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ABSTRACT

We have investigated the magnetization reversal processes and dynamic behavior of trilayered Py(50 nm)/Pd(¢pq)/Py(20 nm) nanowires with
periodic width modulation as a function of spacer layer thickness tp4 in the range from 0 to 10 nm and compared them with single-layer
nanowires. The ferromagnetic resonance spectra show more than three modes that result from a non-uniform demagnetizing field in width-
modulated nanowires. We observe that the spacer layer thickness influenced the ferromagnetic resonance spectra, which showed different
numbers and values of modes and frequencies due to the different magnetization configurations for different spacer layer thicknesses. We
also found that the two ferromagnetic layers are exchange-coupled for fpq =2 nm nanowire arrays, showing the sharp switching of magneti-
zation from the static measurements and sharp frequency jump from 13.6 to 14.7 GHz around —18 mT from the dynamic measurements.
However, for tpq = 10 nm, the two layers switch at different fields, indicating a gradual decrease in magnetization as the reversal is mediated
through dipolar coupling. The origin of modes is well explained from the spatial mode profiles of top and bottom magnetic layers.
The dynamic responses in this spin-valve-type structure are useful for designing microwave-based spintronic devices.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (http://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0191447

INTRODUCTION

Magnonics is a blossoming sub-field of spintronics that
employs the excitation of magnetic materials called spin waves or
magnons to carry, store, and process information in magnetic
nanostructures.' ™ Utilizing spin waves as data carriers offers advan-
tages, including low power consumption, reconfigurability, high-
frequency operation, miniaturization, and compatibility with existing
complementary metal-oxide semiconductor (CMOS) technology."
Research on magnonics in recent years has unravelled the fundamen-
tal physics to introduce prototype devices such as transistors, oscilla-
tors, filters, and logic gates.”” These inventions of magnonic devices
have fueled the demand for the design of various synthetic reconfig-
urable magnonic crystals (MCs) to control spin waves.'” The MCs
are magnetic metamaterials consisting of periodic nanomagnets and
exhibit rich, dynamic spectra possessing magnonic bandgaps.'' ™"

A nanowire array represents a fundamental example of a one-
dimensional magnonic crystal, wherein shape anisotropy facilitates

the alignment of magnetization along the wire’s length, indepen-
dent of an external magnetic field.'” These act as waveguides to
carry information encrypted in spin waves for applications in spin-
tronic devices.'”'® Recently, investigations have been carried out on
magnetization reversal and collective magnetization dynamics in
planar nanowires. Here, the microwave properties lying in the GHz
regime are tuned as a function of thickness, lateral dimensions,
magnetic field amplitude, and orientation.'”~** The ease of fabrica-
tion techniques has opened up a way to explore multilayer systems
(three-dimensional MCs). These have spin-valve-type architecture
and exhibit exotic properties such as spin pumping, giant magneto-
resistance, and interlayer coupling.””™*” The dipolar and exchange
coupling fields give additional functionalities to engineer the spin
wave spectra in multilayer systems.”>”” The impact of magnetiza-
tion orientation (i.e., the layers are exchanged or dipolar coupled)
in the multilayers on the magnetization reversal and dynamical
properties is studied.”’ The spin waves are probed using the
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Brillouin light scattering technique to detect the propagation prop-
erties (stationary or dispersive) and bandwidths of the detected
modes.”"””> Thinking beyond the planar wire with homogeneous
width, modified shape anisotropy at the modulated regions in the
wire is being exploited to tune the resonant spectra.”>* The width-
modulated regions act as pinning sites, offering a route for design-
ing reprogrammable resonant spectra.”” Previous works mainly
focused  on single-layer ~ width-modulated = nanowires
(WMNWSs).”>”" However, studying multilayer’s magnetization
reversal and dynamic properties is limited only to regular wires
with no width modulation.

Here, we report the role of dipole and exchange coupling on
magnetization reversal processes and spin dynamics in WMNW
arrays consisting of two ferromagnetic (Py-NigoFe,,) layers sepa-
rated by a non-magnetic palladium (Pd) spacer layer, ie., Py
(50 nm)/Pd(tpgq)/Py(20 nm). In this respect, two different thick-
nesses (tpg =2 and 10 nm) of the spacer layer have been explored.
The results are compared with nanowires with no spacer layers
[ie., tpg=0nm or a single layer of Py(70 nm)] and the constituent
individual single-layer nanowires [i.e., Py(50 nm) and Py(20 nm)].
A single-step magnetization reversal is observed for tpg=0 and
2nm, accounting for the presence of exchange coupling between
the layers for tpg=2nm. Meanwhile, tpg =10 nm shows two-step
distinct switching as the top and bottom layers reverse magnetiza-
tion at different fields due to the dipolar coupling between them.
Ferromagnetic resonance (FMR) spectra of WMNW arrays are sen-
sitive to the spacer layer thickness, field amplitude, and orientation.
Micromagnetic simulations are performed to provide insights into
the experimental observations.

EXPERIMENTAL AND SIMULATION DETAILS

The single and trilayer Permalloy nanowire arrays with contin-
uous width modulation are fabricated over a large area of
4 x 4 mm? using a deep ultraviolet (DUV) lithography technique at
an exposure wavelength of 193 nm. The thicknesses of single-layer
Py are 20 and 50 nm. The trilayer WMNW arrays consist of two Py
layers separated by a Pd spacer, ie., Py(50 nm)/Pd(t)/Py(20 nm).
The thicknesses of the bottom and top Py layers are fixed at 50 and
20 nm, respectively, and the thicknesses of the spacer layer tpq are
0, 2, and 10 nm. The patterning of WMNW arrays is followed by
the deposition of Py films on top of a Cr (5nm) adhesive layer
using electron beam deposition. Two control samples with
20-nm-thick and 50-nm-thick single-layer nanowires are also fabri-
cated for comparison. Thin film deposition is performed in a
vacuum chamber with a base pressure of less than 5x 1078 Torr
and a deposition rate of 0.2 A/s. The lift-off process follows this
after soaking the samples in a DUV resist removal solution (OK 73
resist thinner). The details of the fabrication process are described
elsewhere.”® The collective magnetization reversal processes of the
arrays of WMNW structures are probed at room temperature using
a vibrating sample magnetometer (VSM) by applying an in-plane
external field along the easy and hard axes of the WMNW arrays.
The magnetization dynamics of the WMNW samples are measured
using a lock-in-based broadband FMR experimental setup at room
temperature. The samples are mounted in flip-chip style on the
ground-signal-ground (GSG) type coplanar waveguide (CPW). The

ARTICLE pubs.aip.org/aip/jap

CPW connected to the microwave generator sends the microwave
signal, which generates the excitation field (k) perpendicular to the
applied field to excite magnetization. The FMR spectra are measured
by sweeping the excitation frequency of h,¢ from 2 to 18 GHz while
maintaining a constant bias field (H,yyp). In this work, H,p,, is varied
from +300 to —300 mT. The in-plane angular measurements are per-
formed by rotating the sample to vary the field orientation (6) from
0° to 360° with a step of 15°. The FMR records the derivative of the
absorption power (dP/dH,,) as a function of H,,,. An alternating
current source connected to a pair of Helmholtz coils is used to
modulate H,, at a reference frequency of 490 Hz, and the data are
recorded at the reference frequency.

Micromagnetic simulations are performed using MuMax3,
which is an open-source micromagnetic simulation software to
understand the magnetization reversal processes and dynamic
responses and validate with experimental results.”” The material
parameters of Py used in the simulation are saturation magnetiza-
tion (M,)=8x10>A/m, exchange constant (A)=13x 1072 J/m,
damping constant (@) =0.008, magnetocrystalline anisotropy
(K)=0. The sample in the simulation is discretized into cells of
size 5x5x2nm°. The cell size (<5nm) is chosen to be smaller

Ni{l‘lo (=5.7 nm)

than the exchange length of Py defined by lx =

to neglect the exchange interactions within the cell. The equilib-
rium magnetization states are computed by solving the Landau-
Lifshitz-Gilbert (LLG) equation with a large value of a = 0.5.*" The
sample is saturated by applying uoH,pp of 200 mT along the easy
axis of the nanowire, and the hysteresis loops are recorded by
sweeping the field with a field step of 2 mT. The dynamic simula-
tions are performed by applying a sinc magnetic field defined as

o sin(27f.7)
hrf - hO 2af.t

maximum excitation efficiency. Here, the amplitude of sinc wave

, perpendicular to the film plane to obtain

Uoho=5mT, cut-off frequency f.=19GHz and 7=t —t, refers to |

the simulation time (f) with an offset ¢,. The time domain simula-
tions are performed for 4 ns at 10 ps time step, and the magnetiza-
tion as a function of x, y, z, and ¢ is recorded. The magnetization
data as a function of time are Fourier transformed to obtain FMR
response in the frequency domain. The spatial distribution of
modes are obtained by carrying out spatial fast Fourier transform
(FFT) on M(x,y,z,t).40

RESULTS AND DISCUSSION

Field-emission scanning electron microscopy (FESEM) is used
to inspect the quality of the samples. All the nanowires are of good
quality with clear modulation in width. For illustration, the FESEM
image of trilayer WMNW with fpg =10 nm is shown in Fig. 1(a).
The width of the widest region is 235 nm, and the narrowest region
is 150 nm. The wires are arranged in a periodic array with a period
of 600 nm. Therefore, the wires are magnetically decoupled from
each other. The schematic of the CPW in the FMR setup is shown
in Fig. 1(b).

MAGNETIZATION REVERSAL PROCESSES

To understand the magnetization reversal processes in trilayer
WMNW arrays, we have measured hysteresis loops as a function of
tpa. The hysteresis loops for the H,,, along the easy and hard axes
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FIG. 1. (a) FESEM image of trilayer WMNW array with p4 = 10 nm. Lateral dimensions are indicated in the inset. (b) Sketch of the G-S-G CPW of the FMR set up with a
sample placed in the flip-chip configuration on the top of CPW. Hysteresis loops of trilayer WMNW arrays with t4 =0 nm, fpg =2 nm, and tpg =10 nm for (c) 6=0° and
(d) 6=90°. On the same graph, we show the red dotted curve as dM/dH,, in arbitrary units.

of the wire are shown in Figs. 1(c) and 1(d). The hysteresis loops
are markedly sensitive to the field orientation and fpg. The drastic
change in the coercive field (uoH,) with the change in the field ori-
entation is due to the strong shape anisotropy along the easy axis
of the nanowire.

In contrast, the modification of the magnetization reversal
process with a change in fpq is ascribed to the different coupling
mechanisms between the two ferromagnetic layers. First, we discuss
the hysteresis loops and corresponding dM/dH,y,, curves for the
case of 8=0° as shown in Fig. 1(c). For the 70-nm-thick single-
layer nanowires (i.e., for tpq =0 nm), the hysteresis loop indicates
the presence of sharp switching of magnetization with uoH, around
17.6 mT and a single peak in the dM/dH,, curve. The sharpness
of the switching is calculated from the squareness ratio, defined as
the ratio between remanent magnetization and saturation magneti-
zation. The squareness ratio for a nanowire with no modulation in
width is ~1, whereas it is ~0.89 in the WMNW array with
tpa = 0 nm. This is because the magnetization switching at the mod-
ulated region and bulk part of the nanowire does not occur at the
same magnetic field. A comparatively larger magnetic field is
required to reverse magnetization in the constricted regions. The
hysteresis loop for tpg=2nm also shows a similar behavior as that
of the case in fpg=0nm with poH,. of ~17.6 mT. Hence, the
exchange coupling between the two ferromagnetic layers dominates
the magnetization reversal process. However, a small peak in the
dM/dH,,, curve is found at —7.2mT in addition to the large
intense peak at —18 mT. This indicates the onset of the non-parallel
alignment between the ferromagnetic layers. Since the peak is less
intense, the whole volume of the thin layer is not independently
switched. However, this behavior is more pronounced in the case

of tpg = 10 nm, where the top and bottom ferromagnetic layers are
exchange decoupled. Hence, the dipolar coupling plays an impor-
tant role in the reversal mechanism. The hysteresis loop, corre-
sponding to tpq =10 nm, shows gradual switching corresponding to
the independent switching of the top and bottom layers. In the

case of tpg=10nm, poH, is 24 mT, which is ~6 mT greater than
that of WMNW arrays with tpg = 0 nm and tpq = 2 nm. This differ- ¢

ence in poH, indicates the variation in the coupling mechanism.
The two distinct peaks in the dM/dH,,, curve at =26 and —12mT
represent the switching fields of the bottom [Py(50)] and top
[Py(20)] layers, respectively. In this field range, the magnetizations
of the top and bottom layers are in non-parallel alignment. Thus,
the change in behavior of the hysteresis loop from sharp to less
sharp, switching with an increase in the spacer layer thickness,
indicates a transition from exchange-dominated to dipolar coupling
between the ferromagnetic layers.

To obtain a detailed picture of the reversal process, we have
simulated the hysteresis loops for tpq=0, 2, and 10 nm WMNW
arrays (see Fig. S1 in the supplementary material for more informa-
tion). We have found that oH, increases with an increase in fpg,
which aligns with the experimental results. Now, we discuss the
hysteresis loops measured at 6=90° as shown in Fig. 1(d). A
drastic change in the shape of the hysteresis loops is observed for
0=90°. A large toH,p, of ~200mT is required to saturate the
nanowires along the hard axis direction. This is because of an
increase in the demagnetizing field when H,p,, deviates from the
easy axis direction. The magnetization tries to align in the easy axis
direction when the field is reduced below the saturation field.
Therefore, negligible coercivity is seen in the case of 6=90°.
Interestingly, non-monotonic change in poH, is observed with an
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increase in the thickness of the single-layer nanowires from 20 to for the trilayer WMNW arrays at different fp4 values. From the hys-
70nm (see Fig. S2 in the supplementary material for more teresis loops [Fig. 1(c)], it is clear that magnetization lies along the

information). easy axis of the nanowire at remanence. Thus, we observe the
Kittel-like modes even in the absence of the field, which can be
MICROWAVE PROPERTIES IN TRILAYER understood by using the Kittel equation,

WIDTH-MODULATED NANOWIRES

Next, we investigate the effect of the different interlayer cou-
pling mechanisms on spin dynamics in all the arrays, including
control samples with single-layer nanowire arrays. Figure 2(a) where £ = 28 GHz/T, , is the magnetic permeability, N,, N, and
shows the experimental FMR spectra at poH,p, =0 mT for 8=0° N, are the effective demagnetizing factors along the wire’s length,

f = j;iﬂ? \/[HaPP + (NZ - Nx)Ms] [Happ + (NJ’ - NX)MS]’

(a)'l'l'l'l'l';'l'(b)'l'l'l'l'lc'l'l'(c) T T T T ! ! ’ -100 mT 350 mT
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FIG. 2. (a) Experimental and (b) simulated FMR spectra for trilayer WMNW arrays with spacer layer thicknesses tpq =0, 2, and 10 nm. (c) Spatial variation of the demag-
netization field along the x axis and corresponding 2D profiles. Simulated 2D spatial mode profiles corresponding to (d) 0 nm-, (€) 2 nm-, and (f) 10-nm-thick spacer layer
in trilayer WMNW samples. “T" indicates the top layer, and “B” indicates the bottom layer. The red color indicates maximum values, and the blue color indicates minimum
values.
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width, and thickness, respectively. The FMR spectrum for
tpa=0nm contains a high-frequency mode at 14.3 GHz, and the
spectrum for tpg=2nm has a mode at 14.1 GHz. The spectra for
tpa =0 and 2 nm are the same regarding the number of peaks with
a slight variation in the frequency position. Furthermore, the spec-
trum for tpg= 10 nm is different in terms of the number of modes
and the frequency position in the frequency range from 4 to
12 GHz. The large intense peak is observed at 13.0 GHz. In addi-
tion, the FMR spectra contain several low-intensity modes [insets
of Fig. 2(a)] whose frequency is sensitive to tpg. Unlike uniform
demagnetizing field in homogeneous nanowires, the demagnetizing
field landscape periodically changes in WMNW arrays. Therefore,
multiple low-intensity modes can be attributed to this periodic var-
iation of the demagnetization field (H,) at constricted and wider
regions of the width-modulated nanowires. The number of modes
observed is contingent upon the periodicity of the modulation. Our
study reveals multiple modes owing to continuous width modula-
tion. In contrast, a recent work detected only two modes arising
from spin excitations near the narrower and wider regions of the
wire, facilitated by the controlled modulation of the width.*!

We have plotted the simulated FMR spectra to attribute the
multiple modes observed in the experimental FMR spectra, as
shown in Fig. 2(b). The most prominent modes observed in the
experiment are also found in the simulated FMR spectra. We
observe that the number of modes and frequency positions are sen-
sitive to fpg. For a detailed understanding of the spatial localization
of the resonance modes, we have estimated H,; for tpq=0nm,
2nm, and 10 nm WMNW arrays. The line scans of the x compo-
nent of H; (H,_,) along the x axis and 2D profiles of the spatial
distribution of H,_, at remanence are shown in Fig. 2(c). We have
found that H,_, varies non-uniformly along the length of the wire
and is the reason for multiple resonance modes in all WMNW
arrays. For example, H,_, is relatively higher in the constricted
regions than in the bulk part.

The difference in the H, , at the constricted region and
center of the lobe is ~130 mT in all the WMNW arrays. This varia-
tion in the demagnetization fields leads to multiple peaks spatially
localized at different parts of the wire. The variation in H,_, of the
top and bottom layers in fpg=2 nm is negligible. Like the single-
layer sample (tpq =0 nm), the top and bottom layers in fpg =2 nm
sample show a similar distribution of Hy, suggesting exchange cou-
pling between the layers. However, the variation in H,_, of the top
and bottom layers in tpg=10nm is ~12mT. For tpq=10 nm, the
spatial distribution of the top and bottom layers differs due to
the dominance of dipolar coupling. To understand the origin of
the multiple modes observed in the experimental FMR spectra,
we have plotted the 2D spatial mode profiles, as shown in
Figs. 2(d)-2(f). In the case of tpg=0 and 2 nm [Figs. 2(d) and 2(e)],
the power absorption in the top and bottom layers is similar,
indicating that the two layers are exchange-coupled. The frequency
of the resonant mode is contingent upon the effective magnetic
field, comprising the external magnetic field, demagnetizing field,
and exchange fields. While the effective field remains uniform for
a homogeneous wire, it becomes non-uniform in the case of
WMNWSs due to the presence of an inhomogeneous demagnetizing
field. This non-uniformity becomes increasingly pronounced with
a reduction in the periodicity of modulation (approximately

ARTICLE pubs.aip.org/aip/jap

265 nm). The continuous modulation in width induces curling of
magnetization, particularly in constricted areas. Here, we discuss
the three most prominent modes observed in the FMR spectra. In
Figs. 2(d) and 2(e), modes a, a’ are located at the center of the non-
modulated region. Here, a, b, ¢ correspond to the modes in
tpg=0nm, and d, b/, ¢ correspond to the modes in fpg=2nm
WMNW arrays. The modes below a and @’ can be the edge modes,
which require more external fields to align magnetization in the
field direction. Therefore, the resonance frequency of the edge
mode is less compared to the center modes from Kittel’s equation.
Due to the continuous width modulation, the demagnetization
field is non-uniform along the length of the wire, thus leading to
the hybrid modes. Modes b and ¥’ are hybrid in nature, where the
power absorption is near the modulated and the non-modulated
regions but with different intensities. The highest frequency modes,
¢, and ¢/, belong to the power absorption at the modulated region.
We found that the largest frequency mode belongs to the spin exci-
tations at the narrowest region, whereas the smallest frequency
mode belongs to the spin excitations at the widest part of the wire.
This is attributed to the increase in demagnetization factor along
the y direction with a decrease in nanowire widths. The 2D spatial
profiles for modes a”, b"”, and ¢’ of WMNW arrays with
tpa=10nm are shown in Fig. 2(f). Due to the dipolar coupling,
which favors the anti-parallel alignment of magnetization, the
power absorption in the top and bottom layers is different, unlike
the case in tpg=0 and 2nm. The top and bottom layers exhibit
independent behavior and show less coherence between them. The
mode a” is predominantly localized at the widest section of the
wire in the top layer. Conversely, in the bottom layer, the a” mode
is localized at the widest part of the wire, with minimal excitation
occurring at the center. The constituent two magnetic layers of
these WMNWs, ie., 20-nm-thick and 50-nm-thick single-layer

nanowires, also possess multiple modes at remanence with a main |
most-intense Kittel-like mode for uniform magnetization at the

central part of the wires (see Fig. S3 in the supplementary material
for more information).

To understand the effect of the magnetic field on the micro-
wave response, the FMR spectra are measured at 6= 0° by varying
UoHpp from 0 to 100 mT for tpg =10 nm, as shown in Fig. 3(a).
We detected the high-intense modes at high frequencies and low-
intense modes at low frequencies. We have observed that with an
increase in H,pp, resonance frequency (f.;) increases, satisfying
Kittel’s equation. The same behavior is observed for tpq = 0 nm and
2nm WMNW arrays (see Fig. $4 in the supplementary material for
more information). The intensity of the modes found in the fre-
quency range from 4 tol2 GHz became more prominent with an
increase in the field. This is due to the enhanced alignment of mag-
netic moments toward the field direction. We found high intense
peaks at fi,=13.1, 14.3, 15.1, 15.9, and 16.7 GHz for uoH,,, =0,
25, 50, 75, and 100 mT, respectively. We have simulated FMR
spectra to validate the experimental results, as shown in Fig. 3(b).
The micromagnetic simulations are performed on a WMNW by
applying a magnetic field along the wire’s long axis and a sinc field
perpendicular to it. We have obtained multiple modes in our simu-
lations in agreement with the experimental findings. The high-
frequency peaks in the absorption spectra appear at 12.0, 13.1, 13.3,
14.2, and 15.0 GHz, which agree with the experimental findings.
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FIG. 3. (a) Experimental and (b) simulated FMR spectra at 0, 25, 50, 75, and
100 mT for the trilayer WMNW sample with fpg = 10 nm.

The slight variations in the frequency positions can be due to the
rough edges in the patterned modulated wires. The experimental
results are qualitatively in good agreement with the simulation
results.

To illustrate the Kittel-type resonant mode variations across
the reversal regime, we have studied the FMR absorption spectra by
varying uoH,pp from +50 to —50mT for all the WMNW arrays.
The two-dimensional (2D) FMR spectra obtained from both exper-
imental and simulated data are presented in Fig. 4. We observe two
colors corresponding to maximum and minimum intensities at the
resonant mode spectra, as the measured signal is an anti-derivative.
Notably, WMNW arrays exhibit multiple resonance modes attribut-
able to the non-uniform demagnetizing field. Furthermore, we have
observed that the frequency variation across the magnetization
switching regime for all modes strongly correlates with the thick-
ness of the spacer layer. Specifically, in the case of tpg=0nm, the
resonance frequency steadily decreases with the applied field until
—16 mT. A noteworthy occurrence is the sharp frequency jump
from 13.8 to 14.9 GHz observed around —16 mT for the most
intense Kittel-type mode. In the case of tpq = 0 nm, f,., monotoni-
cally decreases with the applied field till —16 mT, and a sharp

ARTICLE

pubs.aip.org/aip/jap

dP/dH (a. u.)

Min Max

o
L

Frequency (GHz)
[ee]

IN
| =

_—
)]

IS

°

Frequency (GHz) &
= ® [
(o)} N
FFT power absorption (a. u.)
O B

[y
N

Frequency (GHz)

4

50 -50 -25 0 25 50

Magnetic field (mT) Magnetic field (mT)

FIG. 4. Experimental 2D FMR spectra for trilayer WMNW arrays with spacer
layer thickness (a) fpq=0nm (b) tpg=2nm, and (c) fpq =10 nm. Simulated 2D
FMR spectra for trilayer WMNW arrays with spacer layer thickness
(d) tpg=0nm (€) tpg =2 nm, and (f) tpg =10 nm.

frequency jump from 13.8 to 14.9 GHz is observed around —16 mT
for the most intense Kittel-type mode. fs then starts to increase
monotonically in the negative saturation region as magnetization
starts to align in the —x direction. This behavior can be correlated
with observations in the magnetization reversal curves, as shown in
Fig. 1(c). A similar sharp frequency jump is observed for the less
intense modes as well. Similarly, in Fig. 4(b) for tpq =2 nm, there is
a noticeable frequency jump from 13.6 to 14.7 GHz around
—18 mT for the most intense Kittel-type mode. This is consistent
with the hysteresis loop for tpq =2 nm, as Fig. 1(c) shows. A similar
sharp frequency jump is observed in the single-layer WMNW
arrays (see Fig. S5 in the supplementary material for more informa-
tion). Figure 4(c) shows the fres Vs Hypp plot for the WMNW array
with fpg=10nm. We observed a gradual increase of f.s from
123 GHz (uoHapp =—9.5mT) to 14 GHz (uoH,pp, =—22mT) for
the most intense Kittel-type mode. For wuoHup,=-9.5mT to
—22 mT, we have observed less intense modes that does not satisfy
Kittel's equation. Kittel's equation explains the uniform magnetiza-
tion oscillations for the saturated states, and the behavior of the fie
vs H,p,p, curve is monotonic. Hence, the regime where the curve is
non-monotonic and does not follow the Kittel fit corresponds to
the non-parallel alignment of magnetization of the top and bottom
layers. This agrees with the hysteresis loop [Fig. 1(c)], where the
two peaks are observed due to the independent switching of
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magnetization in both layers. Non-smooth switching is also
observed for the less intense modes. This is due to the drastic
change in the magnetization configuration during the reversal
process. Here, we emphasize that the modulation of the width and
change in thickness of the wire has increased the number of
modes. Meanwhile, the jump in frequency (sharp or gradual) solely
depends on the spacer layer thickness. For a deeper comprehension
of the experimental FMR results, we conducted simulations of
FMR spectra, as depicted in Figs. 4(d)-4(f). Notably, there exists
good qualitative agreement between the resonant modes observed
experimentally and those simulated. However, quantitatively, there
is a discrepancy of approximately 2 GHz between the experimental
and simulation results. This divergence arises because the simula-
tions were conducted on single isolated nanowires, thus remaining
uncoupled, while the experimental setup involved a large array of
nanowires where factors such as inhomogeneity, edge roughness,
and size distribution influenced the microwave response. The simu-
lated spectra for tpg=0 and 2nm exhibit sharp switching for all
modes, indicating a single-layer-like behavior in the trilayer with
tpa=2nm, as illustrated in Figs. 4(d) and 4(e). Conversely, for
tpa= 10 nm, there is an abrupt frequency jump, particularly pro-
nounced for low-frequency modes, attributable to the dipolar cou-
pling between the ferromagnetic layers.

To demonstrate the influence of shape anisotropy on the spin
dynamics, we have recorded f., as a function of field angle 6 and
tpg; the results are summarized in Fig. 5. Note that the extracted
values of f. are obtained from the FMR spectra measured at
75mT (see Fig. S6 in the supplementary material for more infor-
mation). The easy and hard axes of the nanowires correspond to
0=0° and 90°, respectively. We have observed a decrease in fre
with an increase in 6 from 0° to 90° for all the spacer layer thick-
nesses. For instance, with an increase in 6 from 0° to 60°, f.s values
are from 16.6 to 152 GHz for tpg=0nm, 16.5-14.9 GHz for

17.0 I L] l L l L) l ) l L] l L)
165:-9 o oth=0nm_'
| ® 0O e t,=2nm
g 16.0 -—* . ® 5 * tpd=10 nm__
2 155 - * -
[ L O .
g
= 15.0 |- ¥* ° —
9 N o
" 145 | -
N ¥ J
140 1 1 1 1 | 1 | 1 1 N | 1
0 15 30 45 60 75 90

FIG. 5. Resonance frequencies vs field orientation as a function of spacer layer
thickness at 1oHapp = 75 mT.
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tpg =2 nm, and 15.9-14.3 GHz for tpg = 10 nm WMNW arrays, due
to a change in demagnetizing field landscape. The demagnetization
factor along the x direction is minimum at 6 = 0° and maximum at
6=90°. Hence, when the field orientation deviates from the easy
axis, fr.s decreases and vice versa. We were unable to detect FMR
modes near the hard axis region (for 6 > 60°) due to the insufficient
saturation of the nanowire at 75mT [given on the constraint on
frequency range in our FMR experiment (up to 18 GHz), we have
chosen 75 mT]. From the hysteresis loop of 6=90° [Fig. 1(d)], it is
clear that the sample requires more than 200 mT to saturate
magnetization.

CONCLUSION

We have investigated the magnetization reversal processes and
dynamic properties of trilayered Py nanowires with periodic width
modulation and compared them with single-layer nanowires. We
observed that the type of coupling between the ferromagnetic layers
changed from exchange to dipolar when the spacer layer thickness
increased from 2 to 10 nm. This affected the magnetization switch-
ing: nanowires with a 2-nm-thick spacer layer switched sharply,
similar to single-layer nanowires, because of the strong exchange
coupling. Nanowires with a 10-nm-thick spacer layer switched in
two steps because of weaker dipolar coupling. We also found that
the spacer layer thickness influenced the ferromagnetic resonance
spectra, which showed different numbers and values of modes and
frequencies. This was due to the different magnetization configura-
tions for different spacer layer thicknesses. We observed a sudden
change in frequency from 13.6 to 14.7 GHz around —18 mT in the
trilayer WMNW array with tpq =2 nm, which matched the single-
layer WMNW array. We saw a non-smooth behavior in the field

range —9.5 to —22mT in the trilayer sample with tpg=10nm ¢

because of the dipolar coupling between the ferromagnetic layers.
The dynamic responses in this spin-valve-type structure are useful
for designing microwave-based spintronic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for the analysis of hysteresis
loops and ferromagnetic resonance spectra of single-layer width-
modulated nanowires; simulated hysteresis loops, field, and angle
dependent ferromagnetic resonance spectra of trilayer width-
modulated nanowires.
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