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We utilized microwave spectroscopy to study the magnetization oscillations locally induced in
a Permalloy film by a pure spin current, which is generated due to the spin Hall effect in an
adjacent Pt layer. The oscillation frequency is lower than the ferromagnetic resonance of Permal-
loy, indicating that the oscillation forms a self-localized non-propagating spin-wave soliton. At
cryogenic temperatures, the spectral characteristics are remarkably similar to the traditional spin-
torque nano-oscillators driven by spin-polarized currents. However, the linewidth of the oscillation
increases exponentially with temperature and an additional peak appears in the spectrum below the
ferromagnetic resonance, suggesting that the spectral characteristics are determined by interplay

between two localized dynamical states.

PACS numbers: 76.50.+g, 75.75.-c, 75.30.Ds

Spin-polarized current is essential for the operation
of active spin-based electronic (spintronic) devices [1].
These devices typically utilize two ferromagnetic lay-
ers [2]. The current is spin-polarized in one layer and
injected into another (free) layer, changing the magnetic
configuration or causing microwave-frequency precession
of the latter due to the spin transfer torque (ST) [3-6].
The ST exerted by each transmitted electron is generally
limited by its total spin-angular momentum #%/2. As a
consequence, device operation requires a relatively large
current I that scales with the magnetic moment of the
free ferromagnet [3]. On the other hand, thermal sta-
bility of nanoscale magnetic devices generally improves
with increasing magnetic moment [7]. Because of these
opposite trends, it has been challenging to minimize the
current required for the operation of spin torque devices
while maintaining their stability.

In a recently developed class of spintronic devices, the
spin Hall effect (SHE) [8, 9] produces a pure spin current
controlling the magnetization of ferromagnets [10-14].
The efficiency of SHE devices (the angular momentum
transferred to the ferromagnet by each electron trans-
mitted through the device) is not limited by the mag-
nitude of the angular momentum of electron, since each
electron can experience multiple scattering between the
ferromagnet and the SHE material, transferring angular
momentum in each scattering event. Moreover, since no
electric current needs to flow through the active mag-
netic layer, SHE devices can utilize dielectric magnetic
materials.

While SHE opens possibilities for new device geome-
tries, it also requires new approaches to signal generation,
and a better understanding of the effects of geometry on
the dynamical characteristics of magnetic systems. For
instance, it has been demonstrated that magnetization
oscillations cannot be induced by a uniform spin current
applied to a micron-sized ferromagnetic disk because of
the nonlinear damping [12].

Auto-oscillation induced by SHE has been recently ob-
served by micro-focus Brillouin light spectroscopy (BLS)

in an in-plane point-contact geometry. By locally inject-
ing a spin current into an extended magnetic film [15],
radiative damping of the propagating spin-wave modes
was enhanced, suppressing nonlinear processes and en-
abling auto-oscillation. The oscillation formed a non-
propagating self-localized spin-wave soliton (a spin-wave
"bullet”) at a frequency below the linear spin-wave spec-
trum of the magnetic material, confirming the earlier the-
oretical prediction [16]. Ref. [15] demonstrated a route
for achieving oscillations, but did not show how these os-
cillations can be converted into microwave signals. The
spectroscopic resolution of BLS was also insufficient to
determine the spectral properties of the oscillation.

Here, we demonstrate coherent microwave generation
due to the SHE in a device that utilizes local current in-
jection to suppress nonlinear damping, and anisotropic
magnetoresistance (AMR) of the magnetic layer to con-
vert the oscillations into a microwave signal. Our spec-
troscopic measurements directly demonstrate the coher-
ent single-mode nature of the excitation and confirm its
relation to the spin-wave spectrum observed in Ref. [15].
Furthermore, we show that while at low temperatures
the linewidth is comparable to other magnetic nano-
oscillators, at higher temperatures it significantly in-
creases and an additional peak appears in the spectrum,
suggesting a greater complexity of the dynamical states
induced by spin current than previously theoretically pre-
dicted [16].

Figure 1(a) shows a scanning electron microscopy
(SEM) image of our test device and the experimental
layout. The device is comprised of a 4 um Py(5)/Pt(4)
bilayer disk and two pointed Au(100) electrodes on top.
Here, Py is Permalloy (NiggFeqp), and thicknesses are in
nanometers. The device was fabricated by a combination
of sputtering and e-beam lithography. The separation
between the endpoints of the Au electrodes was 70 nm.
By applying a voltage between the Au electrodes, an in-
plane electrical current localized mostly in the gap be-
tween electrodes was induced in the Py /Pt bilayer. This
current generated a pure spin current flowing towards
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FIG. 1: (Color online). (a) Scanning electron micrograph of
the test device. (b) Symbols: power spectral density (PSD) of
the microwave signal emitted by the device at H = 700 Oe,
I =20 mA, T = 6 K, at an angle § = 60° between the
direction of the field and the current flow. The curve is the
result of fitting by the Lorentzian function.

the Py layer due to the SHE in Pt [8, 9], resulting in the
oscillation of the Py magnetization M.

To enable microwave generation due to this oscillation,
we utilized the dependence of the device resistance R on
the angle 6 between M and the direction of current I.
Magnetometry measurements showed that the coercivity
of the Py film did not exceed 5 Oe, significantly smaller
than the magnitude of the applied in-plane magnetic field
H > 180 Oe. Therefore, the equilibrium orientiation of
M was parallel to the field H. The sinusoidal depen-
dence of R on the orientation of H with a period of
180° was consistent with the anisotropic magnetoresis-
tance (AMR) of Py [17]. The relative magnetoresistance
was AR/R = [R(0°) — R(90°)]/R(90°) = 0.125% at RT,
smaller than in standalone Py films due to the shunting
by Pt.

The effects of ST in SHE devices M are most signifi-
cant when the direction of M is orthogonal to I [12, 14],
corresponding to the minimum of AMR. Therefore, a mi-
crowave signal at the oscillation frequency cannot be pro-
duced in this configuration. Indeed, we observed oscilla-
tions only at intermediate angles 6 between 30° and 85°,
as illustrated in Fig. 1(b) for # = 60°. The spectrum can
be fitted by the Lorentzian function with a full width at
half maximum (FWHM) of 5 MHz at T = 6 K [solid
curve in Fig. 1(b)].

Figure 2 shows the dependence of the generation char-
acteristics on [ at T = 120 K. Above the onset at
I = 14 mA, the intensity of the oscillation peak in-
creased to a maximum power spectral density (PSD) of
110 pW/MHz at I = 19 mA and the frequency slightly
increased, while the linewidth decreased to a minimum
value of 10 MHz at I = 19 mA. At I > 19 mA, the
peak broadened and decreased in amplitude while shift-
ing to lower frequencies. This evolution of the oscillation
characteristics is remarkably similar to the traditional
spin-valve nano-oscillators both in the nanopillar [18] and
point contact geometries [19, 20]. Tt is consistent with the
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FIG. 2: (Color online). Dependence of the microwave gen-
eration characteristics on current, at H = 700 Oe, 6 = 60°,
T = 120 K. (a) Generation spectra at 16 mA< I < 22 mA var-
ied in 0.5 mA increments. (b)-(d) Dependence of the central
generation frequency (b), FWHM (c) and integral intensity
(d) on current. The central frequency and the linewidth were
determined by fitting the power spectra with the Lorentzian
function. Dotted vertical line marks the current I, defined in
text.

theory of nonlinear oscillators, which predicts that the
thermal linewidth decreases with increasing oscillation
power and increases with increasing nonlinearity [21, 22].
In particular, a significant broadening of the oscillation
peak at I > 19 mA is correlated with a strong oscillation
redshift.

The peak discussed above was the only spectral fea-
ture observed at low temperatures. However, at higher
temperatures and large currents, another peak appeared
at higher frequency while the low-frequency peak be-
came gradually suppressed [see Fig. 3(a)]. The higher-
frequency peak exhibited a larger linewidth and persisted
to room temperature. Two spectral peaks have been pre-
viously simultaneously observed in point-contact mag-
netic nanooscillators [23]. The low-frequency peak was
identified as the self-localized spin-wave ”bullet” mode,
while the other peak was identified as a propagating
mode within the linear spin-wave spectrum.

To establish the relation of the observed oscillation
peaks to the spin-wave spectrum of the Py film, we de-
termined the ferromagnetic resonance (FMR) frequency
framr by the spin torque-driven FMR, (ST-FMR) tech-
nique [24]. An ac current I,. was applied at a microwave
frequency feqt, causing magnetization oscillation due to
a combination of the Oersted field and ST. The resulting
periodic variation of resistance due to AMR mixed with
the ac current, producing a peak of dc voltage across the
sample at the value of H corresponding to fryr = feat-

We obtained good fits to the ST-FMR peaks with a
sum of symmetric and antisymmetric Lorentizan con-
tributions [see inset in Fig. 3(b)], consistent with the
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FIG. 3: (Color online). Relation of the oscillation peaks to
the ferromagnetic resonance (FMR) of the Py film. (a) Mi-
crowave generation spectra at 7' = 150 K, I = 25 mA and
T = 280 K, I = 24 mA. (b) The ST-FMR frequency (cir-
cles), the maximum frequency of the low-frequency peak (tri-
angles) and the high-frequency peak (squares) vs H. The
solid curve is the result of fitting the FMR data with the Kit-
tel formula f = v/H(H + 4wM), where M = 827 G is the
best-fit value of the Py magnetization, and v = 2.8 MHz/Oe
is the gyromagnetic ratio. Inset: the ST-FMR voltage vs field
H obtained with a mw current of 2.5 mA rms at frequency
fezt = 4.5 GHz. The curve is the best fit with a sum of a sym-
metric and an antisymmetric Lorentzian. frympr and fr are
determined at T' = 6 K, and fg is determined at 7" = 150 K
since this peak appears only at higher temperatures.

previous studies [11, 25]. The dependence of frar on
H agreed well with the Kittel formula [solid curve in
Fig. 3(b)]. The value M = 827 G of Py magnetiza-
tion obtained from the best fit was consistent with our
magnetometry measurements and the published data for
Py [11, 25].

At T =6 Kand H = 1.1 kOe, the maximum frequency
f1 of the low-frequency peak was 0.9 GHz below frygr
[Fig. 3(b)]. The difference between the two frequencies
decreased with decreasing H to 0.5 GHz at H = 340 Oe.
This relationship between fr, and fryrr was preserved at
higher temperatures, confirming the findings of Ref. [15]
and the prediction of Ref. [16] that the auto-oscillation
mode does not belong to the linear spin-wave spectrum,
but instead forms a non-propagating self-localized ”bul-
let” mode at a frequency below the spectrum.

The higher-frequency peak appeared only at higher
temperatures and large currents. Its frequency fg was
very close to, but always below fry/r, suggesting that
this is also a non-propagating localized mode. Similar
characteristics were exhibited by another studied device

with a larger gap between the electrodes. These results
show that the dynamical states induced by spin current
are more complicated than envisioned in the original the-
oretical predictions [16]. We note that the Oersted field
of the current in our devices opposes external field, re-
ducing the frequency of the oscillation. It is possible that
the high-frequency mode can become propagating if the
Oersted field is reversed by utilizing a different spin Hall
material such as Ta, which is characterized by the oppo-
site sign of the spin Hall angle [26].
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FIG. 4: (Color online). Effects of temperature on the spec-
tral characteristics of the low-frequency mode. (a) R wvs I
at different substrate temperatures, as labeled, (bottom axis)
and R vs T measured with a small ac current (top axis). (b)
R vs I? at 250 K. Solid line is a linear fit to the data. (c)
The dependence of the current value at the peak oscillation
frequency on the calculated temperature of the active device
area (T,). (d) Dependence of the linewidth at the peak oscil-
lation frequency on T,. Solid curves are the results of fitting
by an exponential dependence A + B x exp(—FE/kpT) with
Ep, = 90 meV. (e) me/ARII% vs temperature, where P
is the integrated microwave power under the low-frequency
peak.

Analysis of the temperature dependence of the oscilla-
tion provided further evidence for the bimodal dynamics
induced by spin current [Fig. 4]. To take into account
Joule heating, we first measured the dependence of the
device resistance on current at different values of T, as
illustrated by curves in Fig. 4(a). The dependence of re-
sistance on current is approximately linear at low temper-
atures, and quadratic at high temperatures, as expected
for Joule heating effects [27]. By comparing these depen-
dencies to R vs T [red curve and top scale in Fig. 4(a)],
we obtained the dependence of the actual device temper-



ature T, on I at a given T

We now analyze the dependence of the oscillation char-
acteristics on T,. The precise value of the oscillation
threshold current and the oscillation characteristics at
this current are difficult to determine due to the thermal
noise. To avoid this difficulty, we define temperature-
dependent current Ip corresponding to the highest peak
PSD [Ip = 19 mA at T = 120 K in Fig. 2(a)]. This
current value is marked by a dotted vertical line in
Figs. 2(b-d). We note that the oscillation frequency
reaches a maximum at a current value I = 18.5 mA
slightly smaller than Ip [Fig. 2(b)], while the total gen-
erated power exhibits a maximum at a slightly larger
current I =19.5 mA [Fig. 2(d)].

Figure 4(c) shows that Ip decreases from 21.2 mA at
T, = 50 K to 12.5 mA at T, = 265 K. We observed
a similar temperature dependence for the threshold cur-
rent. The apparent increase of the excitation efficiency
at higher temperatures may be caused by a decrease of
the Py magnetization M, an increase of the spin-current
generated by SHE, and/or a decrease of the dynamical
damping. Our measurements of ST-FMR did not show a
significant variation of fry;r with T, indicating that M
does not significantly vary over the studied temperature
range. We also expect that the damping of oscillation
increases with increasing 7', due to the larger contribu-
tion of nonlinear interaction of oscillation with thermal
spin-waves. Therefore, the observed behaviors are likely
associated with the increase of spin-current generated by
SHE, warranting further studies of the temperature de-
pendence of this effect.

We now focus our analysis on the spectral character-
istics of the low-frequency peak at I = Ip. Figure 4(d)
shows the dependence of the linewidth on Ty, at I = Ip.
It remains approximately constant at T, < 150 K, but
rapidly increases at larger T;,. This dependence is quali-
tatively different from the thermal broadening of single-
mode oscillation [7, 22], indicating a significant effect
of the additional higher-frequency mode that appears
at high temperatures. Indeed, exponential dependence
of linewidth on temperature in some spin-valve nano-
oscillators has been identified with thermally activated
transitions between different dynamical modes [28, 29].
Based on the two-state fluctuation model, we can fit the
FWHM with A + B x exp(—FEy/kpT), with the best-fit
value of 90 meV for the energy barrier E, between the
two states [curve in Fig. 4(d)].

Analysis of the microwave generation power provides
additional evidence for the bimodal effects. Figure 4(e)
shows the temperature dependence of the integrated
power P, under the low-frequency peak at I = Ip,
normalized by ARI?% to eliminate the effects of the vari-
ations of AMR and applied current on the microwave
generation. This normalized quantity characterizes the
average oscillation amplitude of the active device area.
The amplitude remains approximately constant at T, <

120 K, but decreases by almost an order of magnitude
at T, = 240 K. These behaviors are correlated with the
variations of the linewidth [Fig.4(e)], consistent with the
increasing dwell time of the higher-frequency mode rela-
tive to the low-frequency one.

To summarize, we have demonstrated emission of co-
herent microwaves due to the magnetization oscillation
induced by a local pure spin current in a Py/Pt bilayer,
which is converted into a microwave signal due to the
anisotropic magnetoresistance of Py. The oscillation fre-
quency was always lower than the frequency of the ferro-
magnetic resonance, confirming that the oscillation mode
is a self-localized standing spin-wave. The dependence
of the oscillation characteristics on current was remark-
ably similar to the spin-valve nano-oscillators. However,
we observe a strong increase of the oscillation linewidth
with temperature correlated with the emergence of an
additional higher-frequency oscillation mode. These re-
sults provide insight into the complexity of the dynam-
ical magnetization states induced by the local spin cur-
rents, suggesting that nonlinear dynamical phenomena in
nanoscale magnetic systems are still not well understood.

After the manuscript submission, we learned about an
alternative solution for the electronic detection of magne-
tization oscillation in a spin Hall device utilizing a three-
electrode structure incorporating a magnetic tunnel junc-
tion [30].
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ECCS-1218419 and DMR-1218414.
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