
PHYSICAL REVIEW APPLIED 17, 064041 (2022)

Spin-Orbit-Torque Efficiency and Current-Driven Coherent Magnetic Dynamics
in a Pt/Ni/Py Trilayer-Based Spin Hall Nano-Oscillator

Lina Chen,1,2 Xiang Zhan,2 Kaiyuan Zhou,2 Wenqiang Wang,2 Like Liang ,2 Zhenyu Gao ,2
Y.W. Du,2 and R.H. Liu 2,*

1
School of Science, Nanjing University of Posts and Telecommunications, Nanjing 210023, China

2
Jiangsu Provincial Key Laboratory for Nanotechnology, National Laboratory of Solid State Microstructures and

School of Physics, Nanjing University, Nanjing 210093, China

 (Received 25 October 2021; revised 8 March 2022; accepted 27 April 2022; published 22 June 2022)

We experimentally study the current-induced effective spin-orbit torque (SOT) efficiency and the spec-
tral characteristics of current-driven coherent magnetic dynamics in spin Hall nano-oscillators (SHNOs)
based on the Pt/Ni/Py trilayer. We determine that the Pt/Ni/Py trilayer structure has an effective damping-
like torque efficiency ξDL ∼ 0.055, comparable with the Pt/Co and Pt/Fe bilayer systems with a strong
interfacial spin-orbit coupling and magnetic proximity effect. Furthermore, the microwave-generation
spectra show that the Pt/Ni/Py-based SHNOs exhibit a single nonlinear self-localized bullet mode with
a frequency below fFMR and a significant current-dependent frequency red shift due to its strong nonlinear
effect, which is very similar to that in Pt/Py-based SHNOs, at low oblique angles ϕ ≤ 50◦. In contrast,
at high oblique angles ϕ ≥ 55◦, the spectra show two oscillating peaks with very similar field-, current-,
and temperature-dependent behaviors, which suggests the spatial coexistence of two same-type nonlinear
self-localized bullet modes at certain currents and magnetic fields. Additionally, the observed linear tem-
perature dependence of the minimum line width, which resembles the thermal broadening of single-mode
oscillation, further confirms that two localized bullet modes are independent, spatially separated, and lack
thermally activated mode-transition behavior. Our results provide valuable information for the electronic
control of coherent magnetic dynamics by combining bulk and interfacial spin-orbit coupling effects in
the magnetic heterostructures.
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I. INTRODUCTION

The electrical manipulation of controllable magne-
tization reversal [1–4] and coherent precession [5,6]
through current-induced spin-orbit torques in heavy-
metal–ferromagnet (HM/FM) bilayer systems provides
a promising path to develop high energy efficiency,
high-speed nonvolatile magnetic memory, rf electronics,
spin-wave-based electronic devices, and neuromorphic
computing [7–12]. The spin-orbit torques are related to
bulk spin-orbit coupling (SOC) in the HM [13–15] and
interfacial SOC at the HM-FM interface [16,17]. The bulk
SOC of the HM causes the spin-dependent scattering and
generates a pure spin current perpendicular to the transver-
sal charge current and vertically injected into the adjacent
FM, called the spin Hall effect (SHE) [13–15]. How-
ever, the spin current generated by the bulk SHE of the
HM can drop significantly at the HM-FM interface due
to the degradation of the interfacial spin transparency by
spin back flow and spin memory loss (SML), which are
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highly dependent on materials-dependent interface param-
eters [18–20]. The interfacial SOC in the HM/FM bilayer
also generates a spin accumulation at the interface with
broken inversion symmetry due to the interfacial Rashba
effect [16,17,21–23]. In addition, recent reports have found
a considerable spin Hall angle in the weakly spin-orbit
coupled 3d light metals and FM bilayer systems [24–26].

The current-induced spin current can excite coherent
magnetization precession of a nanomagnet that is called a
spin-current nano-oscillator or a spin Hall nano-oscillator
(SHNO) [5,6,27]. Many SHNOs with various device
geometries (e.g., triangular nanogap contacts and vertical
contact on extended magnetic films, nanowires, and single
and multiple nanoconstrictions) and several HM and FM
materials—Pt, W, Ta, permalloy (Py), [Co/Ni]n, Co-Fe-B,
and yttrium iron garnet (YIG)—based on HM/FM bilayers
have been studied [5,6,11,28–35]. Previous studies show
that the coherent spin dynamics in SHNOs, excited by
the current-induced spin-orbit torque, are highly related
to the spatial distribution of spin-current injection and
the bulk and interface magnetic properties of FM materi-
als. For example, a primary self-localized nonlinear bullet
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spin-wave mode, a secondary side mode, the coexistence
of multiple modes, and mutual synchronization behavior
are observed in SHNOs with extended in-plane magnetiza-
tion Py film [6,36,37], while in SHNOs with out-of-plane
magnetization due to strong interfacial perpendicular mag-
netic anisotropy or a large oblique external magnetic field,
in addition to the self-localized bullet mode, linear propa-
gating [31,35,38,39], localized magnetic bubble skyrmion
[31,38], and magnetic droplet modes [40,41] have also
been demonstrated by experiments and micromagnetic
simulations.

Therefore, additional experimental studies on the rela-
tionship between the magnetization dynamics of SHNOs
and various FM materials or interfacial parameters can
help us to understand better how the bulk SOC in the HM
and the interfacial SOC at HM-FM and FM1-FM2 inter-
faces affect the SOT efficiency and the SOT-induced non-
linear spin-wave behavior in the HM/FM1/FM2 trilayer
with broken inversion symmetry. Unlike the Pt-Co and Pt-
Fe interfaces with a strong interfacial SOC and magnetic
proximity effect, which exhibits a large interfacial Rashba
SOT due to the current-induced spin accumulation, large
interface magnetic anisotropy, strong spin back flow, and
large SML at their interfaces [19,20,23], the Pt-Ni inter-
face has a much smaller magnetic proximity effect and
interfacial SOC. In consequence, it is expected that the
Pt/Ni bilayer exhibits a comparable small spin back flow
and SML and a small Rashba SOT at the interface [42,43].
However, the Ni thin film has a much lower Curie temper-
ature Tc and smaller saturation magnetization Ms than Co,
Fe, and Py thin films.

To improve the Tc and Ms of the free FM layer in the
studied SHNOs, we adopt the Ni/Py bilayer as the ferro-
magnetic layer to experimentally study the current-induced
effective SOT efficiency by using spin-torque ferromag-
netic resonance (ST FMR) and the exciting current, magni-
tude, and angle of the applied magnetic field and the tem-
perature dependencies of the microwave-generation spec-
tral characteristics. In contrast to Pt/[Co/Ni]-based SHNOs
with three spin-wave modes, including the nonlinear self-
localized bullet, linearly propagating, and localized mag-
netic bubble skyrmion or droplet modes, Pt/Ni/Py-based
SHNOs only excite a nonlinear self-localized bullet mode
with a frequency below fFMR, under the in-plane and
low oblique angles ϕ ≤ 50◦ magnetic field experimen-
tal geometry. However, under high oblique angles ϕ ≥
55◦, there is a region where two nonlinear self-localized
bullet modes of the same type with distinct frequencies
coexist under certain currents and magnetic fields. In addi-
tion, the minimum line width exhibits a linear temperature
dependence, in contrast to the exponential temperature
dependence observed in Pt/Py. These distinct different
dynamic characteristics of the Pt/Py system are closely
related to the significant difference in interface-induced
magnetic anisotropy between Pt-Ni and Pt-Py interfaces
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FIG. 1. (a) A schematic of the SHNO device structure and the
experimental setup of the microwave-generation characteristics
of a nanogap SHNO with the orientation of the applied magnetic
field H , where ϕ is defined as the out-of-plane tilt angle of H
and θ is the angle between the directions of the current I and
the in-plane component of the magnetic field H : SA, spectrum
analyzer. (b) A schematic of the ST-FMR measurement setup.

and the magnetostriction coefficient between Ni and Py
layers.

II. EXPERIMENTAL

The films of Pt(4 nm)/Ni(2.5 nm)/Py(1.5 nm) are
deposited by dc magnetron sputtering on annealed sap-
phire substrates with (0001) orientation. The base pressure
before the deposition is less than 2 × 10−8 Torr and the Ar
pressure during deposition is � 3.7 mTorr. The films are
also covered in situ by a 2–3 nm SiO2 capping layer to pre-
vent the top Py from oxidizing when exposed to the atmo-
sphere. Similar to the previously reported nanogap spin
Hall auto-oscillators [5,31], our SHNO device is based on
a Pt/Ni/Py trilayer disk with a diameter of 4 μm. The top
two Au(100 nm) triangle electrodes with an approximately
70-nm gap are deposited on the Pt/Ni/Py trilayer disk to
achieve the highly localized current density in the Pt layer
within the gap area [Fig. 1(a)]. The device is fabricated by
a combination of magnetron sputtering and electron-beam
lithography.

The effective SOT efficiency and the uniform FMR
dynamic behavior of the Pt/Ni/Py trilayers are determined
first by the widely used standard ST-FMR technique [44].
Figure 1(b) shows the ST-FMR experimental layout, where
the Pt/Ni/Py trilayer is patterned into a 5 × 10 μm2 rect-
angular shape, similar to the previous studies [45]. In
the ST-FMR experiment, a rf current Irf passes through
the trilayer stripe along its longitudinal direction, caus-
ing magnetization oscillation driven by a combination of
an rf-current-induced Oersted field and SOTs due to SOC.
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The oscillating magnetization causes periodic variation of
resistance due to anisotropic magnetoresistance (AMR)
[46] and, mixed with the Irf, produces a dc voltage Vdc due
to the rectification effect. The efficiency of spin torque on
the magnetization M in SOT-based devices is proportional
to the component of M perpendicular to the current direc-
tion I (or parallel to the polarization direction of the spin
current). Meanwhile, the AMR of the magnetic layer has a
sinusoidal dependence on the in-plane angle θ between M
and I . In other words, the maximal efficiency of ST in both
ST-FMR and SHNO devices corresponds to the minimum
of the AMR where the in-plane magnetic field H is orthog-
onal to I . Therefore, we carry out all the ST-FMR and
auto-oscillation spectra measurements described below at
the geometry of the in-plane component of the applied
magnetic field forming an angle θ = 60◦ with respect to
the current direction by trading off a reduction in the effi-
ciency of ST for a sizable generation microwave signal due
to the AMR effect.

III. RESULTS AND DISCUSSION

A. ST-FMR spectra and its current modulation with
an in-plane field

The ST-FMR spectra of Pt(4 nm)/Ni(2.5 nm)/Py(1.5
nm) are recorded by scanning the in-plane magnetic field
with different excitation frequencies from 5 to 16 GHz.
Figure 2(a) shows that the obtained ST-FMR signal Vdc
can be fitted well by the sum of a symmetric and an
antisymmetric Lorentzian function as follows:

Vdc = VS
�H 2

(H − Hres)2 + �H 2 + VA
�H(H − Hres)

(H − Hres)2 + �H 2 ,

(1)

where the fitting parameters VS, VA, �H , and Hres are the
magnitude of the symmetric component, the antisymmet-
ric component, the line width, and the resonance field,
respectively. Figures 2(b) and 2(c) show the extracted
resonance field Hres versus f and the line width �H ver-
sus f data, which can be used to estimate the effective
demagnetizing field 4πMeff = 5.0 kOe based on the FMR
Kittel formula f = γ

√
H(H + 4πMeff) and the damping

constant α = 0.047, given by a linear fitting of frequency-
dependent line width using �H = �H0 + αf /γ , where
γ = 2.8 GHz/kOe is the gyromagnetic ratio. We note that
the interfacial effect of Pt/Ni and Ni/Py could result in uni-
axial magnetic anisotropy with the anisotropy axis normal
to the film. This contribution can be taken into account
as an additional term in the effective demagnetizing field
4πMeff = 4πMs − (2Ku/MstF), where Ms is the saturation
magnetization, Ku is the anisotropy coefficient of the mul-
tilayer, and tF is the thickness of the Ni/Py layer. The
interfacial perpendicular magnetic anisotropy coefficient
Ku is 0.26 erg/cm2, using the saturation magnetization

(a)

(e)
(d)

(c)

(b)

dc

dc

S
T

FIG. 2. The ST-FMR spectra of the Pt(4 nm)/Ni(2.5
nm)/Py(1.5 nm) trilayer with an in-plane magnetic field. (a)
The symbols show the ST-FMR voltage Vdc versus the 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 the current I
and at room temperature. The curve is the best fit with a sum of
a symmetric and an antisymmetric Lorentzian function [see Eq.
(1)]. (b)–(d) The dependence of (b) the resonance field Hres, (c)
the line width �H , and (d) the effective spin-torque efficiency
ξDL on the excitation frequency f . The solid curve in (b) is the
fitting result of the FMR data using the Kittel formula. The solid
line in (c) is the best fit of the frequency-dependent line width
�H data using �H = �H0 + αf /γ , with �H0 = 28 Oe and
α = 0.047. The solid line in (d) is the average value of ξFMR
= 0.045, determined from Eq. (2). (e) The dependence of the
line width �H on Idc with f = 5 GHz at θ = 60◦ and 240◦,
respectively. The solid lines are the linear fits.

Ms = 580 emu/cm3 of thin film independently measured
by a vibration sample magnetometer (VSM). The damping
constant α = 0.047 is significantly higher than the 0.028
observed in Pt(5 nm)/Py(4 nm) [44], which is related to the
additional magnon scattering at Pt-Ni and Ni-Py interfaces
due to the interfacial SOC and the larger magnetoelas-
tic efficiency in Ni, except for the expected spin-pumping
effect in Pt/Ni due to spin-current generation.

Furthermore, adopting the method commonly used
in such bilayer systems, we can quantitatively estimate
the FMR spin-torque generation efficiency ξFMR of this
Pt/Ni/Py trilayer structure by line-shape analysis of the
ST-FMR spectra as follows [44]:

ξFMR = VS

VA

eμ0MstN tF
�

[1 + (4πMeff/Hres)]1/2, (2)

where e is the elementary charge, μ0 is the magnetic per-
meability of vacuum, and Ms, tN , tF , VS, and VA are the sat-
uration magnetization of the Ni/Py bilayers, the thickness
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of Pt and the ferromagnetic Ni/Py bilayers, and the sym-
metric and antisymmetric components of Vdc, respectively.
The symmetric voltage signal VS is caused by the damping-
like out-of-plane effective field HDL, while VA comes from
the in-plane effective field, which is the sum of the current-
induced Oersted field HOe caused by the current flow in the
Pt layer and the effective fieldlike field HFL. Figure 2(d)
shows the calculated ξFMR under the different excitation
frequencies, and its average value is 0.045, lower than the
previously reported 0.056 ± 0.005 in Pt(6 nm)/Py(4 nm)
[44]. The difference suggests that the Pt-Ni interface has
spin transmission due to spin back flow and SML, and
interfacial fieldlike torque efficiency and/or its sign dif-
ferent from the Pt/Py system [19,20,42,43] because ξFMR
includes both dampinglike and fieldlike torque efficiencies.
Note that these two spin-torque efficiencies can be sep-
arated by analyzing the ST-FMR spectra for the devices
by varying the FM-layer thickness tF using 1/ξFMR =
1/ξDL(1 + �ξFL/eμ0MstN tF) [18,43].

However, we adopt an alternative method to estimate
the effective dampinglike torque efficiency ξDL by ana-
lyzing the modulation of the ST-FMR line width by dc.
Figure 2(e) shows the current-dependent line width �H at
two angles, θ = 60◦ and 240◦. ξDL = 0.055 can be deter-
mined through fitting current-dependent line-width �H
data [Fig. 2(e)] using the following formula [44,47,48]:

ξDL = δ�H/δI
�f
2eγ

sinθ
(Hres+2πMeff)μ0MstF

RNi/Py + RPt

RNi/Py
AC, (3)

where � is the Dirac constant, RPt and RNi/Py are the resis-
tance of the HM Pt and the ferromagnetic Ni/Py bilayer,
respectively, and AC is the short cross-section area of the
ST-FMR device. The Pt/Ni/Py trilayer has ξDL = 0.055,
higher than the ξFMR � 0.045 obtained by analyzing the
line shape of the ST-FMR spectra above; this indicates that
the Pt-Ni interface has a considerable fieldlike torque effi-
ciency ξFL with the same sign as ξDL, consistent with the
previously reported ξDL ∼ 0.05 and a non-negligible ξFL in
Pt/Ni bilayers by varying the Ni layer thickness [43].

B. ST-FMR spectra with varying out-of-plane angle

To directly compare the relation of the observed
current-induced SOT driven spin-wave modes observed in
Sec. III C to the spin-wave spectrum of the extended Ni/Py
film, we also examine the out-of-plane angular-dependent
ST-FMR spectra. Figure 3 shows the representative ST-
FMR spectra obtained at a fixed excitation frequency f =
5 GHz, θ = 60◦, various polar angles ϕ, and room tem-
perature. The ST-FMR spectra can be fitted well by the
Lorentzian function given in Eq. (1) and the resonant field
Hres and line width �H can be accurately extracted, as
shown in Figs. 3(b) and 3(c), respectively. According to
the previous studies on out-of-plane FMR spectra of thin

(a) (b)

(c)dc

FIG. 3. The ST-FMR spectra of the Pt/Ni/Py trilayer with an
out-of-plane magnetic field. (a) The symbols show the ST-FMR
voltage Vdc versus the out-of-plane magnetic field H obtained at
various labeled azimuth angles ϕ and an in-plane angle θ = 60◦,
f = 5 GHz, and room temperature. The curve is the best fit with
the sum of a symmetric and an antisymmetric Lorentzian func-
tion [see Eq. (1)]. (b), (c) The dependence of (b) the resonance
field Hres and (c) the line width on the out-of-plane angle ϕ. The
solid curves are the results of fitting the FMR data using Eq. (4)
with the effective magnetization 4πMeff = 4.9 kOe and Eq. (5)
with a damping constant α = 0.05, respectively.

film [49,50], the polar angular-dependent resonance field
Hres of the FMR spectra is determined by

⎧
⎪⎪⎨

⎪⎪⎩

(
f
γ

)2 = [Hrescos(ϕH − ϕM ) − 4πMeff sin2(ϕM )]

×[Hrescos(ϕH − ϕM ) + 4πMeff cos(2ϕM )]
4πMeff sin(2ϕM ) = 2Hressin(ϕM − ϕH ),

(4)

where ϕH and ϕM are the out-of-plane angles of the applied
external magnetic field and the magnetization, respec-
tively. The solid red line in Fig. 3(b) is the fitting result
of the resonant field Hres as a function of the external field
orientation ϕH at f = 5 GHz using Eq. (4). The obtained
fitting parameter 4πMeff = 4.9 kOe is highly consistent
with the value of 5.0 kOe determined by the f versus Hres
dispersion curve with an in-plane orientation.

Meanwhile, the intrinsic damping constant α can also
be extracted from the out-of-plane angular-dependent line-
width data in Fig. 3(c). The angular-dependent line width
due to intrinsic damping of the magnetization precession
can be expressed as [49]

�H = �H0 + α[Hrescos(ϕH − ϕM )

− 2πMeff(3 sin2(ϕM ) − 1)]
∣
∣
∣
∣
d(f /γ )

dHres

∣
∣
∣
∣

−1

, (5)

where �H0 is the line width due to the distribution of Hres
related to magnetic inhomogeneities. The experimental
�H0 versus ϕH data are fitted well by Eq. (5) with a fitting

064041-4



SPIN-ORBIT-TORQUE EFFICIENCY. . . PHYS. REV. APPLIED 17, 064041 (2022)

(a) (b) (c) (d)

(e) (f) (g)
(h)

FIG. 4. The dependence of the microwave-generation characteristics of the Pt(4 nm)/Ni(2.5 nm)/Py(1.5 nm)-based nanogap SHNO
on the current at 6 K with several different magnetic fields forming an out-of-plane tilting angle ϕ with respect to the film plane. (a)–(d)
Pseudocolor maps of the power spectral density (PSD) of the generated microwave signal with a single peak, for varying currents I
in 0.5-mA steps, at low magnetic field H = 1000 Oe and four low out-of-plane tilting angles (a) ϕ = 0◦, (b) 20◦, (c) 40◦, and (d) 50◦.
(e)–(h) Pseudocolor maps of the PSD with two main peaks obtained at high magnetic fields (e) H = 2000 Oe and the large out-of-plane
tilting angle ϕ = 55◦, (f) H = 4000 Oe and ϕ = 70◦, (g) H = 4000 Oe and ϕ = 75◦, and (h) H = 4500 Oe and ϕ = 80◦. The dashed
curves represent the corresponding FMR frequencies, fFMR, of the Pt/Ni/Py trilayer, obtained using the ST-FMR technique. The inset
in (a) is a schematic of the device structure and the experimental setup of the studied SHNO.

parameter α = 0.05, very close to the 0.047 obtained by
the above frequency-dependent line width in the in-plane
geometry measurement.

C. Current-driven coherent dynamical modes at
T = 6 K

To experimentally explore the coherent magnetic
dynamics of the Ni/Py bilayer excited by a combination of
spin current generated by the SHE in the Pt layer and the
spin accumulation at the Pt-Ni interface, we further carry
out spectroscopic measurements on the nanogap-SHNO
device with different magnetic fields H , orientations ϕ,
and excitation currents I . The SHNO-device structure and
experimental layout, shown in Fig. 1(a) and the inset
of Fig. 4(a), are the same in as our previously reported
spin Hall nano-oscillator based on a Py/Pt bilayer with
a negligible in-plane magnetic anisotropy (IMA) [6] or
a Pt/[Co/Ni] multilayer with a well-defined perpendicular
magnetic anisotropy (PMA) [31].

Similar to the soft magnetic Py, the pure-Ni film also
has a large AMR [46]. Meanwhile, the Ni has a low Curie
temperature, a large magnetostrictive coefficient due to its
bulk SOC and unique electronic structure, and consider-
able interfacial magnetic anisotropy in the Pt/Ni bilayer,
which differs significantly from that of the Pt/Py bilayer,
with a near-zero magnetostrictive coefficient and a high

Curie temperature. These distinct magnetic properties of
the Pt/Ni/Py trilayer may lead to the expected dynamical
properties that differ from the previously observed spin
dynamics in the Pt/Py-based SHNO. The evolutionary
behavior of the characteristics of the oscillation spec-
tra on the excitation current of the SHNO is generally
used as an essential indicator to analyze the nature of
the dynamical states. Therefore, we first investigate the
dependence of the spectral characteristics on the excita-
tion current I at different magnetic fields with several polar
angles.

Figure 4 shows pseudocolor maps of the representative
current dependence of the microwave power spectral den-
sity (PSD) generated by our device at various polar angles
ϕ. A single mode with the central frequency slightly below
the FMR frequency fFMR (represented by the dashed lines)
of the Pt/Ni/Py trilayer film is observed above the criti-
cal current Ic, the low polar angles ϕ ≤ 50◦, and the low
field H = 1000 Oe [Figs. 4(a)–4(d)]. We note that the
Oersted field of the current in Pt-based SHNOs opposes
the in-plane component of an external field, reducing
the frequency of the auto-oscillation [36]. The oscilla-
tion peak frequency stays near constant with increasing
current I until its intensity increases to its maximum at
around I = 25 mA and it then turns into a sharp red shift
accompanying the peak broadening with increasing cur-
rent. The more significant frequency red shift than the
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(a) (b) (c)
(d) (e)

FIG. 5. The dependence of the microwave-generation characteristics of the SHNO on the current. (a)–(d) Pseudocolor maps of the
current-dependent spectra obtained at T = 6 K, oblique angle ϕ = 80◦, and four different magnetic fields: (a) H = 2500 Oe, (b) 3500
Oe, (c) 4500 Oe, and (d) 5500 Oe. The dashed curves represent the corresponding FMR frequencies, fFMR, of the Pt/Ni/Py trilayer. (e)
The dependence of the minimum line width of the first high-frequency mode on the tilt magnetic fields. The solid curve is given as a
guide to the eye.

previously reported Py/Pt-based SHNO indicates that the
Pt/Ni/Py-based SHNO has a more significant nonlinear
coefficient, which may be related to its large magne-
tostriction and interfacial magnetic anisotropy. Further-
more, when the magnitude and tilt angle of the applied
external magnetic field increases to H ≥ 2000 Oe and
ϕ ≥ 55◦, the magnetization of the Pt/Ni/Py trilayer will
deviate from the film plane and form a sizable oblique
angle by following the external field. Under H ≥ 2000
Oe and ϕ ≥ 55◦, except for the high-frequency peak,
another peak with a lower frequency is also observed
[Figs. 4(e)–4(h)].

To further explore the relationship between the observed
two dynamical modes and the field and/or current, we
examine the current dependence of the generation spec-
trum at several external fields H with a constant polar
angle, ϕ = 80◦ (Fig. 5). The dashed line shows the FMR
frequency, fFMR, determined by ST FMR. These data
indicate that the first and second modes both have a
similar and strong red shift with increasing current and
that their frequencies remain far below fFMR in all of
the studied fields. On the basis of this behavior and the

results of previous microwave spectra [6,36], microfocus
Brillouin light scattering [5], and micromagnetic simula-
tions of nano-oscillators [36,51], the two modes belong to
a nonpropagating self-localized “bullet” spin wave [52].
The current dependence of the oscillating peaks for dif-
ferent fields suggests that the first mode is suppressed
by increasing the out-of-plane field, while the second
low-frequency mode is facilitated. In addition, the line
width of the first mode decreases sharply to approximately
25 MHz at 4.5 kOe from approximately 115 MHz at
2.5 kOe and then maintains a weak change with a fur-
ther increasing field, which suggests that the broad line
width is mainly caused by the large magnetostriction and
MA-induced inhomogeneous magnetization at low field.
The nonlinear-coefficient-induced frequency red shift at
H = 5.5 kOe also becomes much weaker than that at the
low fields.

To get the detailed evolution of the two self-localized
modes with the out-of-plane field, we analyze the depen-
dence of the generation spectra on the field with oblique
angle ϕ = 80◦ for several applied currents I (Fig. 6). At a
low current, I = 19 mA, the first high-frequency mode is

(a) (b) (c) (d) (e)

FIG. 6. The dependence of the microwave-generation characteristics of the SHNO on the oblique magnetic field. (a)–(e) Pseudocolor
plots of the field-dependent spectra with H = 200 Oe steps obtained at 6 K, ϕ = 80◦, and five different excited currents (a) I = 19
mA, (b) I = 21 mA, (c) I = 23 mA, (d) I = 26 mA, and (e) I = 29 mA. The dashed curve represents the experimental fFMR versus H
dispersion curve of the Pt/Ni/Py trilayer.

064041-6



SPIN-ORBIT-TORQUE EFFICIENCY. . . PHYS. REV. APPLIED 17, 064041 (2022)

(a) (b) (c) (d)

(e) (f) (g) (h)

(i)

(j)

FIG. 7. The dependence of the microwave-generation characteristics on the current at different temperatures T, ϕ = 80◦, and two
different fields, H = 3000 Oe and H = 4000 Oe. (a)–(d) Pseudocolor plots of the current-dependent spectra obtained at H = 3000 Oe,
above Ic increased in 0.4-mA steps, at (a) T = 50 K, (b) T = 100 K, (c) T = 125 K, and (d) T = 150 K. (e)–(h) The same as (a)–(d)
except for H = 4000 Oe. (i) The actual temperature Ta versus the minimum line width, defined by the full width at half maximum
(FWHM), corresponding to the highest-intensity peak of the PSD spectra, determined by fitting the spectra of (a)–(h) with a Lorentzian
function. The solid lines are the linear fits. (j) The dependence of the onset current Ionset on the actual temperature Ta of the active
device regime, determined by comparing current-dependent resistance data at different temperatures T and the temperature-dependent
resistance of the device measured at a small current of I = 0.1 mA. The solid curves are given as guides to the eye.

only excited for the range H ≤ 4 kOe and its oscillating
frequency is slightly lower than fFMR, which is represented
as the dashed line [Fig. 6(a)]. When the applied current
I increases to 21 mA, the intensity of the first oscillating
mode continues to be enhanced, with the accompanying
appearance of another low-frequency peak, and the oscil-
lation field region of the first mode also extends to near 5.5
kOe, which suggests that the higher excitation current is
required to generate a spin wave at larger fields. With fur-
ther increase of the current, the frequencies of both modes
continue to drop due to the above-mentioned negative
nonlinear-coefficient-induced strong frequency red shift,
especially for the low-field range H ≤ 4.5 kOe. Above 29
mA, the first oscillating peak vanishes and only the sec-
ond oscillating peak with a central frequency far below
fFMR is observed in the microwave-generation spectra
[Fig. 6(e)].

D. Temperature effect of current-driven dynamical
modes

To gain further insight into the thermal effects on the
characteristics of the two localized modes, we carry out
spectroscopic measurements with two selected oblique
fields, H = 3 kOe and H = 4 kOe, at different cryogenic
temperatures from 6 K to 150 K. Figure 7 shows the

dependence of the spectral characteristics on I with a
polar angle of ϕ = 80◦ at different temperatures. Like the
representative spectra obtained at 6 K in Fig. 5, the current-
dependent spectra observed at high temperature exhibit
similar overall behavior. The high-frequency mode is first
observed at a small current, it coexists with another low-
frequency mode at the intermediate-current range, and
finally it disappears with only the low-frequency mode at
the large currents surviving. Figures 7(d) and 7(h) show
that the high-frequency mode is completely destroyed by
the thermal fluctuation at 150 K.

There is no detectable oscillation peak observed in the
microwave-generation spectrum at T > 150 K, which is
much lower than the critical temperature in previously
reported Py/Pt-based nanogap SHNOs, which is likely
associated with two factors: that there is a much lower
Curie temperature for the thin nickel film than for Py
and that there is a higher driving-current-induced more
significant Joule heating in the active device area due
to its large magnetic damping constant α ∼ 0.047, com-
pared to 0.028 in the Pt/Py bilayer. We can estimate the
actual device-area temperature Ta by taking into account
current-induced Joule heating via directly comparing the R
versus I and R versus T curves of the studied device [6].
Figure 7(j) shows that the onset current Ionset of the first
high-frequency mode exhibits a substantial decrease with
increasing Ta, consistent with several previously reported
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Pt-based spin-torque nano-oscillators [6,40]. According to
the previous studies [6,18–20,53], the observed reduction
in the driving current with increasing Ta is likely related to
an increase of the bulk spin Hall effect in Pt, the interfa-
cial Rashba-effect-induced SOT efficiency in the ultrathin
Pt-FM system, and a decrease of the magnetic damping
of the thin magnetic Ni/Py layer due to the decline of the
interfacial MA with increasing temperature. Additionally,
the relative independent-temperature oscillation frequency
indicates that the weak temperature-dependent saturation
magnetization Ms does not seem to be the reason for a
substantial decrease in Ionset.

The temperature dependence of the oscillation line
width provides further information about the thermal
effect on the spin-current-driving magnetization oscilla-
tion coherence. To avoid the possible contribution due
to the current-dependent variation of nonlinearity, we
choose the minimum line width of the first localized
mode to analyze its temperature dependence, as shown
in Fig. 7(i). The minimum line width shows a linear
dependence on temperature Ta, as illustrated for two
large oblique fields, H = 3 kOe and H = 4 kOe. This
linear behavior proportional to temperature is as pre-
dicted by the nonlinear theory of thermal broadening and
the thermal-noise model for spin-torque nano-oscillators
(STNOs) [54,55] and is also consistent with the previously
reported vertical nanocontact spin Hall nano-oscillator
under large oblique fields [40], traditional spin-transfer-
torque nano-oscillators [56,57], and magnetic vortex
nano-oscillators [58].

However, the linear dependence is contrasted with the
thermal effects in planar-nanogap Py/Pt-based SHNOs
with a negligible magnetic anisotropy under in-plane field
geometry, where the line width increases exponentially
with the temperature due to thermally activated transitions
between different dynamical modes [6]. The Pt/Ni/Py tri-
layer has a large interface-induced magnetic anisotropy
with Hk = 1.82 kOe, determined by the fFMR versus Hres
and ϕ versus Hres dispersion relations obtained by ST
FMR above, the strong lateral anisotropy variation, and
the magnetoelastic coefficient, which are supported by the
large magnetic inhomogeneous FMR line-width broaden-
ing �H0 = 28 Oe and the magnetic damping constant
α = 0.047. These variations can cause sizable variations
of the internal magnetic field on the active device area and
consequently result in the self-localized spin-wave modes,
with different frequencies separately localized in differ-
ent regions. Meanwhile, the potential barrier between the
two spin-oscillation regimes can effectively suppress the
thermally activated transition among the different modes
observed in planar-nanogap Py/Pt-based SHNOs [6]. The
large interception value of 12.5 MHz at zero tempera-
ture, determined by the linear fit to the line width results
obtained at H = 3 kOe and H = 4 kOe, also supports the
above argument.

IV. CONCLUSIONS

To summarize, we quantitatively calculate the effective
SOT efficiency arising from the bulk SHE of Pt and the
interfacial Rashba effect in a Pt/Ni/Py trilayer structure
by using the ST-FMR technique and find that its effective
dampinglike torque efficiency ξDL ∼ 0.055 and that there
is a non-negligible fieldlike torque with opposite sign com-
pared with the previously reported Pt/Py, Pt/Co, and Pt/Fe
bilayer systems. In addition, we systematically investigate
the exciting current and magnitude, the angle of the applied
magnetic field, and the temperature dependence of the
microwave-generation spectral characteristics of an SHNO
with a Pt/Ni/Py trilayer. At low oblique angles ϕ ≤ 50◦, the
microwave-generation spectra exhibit a single Lorentzian
peak with the center frequency below fFMR and a signif-
icant frequency red shift with an increase in the applied
current, which strongly resembles the spectral characteris-
tics of the nonlinear self-localized bullet mode identified in
the similar planar-nanogap SHNOs with a Pt/Py bilayer.

In contrast, at high oblique angles ϕ ≥ 55◦, the spec-
tra show two distinct oscillating peaks with very similar
field-, current- and temperature-dependent behavior, which
suggests that they belong to the same type of bullet mode
and maintain spatial coexistence at certain currents and
magnetic fields. Unlike the previously observed exponen-
tial temperature dependence of the line width related to
thermally activated transitions between different dynam-
ical modes in Pt/Py-based SHNOs with negligible mag-
netic anisotropy and magnetostriction, a linear temperature
dependence of the minimum line width, which resem-
bles the thermal broadening of single-mode oscillation, is
observed in Pt/Ni/Py-based SHNOs. This indicates that
the decoherence of the SOT-driven oscillating dynamic
mode arising from thermally activated mode transitions
can be avoided by creating an appreciable potential bar-
rier between two spatially separated local bullet modes via
spatially varied magnetic anisotropy, magnetostriction, or
magnetic defects at the Pt-Ni and Ni-Py interfaces. The
results of the SOT efficiency and SOT-driven magnetic
dynamics in SHNOs with a Pt/Ni/Py trilayer can extend
the development of spin-orbitronic materials.
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