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We study spin-current-induced magnetodynamics in a planar nanogap spin Hall nano-oscillator (SHNO)
based on Pt/[Co/Ni]4 with a large perpendicular magnetic anisotropy (PMA) at in-plane field geometry.
Two distinct dynamic modes are observed in the spin-torque ferromagnetic resonance (FMR) and the
generated microwave spectra. The primary mode has a frequency above the FMR frequency and a signif-
icant blueshift of the frequency with the increasing current /, consistent with the propagating spin-wave
mode. The secondary higher-frequency mode with a much weaker power intensity, discrete frequency
jump, and a slight redshift of frequency is only observed at low fields below the saturation field of 2 kOe,
suggesting that it is likely related to the emerged domain region with in-plane magnetization due to grain-
boundary defects, which is further supported by the frequency enhancement with reducing temperature.
The primary propagating mode decreases its frequency and broadens its minimum linewidth by reducing
the temperature, indicating that the frequency-drift instability dominates its dynamical decoherence due
to the boundary-pinning effect. Furthermore, the micromagnetic simulation reproduces the experimentally
observed propagating spin-wave and in-plane domain modes, and provides their spatial characteristics.
Our demonstrated propagating spin waves in a SHNO with an out-of-plane magnetization extended bilayer
can facilitate long-distance mutual synchronization in the SHNO network arrays for enhancing coherence

and power as spin-wave sources in magnon-based devices or spin-based neuromorphic computing.

DOI: 10.1103/PhysRevApplied.19.054051

L. INTRODUCTION

The recently demonstrated spin-orbit torque (SOT), in
magnetic heterostructures with heavy nonmagnetic metals
or topological materials, provides an attractive alterna-
tive to spin-transfer torque (STT) in magnetization auto-
oscillations [1,2] and switches [3—6], such as magnetic
random-access memory (MRAM). Different from STT
[7,8], SOT exerted from pure spin currents does not require
the charge current to flow through the actual magnetic
layer of devices, consequently minimizing current-induced
local Joule heating and Oersted field side effects [9—
11], and further expanding the spintronic materials into
the ultralow damping magnetic insulators to facilitate the
development of energy-efficient spin-wave-based devices
[12—14]. Among such devices, spin Hall nano-oscillator
(SHNO), a device that can generate controllable spin wave
on the nanoscale, has significantly benefited from such
flexibility, e.g., adopting various device structures and dif-
ferent magnetic materials [1,2,13—21]. Moreover, thanks to
the intrinsical nonlinearity, SHNOs can synchronize well
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with the external rf source [22—24] and other SHNOs in
one-dimensional chains [25] and two-dimensional arrays
[26]. Such mutual synchronization behavior can be used
to achieve high-speed and low-power neuromorphic com-
puting in SHNO network arrays [26,27]. However, the
prior SHNOs, including triangular nanogap and verti-
cal nanocontact on the extended magnetic films [28,29],
nanoconstrictions [30,31], and nanowires [32], exhibit a
localized nature with a significantly negative nonlinear-
ity due to the easy-plane magnetic anisotropy [28,33], the
geometry-induced substantial local dipolar field [18,30],
and current-induced local Oersted field opposite to the
external magnetic field [29]. The localized spin waves
with the frequency below the spectrum of linear spin-wave
modes (e.g., self-localized bullet [1,2,33] and dynamical
bubble or skyrmion modes [15,34,35]) are disadvantages
to the mutual synchronization over long distances and
further impede the implementation of the efficient nonlin-
ear interaction SHNO network arrays for the wave-based
computing [26,27].

Fortunately, the nonlinear auto-oscillator theory,
proposed by Slavin and Tiberkevich [36], indicates that
the magnetodynamics nonlinearity is highly related to
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the magnetic anisotropy of thin film. The local spin-
wave mode with a negative nonlinearity coefficient X in
magnetic thin film with the easy-plane shape anisotropy
can be tuned to the propagating mode by bringing in
strong perpendicular magnetic anisotropy (PMA) or out-
of-plane oblique magnetic field to counteract the shape
anisotropy. A few previous reports also prove that SOT-
driven propagating spin waves can be achieved in SHNOs
based on the extended Bi-substituted yttrium iron gar-
net (BiYIG) films with large PMA under in-plane mag-
netic field [37] and nanoconstriction W/Co-Fe-B/MgO or
Ta/Pt/[Co/Ni],/Co/AlO, stacks with substantial PMA
and its frequency can be tuned by the electric field
[38—41]. Since the static magnetization configuration of
the magnetic thin film with PMA highly depends on
the in-plane field below its saturation field, we expect
the nanogap SHNO consisting of such PMA mag-
netic multilayer to exhibit different magnetodynamics
behaviors.

Here, we study the current-driven magnetodynamics of
the planar nanogap SHNO based on Pt/[Co/Ni]s with a
large PMA (H; = 8.3 kOe) at an in-plane field geome-
try by spin-torque ferromagnetic resonance (STFMR) and
microwave spectroscopy. Below the saturation magnetic
field H; ~ 2 kOe, we observe two types of dynamical
modes with distinct frequencies, intensities, and frequency
dependences on the excitation current. The primary lower-
frequency mode has a significant power intensity, and its
frequency near the FMR frequency fryr at small currents
and above fpyr at large currents, and exhibits a signif-
icant frequency blueshift with increasing current /. It is
identified as a propagating spin-wave mode corresponding
to the perpendicular magnetization region. In contrast, the
secondary higher-frequency mode is considered to be the
mode related to the in-plane magnetization (IM) domain
region with a small PMA at grain-boundary defects near
the active device region because it shows a much weaker
power intensity and slight frequency redshift with current,
as well as a discrete frequency jump with varying magnetic
field. The temperature dependence of spectra character-
ized by the frequency decrease (increase) with reducing the
temperature for the former (the latter) due to the enhance-
ment of PMA further confirms the above argument. In
contrast to the previously reported thermal broadening for
the self-localized bullet mode in the in-plane magnetiza-
tion Pt/Py-based SHNOs, the minimum linewidth of the
primary propagating mode becomes wider with reducing
the temperature. Hence we infer that SOT-driven dynami-
cal coherence in the studied Pt/[Co/Ni]-based SHNO with
a strong PMA is dominated by the pinning effect due to
the spatial magnetization inhomogeneity or domain struc-
tures. Our demonstrated low-field controllable propagating
spin wave in the extended magnetic film-based SHNOs
can be utilized to develop SHNO network arrays with
neuromorphic functionalities.

II. EXPERIMENTAL RESULTS AND DISCUSSION

A. Magnetization characteristics of the film

The device is based on Pt(4)/[Co(0.2)/Ni(0.3)]4
(Pt/[Co/Ni]) multilayers with a strong PMA, deposited
on sapphire substrates at room temperature by magnetron
sputtering with Ar pressure approximately 3 x 1073 Torr.
All thicknesses are given in nanometers. The magnetic
properties of the multilayer are characterized by the field-
dependent magnetic susceptibility and magneto-optic Kerr
effect (MOKE) microscopy of the film and the anoma-
lous Hall resistance (AHR) of a microscale Hall cross.
Figure 1(a) shows the magnetization hysteresis curves
with the out-of-plane /| and in-plane field /| geome-
tries for the film sample. A square M — H loop under
out-of-plane fields (red circles) indicates that the magnetic
film exhibits a well-defined PMA. The obtained satura-
tion magnetization M, of approximately 600 emu/cm? is
consistent with the previous reports [42]. Based on the
out-of-plane and in-plane magnetization hysteresis loops,
the perpendicular anisotropy field H; ~ 8.2 kOe can be
determined by using the following formula for magnetic
thin film systems: Hy —4wM, = /My)([;" HidM —

OM * HydM). The magnetic properties of the magnetic film
also can be revealed by magnetotransport, e.g., anomalous
Hall effect (AHE). Figure 1(b) shows the out-of-plane and
in-plane AHR loops as a function of the applied magnetic
fields for a microscale Hall cross. Similar to the M — H
loop, a sharp square hysteresis loop obtained with the field
perpendicular to the film plane indicates a good PMA. The
hysteresis loop measured with the field oriented at ¢ = 5°
relative to the film plane is more rounded and broader,
and the maximum Hall resistance achieved at small H is
noticeably smaller. These behaviors are consistent with the
magnetization reversal by the gradual nucleation and the
growth of magnetic bubble domains, as demonstrated by
MOKE imaging [Fig. 1(c)]. The Hj of 8.0 kOe calculated
from the in-plane AHR loop is close to the value of 8.2
kOe determined by the M — H loops above.

B. STFMR spectra of micro- and nanoscale devices

To investigate the magnetization dynamics of the mag-
netic film with a strong PMA and magnetic bubble or
stripe domains under moderate in-plane magnetic fields,
we adopt the STFMR technique to characterize the FMR
spectra of the microsized Pt/[Co/Ni] thin film and the in-
plane nanogap SHNO. The STFMR and magnetization
auto-oscillation can be excited by applying a rf current
I or a dc current /4. between the electrodes resulting in
a spin current locally injected into the adjacent FM layer
due to the combination of the spin Hall effect in Pt [9—
11] and the Rashba effect at the interface [43,44]. All the
spectra measurements of the device described below are
performed with H tilted by ¢ = 5° and 6 = 60°, which
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Magnetic characteristics of the Pt(4) /[Co(0.2) /Ni(0.3)]4 film at 295 K. (a) Magnetization loops of the film with out-of-plane

(red circles) and in-plane (black squares) magnetic field. (b) Anomalous Hall effect measured in a film patterned into a 4 x 14 um
Hall bar, with out-of-plane (red circles) and near in-plane (black squares) field. The out-of-plane field tilting angle ¢ is defined in the
inset of (b). (c) The magnetic domain images of the film obtained by MOKE microscopy at two representative out-of-plane magnetic
fields Hperp = 100 and 200 Oe. (d) STFMR spectra with the excitation frequency /* range of 2-9 GHz at field forming an in-plane
angle 8 = 60° with respect to the current direction and an out-of-plane tilting angle ¢ = 5° from the film plane. (e) Representative
STFMR spectrum showing two FMR peaks obtained at f = 6 GHz (symbols) and its fitting curve with two Lorentzian functions (solid
line). Top panel of (e): the optical microscope image of the device for the STFMR experiment of the 5 x 10 wm rectangular shape.
(f) STFMR spectra with the out-of-plane tilting angle ¢ from 5° to 90° with a step of 5° at the excitation frequency f = 6 GHz and
0 = 60°. (g) The resonance fields H, of fpmr and frvr.p modes, defined in the main text, as a function of ¢.

enables the generation of the sizeable mixing dc volt-
age for STFMR measurement and microwave voltages
for spin-torque auto-oscillation due to the combination of
the anisotropy magnetoresistance (AMR) and spin Hall
effect-generated spin-orbit-torque effects.

Figure 1(d) shows the STFMR spectra of a microscale
stripe, as illustrated in the top panel of Fig. 1(e), which
are recorded by scanning the applied magnetic field under
the different excitation frequencies f from 2 to 9 GHz and
6 = 60° and ¢ = 5°. The STFMR spectral has a primary
peak at the high fields and a weak broader peak at the
low fields. The two resonance fields H, are determined by
fitting the FMR spectrum with two Lorentzian functions
[see Fig. 1(e)]. From the ' versus H, dispersion relations
and power intensity of the FMR spectra, we determine that
the primary high-field peak corresponds to the FMR mode
of the primary PMA regime fpvr, and the weak low-field
peak is ascribed to the FMR mode of the bubble and stripe
domain wall or IM domain region due to grain-boundary
defects or inhomogeneous PMA, labeled as fryr.p. The
significant peak broadening for these two FMR modes in
the microsized thin film is also consistent with the spa-
tial inhomogeneity of magnetization and stray field due
to existence of multiple magnetic bubble or IM domains
under the applied in-plane field. To further confirm this, we
perform STFMR measurements with the out-of-plane tilt-
ing angle ¢ from near in-plane (5°) to out-of-plane (90°)
with a step of 5° at the fixed f = 6 GHz and 6 = 60°, as

shown in Fig. 1(f). Figure 1(g) shows the extracted reso-
nance fields H, of fepmr and frmr-pw as a function of ¢.
The weak broader peak frvr.p appears only for the low
tilting angles ¢ < 20°, consistent with the fact that the out-
of-plane magnetic field can merge the magnetic domain
structures.

We also measure the STFMR spectra of the active
SHNO to explore further the dynamical characteristics of
the Pt/[Co/Ni] layer in the nanoscale active region of the
SHNO. The nanogap SHNO consists of the Pt/[Co/Ni]
multilayer disk with a 2-pm-diameter and two-pointed
Au(100) electrodes, which are separated by an approx-
imately 100-nm gap, and are fabricated on top of the
disk [Fig. 2(a)]. Figure 2(b) shows the STFMR spectra
of the nanogap SHNO with different excitation frequen-
cies f from 2 to 6 GHz with a step of 0.5 GHz. Similar
to the microsized strip device above, the nanogap SHNO
also exhibits two individual peaks in the FMR spectra for
the low excitation frequencies. However, the two spectral
peaks are more narrow than that of the microsized stripe
device, which further confirms the above argument that the
low-field peak is related to the FMR mode of the nanoscale
IM domain or bubble and stripe domain wall femr.p,
which is significantly broadened or mixed by appearing
multiple bubble and stripe domain structures in the micro-
size samples [Fig. 1(c)]. The microscale stripe and the
nanogap SHNO have the same f versus H dispersion
relations for both the primary FMR fryr and the secondary
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domain-wall-like mode frpyrp modes, as shown in
Fig. 2(c). Combining the saturation magnetization M; =
600 emu/cm? obtained from the M — H loop above and
the fitting of the dispersion relation fryr versus Hyes using
the Kittel formula /' = y/H[H + (4w My — Hy)], we also
obtain the interfacial perpendicular anisotropy field H; =
8.3 kOe.

C. Spectral characteristics of microwave generation

Magnetization auto-oscillation is observed when a suffi-
ciently large dc current /4. is applied to nanogap SHNO.
Figure 2(d) shows representative auto-oscillation spec-
tra acquired at / = 10 mA and room temperature 7 =
295 K with the field range from 0.3 to 2 kOe. The
microwave power spectral density (PSD) and the cen-
tral oscillation frequency can be determined by fitting the
power spectra with the Lorentzian function. The oscilla-
tion frequency fuuo versus H dispersion relation suggests
that the observed primary spin-wave mode is a propa-
gating mode mp with spin-wave emission because of its
frequency fauo above frpmr obtained from the STFMR mea-
surements [Fig. 2(c)]. We further investigate the detailed
dependence of the spectral characteristics on the excita-
tion current / at different external magnetic fields H and
room temperature, as shown in Fig. 3. For all current-
dependent spectra obtained at different magnetic fields H,
the auto-oscillation frequency is above fpmr and a signif-
icant frequency blueshift is observed with increasing cur-
rent. In this Pt/[Co/Ni]-based SHNO with a strong PMA,
such a large positive current-modulated frequency rate
(approximately 150200 MHz/mA) indicates that SOT-
driven magnetization dynamics have a strong nonlinear

coefficient, which can be used to optimize the synchroniza-
tion map in SHNO networks for neuromorphic computing
via individual oscillator electrical control [27,45].

For all these magnetic field- and current-dependent
microwave-generation spectra obtained at room tempera-
ture, only one dynamical mode is observed, which seems
to be different from the above STFMR spectra of SHNO
with a primary fpyr and minor fpyr.p modes. To explore
the underlined reason for the difference between self-
generated microwave and STFMR spectra, we repeat the
generated microwave spectroscopic measurements at a
cryogenic temperature 7 = 150 K, where thermal effects
are significantly reduced, and the energy barrier for the
nucleation or annihilation of the bubble and stripe domain
is considerably enhanced.

Figure 4 shows the dependence of the spectral char-
acteristics on / at the four selected fields H = 0.5, 1.0,
1.5, and 2.0 kOe, which exhibits a similar overall evo-
lution with the excitation current /. The representative
spectra obtained at H = 1.5 kOe are taken as an example
to illustrate current-dependent generation characteristics at
T =150 K [Fig. 4(e)g)]. At the onset current /o, = 12
mA, the frequency f = 2.8 GHz of the primary mode mp
is near the primary FMR fpmr = 2.8 GHz. Above o, the
primary oscillation peak exhibits a significant blueshift,
a rapid increase of power, and a linear decrease of the
linewidth with increasing / to the maximum peak power
Ppeax at the current /p = 16.5 mA. After passing Ip, Ppeax
starts to decrease significantly with /, while the frequency
f still keeps a gradual blueshift and the linewidth FWHM
continually decreases to a minimum value of 10 MHz at the
same current / = 17.75 mA as the maximum frequency of
3.87 GHz and a relatively small power Ppeq. The currents
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FIG. 2. Dynamical properties of nanogap SHNO with a strong PMA Pt/[Co/Ni] external film at 295 K, 6 = 60°, and ¢ = 5°. (a)
Top: the SEM image of nanogap SHNO composed of a 2-pm-diameter Pt(4)/[Ni(0.3)/Co(0.2)]4 multilayer disk and 100-nm-thick
two triangular Au electrodes separated by an approximately 100-nm gap. Bottom: definition of the orientational angles 6 and ¢ of the
external magnetic field H. (b) STFMR voltage Vg4 versus in-plane field H obtained with various excitation frequencies labeled in the
panel. (c) The frequencies of the auto-oscillation mode mp (black sphere) and the two FMR modes, corresponding to the FMR mode
of the primary PMA regime frvr (blue square) and the in-plane magnetization domain region fryr.p (red triangle), as a function of
the field H. fpmr and fpumr-p are determined by fitting the STFMR spectra in (b) with the Lorentzian function. The frequency of mp
is extracted from the microwave-generation spectra in (d). (d) Microwave-generation spectra (symbols) obtained at H between 0.3
and 2.0 kOe increased in 100 Oe steps, and the applied current / = 10 mA. The curves are the results of fitting with the Lorentzian
function.
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FIG. 3. (a)Ar) Pseudocolor maps of the dependence of the generated microwave spectra on the current at 7 = 295 K, H from 0.3 to
2.0 kOe increased in 100 Oe steps, labeled in the panels. Dashed horizontal lines represent the frequency frvr of the bulk FMR mode,
determined by the STFMR technique above.

larger than 18 mA begin to break the system balance and The nonlinear theory for single-mode auto-oscillator
degrade oscillation coherence, accompanied by an obvious  proves that the linewidth is inversely proportional to the
frequency redshift, a dramatic linewidth broadening, anda  oscillation power, which is determined by a combina-
significant power dropping. tion of the auto-oscillation area and the amplitude of the
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FIG. 4. (a)~«(d) Pseudocolor maps of the dependence of the generated microwave spectra on the current at 7 = 150 K, at H = 500
(a), 1000 (b), 1500 (c), and 2000 Oe (d). (e)}g) The current dependence of the central generation frequency / (e), the FWHM (), and
the intensity peak Py, (g) of the dominant modes labeled mp and mp;_p. The spectral characteristics in (e)-(g) are extracted from the
multipeak Lorentzian fitting of the spectra obtained at H = 1500 Oe. The corresponding frequencies of the primary FMR fpvr and
domain or domain wall-like resonance fppr-p are marked by the dashed horizontal and dotted lines, respectively. mp, mp;_p, and mp;_p
mark the three distinct modes, as defined in the text, in the generated microwave spectra.
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FIG. 5. The frequencies of the auto-oscillation modes of

SHNO and its STFMR modes as a function of the magnetic field
H, obtained at 7 = 150 K and three selected currents / = 16 mA
(a), 17.5 mA (b), and 19 mA (c). femr (dash line) and femr-p
(dash-dot line) represent the FMR modes of the primary PMA
regime and tiny domain or domain-wall regions, while mp (black
sphere), mp)_p (red triangle), and mp; p (blue diamond) mark the
three distinct modes, as the same as Fig. 4.

auto-oscillation. Meanwhile, the nonlinearity coefficient
of the auto-oscillation also has a strong influence on the
linewidth via the coupling between the amplitude and
the phase noise. Therefore, the significant decrease of the
linewidth at 1, < I < Ip is related to the rapid increase of
the generation power, consistent with this nonlinear the-
ory. The further reduction of the linewidth at I[p <1 < 18
mA is attributed to the phase-noise decrease due to the
nonlinear frequency blueshift beginning weak.

Besides the primary oscillation peaks with a frequency
above fpmr of the primary PMA regime, another oscil-
lation peak with a much weaker power intensity and a
higher frequency than fr\vr.p, is also observed at large cur-
rents. In contrast to the primary peak with a significant
blueshift, this high-frequency oscillation peak exhibits a
relatively weak redshift with increasing current, and its

power intensity Ppe,i is approximately 100 times smaller
than that of the primary mode [Figs. 4(e)4(g)]. By com-
bining the STFMR results and these spectra characteristics,
we infer that this secondary peak is related to current-
induced dynamics of the nanoscale IM domain region or
thin domain wall appeared in the grain boundary, labeled
as mpi_p Or mpy_p, which is also supported by the discrete
frequency jump behavior in the following dispersion rela-
tion between the oscillation frequency f* and H.

Since the static magnetization structure of the Pt/[Co/Ni]
multilayer with a strong PMA depends on the in-plane
field [see the discussion of Fig. 1(b)], one can expect
that the minor domain mode exhibits different magnetic
field-dependent dynamical behaviors. Therefore, we care-
fully investigate the detailed dependence of the oscillation
frequency on the magnetic field with three representative
driving currents / = 16, 17.5, and 19 mA, at T = 150 K in
Fig. 5. Similar to the observations at 7’ = 295 K [Fig. 2(d)],
the primary oscillation peak mp with the frequency above
frmr of the primary FMR mode exhibits a consecutive dis-
persion relation with the field, rather than the abrupt jump
of the oscillation frequency due to the transition from the
quasilinear propagating spin-wave mode mp to the self-
localized bullet mode in our previous Pt/[Co/Ni]s-based
SHNO with a moderate PMA at T = 140 K [35]. However,
after carefully analyzing the field dependence of the sec-
ondary high-frequency peak, we find that the frequencies
of the oscillation peaks obey the two different dispersion
curves for the low- and high-field ranges. For instance,
the minor domain mode has a frequency jump from the
high-frequency mode mp;p to the low-frequency mode
mpyp at H ~ 0.8 kOe for / = 16 mA [Fig. 5(a)], two-
mode coexistence at 0.8 kOe < H < 1.3 kOe for [ =
17.5 mA [Fig. 5(b)], and at 1.4 kOe < H < 1.5 kOe for
I = 19 mA [Fig. 5(c)]. It is attributed to the suppression
of frequency of the domain mode by the applied exter-
nal field, consistent with the current-dependent generated
spectra with different fields in Fig. 4, where mp;p has a
frequency far higher than fpyr and more significant red-
shift than mp, p. Compared to the primary low-frequency
propagating mode mp, these secondary oscillation peaks
have much weaker power intensity, indicating that they
have a small oscillation area, while their higher frequencies
than mp may be correlated with the in-plane magnetiza-
tion of the confined domain or domain wall [46] and the
strong local demagnetization fields. All these current- and
field-dependent generated microwave characteristics of the
weak high-frequency peaks are consistent with the fea-
ture of spin current-driven auto-oscillation of a nanoscale
in-plane magnetization domain or domain wall.

To gain further insight into the thermal effects on these
current-driven magnetic dynamics, we repeat the current-
dependent spectroscopic measurements at H = 1.1 kOe
and different cryogenic temperatures, as shown in Fig. 6.
The high-frequency domain-wall-like mode begins to be
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(a)(zy) Pseudocolor maps of the dependence of the generated microwave spectra on the excitation current / at H = 1100

Oe, and temperature 7 between 290 and 20 K with a step of 10 K, labeled in the panels.

observed at 270 K, and its oscillation frequency increases
with decreasing temperature [Fig. 7(c)], and even its min-
imum frequency goes beyond the settled spectroscopic
measurement maximum frequency of 5 GHz at 110 K
[Fig. 6(s)]. The significant temperature-dependent oscilla-
tion frequency is associated with the substantial enhance-
ment of the effective perpendicular anisotropy field H and
the coercive field with decreasing temperature, which pro-
vides further evidence of the weak high-frequency peak
associating with spin current-induced domain-wall-like
mode. In contrast, the primary propagating mode mp and
the primary FMR mode show a slight decrease in their
characteristic frequencies with reducing the temperature
[Fig. 7(c)], indicating that a decrease of the [Co/Ni] mag-
netization M does not significantly affect the dynamics of
mp.

Similar to the prior Pt-based SHNOs, the significant
decrease of the onset current from 13 mA at 7= 20 K
to less than 7.5 mA at room temperature [Fig. 7(a)] indi-
cates the apparent increase of the excitation efficiency at
higher temperatures [2], which is likely correlated with the
substantial decrease of the spin memory loss coefficient
8 at Pt/Co interface with increasing temperature, which
has been revealed by first-principles scattering theory [47].
Moreover, in contrast to the exponential or linear increase
of linewidth on temperature [2,29,48-53], the linewidth

of the primary mode mp exhibits a noticeable broadening
with decreasing temperature [Fig. 7(b)], indicating that the
linewidth is dominated by the frequency drift instability in
this case. It is associated with the spatial inhomogeneity
of the magnetic energy landscape, e.g., the local varia-
tions of PMA and the asymmetry of the effective magnetic
field due to the dipole fields or stray fields generated by
the bubble domains outside the active device nanogap
region. Unlike the in-plane magnetized nanogap SHNOs
[2,48], the studied PMA nanogap SHNO can significantly
suppress the strong thermal broadening of linewidth at
room temperature dominated by thermally activated mode
transitions and/or thermal noise. It enables us to achieve
a well-coherent propagating spin-wave emission with a
small linewidth of 4 MHz at room temperature.

III. MICROMAGNETIC SIMULATIONS OF
AUTO-OSCILLATION

To further confirm and obtain more insight into the
experimentally observed propagating spin-wave mode, we
perform micromagnetic simulations using oommf [54] for
a circular Co/Ni disk with a diameter of 1 wm divided
into 5 x 5 x 2 nm? cells. Similar to our prior work about
Py/Pt-based SHNO [28], the simulation includes the effects
of spin torque and the Oersted field produced by current,
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FIG. 7. Dependence of the generated microwave spectra with

H = 1100 Oe in Fig. 6 on the temperature 7. (a) Temperature
dependence of the onset current of the primary propagating mode
mp. (b) Dependence of the minimum linewidth of mp on T. (c)
The minimum frequency of mp, the maximum frequency of mp.p
and the FMR frequency frvmr as a function of 7.

both calculated with the COMSOL Multiphysics simulations
[28]. Firstly, the effects of finite temperature and mag-
netic inhomogeneities or defects on forming and pinning
domains are ignored for exploring the primary propagat-
ing mode. The material parameters used in the simula-
tions are as follows: saturation magnetization M; = 600
kA/m, anisotropy constant K, = 2.5 x 10° J/m?3, Gilbert-
damping constant « = 0.03, spin Hall efficiency P = 0.05,
and exchange stiffness 4 = 10 pJ/m. Figure 8(a) shows the
representative calculated auto-oscillation spectra obtained
by micromagnetic simulations with different excitation
currents at the magnetic field H = 2 kOe tilted by angle
@ = 5° relative to the film plane and forming in-plane
angle 6 = 60° with the direction of the current flow, val-
ues similar to those used in some of the measurements
discussed above. The current-dependent spectra are well
consistent with our experimentally observed primary mode
characterized by the auto-oscillation frequency above frvr
and a significant frequency blueshift with the increasing
current in Fig. 3(r).

To gain more insight into the spatial characteristics
of this dynamical mode, we also calculate the normal-
ized spatial power maps of the observed dynamical mode,
obtained from the time dependence of the local magnetiza-
tion component mf by our performing pointwise temporal
fast Fourier transform (FFT) over the simulated area of
the Co/Ni disk. Figure 8(b) shows that the dynamical

mode exhibits a symmetric elongated spatial profile along
the magnetic field and circular intensity modulations con-
sistent with spin-wave radiation from the active device
region. Time sequences of M allow us to visually see
the spreading process of the spin waves from the active
nanogap region. Figures 8(c)—8(g) show five representative
snapshots of the distribution of instantaneous M for exci-
tation current / = 7.2 mA and H = 2 kOe, indicating the
oscillation period t is approximately 0.2 ns, correspond-

ing to 5.07 GHz obtained by FFT in Fig. 8(a). These time
sequences of pseudocolor map M show a propagating spin
wave characterized by a near isotropic propagation veloc-
ity and & ~ 0.25 pm spin-wave wavelength. The generated
propagating spin-wave mode has a larger amplitude at the
direction parallel with the in-plane component of the mag-
netic field Hj,, which is similar to the spatial profile of
the second harmonic of the primary center mode in the
in-plane magnetized nanogap SHNO [28]. The second-
harmonic frequency is above fryr, Within the linear spec-
trum of propagating spin waves. In these nanogap SHNOs,
the previous studies have proved that the time-average
internal magnetic field (Hjy), has two local minima, off-
set from the device center in two opposition directions
collinear with the external field [28,55]. These minima
are caused by the dipolar field produced by the center
mode, which creates a channel collinear with H to facil-
itate spin-wave propagating, or forms the secondary mode
via nonlinear mode coupling in the in-plane magnetized
nanogap SHNOs.

Next, to model the secondary dynamical mode likely
correlating to the confined magnetic domain, we assume
that there exists an elliptical region with a weaker PMA
constant K, = 1.8 x 10° J/m> near the central nanogap
between two triangular Au electrodes after considering
the grain-boundary effect of polycrystalline multilayer film
and possible defects. In addition, to weaken the strong
exchange coupling between this confined domain and its
surrounding area due to grain-boundary degenerated effect,
A is set to 1 pJ/m for 6 nm wider annular border [56].
The major and minor axis of the ellipse is set to approxi-
mately 80 and 30 nm, respectively. To obtain more refined
simulation results, we discretize a Co/Ni disk with 2 nm
thickness and 400 nm in diameter using a finer grid of
cubic cells of 2 nm. Other simulation parameters are the
same as above. Figure 9(a) shows the representative cal-
culated auto-oscillation spectra as a function of excitation
current / at H = 2 kOe, ¢ = 5°, and 6 = 60°. There are
two distinct dynamical modes with different frequencies
(approximately 4 and 7 GHz) and opposite current-induced
frequency shift trends in the calculated spectra, well con-
sistent with the experimentally observed primary prop-
agating mode mp with a low frequency and significant
blueshift, and the secondary high-frequency mode mp_p
with a frequency redshift in Fig. 4(d). Moreover, Figs.
9(b) and 9(c) show the spatial characteristics of these two
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excited in the elliptical region. Although the power den-
sity is most localized in the elliptical IM domain, it also

exhibits obvious intensity modulation in its surrounding
This spin-wave emission into the surrounding area is con-

medium, indicating the spin-wave radiation of this mode.

sistent with the fact that its frequency fr-p
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the near in-plane field Hj,. (c)<g) Time sequences of out-of-plane (in color) and in-plane (vector) magnetization components obtained

horizontal line represents the FMR frequency frmr. (b) Normalized spatial maps of the square of the simulated dynamical magnetization
from micromagnetic simulations at / = 7.2 mA and field H = 2 kOe. FFT, fast Fourier transform.
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higher than fpyr = 4 GHz of its surrounding medium with
a large PMA [37,38,57].

IV. CONCLUSION

To summarize, we observe two distinct dynamical
modes in the planar nanogap SHNO based on Pt/[Co/Ni]4
with a large PMA field of H; = 8.3 kOe at in-plane field
geometry using microwave spectroscopy. The primary
lower-frequency peak is a bulk propagating spin-wave
mode corresponding to the perpendicular magnetization
region. It exhibits a frequency near fpyr at the small cur-
rents, above frpvr at the large currents, and a significant
frequency blueshift with increasing current. The secondary
high-frequency mode with a much weaker power inten-
sity coexists with the primary propagating mode at the low
fields of less than 2 kOe and a certain current. It exhibits a
slight redshift with current and the discrete frequency jump
or multipeaks by varying magnetic fields. These spectra
characteristics indicate that the latter is associated with the
tiny domain or domain-wall region at the in-plane fields
below the saturation field of Pt/[Co/Ni]s film. Further-
more, the temperature dependence of spectra shows that
the propagating mode and the FMR mode both decrease
their frequency by reducing temperature. In contrast, the
high-frequency domain-wall-like mode increases its fre-
quency with the temperature decrease. These temperature-
dependent behaviors are related to the enhancement of
the PMA field by reducing temperature. The minimum
linewidth of the propagating mode gradually broadens
from 5 MHz at 295 K to 36 MHz at 6 K, indicating
that SOT-driven dynamical coherence in Pt/[Co/Ni]-based
SHNO with a strong PMA is dominated by the frequency
drift instability due to the pinning effect. It is in con-
trast to thermal noise that causes a linear or exponential
linewidth broadening with increasing temperature due to
thermal fluctuation, which are previously observed in the
in-plane magnetized SHNOs. Moreover, our micromag-
netic simulations reproduce the experimentally observed
propagating and domain modes and provide the spatial pro-
file of propagating spin-wave mode characterized by near
isotropic propagation velocity or wavelength. Our results
demonstrate the controllable propagating spin-waves in
an external PMA magnetic film-based SHNO, which can
facilitate building the SHNO network arrays with control-
lable nonlinear coupling for information processing via
analog and neuromorphic computing.
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