auto-oscillators which distinguishes
them from some existing spin-Hall oscillators.13,21 If we focus
on the first, i.e., lowest-frequency, localized mode, the full
width at half-maximum (fwhm) line width, fitted on a linear
power scale, decreases to a minimum value of 5 MHz at 8.5
mA at 80 K [Figure 2(b)], which is a typical value for good
single spin-Hall oscillators,13,19−22,40−46 and a much lower
value can be achieved in mutually synchronized oscillator
arrays.12 And even at RT, a line width of 18 MHz is still a small
value, showing that oscillators derived from dipole-field-
localized modes are highly coherent. The signal amplitude
initially increases with current. The maximum power of the
first localized mode is 0.27 pW at RT and is 2.5 pW at 80 K
[see Figure 3(c) or 4(a)], comparable to the 4.6 pW signal size
of the bulk mode (Hext = 700 G, T = 80 K) in a bare 700 nm ×
1 μm Py/Pt strip device without a particle. This observation of
pW signals from localized modes, even though the signal is
only from the reduced local mode area and suffers from current
shunting indicates our localized modes are driven into large-
amplitude oscillations. The higher-order localized modes
become more evident at lower temperatures. A few higher-
order localized modes grow into large signals and are as sharp
as the first localized mode.
Here, we compare spin torque ferromagnetic resonance (ST-

FMR),48 auto-oscillation and micromagnetic simulation to
determine mode nature. Figure 3(a) shows the ST-FMR
spectra of Device #1 at 6 GHz with increasing currents. At
currents above 2 mA, we see several well-resolved localized
modes in the 600−1000 G field range. The localized modes are
not individually resolvable below 2 mA (including negative
currents), because the line width of the modes, controlled by
spin-Hall torque, exceeds or is just comparable to their
separation.33 The signal around 500 G comes from sample-
confined modes (SCM) that extend throughout the whole
sample but are modified by the field of the particle.33

Increasing current shifts the resonances of localized modes

Figure 1. (a) Scanning electron micrograph of the Py/Pt strip device
(outlined in red) with a Ni spherical particle (outlined in green) glued
on top. The active region of the device is the center 700 nm × 1 μm
region of the nanostrip underneath Ni particle. (b) Schematic of auto-
oscillation measurement setup. The external field Hext is applied in the
plane, at an angle 105° with respect to the direction of the current
flow along the length of the strip. The magnetization M and spin
torque τST are drawn for the bottom Py layer. (c) Spatial mode
profiles of transverse magnetization of the first four lowest-lying
localized modes in the 700 nm × 1 μm active region, labeled as LM1,
LM2, LM3, and LM4.
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to higher fields due to Oersted field,33 Joule heating,33 and
more importantly nonlinear enhancement of the cone angle at
high currents.33,49 We compare resonances of several of the
lowest-lying localized modes from ST-FMR and auto-
oscillation measurements [see the Supporting Information
for auto-oscillation color maps of Device #1] to confirm the
nature of the auto-oscillatory modes. The frequency versus
field dispersion from both measurements coincide with each
other [Figure 3(b)], which confirms that the auto-oscillatory
modes arise directly from the localized modes that are confined
by the particle field. Then, we perform micromagnetic
modeling30,33,50−52 at Hext = 700 G and compare the
resonances with auto-oscillation peaks in Figure 2(a). The
simulated resonance frequencies for LM1 to LM4 are shown as
dashed lines in Figure 2(a), identifying the first four localized
modes [see the Supporting Information for mode identification
at other temperatures]. The parameters used in the simulation

are 4πMeff = 8.9 kG, determined from the in situ Py/Pt film, the
effective magnetization of the unsaturated Ni particle 4πMNi =
2400 G which is a free parameter,31,33 and the modeling is
done at Idc = 0. The corresponding localized modes are also
labeled in ST-FMR spectra [Figure 3(a)]. We note that the
energies of LM3 and LM4 are close, so that their peaks are not
distinguishable in ST-FMR. Mode LM2 appears at high
currents in ST-FMR and does not present a strong auto-
oscillation signal. This could be because the spatial 180° phase
reversal in the transverse magnetization of n = 2 mode profile
causes partial cancellation in some of the AMR signals.53

Further details about the observed localized modes in auto-
oscillation spectra can be complicated. For LM1−4, we
observe all four modes at 700 G, and only observe LM1 and
one of the LM3,4 peaks at several other fields [see the
Supporting Information for color maps at different fields].
We comment on the modes excited in auto-oscillations.

Only the localized modes and second harmonics of the
localized modes [see the Supporting Information for full
spectrum] are observed. We observe no auto-oscillation signals
at the frequencies corresponding to sample-confined modes,
while there are signals around those resonance conditions in
ST-FMR spectra. This is probably a consequence of the large
degeneracies of the modes in this frequency range, both the
sample-confined modes and highest-order localized modes.
To systematically study the evolution of the auto-oscillation

with current, we subtract a background obtained from the
spectrum at 0 mA on a linear scale. We then determine the
characteristic parameters of LM1 at Hext = 700 G, T = RT
(Device #2) and plot them as a function of current, as shown
in Figure 3(c). The current-evolution trends that we observed

Figure 2. Auto-oscillation color maps (as a function of bias current)
and representative spectra (corresponding to the vertical dashed line
on the color maps) of microwave emission generated by the Py/Pt
strip device with a Ni particle (Device #2) at Hext = 700 G, (a) T =
RT and (b) T = 80 K. Plotted on the left are the power above noise in
units of dB with background subtraction from spectra obtained at 0
mA. In Figure 2(a), the power baseline of the spectrum (green) is
manually offset. Black dashed lines in the spectra mark resonance
frequencies at 700 G obtained from micromagnetic simulations,
enabling identification of the localized modes LM1 to LM4. Dashed
horizontal line (gray) in the color map in (a) indicates the frequency
of sample-confined modes around 7 GHz extracted from ST-FMR at
high current at RT.

Figure 3. (a) ST-FMR spectra of Py/Pt strip device with a Ni particle
(Device #1) for several currents at RT and f = 6 GHz. (b) Frequency
versus field resonances of LM1 to LM4: (open squares) eigenmodes
measured by ST-FMR and (filled circles) auto-oscillatory modes
(Device #1). The resonances of sample-confined modes from ST-
FMR are shown as a reference. The resonances were extracted at 5.5
mA from ST-FMR and 6.5 mA from auto-oscillation for LM1, 3, and
4. The values for LM2, which appear only at higher currents, were
extracted at 6.5 mA from ST-FMR and 6.8 mA from auto-oscillation.
(The current values are selected to minimize the nonlinear frequency
shift and consider the effect of RF current.) (c) Bias current
dependence of the spectral frequency, fwhm line width, integrated
power, and inverse integrated power of LM1 auto-oscillation (Device
#2). The dashed line in (c) represents a linear fit to inverse power
used to identify the critical current.47
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are similar to ones in existing spin-Hall oscillators.13,21 A
critical current Icri is defined as that at which damping is fully
compensated by the spin torque. We extract the critical current
Icri via a linear fit of inverse power vs current.47 Microwave
emission signals can be observed even before the Icri, due to
thermal fluctuations.49 Above the critical current, the magnet-
ization precession enters the nonlinear regime as its cone angle
increases. In the nonlinear regime, the frequency ω is a
function of the power p: ω ≈ ω0 + Np,49 where ω0 is the
frequency in small-angle approximation. N is the nonlinear
frequency shift coefficient and is typically negative for in-plane
field geometries. With increasing current, the power increases
leading the frequency to shift to lower values. The shift is slow
below Icri, because the power is small from thermally excited
precessions, becoming rapid above Icri as a consequence of the
much larger auto-oscillation power. Below Icri, it is in the linear
regime, so the line width is linearly reduced by the
antidamping torque. If we only consider the nonlinear auto-
oscillation theory of a single mode as in conventional spin
torque oscillators,49 the line width would be expected to

remain small after the linear reduction. However, here at high
currents, the line width broadens and the power drops, which
is experimentally observed in other spin-Hall oscillators13,21

and could be due to nonlinear magnon scattering through the
remaining scattering channels.13

We further measure current evolution of auto-oscillations at
Hext = 700 G at different temperatures (Device #2). The mode
structures are qualitatively the same as the ones in Figure 2
[see the Supporting Information]. Figure 4(a) shows the
extracted fwhm line width and integrated power of the first
localized mode as a function of current for different
temperatures. As temperature increases, the required bias
current decreases, likely due to an increased spin current
conversion efficiency by SHE.21 The maximum power
decreases with increasing temperature, which is generally
observed in other spin-Hall oscillators.13,21

To determine the temperature dependence of the oscillation
line width, we exploit the calibrated dependence of the device’s
resistance on temperature. This gives the actual temperature Ta
of the device in the presence of inevitable Joule heating above
the bath temperature Tb by high drive currents which is
obtained by measuring the resistance of device21 [see the
Supporting Information]. We analyze the behaviors at the
current corresponding to the minimum line width54,55 as a
function of the actual temperature at Hext = 700 G. Figure 4(b)
shows that the line width of the first localized mode varies
linearly with temperature. The damping has been fully
compensated, but the line width of auto-oscillators is a
measure of the coherence of the system and the precession
periodicity.39,56 At finite temperatures, thermal fluctuations
deflect the magnetization transverse to (amplitude fluctua-
tions) and along (phase fluctuations) its precession trajectory
and leads to a spread of the frequencies.49,57 The generated
line width due to thermal fluctuations is expected to be
proportional to the temperature.49 Such a theory accounts well
for our data and indicates that the line width of our localized
mode oscillator is limited dominantly by thermal fluctuations.
A linear fit to the line width data yields an intercept of −0.52 ±
0.12 MHz, close to zero. We compare the temperature
dependence of our observed line width with existing auto-
oscillators. Ours is the only report of a linear temperature
dependence of line width among spin-Hall based oscilla-
tors13,19−22,40−42 with one exception.54 Even among conven-
tional spin torque oscillators, most temperature dependence
studies present unexpected behaviors, more complex than
proportional, indicating the existence of other broadening
effects.58−61 Existing reports55,62,63 of linear temperature
dependencies exhibit large negative or positive intercepts.
The nonzero intercept is attributed to an additional temper-
ature-independent broadening mechanism,55,62,63 possibly due
to inhomogeneities. Our intercept (both its magnitude and as a
percentage of total line width) is the smallest among all these
results which may reflect the avoided fabrication-induced
broadening afforded by magnetic confinement. We note that
the influence of edge damage can be studied by moving the
field well toward the edge of the sample to observe the impact
of the edge on oscillator performance. Our method of
scannable magnetic confinement provides a new approach to
understanding problems like these and examining the
hypotheses. Additionally, our line width, approximately
proportional to temperature, agrees well with Slavin’s thermal
fluctuations theory. These results suggest our dipole-field-
confined oscillator closely approaches a nearly ideal oscillator.

Figure 4. Linear temperature dependence of line width (Device #2).
(a) Bias current dependence of the fwhm line width and integrated
power of LM1 auto-oscillation at different bath temperatures. (b)
Actual temperature Ta dependence of the minimum fwhm line width
of LM1 auto-oscillation. The error bars in (b) are smaller than the
data point.
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Beyond fabrication edge imperfections, thermally activated
mode hopping21 (causing exponential temperature depend-
ence) and nonlinear magnon scattering13,15 can contribute to
the line width; field localization of modes is advantageous in
relation to these contributions as well. First, localized modes
confined by the particle field have large spectral separation
from the high density of modes at higher frequencies as well as
increased spectral separation between different localized modes
and so increase the energy barrier for mode hopping. Second,
the tight spatial confinement increases the separation between
the discrete lowest-lying localized modes, thus weakening the
mechanism of nonlinear magnon scattering.

■ CONCLUSIONS
In summary, a new type of spin-Hall oscillator that is spatially
confined by a localizing magnetic field is demonstrated. We
observe multiple dipole-field-localized spin wave modes driven
into auto-oscillation by spin-Hall torque. These localized mode
oscillators exhibit good properties: narrow line width, large
amplitude, and persistence up to RT. The auto-oscillating
localized modes exhibit a line width of 5 MHz at 80 K which
increases to 18 MHz at RT. We observe that the line width of
the first localized mode is approximately proportional to
temperature, limited dominantly by thermal fluctuations.
These results indicate a clean oscillator system which provides
the opportunity to study auto-oscillators in their intrinsic
regime. The concurrence of good properties, proportionality to
temperature, and field-localization demonstrates the advan-
tages of field-localization method.
For future applications, the dipole-field localization provides

an alternative confining mechanism that can assist further
studies and help resolve issues in spin-Hall auto-oscillators, e.g.,
their spatial self-broadening.64 In addition, the demonstrated
unique strength of localized modes spin-Hall oscillator here
can be expanded by putting the particle on a cantilever to scan
the localized mode oscillator (x and y directions) and tune well
spatial confinement and depth (z direction). We observed
signals with a sufficiently strong signal-noise ratio that allows
the strip to be widened to a few microns for imaging. Spatial
confinement studies tuned by varying cantilever tip−sample
separation can reveal the impact of multimode interactions on
spin−orbit torque auto-oscillation. Finally, the particle-
confined localized modes oscillator combined with spatial-
scannability can be utilized to study synchronization24 and
interactions between spatially separated auto-oscillators by
varying their lateral separation.
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