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ARTICLE INFO ABSTRACT

Keywords: This study investigates the excitation of short-wavelength spin waves (SWs) in nanowire-based spin-Hall nano-
Spin Hall nano-oscillators oscillators (SHNOs). Using micromagnetic simulations, we study the wavelength of propagating SWs as a
Spin Hall effect function of nanowire width, ranging from 10 to 50 nm, excited in a 1.7 nm-thick CoFeB layer using a pure spin

Short spin wave propagation current generated by a Snm thin platinum layer via the spin Hall effect. Our results showed that SWs with

shorter wavelengths are excited in narrow widths at higher magnetic fields and higher currents. In addition,
the wavelength of the propagating waves scales linearly with the width of the nanowire. We attribute the
emission of short wavelength due to the quantization of SWs in the nanowire. By reducing the nanowire
width, SWs with ultrashort wavelengths are excited at high frequencies, with larger propagation speeds and
longer attenuation lengths. Our results show that ultrashort SWs with wavelengths as short as 80nm can be
generated in metallic-based SHNOs, with a group velocity of v, = 1.6pm/ns and attenuation length of L,, =
0.6 pm. These findings have significant implications for the scalability of magnonic devices, which could have

potential applications in SW-based logic and neuromorphic computing.

1. Introduction

While the CMOS-based technology is approaching its fundamental
constraints, high-performance electronic devices are experiencing ex-
treme challenges in terms of power consumption and miniaturization
[1]. Spin Wave (SW) excitation, i.e. the collective precession of the
magnetization (M) in magnetic materials, offers a promising alternative
as it allows for substantial low power consumption resulting from the
absence of the ohmic losses [2,3]. In addition, SW-based technology
allows for further scalability of devices, due to its shorter wavelengths
(1) which span a wide range from a macroscopic length down to
nanometers [4]. Exchange-dominated SWs oscillate at high frequencies
with short wavelengths below 100 nm and large group velocities.
However, the excitation, manipulation, and propagation of SWs with
short A remain a crucial challenge [5-9]. Recently, the challenge of
generating short SWs has been addressed using: wavelength conversion
in magnonic waveguides [10], emission of SW from a pinned magnetic
vortex cores [11] or domain wall [12], and coupling between periodic
ferromagnetic structure and an adjacent ferrimagnetic film [13-17].
Indeed, propagating SWs can be effectively excited using spin-transfer
torques mechanism [18-25], by utilizing spin-polarized current. In
spin-Hall nano-oscillators (SHNOs) devices, SWs could be excited with
A = 250nm [26-29] however, a systematic study to examine ultrashort
SWs excitation in these devices is still lacking.

In this paper, we study the excitation of propagating SWs with short
wavelengths in nanowire-based spin-Hall oscillators while varying the
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width of the nanowire, w = 10-50nm. We employ micromagnetic
simulations to determine A of propagating SWs as a function of w in
1.7 nm thin CoFeB layer. Our results showed that SWs with shorter 4 are
excited in narrow widths at higher magnetic fields and higher currents.
In addition, we find a linear relation between A and w. We attribute
the emission of short wavelength due to the quantization of SWs in
the nanowire. While reducing w, SWs with ultrashort wavelengths are
excited at high frequencies, with larger propagation speeds and longer
attenuation lengths. Our results show that ultrashort SWs with wave-
lengths as short as 80nm can be generated in metallic-based SHNOs,
with a group velocity of v, = 1.6 pm/ns, and an attenuation length of
L, = 0.6 pm. This is a promising result where the integration of SHNOs
in magnonics may lead to further scalability of electronic devices.

2. Methods

As a basis for the micromagnetic simulations, we simulate a stack
of, 1.7nm CoFeB and 5nm Pt layers containing a rectangular-shaped
nanowire of length 1 = 200nm and w which is varied between 10,
20, and 50nm as shown in Fig. 1(a). An in-plane current is applied
along the y-direction where a high current density is centered in the
nanowire regime and decays rapidly in the electrodes. The electrical
current density and the corresponding Oersted field in the devices were
simulated using COMSOL software under a reference electrical current
of 2mA. A plot of the maximum electrical current density versus w is
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Fig. 1. (a) Schematic layout of the nanowire-based spin-Hall oscillator device made of
CoFeB (1.7 nm)/Pt (5 nm) bilayer with a nanowire of width (w) and length 1 = 200 nm.
This shows the direction of the applied magnetic field and the dc current. (inset) The
maximum current density as a function of w calculated at I = 2mA using COMSOL
software.

shown in Fig. 1(b) where the current density is inversely proportional to
w. The micromagnetic simulations are performed using mumax® solver
with the input from the COMSOL simulation. In the simulations, we
assume a rectangular mesh which has dimensions of 2000x2000x1.7 nm?
with a cell size of 3.9x3.9x1.7nm>. We translate the electrical current
density (J,) to the spin current density (J,), using the relation Jg; =
OsyJ. where gy is the spin Hall angle of Pt and is equal to 0.1. In the
simulation we assume that the injected spin current produces mainly a
damping-like torque of the Slonczewski form, more details can be found
in Dvornik et al. [30]. For micromagnetic simulations, the CoFeB/Pt
bilayers were assumed to have a saturation magnetization yyM; =09T,
a Gilbert damping a = 0.02, a gyromagnetic ratio y/2z = 30 GHz/T,
and an exchange stiffness of A = 15pJ/m, consistent with experimental
studies [31]. The magnetization dynamics are simulated by integrating
the Landau-Lifschitz—-Gilbert-Slonczewski (LLG-S) equation over 200 ns.
The frequencies and spatial profiles of excited modes of the system are
extracted by performing the Fast Fourier Transform (FFT) of the time
domain data that represents the evolution of the magnetization.

3. Results and discussion

First, we study the spin-torque-driven auto-oscillations in devices
while considering a perpendicular magnetic anisotropy (PMA) K, =
0.075MJ/m> [28,31]. An out-of-plane magnetic field yyH = 0.7T is
applied at 75° to the nanowire. When an in-plane dc current (I) is
injected into the nanowire high-intensity auto-oscillations are detected
while scanning I up to 1.5 mA in each device. In Fig. 2(a—c), the power
spectral density of SWs is recorded in the three devices, where the
dashed line represents the Ferromagnetic resonance (FMR) mode of the
full device. Current-induced SW auto-oscillations are observed when
a pure spin current generated by the spin Hall effect counteracts the
natural damping of the devices and allows for the emission of high-
intensity oscillations above a threshold current. The frequency of the
auto-oscillations lies above the frequency of the linear mode and is
tunable with the applied current. Although the threshold current seems
to be similar in Fig. 2, the current density is different for the three
devices that drive propagating waves with different onset frequencies.
Note that the frequency of the auto-oscillations is higher in the 10-nm
device as compared to other devices. This mode corresponds to the
excitation of propagating SW in nanowire devices [29].

Then, we determine 4 of the propagating SW while varying w, u,H,
and 1. We obtain 4 by calculating the magnetization profile of the
oscillations at yyH = 0.7T and I = 1 mA. Fig. 3 shows the spatial mode
profile of the z-component of magnetization (m,) for three different
devices, (a) 10 nm, (b) 20 nm, and (c) 50 nm, where the oscillations begin
in the center of the nanowire and propagate into the leads. Current
devices can generate cylindrical waves emerging from the nanowire
into the electrodes with a controlled wavelength which is interesting
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to use SHNOs devices as microwave emitters in magnonic. The shapes
of the modes differ in the nanowire since the oscillations have different
wavelengths as we will discuss below. To determine 4, we extract the
magnitude of m, along the y-direction, at x =0 where m, exhibits a
high amplitude of oscillation at the center of the nanowire that decays
exponentially away from the center and propagate into the leads of the
device as shown in Fig. 3(d). We measure shorter SW excitations with
shorter A in the 10 nm device. This observation suggests that altering the
width of the nanowire results in the excitation of propagating waves
with different wave vectors due to the confinement of SWs. Fig. 3(e)
shows the magnitude of m, extracted along the width of the nanowire,
at y = 0.0 pm. All three devices exhibit a cosine-like profile, similar to
previous investigations of confined waveguides [34]. Notably, the am-
plitude of m, at the edges displays a 100% change for the 50 nm devices
i.e. it is almost null at one of edge, while a symmetric profile is observed
for the 20nm devices, and a weaker change of 10% is recorded for
the 10nm devices. This behavior could arise from strong confinement
of Sws across the nanowire while reducing the width, influenced by
different pinning conditions for the magnetization at the edges in each
device, and consequently modifying the SW dispersion relation [35].
We report a linear variation between A and w as shown in Fig. 4(a).
Reducing the nanowire width results in stronger confinement leading
to the emission of propagating waves with shorter wavelengths. This is
consistent with the Slonczewski relation derived for the nano-contact
geometry where the wavevector (k) of the emitted waves is inversely
related to the radius of the nanocontact ryc with k = 1.2/ryc [36].

While increasing the magnetic field from 0.7 T (closed circles) to
0.9 T (open circles), a further reduction in A is observed. This is due to a
change in the magnetization orientations at the edges, i.e. the boundary
conditions, which affects 4 of the propagating waves. Consequently, the
propagating waves oscillate at higher frequencies while reducing w and
increasing the magnetic fields, as shown in Fig. 4(b).! To investigate
the effect of the current on A, we calculate A at a constant field of
0.7T and constant currents of 0.6, 0.8, and 1.0mA. The results are
presented in the inset of Fig. 4(a). It is observed that A can be adjusted
by changing the current, and higher currents result in the excitation of
shorter 1 propagating SWs in each device. This can be attributed to the
increased strength of the spin-torque as the dc current rises, allowing
for the excitation of propagation with short 1. Additionally, the Oersted
field generated around the vicinity of the nanowire increases with the
applied current, contributing to the change in the net field or the
frequency of the excited SWs [37] and hence results in a change in
A. In our study, we detect an ultra-short A of 80nm for the 10nm
nanowire device, and by further reducing the width to sub-nanometer
dimensions, a minimum A of 60 nm could be achieved in such devices.
Table 1 summarizes the results presented in this study and other studies
where short wavelengths are generated by various mechanisms. Note
that the characteristics of propagating waves in present SHNOs devices
are well compared with insulator-based devices. Finally, we extract the
properties of the propagating SW in SHNOs, which include the wave
vector (k), group velocity (vg), and attenuation length (L,,,). The results
presented in Fig. 5 are obtained using the following parameters p,H
=0.7T, K, = 0.075MJ/m?, and I = 1 mA. The wave vector k of SWs
is determined analytically from the dispersion relation (blue square)
of propagating spin waves considering thin film approximation [38]
while taking into account the exchange interaction and perpendicular
magnetic anisotropy,

HoY
w= <;)\/(HM+Dk2) (Hyg + DK + M, 1 cos(0y)) ¢))
where M, ., is the effective magnetization M,;, = M, — H,, with
H, = 2;;” is the PMA field. The effective internal magnetic field

! When K, exceeds the threshold for generating propagating SWs, both the
frequency and wavelength of the emitted waves increases.
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with a perpendicular magnetic anisotropy K, = 0.075MJ/m?.
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Fig. 3. The calculated spatial mode profile of the z-component of the magnetization (m_) for nanowire devices of (a) 10 nm, (b) 20 nm, and (c) 50 nm widths. Variation of m,
as a function of at (d) x = 0.0 pm and (e) y = 0.0 pm for the three devices. The mode profiles are calculated for 0.7T at I = I mA and K, = 0.075MJ/m>.

Table 1

Comparison of the propagating spin wave characteristics excited in different devices.
Layer Devices Frequency A v, Ref

(GHz) (pm) (pm/ns)

YIG(20 nm)/Ti(1 nm)/CoFe(50 nm) Nanowire/thin films 26.5 0.05 2.6 [15]
YIG(20 nm)/Ni80Fe20(15 nm) Nanowire/nanodisks 17 0.088 1.2 [14]
Ni81Fel9 discs Vortex core 10 0.08 0.55 [32]
YIG (44 nm) Conduit 3.84 0.6 0.1 [16]
Co81Fe19(20 nm)/Cu(6 nm)/Ni80Fe20(4.5 nm) Spin-torque 15.3 2.1 3.3 [26]
CoFeB/MgO/CoFe Magnetic tunnel junction 24.7 0.07 1.65 [33]
Bi-YIG (20 nm)/Pt(6 nm) Spin Hall effect 5.6 0.3 0.13 [27]
p-W(5 nm)/Co20Fe60B20(1.4 nm)/MgO(2 nm) Spin Hall effect 10 0.285 1.3 [28]
CoFeB(1.7 nm)/Pt (5 nm) Spin Hall effect 22.5 0.08 1.6 This study

and angle are calculated using magnetostatic approximation, as H
= 0.258T and 6,, = 0.79rad, respectively. We report an increase in k
as w decrease, where k varies between 42 and 74 rad/um~! for 50 and
10 nm respectively, as shown in Fig. 5 (main panel). The group velocity
v, is determined from the dispersion relation as v, = ‘;—"; L}'ﬂ.
SWs in these devices propagate at high velocities, ranging from 0.95
to 1.6 pm/ns for 50 and 10nm respectively, as shown in the inset of
Fig. 5 (blue squares). Notably, large speeds are achieved for waves

with higher k, which correspond to the 10nm width nanowire. The
effectiveness of SW radiation is estimated by calculating the attenuation
length L, from the group velocity v,, using the equation L, = :—i We
calculate an increase in L,, from 0.46 to 0.56 pm as k increases from
42 and 74 rad/pm~!, as shown in the inset of Fig. 5 (red circles). In
this study, we notice that the amplitude of SWs decays faster for SWs
with lower k where we report an increase in the L, by a factor of 1.2
while increasing k.
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Fig. 4. (a) Variation of the spin-wave wavelength A versus w of the device at 0.7T
(closed dots) and 0.9T (open dots) with I = I mA and K, = 0.075MJ/m?>. Red lines are
linear fits. (Inset) The change of 4 versus w at different values of I with a magnetic
field of yuyH = 0.7T. (b) Variation of frequency versus w measured at 0.7T (closed
dots) and 0.9T with I = I mA and K, = 0.075MJ/m>.
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the applied magnetic field, and the current. We attribute the emission
of short wavelength to the quantization of SW. An ultrashort SW
excitation with a wavelength of 80 nm is achieved. Moreover, the
study reveals that decreasing the nanowire width leads to the excitation
of shorter wavelengths at higher frequencies, with larger propagation
speeds and over longer distances. Pushing the SW wavelength to sub
100 s of nanometers allow the operation of magnonic devices at high
frequencies (f « k?) and at a faster data transmission (vg x k).
These findings provide valuable insights for designing SW devices with
ultrashort wavelengths that could be beneficial for various SW-based
logic and neuromorphic computing applications in the future.
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Overall, reducing the width of the nanowire results in propagating
waves with (i) shorter 4, higher k or equivalently higher frequencies,
(i) larger v,, and (iii) slightly longer propagation distances. This latter
is critical for applications where longer L, is desired for imple-
menting metallic magnetic films in SW-based logic and neuromorphic
computing technologies. Since L,, is inversely proportional to the
damping coefficient a longer attenuation length could be achieved
while fabricating nanowire devices with low damping materials [22,
39].

4. Conclusion

In summary, this paper presents the successful generation of short-
wavelength propagating SWs in nanowire-based spin-Hall oscillators
with a width as small as 10 nm. The results demonstrate that the
wavelength of SWs can be adjusted by changing the nanowire width,
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