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ABSTRACT
A magnetic nanostructure for auto-oscillation, induced by spin-transfer torque, is fabricated by cosputtering permalloy with cobalt. Although
the system does not meet the critical size and current requirements for direct auto-oscillation, magnetic signals resulting from spin wave
excitation and magnetic fluctuations are measured by a Brillouin light scattering (BLS) system. From the analysis of the BLS spectrum, the
threshold current for auto-oscillation is estimated to be 27.3% lower in Py1−xCox (x = 0.2095) than in Py1−xCox (x = 0.0). It is surmised that
the cobalt in permalloy improves the efficiency of transferring spin toque for auto-oscillation.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000437

INTRODUCTION

Spin torque nano oscillators (STNOs) and spin Hall nano
oscillators (SHNOs) are known as promising candidates for the exci-
tation of propagating spin waves and as generators and detectors of
ultra-tunable microwaves.1,2 Unlike conventional devices based on
semiconductors that utilize current flow for information processing,
spin-based devices exploit electron spin to induce electric or mag-
netic signals. Recently, STNOs and SHNOs have been reportedly
used as nonlinear oscillators in neuromorphic computing due to
their benefits of long lifetimes, low-energy operation and scalability
below the submicron size.3,4

STNOs are microwave generators that induce spin oscillation
in a free layer using spin-transfer torque from a fixed layer. In such
devices, the direct current, which flows through the nanostructure,
inevitably causes damage because of electromigration and ohmic
heating.5 On the other hand, SHNOs utilize the spin-Hall effect in
materials with strong spin–orbit coupling. The spin-Hall effect is a
relativistic spin–orbit coupling phenomenon that induces an electric

charge current to generate a transverse spin current.3,6 In the SHNO
structure, current flows through a heavy metal layer underneath the
free magnetic layer and induces spin current out of the heavy metal
layer. SHNOs have several advantages over STNOs. For example, the
structure of an SHNO is relatively simple, allowing for direct opti-
cal measurement using magneto-optical techniques.5,7 In addition,
because of their simple fabrication procedure, SHNO arrays can be
synchronized easily for enhanced coherence.8–10

In general, current-induced spin torque in SHNOs plays a
key role in anti-damping torque, which completely compensates
for natural damping when auto-oscillations occur.7 The threshold
current density for auto oscillation is large compared to that of
STNOs because of the low efficiency of charge-to-spin current con-
version.11 Thus, near the threshold current, additional damping due
to scattering from nonlinear interactions between multiple modes
emerges and prevents the ferromagnetc layer from the onset of auto-
oscillation.12,13 To avoid the nonlinear scattering process, several
experiments have been performed in spatially confined structures.
For example, a nanogap spin Hall oscillator achieves auto-oscillation
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FIG. 1. (a) Scanning electron microscopy
image of the top surface of the nanowire
structure. (b) Schematic structure of
stacked layers of Pt (10 nm)/Py1−xCox

(5 nm) and a contact pad. Configuration
of the applied field and current is indi-
cated by arrows, and the circular laser
spot is focused on the center of the
Py1−xCox layer.

by selectively suppressing all modes except for a mode that auto
oscillates.12 A nanoconstriction spin Hall oscillator achieved auto-
oscillations by confining the potential well in its bow tie structure.7
Such structures could prevent nonlinear scattering by minimizing
the sample size to reduce the number of modes from the structure
size.

Several studies have reported efforts to enhance the perfor-
mance of STNOs or SHNOs, in which high output power, low
phase noise and energy efficiency have been achieved. Divinskiy
et al. showed an increase in oscillation amplitude by using a CoNi
nanoconstriction structure with multilayer perpendicular magnetic
anisotropy (PMA). Mohammad et al. demonstrated the enhance-
ment of power density using the mutual synchronization of multiple
nanoconstriction structures.14–18 To reduce the threshold current in
SHNOs, the heavy metal tungsten (W), instead of platinum (Pt), is
used.19 For effective charge-to-spin conversion, modulation of the
thickness or interface of heavy metals is adopted by controlling the
Pt thickness.20

Since the cosputtering different materials has advantages for
alloy formation in terms of uniformity and mass production, sev-
eral studies have utilized cosputtering.14–18 One example is the
significant enhancement of spin current transparency when Co is
used as an interface layer between heavy metals and ferromag-
netic films.21 In addition, when transition metals are cosputtered
with Py(NiFe) and Co, the Gilbert damping constant is found to
increase.22 Considering these results, it is worthwhile to study the
effects of cosputtering Co with Py in SHNOs.

We investigated magnetic fluctuation effects in a Permalloy
(Ni80Fe20) nanostructure, when it is cosputtered with Co, using
micro-focused Brillouin light scattering spectroscopy (μ-BLS). We
observed that Co reduces the threshold current for the excitation
of magnetic waves in SHNOs. In particular, for sputtering a sto-
ichiometric ratio of Py0.7905Co0.2095, the nanowire structure shows
a threshold current that is ∼27.6% lower than that of the pristine
sample.

EXPERIMENT

Figures 1(a) and 1(b) show scanning electron microscopy
(SEM) image and schematic structure of a nanowire sample 0.8 μm
in width and 2 μm in length. The nanowire consists of a layer stack,
Ta(1)/Pt(10)/Py1−xCox(5)/Al2O3(5), where the number is the thick-
ness of each layer in units of nm. The nominal thickness of the layer
is determined by the growth rate target and time in the sputtering

system. The Pt layer is used as a heavy metal for the generation of the
spin Hall effect. The Py1−xCox layer is fabricated by co sputtering Co
and Py with stoichiometric ratios of x = 0, 0.1114, 0.2095, 0.2892 and
0.4030. The Ta and Al2O3 layers are buffer layers above the substrate
and capping layer, respectively. An AJA magnetron sputtering sys-
tem with an initial base pressure of 1 × 10−9 Torr is used to fabricate
samples without breaking vacuum in the whole process.

Since the μ-BLS system can detect the excitation of spin waves
in local areas, it is used to study the thermal fluctuation of spin waves
in this study. The BLS system uses a 532 nm Nd-YAG laser, and the
laser beam can be focused on a circular spot 250 nm in diameter.
An external field of 1,500 Oe is applied at a right angle to saturate
the magnetization of the sample and maximize the Spin trans-
fer torque (STT) effect.12,23,24 Experiments are performed at room
temperature.

RESULTS AND DISCUSSION

Figure 2 shows the BLS spectrum intensity, reshaped by
Lorentzian line fitting, in terms of the frequency, which is mea-
sured at the center of the Py1−xCox layer with various DC currents
of 3.5, 4, 4.5, 5, and 5.5 mA. The observed BLS spectrum represents
the thermally excited quasi-uniform ferromagnetic resonance mode.
The integral intensity of the BLS spectra thus indicates the total

FIG. 2. BLS intensity spectra of Py79.05Co20.95 nanowires with various applied DC
currents of 3.5, 4.0, 4.5, 5.0 and 5.5 mA.
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energy of magnetic fluctuations in the ferromagnetic layer.25 The
current flowing through the Pt layer would experience the spin-Hall
effect and, as a result, transfer spin torque to the ferromagnetic layer.
Thus, the enhanced magnetic fluctuation induced by the transferred
spin torque is observed by the increase in BLS spectrum intensity,
as shown in Fig. 2. The spectrum shape, which is broader than that
of spin-torque ferromagnetic resonance (ST-FMR), is likely due to
the contribution of nonuniform dynamic modes from spin-transfer
torque.20 In the magnetic system in Fig. 1, only magnetic fluctuations
of spin waves, rather than auto-oscillations, are observed in the cur-
rent values in Fig. 2 due to geometry limitations. The application of
a larger current would induce another excitation mode, resulting in
thermal mode hopping, which prevent the system from obtaining an
auto-oscillation regime.7,26

In Fig. 2, we can infer the threshold current for auto-oscillations
using the current dependence of BLS spectrum data.20 According to

the theory of nonlinear auto-oscillations,13 the inverse of the total
fluctuation intensity below the threshold current regime should be
linear to the current, and linear extrapolation can determine the
threshold current of the system for auto-oscillations, i.e.,

1
p
∝ (I − Ith)

where p is the mean power of the spectrum and I and Ith are the bias
and threshold current, respectively. Figure 3 shows the inverse of the
integrated intensity of the BLS spectrum in terms of the bias current
for the Py1−xCox samples (x = 0, 0.1114, 0.2095, 0.2892, and 0.4030).
The line is the linear extrapolation of the five data points. This
shows that cosputtering Py1−xCox (x ≤ 0.2095) noticeably reduces
the threshold current, i.e., a 27.6% reduction in the threshold current
for Py1−xCox (x = 0.2095) than for Py1−xCox (x = 0). A slight increase

FIG. 3. Inverse of the integral BLS
intensity of cosputtered samples of
(a) Py1−xCox (x = 0), (b) Py1−xCox

(x = 0.1114), (c) Py1−xCox (x = 0.2095),
(d) Py1−xCox (x = 0.2892), and (e)
Py1−xCox (x = 0.4030) in terms of
applied DC current. The linear extrapola-
tion of the data points yields a threshold
current value for the auto-oscillation of
the spin wave.
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FIG. 4. (a) Effective magnetization in
terms of applied DC current for the
Py1−xCox samples (x = 0, 0.1114,
0.2095, 0.2892, and 0.4030). (b) Effec-
tive Gilbert damping constant for the
samples in (a) when a DC current of 5.5
mA is applied.

in the threshold value of Py1−xCox (x > 0.2095), which is still smaller
than that of Py1−xCox (x = 0), is observed with increasing Co ratio.

Because the BLS signal is a result of quasi-ferromagnetic reso-
nance due to the transferred spin torque, its spectrum shape is fitted
with a Lorentzian approximation using the Kittel formula:

f0 = γ
2π

√
H(H + 4πMeff ),

where γ is the gyromagnetic ratio, f0 is the maximum peak frequency
of the spectrum and Meff is the effective magnetization. The field
strength, H, is the sum of the applied field and induced field due to
the current flowing in the Pt layer. We estimate that 80% of the cur-
rent passes through the Pt layer because the resistivity of Pt is quite
lower than that of Py1−xCox and the Pt layer is two times thicker than
the Py1−xCox layer. From the fitting, as shown in Fig. 2, the effective
magnetization is derived and plotted in terms of the applied cur-
rent for the Py1−xCox samples (x = 0, 0.1114, 0.2095, 0.2892, and
0.4030) in Fig. 4. A significant reduction in the Meff of a sample
of Py1−xCox (x = 0.2095) is observed compared to that of Py. In
particular, the current dependence of reduction shows a clear non-
linear effect, which is related to magnetic precession in Py1−xCox
(x = 0.2095), as shown by the abrupt shift in frequency f0. Nonlinear-
ity is an essential characteristic of auto-oscillations that enhances the
oscillation power and coherence between multiple oscillators using
external microwaves and mutual synchronization.

The effective Gilbert damping constant can be determined
using the Landau–Lifshitz–Gilbert equation combined with the
demagnetization effect for the in-plane magnetization of a ferromag-
netic film:

αeff = Δω
2γ
√

H(H + 4π Meff

where Δω is the linewidth of the half maximum of the BLS spectrum.
Figure 4(b) shows the effective damping constant for the Py1−xCox
samples (x = 0, 0.1114, 0.2095, 0.2892, and 0.4030) when the cur-
rent is 5.5 mA. The αeff value of Py is estimated to be larger than
the typical value (≈0.015), obtained from ST-FMR measurements.
This difference supports the scenario of spin wave excitation by spin-
transfer toque because spin torque excites the nonuniform dynamic
modes of the ferromagnetic layer, which, as a result, induces spec-
trum broadening. The αeff values of Py1−xCox (x = 0.2095, 0.2892,

and 0.4030) are found to be slightly larger than that of Py1−xCox
(x = 0), while the αeff value of Py1−xCox (x = 0.1114) is quite smaller
than the other values. The slight increase in the damping constant
is consistent with the experimental study, which reports the damp-
ing constant of systems that are deposited by cosputtering Py with a
transition metal.20

This observation shows that 20.95% cosputtering Co in the Py
layer enhances the efficiency of spin torque for the auto-oscillation
of spin waves and, on the other hand, induces almost no signifi-
cant change in the damping constant. This result is consistent with
a similar system that has a Co layer as the interface between the
ferromagnetic layer and heavy-metal layer.21 The study demon-
strated that Co interface layer between FM and HM layer increase
spin transparency. Also, Zhu et al. showed enhancement of spin
transparency by inserting PtCo alloy spacers.27 Considering Co has
enhanced spin transparency as single interface layer and alloyed
interface layer, we expect that threshold current for auto-oscillation
is reduced due to enhancement of spin transparency by cosputtering
Co and Py.

CONCLUSION

We investigated the modulation of magnetic fluctuations in a
stack of Py1−xCox and Pt layers using the μ-BLS spectrum when a
Py1−xCox layer is fabricated by Py-Co cosputtering. The data are
used to estimate the threshold current for the auto-oscillations of the
system. A significant reduction in the threshold current is achieved
when the magnetic layer is fabricated by cosputtering 20.95% cobalt.
In terms of applications, the results of this study provide a way to
reduce the operation power and simplify the fabrication process of
magnetic devices, utilizing auto-oscillations.

SUPPLEMENTARY MATERIAL

See supplementary material which contains scanning electron
microscopy (SEM) images and electron dispersion spectroscopy
(EDS) images of the samples in study. The SEM and EDS mappings
of Ni, Fe, and Co elements ensure the uniform distribution of the
elements in samples.
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