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ABSTRACT

Spin-Hall nano-oscillators (SHNOs) are nanoscale spintronic devices that generate high-frequency (GHz) microwave signals useful for
various applications, such as neuromorphic computing and creating Ising systems. Recent research demonstrated that hybrid SHNOs con-

sisting of a ferromagnetic metal (permalloy) and lithium ferrite-based (LAFO) insulating ferrimagnetic thin films have advantages in having &
lower auto-oscillation threshold currents (Iy,) and generating larger microwave output power, making this hybrid structure an attractive can- §
didate for spintronic applications. It is essential to understand how the tunable material properties of LAFO, e.g., its thickness, perpendicular 3
magnetic anisotropy (K, raro), and saturation magnetization (Myaro), affect magnetic dynamics in hybrid SHNOs. We investigate the 5
change in Iy, and the output power of the device as the LAFO parameters vary. We find the Iy, does not depend strongly on these parame- §
ters, but the output power has a highly nonlinear dependence on M;sro and K, paro. We further investigate the nature of the excited spin- g
wave modes as a function of K,,;aro and determine a critical value of K, 1aro above which propagating spin-waves are excited. Our simula- &
tion results provide a roadmap for designing hybrid SHNOs to achieve targeted spin excitation characteristics. ®
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0232164
I. INTRODUCTION consisting of a permalloy/platinum bilayer nanowire (Py/Pt) on top of
Spin-Hall nano-oscillators (SHNOs) have been of great research an eXtended. LAFO thin ﬁl,m enh:ances microwave POV‘Z"fr cmission and
interest in achieving highly efficient spintronic devices for applica- lea.d.s to excitation of loc.ahz.ed. Spin-wave edge modes.” With the t}m-
tions in the field of magnonics'™~ and other novel information pro- ability of LAFO propertle.:s, 1tis essential to understand hpw th.e thick-
cessing architectures, such as Ising systems, ™ data communication,”* ~ 1€sS, saturation magnetization (MS’LAF.O)’. and magpetic anisotropy
and neuromorphic computing.”'* SHNO typically consists of a (Kyraro) of LAFO affect the auto-oscillation threshold currents and
heavy metal (HM) layer and a ferromagnetic layer (FM) in which the amplitude of the modes. More importantly, as propagating spin-
spin-orbit torque is generated by the spin-Hall effect in the HM waves can be excited in SHNO copsisting of materials with perpendic-
layer that drives magnetic moments to auto-oscillation in the FM ~ ular magnetic anisotropy (PMA),”>* it is also essential to investigate
layer.”™'* Insulating ferrimagnetic layers have been shown to effec-  the role of PMA in hybrid SHNO.
tively transmit spin angular momentum due to their low magnetic In this study, we use micromagnetic methods to study the effect
damping, associated with their lack of conduction electrons.'” of LAFO thickness, Ms1ar0, and Kyparo on SHNO characteristics.
Recent studies have developed a new class of magnetic insu]ating We find the critical current for the onset of auto-oscillations to be rela-
thin films, lithium aluminum ferrite (LAFO), which possesses desirable tively insensitive to magnetization and perpendicular magnetic anisot-
properties for SHNO integration, such as tunable magnetic anisotropy, ropy. However, as the perpendicular magnetic anisotropy increases, the
magnetization, low damping, and absence of dead magnetic layers.”’ nature of the excited spin-waves changes from localized bulk and edge
A recent study demonstrated that a hybrid SHNO configuration modes to propagating spin-wave modes and then to localized droplet
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modes. Our simulation findings, thus, provide insights into the design
of hybrid SHNOs to obtain desired spin excitation characteristics.

Il. MICROMAGNETIC SIMULATIONS

We used the MuMax3 micromagnetic solver’* to simulate a
LAFO/Py/Pt hybrid SHNO device. We model a 400 x 1500 x 5nm?
Py nanowire on top of a 1500 x 1500 x tnm® (¢t = 0—40 nm)
LAFO layer, as shown in Fig. 1(a). The simulation employs a cell size
of 5 x 5 x 5nm?, which is about the exchange length of Py (5.3 nm)
and well below that of LAFO (12-31nm for the range of LAFO
parameters we consider, see below). Py parameters are kept constant
throughout simulations: 1, M; py, = 1.08 T, an effective magnetization
UM, py = 0.78 T, which is defined as M = M, — 2K, /oM, and
a Gilbert damping constant apy = 2.6 x 1072 from ferromagnetic
resonance (FMR) measurements.”’ The following LAFO properties
are fixed throughout our study: the exchange stiffness is 4 pJ/m and
the Gilbert damping aparo = 1 x 1073, The exchange constant
between the Py layer and LAFO layer is taken to be half of the har-
monic mean of the two layers. Near the boundaries of the simulated
region, we set an exponentially increased damping to reduce spin-
wave reflection. To properly model the demagnetization field in the
extended LAFO, periodic boundary conditions are applied in the X
direction, the direction transverse to the electrical current application.

To simulate auto-oscillation excitation, we apply an external
magnetic field at 70° with respect to the y direction, the central
axis of the Py nanowire. In the experiment, the auto-oscillation
signal is detected by the anisotropic magnetoresistance effect.
Therefore, the magnetic field must be applied at some angle to the
direction of the electrical current. An electrical current is applied to
a Py/Pt bilayer to excite auto-oscillation. Thus, spins in the Pt
nanowire at the interface to Py are polarized in the % direction. To
describe this in micromagnetic simulations, a spin current J; in the
% direction is applied to the active region (500 x 400 x 5nm>) of
the Py nanowire. We neglect the Oersted field generated from J,
since it is less than 10% of the external field from a COMSOL
modeling of the magnetic field distribution. The spin current
density J; is calculated from the current density J, in Pt using the
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relation J; = Osp/., where Ogy is the spin-Hall angle of Pt and is
set to 0.15. In the simulations, J, is slowly increased at a rate of
4 x 108 A/m’s so that the system reaches a steady state at each
time step of 1 ps. We first determine the threshold current density
Jin to excite the auto-oscillation state by monitoring whether the
average maximum torque acting on the Py magnetization increases
within 150 ns. An increased torque implies that the Py magnetiza-
tion is driven out of equilibrium and into auto-oscillation. To elim-
inate Jy,-dependent effects and ensure the system reaches
steady-state dynamics in our studies, we apply J, = 1.2Jy. To
resolve the resonant frequencies of the auto-oscillation state, we
performed the fast Fourier transform (FFT) on the time evolution
of the spatially averaged steady-state magnetization along the z
direction 7,(t) in the central Py nanowire. The initial 40 ns of the
simulation were excluded in the FFT analysis to ensure the transient
dynamics is not included. We find the auto-oscillation frequencies
and corresponding amplitude by fitting the resulting FFT amplitude
spectrum to a Lorentzian function. In an experiment, the magnetiza-
tion precession leads to resistance oscillations through the aniso-
tropic magnetoresistance effect that generate the microwave
signal.”>*® Larger amplitude precession, thus, leads to higher output
power. Since the FFT in the simulation is proportional to the ampli-
tude of the magnetization precession, we can use this property to
infer the output power. Pixel-wise spatial FFT is conducted to obtain
the spatial profile for each oscillation mode in the Py nanowire and
LAFO layer following the FFT method of Ref. 27. To simulate FMR
experiments, an in-plane perturbing magnetic field in the form of a
sinc function of a magnitude 0.5mT is applied uniformly to the
sample, which is subjected to Hexy = 0.08 T. Then, we perform FFT
on the excited m,(t) to determine the FMR frequencies.

I1l. RESULTS AND DISCUSSION

Previous work has shown that the main auto-oscillation modes :
in LAFO/Py/Pt hybrid SHNO devices are an edge mode (EM) and a

bulk mode (BM).”' For EMs, the auto-oscillation occurs at a lower
frequency with a higher oscillation amplitude near the edges of the
Py nanowire, where the internal magnetic field is reduced due to the

EM

BM

LAFO10

FIG. 1. Hybrid nano-oscillator and modes spatial FFT images. (a) Schematic of a hybrid SHNO. The device consists of LAFO (t_aro)/Py5/Pt5. The external field is applied
at an angle ¢ to the current, and the applied charge current is restricted to the center region of the Py nanowire, indicated in a dark blue color. (b) Spatial FFT profiles of
the edge mode (EM) and bulk mode (BM) in the Py nanowire and LAFO (10 nm) layer. An in-plane external field uyHex = 0.08 T is applied at ¢ = 70°. The region
enclosed by the white broken lines denotes the area where the spin current is injected into the Py layer.
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FIG. 2. Threshold current density Ji, as a function of (a) LAFO thickness fiaro (1oMs, Laro = 0.0942 T, Kyiaro = —31.7kJ/ m®), (b) LAFO saturation magnetization
Msiaro (faro = 10nm, Kyaro = —31.7kJ /ma), and (c) LAFO perpendicular anisotropy constant K, aro (faro = 10 nm, oMsiaro = 0.0942 T) with an in-plane exter-
nal field zoHext = 0.08, 0.6, and 1.2 T at ¢ = 70°. For all the simulations, ctaro = 1 X 1073, apy = 2.6 x 102, toMegipy = 0.78 T, and ugMspy = 1.08 T.

demagnetizing field. For the BM, the auto-oscillation occurs at high that Ju, is proportional to t;ar0, Ms1aro, and Ky, 1ar0»
frequency with a high oscillation amplitude near the center of the Py

nanowire, as shown in Fig. 1(b). Jin o< (apyMs, pytpy + araroMsiarotiaro) Me, )
A. Threshold current where -
o
Lowering the threshold current to drive auto-oscillation is g
crucial to minimize power consumption and heat generation, Mg = toyMett pyMipy + tiaro MefrLaroMsraro Q) %
which affect the thermal stability of SHNO devices. Therefore, we toyM;py + traroMsLaro N
first examine the effect on Jy, as LAFO thickness (fapo0), magneti- N
zation (M, aro), and perpendicular magnetic anisotropy (K,raro) is the average effective magnetization of the hybrid nano-oscillator, z
at gyHe = 0.08, 0.6, and 1.2T. A macrospin model’' predicts and the effective magnetization for Py and LAFO layers is denoted §
N
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FIG. 3. Edge mode and bulk mode output power as a function of (a) LAFO thickness fiaro (oMspy = 1.08 T, Ky 1ar0 = —31.7kJ /ma). (b) LAFO saturation magnetiza-
tion poMsiaro (faro = 10nm, Kyiaro = —31.7kJ/ m3). (c) LAFO perpendicular anisotropy constant Kyiaro (faro = 10 nm, uoMsiaro = 0.0942 T). All simulations
were conducted with an in-plane poHeq = 0.08T at ¢ =70° with constant parameters auaro = 1 x 1073, opy = 2.6 x 1072, uoMes, py=0.78T, and
HoMspy = 1.08 T. The current density is set to Jo = 1.2Jy.
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30 ‘ : ‘ ‘ to a negligible effect on Ji, as expected from Eq. (1). From our
. micromagnetic study, we conclude that in the regime of
'S ° Varymg I<u$ LAFO 0.08T < )qus,LAFO < 0.25T and 035T < )queff,LAFO < 2.59 T,
25¢ 4+ Varying ]\/[S’ LAFO i reducing t 4o is the most effective means to lower Jiy,.
20+ A

B. Output power

FFT Amplitude (arb. unit)

151 ~ | It is also crucial to maximize the output power, as it allows
~ better detection of electrical signals in applications. Research has
A A demonstrated that the incorporation of an extended LAFO thin
10+ ¢ R o film beneath a Pt/Py nanowire can significantly enhance power
A ® , . emission.”’ However, the relationship between this enhanced power
5| N ® emission and LAFO parameters is yet to be explored. Now, we con-
sider how the output power varies with the LAFO parameters
° (tLaro> M, 1aro, and Ky, p1aro). The auto-oscillation amplitude is
0 : : \ : shown as a function of these parameters in Fig. 3. Figure 3(a)
0 0.5 1 1.5 2 shows that the output power of the EM does not depend strongly
U OMe . LAFO (T) on tLaro, Whereas the output power of the BM decreases as taro
increases.
. . . Interestingly, Fig. 3(b) shows that there is a peak in the output
FIG. 4. Edge mode Qutput power as a fgncﬂon of LAFO effective magnelhzatlon power of EM and BM around uyM;iaro = 0.17 T. In Fig. 3(c), a
Mesi aF0- The effective magnetization is calculated for two cases. First, fix . . > 3
A Ms,LAFO — 0.09427T and vary Kuaro (red circles). Second, fix Kyaro peak in EM output power is observed arognd.Ku,LApo =-20 k]/ m’.
= —31.7kJ/m® and vary My aro (orange triangles). The external field is fixed Mg Laro decreases as Ky,Laro increases (ie., in-plane magnetization
at pgHey = 0.08 Tat = 70°. is less favored). This is advantageous for aligning the moments at the

edge of the Py nanowire, generating a larger precession angle. To
better understand why there is a maximum in the output power of
the EM, oM 1aro is plotted against the EM output power in Fig. 4

by Megpy and Megrraro, respectively. Figure 2(a) shows that Ji based on data from Figs. 3(b) and 3(c). We observe a peak in the ;zn
slowly increases with # a0, which agrees with the macrospin EM output power around pyMegrar0 = 0.6 T when varying either §
model prediction. However, Ji, does not depend noticeably on Kuaro or M;paro. This suggests that the peak is determined by the §
M;1ar0 and K, 1aro0, as seen in Figs. 2(b) and 2(c). We attribute effective magnetization Mg 1ar0, rather than by K, 1aro or Msiaro 8
this to the fact that M aro is only one-tenth that of M;p,, leading independently. =
8
N
(a) (b)
12 16 Kyraro=-31.7 kJ/m?3 K, raro=-10 kJ/m3 K, =15 kJ/m3
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FIG. 5. PSD and spatial profiles from micromagnetic modeling. (a) PSD map as a function of frequency and K,iaro With poHex = 0.08 T at ¢ = 70°, and
J=2x 1012A/m2, HoMs, 1aro = 0.0942 T for LAFO10/Py5. The yellow curve indicates the FMR frequency. (b) Spatial FFT images of the LAFO layer and Py layer at
the BM auto-oscillation frequency for K, aro = —31.7, —10, and 15 kJ/m3. The linear color scale is on the right, where the color represents the FFT amplitude of the
magnetization along the z direction.
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FIG. 6. FMR simulation. PSD of LAFO10/Py5/Pt5 as a function of K, 1aro at a
fixed field poHexx =0.08T at ¢ =70° and fixed saturation magnetization
HoMsiaro = 0.0942 T and pgMspy = 1.08 T. The Kittel model is shown by the
black dotted curve. The FMR frequencies of LAFO10/Py5/Pt5, bare LAFO10,
and bare Py5 are shown by pink crosses, green circles, and purple diamonds,
respectively.

C. Excited mode profiles

We now investigate the nature of the auto-oscillation modes
as K, 1aro is varied. Figure 5(a) shows the power spectral density
(PSD) map as a function of frequency and Kyjaro. The yellow
curve is the LAFO FMR frequency calculated using the Kittel rela-
tion f = uyy/(27)[(Hext sin Oy — Megr €08 20p1) (Hexe Sin Oy — Megr
cos? 031)]"/2, where ¥ is the gyromagnetic ratio, u, is the vacuum
permeability and ) is the equilibrium angle of the LAFO magneti-
zation and is calculated by solving the angle that minimizes the
energy. The PSD map is sectioned into three regions by the FMR
curve, where the middle region has spin-wave modes excited at fre-
quencies higher than the FMR frequency fpmr and the other
regions have spin-wave modes excited below fpvr. This indicates
that the spin-wave modes are localized for both large negative and
positive K, 1aro but can propagate for intermediate values of the
perpendicular magnetic anisotropy.”® This is seen directly by the
spatial FFT analysis shown in Fig. 5(b). For large negative K, 1aro,
the spin-waves are localized near the Py edges, where the demag-
netization field creates a potential well for the spin-waves, associ-
ated with a local minima in Meg. The applied field in the plane
and the in-plane anisotropy increase the depth of the spin-wave
potential well and lead to further mode localization.” As K..1aF0
approaches zero from negative values, magnetization has less pref-
erence to align along a specific orientation. This leads to a shal-
lower potential well for spin-waves with a smaller M. As Mg
decreases, the auto-oscillation frequency and fryr decrease until
the auto-oscillation frequency is greater than fryr, leading to prop-
agating spin-wave modes. For large positive K, yaro, the LAFO is
perpendicularly magnetized. Therefore, increasing K, 1aro leads to
a decreasing M. but an increasing femg.

ARTICLE pubs.aip.org/aip/jap

To better understand the interplay between mode behavior
and intrinsic properties of the device, a FMR spectroscopy simula-
tion is conducted with varying K, 1aro, with values ranging from
—50 to 30kJ/m’. Figure 6 compares the PSD FMR map of an
LAFO10/Py5/Py5 SHNO device (pink crosses) with the FMR con-
dition derived from the Kittel relation (black dotted curve), the
FMR spectrum of LAFO10 (green circles) and Py5 (purple dia-
monds). The single FMR mode indicates that the LAFO and Py
layers are strongly coupled. The similarity in fpvr between the
LAFO layer and the device suggests a minimal impact of the Py
layer on the hybrid SHNO FMR frequency. In comparison to the
data presented in Fig. 5(a), it is observed that the EM’s peak output
power corresponds to the point where fevrpy and femrraro coin-
cide. This observation suggests that the observed EM maximum
output power is attributable to a resonance effect between the two
layers, which is determined by My of LAFO. It should be noted
that in Fig. 6, the amplitude of the device’s FMR response shows a
stepwise increase when fpmppy exceeds fempraro around
K,1ar0 = —20 k]/m3. This is likely due to the fact that when
SfemrLAFO > femrpy, the Py magnon frequencies fall below the
lowest frequency LAFO magnons, impeding the propagation of
magnons from the Py layer to the LAFO layer.”’ In contrast, when
Sfemrraro < femrpy> the Py magnons can propagate into the LAFO
layer. In addition, since the LAFO layer has an ultralow Gilbert
damping, the FMR amplitude is enhanced.

D. Summary

In this work, we investigated the impact of various LAFO
parameters on Jy, and output power of the LAFO/Py/Pt hybrid
SHNO using micromagnetic simulations. The results indicate that
Jim is not significantly affected by changes in tjaro, Msparo, OF
K,1ar0. However, a peak in the EM output power was observed

when M;1aro and Ky paro are varied. Our findings reveal that the

maximum EM output power occurs when femriaro and femrpy
coincide. Our study also shows that the nature of BM changes
between a localized mode and a propagating mode as K, iaro
varies. Our work provides a roadmap for the engineering of LAFO
properties for building more efficient and powerful hybrid SHNO
devices for future applications.
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