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The synchronization of the spin Hall nano-oscillator (SHNO) device driven by the pure spin current has been inves-
tigated with micromagnetic simulations. It was found that the power spectra of nanowire-based SHNO devices can be
synchronized by varying the current flowing in the heavy metal (HM) layer. The synchronized signals have relatively high
power and narrow linewidth, favoring the potential applications. We also found that the synchronized spectra are strongly
dependent on both the number and length of nanowires. Moreover, a periodic modulation of power spectra can be obtained
by introducing interfacial Dzyaloshinskii—-Moriya interaction (iDMI). Our findings could enrich the current understanding
of spin dynamics driven by the pure spin current. Further, it could help to design novel spintronic devices.
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1. Introduction

Spin current or spin-polarized current!!'=3 can drive the
magnetization dynamics by transferring of spin angular mo-
mentum, resulting in transfer torque, magnetic random-access

4-161 which can

memory (MRAM), and spin nano-oscillator,!
be widely used in future information storage, computing, and
reading areas. Generally, the spin nano-oscillators can be di-
vided into spin-torque nano-oscillator (STNO) and spin Hall
nano-oscillator (SHNO). The former is the polarization cur-
rent that directly flows into the magnetic layer and generates
microwave through giant magnetoresistance (GMR) effect and
tunneling magnetoresistance (TMR).!”:81 And the latter is due
to the pure spin current generated by the spin Hall effect (SHE)
in the heavy metal (NM) layer, which brings negative damping
to the adjacent magnetic layer and realizes the stable magne-
tization oscillation. Finally, the microwave emission is gen-
erated through the magnetic layer’s anisotropic magnetore-
sistance (AMR) effect.>~!!) Compared to STNO, SHNO has
no additional effects such as Joule heat caused by the direct
charge flow and potential damage to the device. Meanwhile,
SHNO has a narrower linewidth, [7-9:12-141 making it more suit-
able for applications. Moreover, SHNO is relatively easier to
be nano fabricated and optically detected.[”!>!3] However, be-
cause the AMR effect of SHNO is generally small, its output
power is relatively low, usually in the order of pW.I!'7~1%1 Since
the high-quality signal is desired in future applications, fur-
ther enhancing the power and reducing the linewidth of the
signal is necessary. Many progress has been achieved, in-
cluding using external devices, such as adding magnetic tun-
nel junctions (MTJs) structure on the SHNO structure, 2211

17,22-28]

synchronization of multiple devices, ! etc. In princi-
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ple, the synchronized power will be remarkably increased by
nearly N2 times for the multiple devices with the number of
N. Meanwhile, the white noise and linewidth will decrease
significantly with N.[':?2] Since a few works have been de-
voted to one-dimensional nanowire-based SHNO, it is inter-
esting to investigate further its synchronization behavior for
future applications with high output signals. Furthermore, the
geometric constraints of one-dimensional nanowires can effec-
tively suppress the nonlinear magnon scattering, which signif-
icantly expands the active region of SHNO for stable magneti-

[1.291 Moreover, as a one-dimensional struc-

zation oscillation.
ture, nanowire-based SHNO has the potential for optimiza-
tion and space-saving.!?*>* For example, the parallel edge
of nanowires can be changed to inclined edge to reduce the
phase noise of signal. >3 In this work, we focus on the dynam-
ical behavior of a one-dimensional nanowire oscillator using
micromagnetic simulations. We identify that the synchroniza-
tion is realized by tuning the frequencies and phases of both
bulk and edge modes. We further demonstrated that the out-
put power of the synchronized SHNO significantly increases
with the number of devices. Moreover, the influence of inter-
facial Dzyaloshinskii—-Moriya interaction (iDMI) on synchro-
nization has been investigated and discussed. It will be of great
significance for the developing nano logic devices and neuro-
morphic computing in the future. 32341

2. Results and discussion

First, we have designed a series of nanowire-based SHNO
consisting of Pt (6 nm)/permalloy (Py) (2 nm) with different
geometries. As shown in Fig. 1(a), the distance between adja-
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cent nanowires is 260 nm, and the nanowire width is 60 nm.
The size of the whole structure in the x—y plane is 3000 nm
%3000 nm. The in-plane field angle was fixed at 6 = 26°
to ensure sufficient electrical sensitivity to the auto-oscillation
signal. In contrast, the out-of-plane field angle ¢ = 292° was
chosen in a way to achieve large positive nonlinearity in the ac-
tive nanowire region.>=7] The spin current generated in the
Pt layer flows vertically to the Py layer, subsequently, driving
the stable oscillation in the upper ferromagnetic layer.

The micromagnetic calculations are carried out using the
mumax3 solver3®! with the current density and Oersted field
obtained from the COMSOL simulations. In general, the mag-
netization dynamics is described by the LLG equation by tak-
ing SHE into account!!3]

dM a dM
= WM x Hegp+ —M x ——
ar YoM X eff+Ms X ar + TSHE,

where M and H.g are the magnetization and the effective
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field vectors of the ferromagnet, respectively. o, Ms, and Y
are the Gilbert damping, the saturation magnetization, and the
gyromagnetic ratio, respectively. Heg represents the mag-
netocrystalline anisotropy, the Oersted field, and the random

thermal field. Tsyg is the SHE item and proportional to

Osu/(x,y)

MxMxo.
o X X

Here, Osy = 0.08 is the spin Hall angle of Pt, and J(x,y) is the
current density in Pt. The parameters for our permalloy are:
exchange constant 1.3 x 10! J/m, Gilbert damping 0.02, and
saturation magnetization 650 x 10 A/m, respectively.!'3] The
simulated cell size AxAyAz is 2.5 nmx2.5 nmx2 nm. Since
the current was dominant in the heavy metal layer, the contri-
bution of the current in the magnetic layer can be nearly ne-
glected. All simulations were carried out at room temperature.
Magnetic coupling was built into our simulations.
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Fig. 1. (a) Schematic draw of the nanowire-based SHNO device; (b)—(g) The current density and Oersted field distribution of devices with nanowires
number N = 1, 3, 5 under the same current intensity, respectively. (h) The temporal profiles of M, in the blue dashed line area for devices with N = 1
and 5, respectively. (i) The frequency—domain spectra obtained from FFT analysis with data shown in Fig. 1(h).

Figures 1(b)—(d) show the current density distributions in
the Pt layer of SHNOs in the region indicated by the dotted
line in Fig. 1(a). Here the DC current is 1 mA for all de-
vices. Obviously, that the current density in the nanowire dra-
matically decreases with increasing the number of nanowires.
Figures 1(e)-1(g) show the distribution of the corresponding
Oersted field. We can clearly see that the Oersted field ap-
Figures 1(h)
and 1(i) show the magnetization precession in both times- and

pears a circular shape around the nanowires.

frequency-domains for SHNOs with one nanowire and five
nanowires, respectively. Here, the currents are 0.8 mA and

4 mA for SHNOs with one nanowire and five nanowires, re-
spectively. It is clear that the stable oscillation signal is gen-
erated in our structures, with frequencies close to 20 GHz.
It is well known that the spin-wave of the nanowire spin os-
cillator will have two oscillation modes which is the bulk
and edge modes, respectively.3>3%401 The amplitude shown
in Fig. 1(i) exhibits one peak, which is consistent with the pre-
vious study.'3*! This result clearly indicated the edge mode
closed to the bulk mode when the width of the nanowire de-
crese and then they can achieve synchronization with each
other. #1421 Moreover, the synchronization of them could be
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further confirmed from the study of the influence of iDMI
on this device in this paper. Furthermore, the linewidths of
the oscillation signal Af are about 280 MHz and 140 MHz
for devices with one nanowire and five nanowires, respec-
tively. We should mention several reasons responsible for the
linewidth observed in Fig. 1(i). One reason might be the noise
caused by the thermal fluctuation in our system. 22334344 Ap.
other reason might be the appearance of bulk and edge modes,
further broadening the linewidth of the spectrum.#>41 Also,
the strong nonlinear frequency shift of the edge mode gives
rise to nonlinear enhancement of the linewidth.>3! Moreover,
for ferromagnetic/heavy metal (FM/HM) bilayer samples, the
torque dissipation at the interface could be another source of
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the linewidth.[*”! Therefore, to further decrease the linewidth
for potential applications, we might focus on these issues.
For example, we can fabricate high-quality samples with the
interface sharper by epitaxial technique so the spin mixing
conductance will be high. Subsequently, the spin current is
more transparent at the interface. And then, the torque dissi-
pation can be minimized, potentially resulting in the narrow
linewidth. Moreover, the importance of the etching process
is unquestionable. For nanowire-based devices, although the
poor smoothness of the boundaries of the nanowire which is
caused by the etching process will not lead to the appearance
of new strong signals, it still brings about an increase in noise,
a slight shift in frequency, and the increase in the linewidth.
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Fig. 2. (a)—(c) The spectra of frequency as a function of current for devices with one, three, five nanowires, respectively. I, II, and III show the schematic
draws of spectra in the regions of detuning, synchronization, and disorder, respectively. (d)—(f) The spatial profiles of magnetization at different stages:
(d) detuning, (e) synchronization, and (f) disorder. The black dashed lines represent the trajectories of the spin wave.

To further investigate the synchronization of nanowire-
based devices driven by the current, we plot the frequency
spectra as a function of current for different devices in
Figs. 2(a)-2(c). It is clear that the spectra can be divided into
three regions as the current increase. At the low current, the
spectra clearly show two peaks. The one with decline ten-
dency represents bulk mode, and the other with relatively flat
represents edge mode. These separated two peaks indicate
the detuning between bulk and edge modes. With the grad-
ual increase of current, the spectra exhibit only one peak with
very high intensity and narrow linewidth, indicating the de-
vice’s synchronization. Further increasing the current inten-
sity, the spectra exhibit two peaks again, indicating the dis-
ruption of synchronization. Here, we should point out that the
spin-wave amplitude shown in Fig. 1(i) is greatly enhanced for
the device with five nanowires. Therefore, we further focus on
the SHNO with five nanowires to investigate the synchroniza-
tion of the multiple devices in detail. Basically, as described
above, we can divide the current range shown in Fig. 2(c) into
three regions: (I) detuning region, (II) synchronization region,

and (IIT) disorder region. Figures 2(d)-2(f) show the spatial
profiles of magnetization with red and blue colors represent-
ing opposite directions of M, respectively. Here, we should
mention that the self-oscillating bullet mode forms an ellipse
shape due to the external magnetic field. In principle, we can
treat it as a single device when the multiple devices are syn-
chronized. In this case, the oscillation mode will exhibit an
elliptical symmetry.[*8) With the increase of the current, the
multiple devices ignite the self-oscillation, but it is now in
an asynchronous detuning state. The frequencies of bulk and
edge modes have a great difference, as shown in the first inset
in Fig. 2(c), and the phases of the magnetization precession
in both sides of the dashed line shown in Fig. 2(d) are quite
different and even opposite. When the current reaches about
3.2 mA, the frequency and phase of self-oscillation in multiple
nanowires begin to lock-in, and the magnetization oscillation
starts to synchronize. Eventually, the signal’s amplitude sig-
nificantly increases, and the linewidth greatly reduces (see the
middle inset of Fig. 2(c)). In this case, the corresponding spa-
tial profile of magnetization represents a symmetrical pattern
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along the external field (dashed line), as shown in Fig. 2(e).
However, when the current exceeds a certain critical value
(5.8 mA in Fig. 2(c)), the spectra of frequency exhibit two
peaks again, indicating the device in the stage of detuning (see
the last inset of Fig. 2(c)). Meanwhile, the corresponding spa-
tial profile of magnetization demonstrates a disordered behav-
ior due to the large current (see Fig. 2(f)).
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Fig. 3. (a) The FFT amplitude as a function of nanowires length for devices
with nanowire number N = 1, 3, 5, respectively. (b) The spatial profiles
of magnetization for devices with the length of nanowires being 300 nm.
The dotted ovals indicate the regions of edge modes synchronized with each
other in the devices with five nanowires.

In order to investigate the influence of the length of
nanowires on synchronization, we further focus on the SHNO
with the different numbers of nanowires N = 1, 3, and 5.
As shown in Fig. 3(a), compared to the single nanowire, the
amplitude of the spectra can be significantly improved for
the synchronized multiple nanowires. With the increase of
nanowires’ length, the amplitude will decrease rapidly, indi-
cating the weakening of synchronization due to the long dis-
tance of the oscillation cores of bulk and edge modes. This re-
sult agrees well with the previous study of nano-oscillators. 28]
The ratio of amplitudes is 1:3.4:5.3 when the length of the
nanowires is less than 100 nm, which is very close to the num-
ber of the nanowires (the power is proportional to the square
value of the amplitude in our analysis system). The ampli-
tude of the spectra will slightly fluctuate with the length of
the nanowires. This is because the phase of spectra is depen-
dent on the length of the nanowires, subsequently affecting
the phase-locking of the observed spectra.!'”! In particular,
as shown in Fig. 3(a), when the length is 300 nm, the am-
plitudes of SHNO with three and five nanowires are almost
identical. We further examine the spatial profiles of magne-
tization of these two samples. As illustrated in Fig. 3(b), the
device with three nanowires can be completely synchronized
and indicated by the arrow’s color. However, only the three
nanowires marked by the dotted ovals demonstrate synchro-
nization for the device with five nanowires, while the other two

are completely asynchronous. This behavior further demon-
strates that the length of nanowires will be very critical during
the synchronization of multiple devices.
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Fig. 4. (a) The FFT amplitude as a function of intensity of iDMI for five
nanowire-based SHNO devices with different nanowires lengths. (b) The
spatial profiles of magnetization in the stages of synchronization and non-
synchronization. The blue dashed lines represent the projections of the ex-
ternal field in the film plane. The black dashed lines represent the trajectories
of the spin wave.

It is well known that DMI can induce some special
spin structures such as magnetic skyrmion lattices and spin
spirals.[*-511 In particular, for FM/HM heterostructures with
broken spatial inversion symmetry, the iDMI can be arisen due
to the large spin-orbit coupling at the interface. Moreover,
such an iDMI can be tuned with the electric field and fur-
ther stabilize the magnetic skyrmion and domain walls in the
Neel configuration with certain chirality.5>33! In our structure
of multiple devices, this iDMI will definitely exist due to the
FM/HM interface. It might play an important role in the syn-
chronization of multiple devices. We further investigate the
influence of iDMI on the synchronization of nanowire-based
SHNO devices. As shown in Fig. 4(a), it is clear that the
amplitudes of spectra exhibit oscillations with the strength of
DMI. This is because the iDMI affects the amplitude and the
phase of the spin-wave, resulting in the modulation of spec-
tra intensity during the synchronization. Another interesting
point is that the period of oscillation of spectra intensity de-
creases with the increase of nanowires length, again indicat-
ing the length of nanowires plays an important role in the syn-
chronization in multiple devices.>*! Moreover, the modula-
tion ratio of the amplitude AA = Apax — Amin/Amax can even
reach about 100% in the device with a nanowires length of
500 nm. We further plot the magnetization spatial profiles of
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synchronous and asynchronous states in Fig. 4(b). The syn-
chronization in multiple devices can be modulated by intro-
ducing iDMI. This modulation result of IDMI also shows that
the spin-waves come from the tuning of bulk and edge mode
rather than the simple superposition of them. This result will
definitely pave a new way to optimize SHNO devices for fu-
ture application, for example, by funding iDMI with an elec-
tric field.!>>-%!

3. Conclusions

In summary, we investigated the synchronization of
SHNOs with the different numbers of nanowires devices. The
synchronization can be obtained by tuning the frequency and
phase of bulk and edge modes of spectra. For devices with
multiple nanowires, we also need to tune the phase of spectra
between these nanowires in order to synchronize the signals
fully. The amplitude of synchronized spectra is remarkably
enhanced with a very narrow linewidth for multiple devices.
Moreover, the synchronization of multiple devices is strongly
related to the length of nanowires, and the intensity of spectra
almost exponentially delays with the length of the nanowires.
Finally, we demonstrate that the iDMI can effectively modu-
late the synchronized spectra with a periodic oscillation. The
modulation ratio can even reach about 100% by varying the
strength of iDMI. This will be of great significance for devel-
oping spin logic devices.
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