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Spatial coexistence of multiple modes in a nanogap spin Hall nano-oscillator
with extended Pt/Ni/Fe trilayers
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We experimentally study the microwave generation characteristics of a spin Hall nano-oscillator driven by a
local spin current injected into a nanoscale region of extended Pt/Ni/Fe trilayers due to the spin Hall effect
in the Pt layer and the interfacial Rashba effect at the Pt/Ni interface. The dependence of the generated
microwave spectra on the exciting current and on the magnitude and angle of the magnetic field indicates that
multiple spin-wave modes with either higher frequencies than the ferromagnetic resonance frequency fFMR at
low out-of-plane tilting angles and small fields or lower frequencies than fFMR at high tilting angles and large
fields are excited by local spin currents. Furthermore, the temperature dependence of the generated spectra
in the extended Pt/Ni/Fe trilayers demonstrates that the thermally activated mode transition between these
distinct dynamical modes is significantly suppressed. These results suggest that the observed multiple modes
are physically separated in different local potential wells created by the spatial inhomogeneity of the internal
field in the asymmetric ferromagnetic bilayer with strong interfacial exchange coupling and anisotropy fields.
Finally, the very weak dependence of the minimum linewidth on temperature further confirms the lack of
thermal-fluctuation-induced mode coupling and mode transition between these individual dynamical modes.
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I. INTRODUCTION

Spin-orbit coupling (SOC) is a relativistic interaction be-
tween spin and orbital momentum that induces a variety of
important effects and phenomena in spintronic devices [1].
For instance, the spin Hall effect (SHE) [2] and interfa-
cial Rashba-Edelstein effect (IREE) enable the conversion
between charge and spin currents and allow for the trans-
fer of angular momentum between local magnetization and
electrons’ spin due to spin-transfer torque and exchange in-
teraction [3,4]; the anomalous Hall effect [5], anisotropic
magnetoresistance (AMR) [6], and the spin Seebeck effect [7]
couple charge transport or thermal transport with magneti-
zation orientation; and magnetocrystalline anisotropy [8] and
the Dzyaloshinskii-Moriya interaction (DMI) [9,10] result in
various nontrivial topological electronic structures and spin
textures. Most of these effects already facilitate technological
applications in various promising energy-efficient spin-based
devices [11,12].

In spintronic devices based on multilayer structures, in-
terfacial SOC as well as bulk SOC plays a crucial role
in the generation of spin-orbit torques and emergence of
nontrivial spin textures [3,4,13]. In particular, in the exten-
sively studied heavy metal (HM)/ferromagnet (FM) bilayer
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systems, HMs with strong SOC generate spin currents that
flow orthogonally to the in-plane currents due to the SHE
and electrically control the reversal and coherent oscillation
of magnetization of the adjacent FMs [1]. Meanwhile, in a
HM/FM bilayer with broken inversion symmetry, the in-plane
charge current also can generate a net spin polarization at the
interface due to the IREE and exert a spin torque on adja-
cent magnetization via exchange interaction [4]. In addition,
spin memory loss and magnon-scattering-induced additional
damping are significantly related to the interface, including
interfacial SOC, magnetic proximity, and interface defect
and/or inhomogeneity [14,15]. On the other hand, the mag-
netic properties [e.g., magnetic anisotropy (MA), chiral DMI,
interlayer exchange interaction, and inhomogeneous nature]
of a thin multilayer highly depend on the interface between
different HMs and magnetic materials [3]. Current-induced
spin-current-driven magnetization oscillation, referred to as a
spin Hall nano-oscillator (SHNO) [16,17], based on various
HM/FM bilayers with abundant nonlinear spin-wave dynam-
ics, e.g., self-localized bullet [16–23], propagating [24,25],
and localized bubble skyrmion and droplet modes [24,26], has
been demonstrated by experiments and simulations [27,28].
However, the FM1/FM2 ferromagnetic bilayer, with richer
interfacial magnetic properties than a single FM layer, as the
free FM layer of SHNOs still remains to be explored. Com-
pared with the HM/FM bilayer system, the HM/FM1/FM2
trilayer system exhibits richer and more complex magnetic
properties because it involves asymmetric magnetic layers,
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interlayer exchange interaction, and additional interfacial MA
and DMI at the FM1/FM2 interface besides those of the
HM/FM interface. For example, a larger interfacial-DMI-
induced chiral magnetic domain wall [29–31], spin-wave
nonreciprocity [32], and spin reorientation transitions [33–35]
have been found in Cu/Ni/Fe, W/Ni/Fe, and Pt/Co/Ni,
respectively. The acoustic and optical ferromagnetic reso-
nance (FMR) modes have been extensively studied by FMR
experiments and theoretical models in various FM1/FM2
bilayer film systems [36,37]. Therefore, compared with the
out-of-plane and in-plane magnetization Pt/FM-bilayer-based
SHNOs, the Pt/Ni/Fe-trilayer-based SHNOs possess ad-
ditional interfacial DMI and interlayer exchange coupling
between the Fe and Ni layers, as well as an inhomogeneous
and asymmetric magnetization nature, that could facilitate
achieving some unique current-driven spin-wave dynamics.

Based on previous studies of the spin reorientation tran-
sitions in the HM/Ni/Fe trilayer [33–36], we adopt the
Ni(2.5 nm)/Fe(0.9 nm) bilayer as the ferromagnetic layer of
SHNOs to experimentally study the dependence of the mi-
crowave generation spectral characteristics on the excitation
current, magnitude and angle of applied magnetic field, and
temperature. In contrast to the Pt/Py-based SHNOs with a
primary self-localized bullet mode at low currents accom-
panied by a secondary side mode at high currents [38],
Pt/Ni/Fe-based SHNOs exhibit the coexistence of multiple
dynamical modes with frequencies higher than or close to
fFMR for low polar angles 0 � ϕ � 60◦ and below fFMR for
ϕ > 60◦ and large field H > 1.5 kOe. The absence of a
noticeable dependence of the minimum linewidth on temper-
ature suggests that the thermally activated mode transition
between these dynamical modes is significantly suppressed by
a high barrier potential between physically separated oscilla-
tion regions at cryogenic temperature, which is created by the
spatial inhomogeneity of the internal field due to competition
among demagnetization, interlayer exchange, and anisotropy
energies.

II. EXPERIMENT

The test SHNO device structure and the experimental setup
are the same as those used with our previously reported in-
plane nanogap SHNOs [17]. The test device consists of a
Pt(4 nm)/Ni(2.5 nm)/Fe(0.9 nm) multilayer disk with 4 μm
diameter deposited on an annealed sapphire substrate by DC
magnetron sputtering under ∼3.7 mTorr Ar pressure. On the
top, two pointed Au(80 nm) electrodes with ∼100 nm gap on
the Pt/Ni/Fe multilayer disk achieve a highly localized cur-
rent density in the trilayer within the gap area. The device is
fabricated by a combination of magnetron sputtering and elec-
tron beam lithography. Since the SHE-generated spin currents
have in-plane spin polarization perpendicular to the direction
of the applied charge current I , the magnetization M of the
adjacent Ni/Fe layer will receive the maximum spin torque
from the pure spin currents generated by the bottom Pt layer
when it is also perpendicular to the direction of the current.
The microwave-frequency voltage of the SHNO is gener-
ated by the current flowing through the magnetic layer due
to its resistance oscillations associated with the anisotropic
magnetoresistance (AMR) effect. The AMR shows the

FIG. 1. ST-FMR spectra of the Pt(4 nm)/Ni(2.5 nm)/Fe(0.9 nm)
trilayer under an in-plane magnetic field. (a) Symbols: the ST-FMR
voltage VDC vs in-plane magnetic field H obtained with various
excitation frequencies from 5 to 16 GHz with a 1-GHz step at an
angle θ = 60◦ between the in-plane field H and the direction of
current I and room temperature. The curve is the best fit with a sum
of a symmetric and an antisymmetric Lorentzian function. (b) and
(c) Dependence of the resonance field Hres (b) and the linewidth
(c) on the excitation frequency f . The solid curve in (b) is the
fitting result of the FMR data using the Kittel formula with a pa-
rameter Meff = 6.74 kOe. The solid line in (c) is a linear fitting of
frequency-dependent linewidth �H data using �H = �H0 + α f /γ
with α = 0.058 and �H0 = 63 Oe. (d) The linewidth �H vs f at
labeled temperatures. (e) The �H obtained at f = 11 GHz (left
vertical axis) and normalized �H0(T )/�H0(280 K) (right vertical
axis) as a function of temperature.

sinusoidal dependence of resistance on the orientation of M
with a period of 180◦ between M and the current direction.
Therefore, to trade off a reduction in the efficiency of the spin
torque (ST) for a sizable generation microwave voltage for
auto-oscillation spectra and rectification voltage for ST-FMR
spectra arising from AMR, we chose the geometry of the
in-plane component of the applied magnetic field forming an
angle θ = 60◦ with respect to the current direction for all
spectroscopic measurements described below (as defined in
the inset of Fig. 2).

III. RESULTS AND DISCUSSION

A. ST-FMR spectra

Based on previous reports [29–36], the Ni(2.5)/Fe(0.9)
thin bilayer exhibits significant different magnetic prop-
erties from the soft magnetic Py [17] and [Co/Ni]n
multilayer with strong perpendicular magnetic anisotropy
(PMA) [24], and may have a strong influence on its spin-
torque-driven dynamics. Therefore we first use a standard
spin-torque–ferromagnetic-resonance (ST-FMR) technique to
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FIG. 2. Pseudocolor maps of the dependence of the generated microwave spectra on the current at T = 6 K, at applied magnetic field H =
1000 Oe with four different out-of-plane tilting angles ϕ = 0◦ (a), 40◦ (b), 60◦ (c), and 80◦ (d). The dashed lines represent the corresponding
FMR frequencies fFMR of the trilayer thin film.

determine the FMR frequency fFMR of the microsized
Pt(4)/Ni(2.5)/Fe(0.9) thin film at various tilting angles of the
external magnetic field. The ST-FMR spectra were recorded
by scanning the applied magnetic field under the different
excitation frequencies f from 5 to 16 GHz and θ = 60◦.
Figure 1(a) shows a representative ST-FMR voltage VDC with
in-plane field geometry, which can be well fitted by a sum
of a symmetric and an antisymmetric Lorentzian function,
consistent with previous studies [39]. The extracted reso-
nance field Hres vs f agrees well with Kittel’s formula f =
γ
√

H (H + 4πMeff ) [solid curve in Fig. 1(b)], from which the
effective demagnetizing field 4πMeff can be determined to be
6.74 kOe. The interfaces of Pt/Ni and Ni/Fe can cause per-
pendicular magnetic anisotropy (PMA), which contributes the
effective demagnetizing field in the form 4πMeff = 4πMs −
2Ku
tMs

, where Ms is the saturation magnetization, Ku is the
anisotropy coefficient, and t = 3.4 nm is the thickness of the
Ni/Fe film. Ku was estimated to be 0.36 erg/cm2 using Ms

= 760 emu/cm3 of the film measured by a vibration sample
magnetometer at room temperature. The Gilbert damping α

and inhomogeneous linewidth broadening �H0 of the Ni/Fe
film are also estimated by fitting the frequency-dependent
resonance linewidth using the equation �H = �H0 + α f /γ ,
where γ is the gyromagnetic ratio. The damping constant α

= 0.058 is two times larger than the value of 0.028 observed
in Pt(5 nm)/Py(4 nm) [40], which is related to the additional
magnon scattering at the Pt/Ni and Ni/Fe interfaces due to the
interfacial SOC [41] and larger magnetoelastic efficiency in
Ni, except for the expected spin-pumping effect in Pt/Ni due
to spin current generation. In addition, the inhomogeneous
linewidth broadening �H0 reaches as much as 63 Oe, indi-
cating that the studied Pt/Ni/Fe thin film has a significantly
inhomogeneous nature due to the asymmetric magnetic layer,
interlayer exchange interaction, and interfacial MA and DMI.
To further characterize the temperature effect on the magnetic
dynamics, we perform measurements of the isothermal ST-
FMR spectra for temperatures in the range of 110–280 K. The
FMR frequency fFMR (with fixed external magnetic fields) has
a slight increase with decreasing temperature at our studied
temperature range due to the slow increase in the saturation
magnetization Ms of the Ni/Fe bilayer. For instance, fFMR at
1.5 kOe shows only an approximately 7% increase when the
device cools down to 110 K from 280 K. In contrast to fFMR,
the linewidth �H and the inhomogeneous linewidth broaden-
ing �H0 exhibit more significant broadening (> 50%) with

reducing temperature [Figs. 1(d) and 1(e)], suggesting that
the spatial inhomogeneity of the magnetization properties,
e.g., the interfacial MA and inhomogeneous nature (defect
and/or grain-boundary-induced pinning effect), significantly
increases with reducing temperature due to the suppression of
thermal fluctuation at cryogenic temperatures. Additionally,
we can quantitatively estimate an effective spin-orbit-torque
(SOT) efficiency ζST = 0.07 of this trilayer structure at room
temperature by line-shape analysis of the ST-FMR spectra,
which is noticeably higher than the previous reported val-
ues of ∼0.05 in Pt(7.4 nm)/Ni(4 nm) [42] and 0.056 ±
0.005 in Pt(6 nm)/Py(4 nm) [40]. The difference suggests
that these Pt-based magnetic heterostructures exhibit differ-
ent interfacial spin transparency due to interface-dependent
spin backflow and spin memory loss, as well interfacial spin
torques generated by IREE due to different interfaces and
thicknesses [4,15,42,43].

B. Microwave generation spectra characteristics of dynamical
modes at T = 6 and 100 K

To study ST-driven spin-wave dynamics of the Pt/Ni/Fe-
trilayer-based SHNOs, we investigate the dependence of the
spectral characteristics of a nanogap SHNO on the excitation
current I at different out-of-plane tilting angles ϕ. Figure 2
shows a representative current dependence of the microwave
power spectral density (PSD) of the test device at four selected
polar angles ϕ. Differing from the previously reported single
primary bullet mode in Pt/Py-based SHNOs and localized
bullet and propagating modes in Pt/[Co/Ni]n-based SHNOs,
three main peaks are observed in the microwave generation
spectra above the critical current Ic, substrate temperature T
= 6 K, ϕ = 0◦–80◦, and H = 1000 Oe [Figs. 2(a)–2(d)].
The oscillation mode with the highest frequency above the
FMR frequency fFMR (dashed lines) of the Pt/Ni/Fe trilayer
film is firstly excited at low current and exhibits a significant
redshift with increasing current. The middle frequency peak
also shows a redshift with increasing current, but its frequency
is close to fFMR. The third peak with a frequency below
fFMR shows a significant redshift at large currents as well.
These multiple dynamic behaviors are different from the ob-
served single nonlinear self-localized bullet mode in in-plane
nanogap SHNOs with a negligible MA Py/Pt bilayer extended
film, but are reminiscent of the observed multiple modes tran-
sition and coexistence among propagating, dynamical bubble,
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FIG. 3. Dependence of the microwave generation characteristics of the SHNO on the external magnetic field with various out-of-plane
tilting angles. (a)–(i) Pseudocolor maps of the field-dependent spectra obtained at T = 6 K with labeled excited current, under different
out-of-plane tilting angles ϕ = 0◦ (a), 10◦ (b), 20◦ (c), 30◦ (d), 40◦ (e), 50◦ (f), 60◦ (g), 70◦ (h), and 80◦ (i). The dashed curves represent
fFMR vs H dispersion curves of the Pt/Ni/Fe thin film obtained by the ST-FMR technique. (j) Contour plot in terms of frequency fc of SHNO
extracted from Lorentzian fitting of the spectra of (a)–(i) in the plane of the amplitude and the tilting angle ϕ of the external field. The dashed
curves represent the dispersion relation between the external field and the FMR frequencies fFMR at various angles ϕ. The dotted curve denotes
the crossover boundary between the auto-oscillation frequency fauto and fFMR. fFMR becomes higher than fauto when ϕ crosses the dotted line
from 0◦ to 80◦.

and localized bullet modes at low in-plane fields (� 500 Oe)
in SHNOs with a suitable PMA Pt/[Co/Ni]n film due to a bub-
ble domain structure and/or various spatially inhomogeneous
fields. In addition, the almost independent evolution of the
intensity and frequency with the excitation current among the
oscillation modes indicates that these oscillations are related
to spatially different oscillation regions.

To explore the relationship between the observed dynam-
ical modes and the external magnetic field, we investigate
the dependence of the generation spectrum on the external
fields H at different polar angles ϕ from 0◦ to 80◦ (Fig. 3).
The dashed curves show the dispersion relation between the
FMR frequency fFMR and applied field determined by using
the ST-FMR technique. One can see that the frequencies of
dynamical modes are higher than or close to the uniform
FMR frequency fFMR at low tilting angles ϕ � 60◦ [lower
left corner below the dotted curve in Fig. 3(j)], and then the
oscillations transform into the low-frequency localized modes
regime at high tilting angles ϕ > 60◦ and large fields [top right
corner above the dotted curve in Fig. 3(j)]. This behavior is
different from the previous nanocontact spin-transfer-torque
nano-oscillator (STNO), which shows the dynamical mode
transition from the nonlinear localized bullet mode at low

tilting angles to the quasilinear propagating mode at high
tilting angles due to change in the nonlinear coefficient sign of
the STNO with magnetization orientation [44–46]. However,
it is consistent with our previously studied Pt/[Co/Ni]-based
SHNOs with a suitable PMA [25,26]. To better illustrate the
dependence of microwave generation spectra on the mag-
nitude and orientation of the field, we summarize the field
dependence of the frequency characteristic of the SHNO and
uniform fFMR of the Pt/Ni/Fe thin film in the phase diagram
[Fig. 3(j)], where the oscillation frequencies fauto of SHNO are
represented in the contour plot in the plane of the amplitude
and the tilting angle ϕ of the external field. Additionally, we
note that the multiple dynamic modes are also excited simul-
taneously at high currents for large tilting angles ϕ > 50◦,
which can be clearly seen in the following results obtained
at high temperatures.

C. Temperature effect of current-driven dynamical modes

To gain a more comprehensive understanding of the ex-
perimental parameter dependence and thermal effect on the
characteristics of those localized modes, we further perform
the spectroscopic measurements with varying current and
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FIG. 4. Pseudocolor maps of the field-dependent spectra obtained at T = 100 K, the out-of-plane tilting angle ϕ = 70◦, and four selected
excited currents I = 21 mA (a), 22 mA (b), 23 mA (c) and 24 mA (d). The dashed curves represent the fFMR vs H dispersion curve of the
Pt/Ni/Fe thin film obtained by the ST-FMR technique at the same ϕ.

fields at two representative ϕ = 0◦ and 70◦ orientations and
cryogenic temperatures from 6 to 200 K. Figure 4 shows
the substantial field-dependent spectra obtained at substrate
temperature T = 100 K, ϕ = 70◦, and four selected excitation
currents I = 21, 22, 23, and 24 mA. Similar to the spectra
obtained at 6 K, three primary oscillating peaks are observed
simultaneously in a wide range of fields (e.g., 1–4 kOe for
I = 23 mA) and show distinct spectral characteristics with-
out mode transition, hopping, and synchronization behaviors
due to mode coupling. The highest-frequency mode has an
oscillation frequency higher than fFMR and a weak nonlinear
redshift below field H < 1.5 kOe. However, for large fields,
the oscillation frequencies of all three modes are below fFMR

and exhibit a significant redshift with increasing current.

The detailed dependence of the spectral characteristics
on I at small in-plane fields and different temperatures is
shown in Fig. 5. Like the representative spectra obtained at
6 K and 1000 Oe in Fig. 2(a) above, all current-dependent
spectra obtained at different temperatures and external fields
exhibit similar overall behavior as follows. First, one oscilla-
tion peak with frequency higher than fFMR is observed above
the critical current, and then it coexists with another one
or two oscillation peaks with increasing excitation current.
Second, the oscillation frequencies at their onset currents al-
most keep constant with increasing temperature, consistent
with the previous Pt/Py- and Pt/[Co/Ni]n-based SHNOs.
Third, these observed oscillation peaks show the independent
evolution of the intensity and frequency with the excitation
current and are not noticeably affected by the presence of

FIG. 5. Temperature dependence of the microwave generation characteristics of the SHNO at several selected in-plane magnetic fields ϕ

= 0. (a)–(g) Pseudocolor maps of the current-dependent spectra obtained under H = 300 Oe, at T = 6 K (a), 50 K (b), 100 K (c), 125 K (d),
150 K (e), 175 K (f), and 200 K (g). (h)–(n) Same as (a)–(g), except H = 500 Oe. (o)–(u) Same as (a)–(g), except H = 700 Oe. (v)–(z), (yy),
and (zz) Same as (a)–(g), except H = 1000 Oe. The dashed lines are the fFMR obtained by the ST-FMR technique.
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other modes, indicating that they are physically localized in
different spatial regions without the visible mode hopping
and transition behaviors caused by direct or indirect mode
coupling. In previous studies, the main coupling between
modes can be caused by thermal-magnon-mediated scattering
coupling arising from the interaction between the dominant
modes and the bath of thermally excited magnons, and the
thermal-magnon population is affected not only by experi-
mental temperature but also by the applied current because
of the current-driven spin current, spin pumping, and current-
induced Joule heating of the active device area. The lack of
mode-coupling-induced mode hopping and thermal-activated
mode transition indicates that there exists a considerable en-
ergy barrier between these separate spatial oscillation regions
to suppress thermal-magnon-mediated scattering coupling
due to the spatial inhomogeneity of the magnetic properties
of the Ni/Fe bilayer system at cryogenic temperature. These
behaviors are distinct from those of SHNOs with an external
Pt/Py bilayer [17]. The reason is likely related to the distinct
magnetic properties between Py and Ni/Fe thin films. For
instance, the soft ferromagnetic permalloy thin film has a
negligible magnetic anisotropy and near-zero magnetoelastic
coefficient. In contrast, the thin Ni/Fe bilayer exhibits a sub-
stantial magnetic anisotropy, interfacial DMI and interlayer
exchange interaction, large magnetoelastic coefficient, and
thickness-dependent spin-reorientation phenomenon [29–37].

To determine whether the behaviors discussed above are
the general features of Pt/Ni/Fe-based SHNO, we also
performed the measurement of current-dependent spectral
characteristics at the tilting angle ϕ = 70◦, selected large
fields, and selected temperatures, as shown in Fig. 6. Similar
to what was observed at in-plane fields (Fig. 5), the microwave
generation characteristics at ϕ = 70◦ show the multimodal
coexistence behavior for all test temperatures and external
fields, which further confirms the reason for the multimodal
dynamics discussed above.

To gain further insight into the thermal effects on the
multimodal dynamics of SHNO, we quantitatively analyze
the generation linewidth of one oscillation mode as a func-
tion of temperature. To take into account Joule heating, we
numerically evaluated the temperature increase in the ac-
tive region of the device using COMSOL simulations with the
previously reported resistivity and thermal conductivity of
Pt/Ni/Fe thin films, Au, sapphire substrate, and the inter-
face thermal resistance between the metal film and sapphire
substrate [47–51]. Consistent with our previous Pt/Py bilayer
system [38], the increased temperature of the Ni/Fe bilayer
is localized in the center region of the device with a dumb-
bell shape transverse to the current flow and a maximum at
the center of the nanogap [see Fig. 7(a)]. At a representa-
tive driving current of 26 mA and substrate temperature T
of 50 K, the central temperature Ta reaches a maximum of
∼178 K [Fig. 7(a)]. Figure 7(b) shows the minimum linewidth
of the primary mode vs actual temperature Ta, which are
extracted by Lorentzian fitting of the spectra obtained at three
selected in-plane fields, 0.3, 0.5, and 0.7 kOe (Fig. 5). In
contrast to the exponential increase in the linewidth due to the
thermal-activated mode transition observed in Pt/Py-based
SHNOs [17] and the observed significant broadening of the
linewidth due to mode hopping in STNOs [52,53], the min-

FIG. 6. Temperature dependence of the microwave generation
characteristics of the SHNO at several selected magnetic fields with
a large out-of-plane tilting angle ϕ = 70◦. (a)–(g) Pseudocolor maps
of the current-dependent spectra obtained at oblique field ϕ = 70◦, H
= 1000 Oe, and T = 50 K (a), 100 K (b), and 150 K (c). (d)–(f) Same
as (a)–(c), except H = 2000 Oe. (g)–(i) Same as (a)–(c), except H
= 3000 Oe. (j)–(l) Same as (a)–(c), except H = 4000 Oe. fFMR are
marked as the dashed lines.

imum linewidth does not exhibit a noticeable dependence
on temperature. The other two secondary peaks exhibit a
similar temperature dependence of the linewidth. This also
further confirms that mode-coupling-caused mode hopping
and mode transition, which significantly affect the dynamical

FIG. 7. (a) The representative calculated spatial map of tempera-
ture in the Ni/Fe bilayer at I = 26 mA and substrate temperature T =
50 K. (b) Actual temperature Ta of the center region of the device vs
the full width at half maximum (FWHM) of the generated microwave
spectra obtained at three in-plane magnetic fields. The symbols are
the minimum linewidth corresponding to the highest peak PSD of the
primary mode, which is extracted from Lorentzian fitting of the PSD
spectra in Figs. 5(a)–5(u). The solid curves are given as guides to the
eye.
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coherence, are avoided by suppressing the thermal fluctuation
at cryogenic temperatures and by the presence of a high local
energy barrier between different oscillation regions due to
the spatial inhomogeneity of the magnetic properties. The
large remanent linewidth at low temperature for the low fields
indicates that spin-current-driven dynamical coherence in the
studied Pt/Ni/Fe-based SHNO is dominated by the spatial
inhomogeneity, rather than the thermal broadening that causes
a linear increase with temperature due to thermal fluctuation.

IV. CONCLUSION

To summarize, we find that in-plane nanogap SHNOs
based on the extended magnetic Pt/Ni/Fe trilayer with
asymmetric and inhomogeneous magnetization nature gen-
erally exhibit the coexistence of multiple dynamical modes
with distinct oscillation frequencies at certain currents and
fields. At small fields and low tilting angles, spectra char-
acteristics, including current-induced frequency redshift and
oscillation frequency higher than or close to fFMR of the
thin film, suggest that these modes are related to propagating
and field-localized modes due to a spatially inhomogeneous
internal field including a domain-induced dipolar field, in-
terfacial DMI, MA, and exchange fields. At large fields
H > 1.5 kOe and high tilting angles ϕ � 70◦, the oscilla-
tion frequencies of all observed modes were below fFMR,
suggesting that all these modes belong to localized spin-
wave modes. Furthermore, the temperature dependence of
the spectra confirms the absence of mode transition and
mode hopping, suggesting that these individual oscillation

modes are physically localized in different regions due to
the strong spatial inhomogeneity of the magnetic properties
because the Pt/Ni/Fe trilayer exhibits an asymmetric and
highly inhomogeneous magnetization nature. The high en-
ergy barrier between these physically separated oscillation
regions prevents mode-coupling-induced mode hopping and
thermal-activated mode transition, which in turn can prevent
the exponential broadening of linewidth with increasing tem-
perature and ensure the coherence of the generated microwave
signals under considerable thermal fluctuation. Our results
suggest that the intrinsic spatial deviation of magnetization
of special films, as well as the previously reported local
dipole field from the edge of nanoconstriction [19,20,54] or
the additional magnetic nanoparticle [55,56], can be used to
facilitate and restrict current-induced spin-wave dynamics in
the external magnetic film.
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