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Magnetostatic spin wave modes in trilayer nanowire arrays probed
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We investigate the spin wave modes in asymmetric trilayer [NigyFeyo (10 nm)/Cu(zc,)/NigoFeyo (30 nm)]
nanowire structures as a function of the Cu thickness (fc,) in the range from 0 to 20 nm using perpendicular
ferromagnetic resonance (pFMR) spectroscopy. For #c, = 0 nm, corresponding to the 40 nm thick single layer

NigoFe,o nanowires, both the fundamental and first order modes are observed in the saturation region. However,
for the trilayer structures, two additional modes, which are the fundamental and first order optical modes, are
observed. We also found that the resonance fields of these modes are markedly sensitive to the Cu thickness
due to the competing effects of interlayer exchange coupling and magnetostatic dipolar coupling. When the

fcy = 10nm, the fundamental optical mode is more pronounced. Our experimental results are in quantitative

agreement with the dynamic micromagnetic simulations.
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I. INTRODUCTION

In the last few decades, the subject of spin waves in
patterned nanostructures has been extensively studied both
from a fundamental viewpoint [1-4] and because of their
potential use in applications such as magnetic memory units
[5], microwave filters [6], and other low power consumption
spintronic devices [7-9]. Ferromagnetic (FM) nanowires have
especially attracted intensive attention due to its strong shape
anisotropy [10-12], potential use for manipulation of spin
wave propagation [13,14], and magnonics [10,15,16]. There
have also been reports on the theory of collective spin
wave excitation in interacting homogeneous nanowire arrays
[2,17] and alternating width nanowires [18], observation of
frequency band gap in both homogenous nanowires [19-21],
and synthetic nanostructured crystals with NiFe and Co
nanowires in contact laterally [22-24]. These studies have
shown that the magnetic properties of nanowires could be
significantly modified by tuning the width of the nanowire,
interwire gap, and the magnetic materials.

The effects of interlayer exchange coupling and mag-
netostatic coupling on the dynamic behavior of multilayer
nanowires have also been studied [25-29]. The coupling
mechanism within multilayer structures plays an important
role in determining the magnetization ground states and the dy-
namic responses [30,31]. The oscillating interlayer exchange
coupling, showing either FM or antiferromagnetic (AFM)
coupling with varied nonmagnetic spacer layer thickness, can
be used to obtain either FM or AFM ground states [26].
Recently, it has also been reported [27,28] that in a multilayer
system with magnetostatic coupling only, the magnetization
groud states can also be significantly modified by tuning the
thickness of the magnetic layer. However, so far there has
been no systematic study on how the competition between
dipolar coupling and interlayer exchange coupling affects the
dynamic response in trilayer nanowires. Moreover, to the best
of our knowledge, most of the works have been focused
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on studying the magnetic properties of multilayer nanowires
with the external magnetic field applied in plane. Only very
limited research work [32] has been reported on the dynamic
behaviors of trilayer nanowire arrays with the magnetic bias
field applied out of plane, whereby the high in-plane symmetry
is preserved [33].

Ferromagnetic resonance (FMR) spectroscopy is a pow-
erful technique to explore the dynamic behavior of FM
nanostructures [32,34,35] and determine the magnetic prop-
erties [36-38], such as effective demagnetizing factors, in-
terlayer coupling strength, and so on. In this paper, we
performed a systematical investigation on the dynamic prop-
erties of asymmetric trilayer nanowire structures NiggFey
(10 nm)/Cu(tcy)/NiggFesp (30 nm) with Cu thickness varied in
the range from O to 20 nm using perpendicular FMR (pFMR).
Different from the conventional vector network analyzer
(VNA)-FMR, pFMR is a high sensitivity characterization tech-
nique [39,40] for which a phase bridge is used to eliminate the
background fluctuation coming from the microwave source.
The utilization of the ac modulation technique also ensures
that the system is immune to the nonmagnetic background
signal. These capabilities help to resolve the resonance signal
better and thus enable us to detect weak modes resulting from
inhomogeneous magnetization.

We observed both the fundamental and first order modes
in the saturation region for the 40 nm thick single layer
NiggFe,o nanowires (corresponding to ¢, = 0). For the trilayer
structures, we found two additional modes, which are the
fundamental and first order optical modes. These modes
are very sensitive to the Cu thickness. We observed good
quantitative agreement between our experimental results and
dynamic micromagnetic simulations.

II. EXPERIMENTAL AND SIMULATION DETAILS

Large area (4x4 mm?) periodic arrays of asymmetric tri-
layer [NiggFeyo (10 nm)/Cu(tc,)/NigoFeyo (30 nm] nanowires
with varied spacer layer thickness were fabricated on a silicon
substrate using deep ultraviolet lithography (DUV) at 193 nm
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FIG. 1. (a) The SEM image of nanowire arrays. The nanowire
widthis w = 180 nm, pitchis p = 400 nm. (b) A sketch of the trilayer
nanowire structures NiggFe,y (10 nm)/Cu(tc, )/NigoFeyo (30 nm).

exposure wavelength followed by electron beam evaporation
and ultrasonic assisted lift off process in OK73 resist thinner.
The materials were deposited at a constant rate of 02As™!
in a chamber with a base pressure of 4 x 10~ Torr. Details of
the lithographic process developed for the DUV lithography
at 248 nm exposure wavelength adapted for this work has
been described elsewhere [41]. Scanning electron microscope
(SEM) was used to verify the successful lift off and the actual
dimensions of the nanowire arrays. The representative SEM
image for nanowires fabricated from the same template is
shown in Fig. 1(a). The width of the nanowire is 180 nm, and
the pitch is 400 nm. A schematic of the trilayer structure is
shown in Fig. 1(b).

The dynamic response was characterized using pFMR at
room temperature. A 20 dBm microwave signal was generated
by a continuous wave (c.w.) microwave generator at a specific
frequency in the range from 6 GHz to 16 GHz. The samples
were placed on top of a 50 2 microstrip line with the nanowire
arrays facing the stripeline. The magnetic bias field (H,)
was swept from 18 kOe to 0 with an ac modulating field
of £200e(H,.) applied perpendicularly to the film plane
(defined as z direction). A sketch of the field geometry is
shown as the inset of Fig. 1(b). The output dc signal of the
interferometric device is fed into a digital lock-in amplifier
locked to the field modulation signal. The FMR signal detected
in this way represents the first derivative of the field sweeping
absorption curve at a selected frequency.

To validate the experimental results, we performed dynamic
micromagnetic simulation using the LLG micomagnetic simu-
lator [42]. Standard parameters for NiggFe,o (Landau-Lifshitz
gyromagnetic ratio |y | of 2.8 GHzkOe ™!, exchange constant
A of 1.30x10 %erg-cm™!, damping constant « of 0.01,
anisotropy constant Ky = 0, and saturation magnetization
Ms of 762 + 5.8 emu - cm ™2, which was obtained experimen-
tally from the continuous film deposited at the same time
with the nanowires) were used in the dynamic simulation.

The exchange length is defined as lex = />4#0/ ;. These

parameters give the exchange length of 5.9 nm. The mask
in the simulation was discretized in cells with a size of
9.4 nmx7.0 nmx 10 nm and two-dimensional periodic bound-
ary conditions were used. Simulation performed with a smaller
cell size of 9.4 nmx7.0 nmx5 nm shows the same results.
The total simulated volume was 1200 nmx900 nmx sample
thickness (60 nm). For the quasistatic simulation, a damping
coefficient of « = 1 was chosen to obtain a rapid convergence.
The FMR spectra were obtained by calculating the real part
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FIG. 2. Comparison of the experimental FMR spectra between
tcue = 0 and 20 nm for f = 9 GHz. The inset shows a zoom-in of the
FMR spectra in the field range from 12 kOe to 10 kOe.

of the dynamic susceptibility. In our LLG simulation, the ac
excitation field was set at 10 Oe. The mode profiles were
quantified by running another dynamic simulation with Chi
pulse applied and analyzing the results using spatially and
frequency-resolved fast Fourier transform (FFT) imaging.

III. RESULTS AND DISCUSSION

Shown in Fig. 2 is the comparison of typical FMR spectra
taken at f = 9 GHz for ¢, = 0 and 20 nm. For the single
layer nanowires (fc, = Onm), three modes are observable
with two resonance modes (modes 0, 1) detected in the
saturation region and the other mode (mode 2) emerging
in the low field region. Similar to what has been reported
for structures of other geometries [33,40], the most intense
mode appearing at the highest bias field (H, = 10.91kOe)
is the fundamental mode with no nodal line (n = 0), while
the other resonance mode observed at a lower bias field
(H, = 9.33k0e) is the first order mode (n = 1) as a result
of the finite width of the nanowires. As the higher order
mode couples less efficiently with the rf field, it exhibits a
much smaller intensity when compared with the fundamental
mode. The broad resonance peak observed at H, = 3.79 kOe
originates from the nonuniform spin distribution [43], which
has reorientated from out-of-plane to in-plane as the bias
field is reduced. This also accounts for the large linewidth
of the resonance peak. As the thickness of the spacer layer is
increased from O to 20 nm, a more complex FMR spectrum is
obtained. Besides modes 0, 1 in the saturation region and mode
2 for the unsaturated state, two additonal resonance modes are
observed for tc, = 20 nm. Shown as the inset is a zoom-in of
the FMR spectrum in the field range from 12 kOe to 10 kOe to
better visualize the mode 0- and 1-. This is markedly different
from what was observed for 7c, = Onm. In particular, two
additional resonance modes are present, with one located at
H, = 11.52kOe and the other emerging at H, = 10.44 kOe.
Based on what was reported before for the trilayer nanowires
magnetized in plane [44], mode O- is attributed to be the
optical mode with the magnetization in the upper and lower
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FIG. 3. Resonance fields of modes 0-, 0, 1-, 1, and 2 as a function
of frequency (f = 6 ~ 16 GHz) for 7¢, = 0 and 20 nm.

NiggFe,o nanowires precessing out of phase, and this optical
mode is more localized in the lower NigoFe,g nanowire arrays
(t = 10nm). As the out of phase precession is energetically
more favorable due to the dipolar coupling arising from the
surface magnetic charges at the lateral edges of the nanowires,
the optical mode without nodal lines is expected to appear at
a higher bias field than the fundamental acoustic mode (mode
0). Mode 1- will be discussed in detail later. What we may also
notice is that as 7¢, is increased from 0 to 20 nm, mode 0 and
1 shift left while mode 2 shifts to a lower field position.

To further understand how the modes evolve with the
excitation frequency, we have extracted the resonance fields
as a function of frequency for both tc, = 0 and 20 nm. As
presented in Fig. 3, three modes are observed for #c, = 0 nm.
With an increase in the excitation frequency, the resonance
fields for modes 0 and 1 increase monotonously. This could be
explained by the dispersion equation [33,45,46],

o} = [og + awyklloy + aoyk* + oy f(L)] (1)

where wy = yH;, H; = H, — 4w MgN, (k),wy = y4r My,
fkL) =1 — 1==2KD1 ks the modulus of the in-plane
wave vector, and N, (k) is the space dependent demagnetizing
factor along z direction. As the excitation frequency (wy) is
increased, wy increases correspondingly, thus resulting in a
higher resonance field (H,). Different from the dispersion
relation for modes 0 and 1, mode 2 is a soft resonance mode
showing a negative frequency evolution. As the excitation
frequency is increased from 6 GHz to 9 GHz, the resonance
field reduces from 7.06 kOe to 3.80 kOe. Similar behaviors
were previously reported for other inhomogeneous equilibrium
states, such as nanowires magnetized transversely [43,47],
dots and rings in vortex states [48,49]. For tc, = 20nm, a
similar trend is observed. The resonance fields for mode O-,
0, 1-, and 1 increase with a higher excitation frequency, while
mode 2 varnishes gradually. Moreover, we also noticed that the
resonance field of mode O for #c, = 20nm is slightly higher
than that for tc, = Onm (AH ~ 70 Oe). This is because
for tc, = 20nm, the upper and lower NigoFeyy nanowires
are exchange decoupled and act as individual layers. The
acoustic fundamental mode, in such a situation, is formed
on the base of the resonance in the upper layer (f = 30 nm),
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FIG. 4. Experimental FMR spectra for multilayer nanowire ar-
rays taken at f = 11 GHz for #¢, = 0, 2, 5, 10, 20 nm.

which has a larger effective demagnetizing factor along z
direction [15] than that for 40 nm thick NigyFe,y nanowire
arrays (fcy, = Onm), thus leading to a higher resonance
field.

Shown in Fig. 4 are the FMR absorption curves taken
at f = 11 GHz for nanowires as a function of #c,. For the
convenience of comparison, all the spectra were normalized
to the intensity of the strongest mode. The fundamental mode
and first order acoustic mode are observed for all the nanowire
arrays. The optical mode (mode 0-) appears with the presence
of 2 nm thick Cu spacer layer and becomes pronounced as ¢, is
increased. For all the trilayer structures, up to four resonance
modes are observed in the saturation region. These modes
show a similar trend with increasing Cu spacer thickness.
Mode 1- is not visible due to the small intensity. For the
fundamental acoustic mode (mode 0), as fc, is increased from
0 to 5 nm, the resonance field reduces monotonously from
11.61 kOe to 10.74 kOe. Mode 0 has a minimum value of
the resonance field at 7c, = 5nm. As f¢, is further increased
from 5 to 20 nm, the resonance mode shifts upwards to a
field value of 11.67 kOe. To better understand the effect
of spacer thickness on the resonance field, we extracted the
resonance fields of mode 0-, 0, and 1 as a function of #c,, as
shown in Fig. 5(a). As aforementioned, the resonance fields for
these modes drop in the beginning and reach the minimum at
tcy = Snm. This decrease in the resonance fields suggests the
decay of interlayer coupling. With an increasing Cu thickness,
the upper and lower NigygFe,y nanowire arrays are less likely
to be perfectly aligned along the z direction, resulting in more
accumulation of the magnetic dipole charges at the lateral
surface. Hence, the effective demagnetizing factor along the
z direction becomes smaller, and thus the resonance field
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FIG. 5. (a) Resonance fields of modes 0-, 0, and 1 extracted
as a function of Cu thickness (fc, = 0 ~ 20nm). (b) Amplitude
ratio between mode 0- and 0 as a function of Cu thickness (tc, =
0 ~ 20nm).

reduces. Despite the fact that the dipolar interaction is weaker
with a thicker Cu layer, the reduced resonance fields indicate
that the effect of the weakening interlayer exchange coupling is
more significant when 7c, < 5nm. As the spacer layer further
increases, the resonance fields increase. When the Cu thickness
is larger than 5 nm, the upper and lower NigoFe,y nanowires
are exchange decoupled. In this case, the interlayer exchange
coupling is negligible, and only the dipolar interaction is
dominant. With a thicker Cu layer, the dipolar interaction
becomes weaker, and, therefore, the resonance fields become
higher. Moreover, the intensity ratio of mode 0- over mode 0
was also extracted as a function of #¢y, as shown in Fig. 5(b).
With an increase in Cu thickness, the amplitude ratio increases
monotonously from 0 (fc, = Onm) to 0.225 (¢, = 20nm).
The emergence of the optical mode for ¢, = 2 nm evidences
the separation of the acoustic and optical modes in the upper
and lower nanowire arrays due to the symmetry breaking of
the system [12]. However, this separation is not complete
because of the existence of the interlayer exchange coupling.
As the Cu thickness is increased from 2 nm to 10 nm, the
amplitude ratio doubles (0.072 for fcy, = 2nm, 0.189 for
tcy = 10nm). This increase in the intensity ratio implies a
further separation of the fundamental acoustic and optical
modes resulting from the absence of the interlayer exchange
coupling. With an increasing Cu thickness, the two NiggFey
layers tend to act more like individual layers, and the acoustic
(optical) mode gets more localized in the upper (lower)
nanowires.

Shown in Fig. 6(a) is the simulated FMR spectrum for
tcy, = 20nm at f = 11 GHz. In agreement with the experi-
mental FMR spectrum shown in Fig. 4, four distinct modes
are observed in the simulation result with the fundamental
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FIG. 6. (a) Simulated FMR spectra for fc, =20nm at f =
11 GHz. Shown as the inset is a comparison between the antiderivative
of the experimental and simulated FMR spectra for 7c, = 20 nm at
f = 11 GHz. (b) Simulated distributions of dynamic magnetization
for modes 0-, 0, 1-, and 1 in the lower (blue dash line) and upper (red
solid line) nanowire arrays, respectively.

mode present at 11.61 kOe and the first order mode located
at 9.93 kOe. Shown as the inset is a comparison of the
antiderivative between the experimental and simulated FMR
spectra. The simulation result is in quantitative agreement with
the experimenal FMR absorption curve. Shown in Fig. 6(b)
are the simulated distributions of the dynamic magnetization
through the width of the upper (red solid line) and lower (blue
dash line) nanowires for the four modes. These simulated
distributions of magnetization show that the spin wave modes
are all pinned at the lateral edges of the nanowires. As
discussed before, mode 0 is the fundamental mode with no
nodal line. The simulated modal distributions demonstrate the
in phase precession of the upper and lower NigygFe,y nanowires
(acoustic mode) with a larger precession amplitude in the upper
NigoFeyo nanowires. Mode 0-, which is energetically more
stable for the trilayer nanowire structures, appears at a higher
bias field (H, = 12.31kOe) than the fundamental acoustic
mode. As seen from the simulated magnetization distributions,
the spin precession in the upper NiggFe,g nanowire array is
suppressed while the lower NiggFe;y nanowire array has a
larger precession amplitude. These simulation results have
validated our previous discussion that the acoustic mode is
more localized in the 30 nm thick NiggFe,o nanowires, while
the optical mode is formed on the base of the resonance in
the 10 nm thick NigygFe,y nanowires. Interestingly, mode 1-
observed at H, = 11.01kOe is shown to be another optical
mode, with the upper and lower nanowire arrays precessing
out of phase. Similar to mode 0-, mode 1- is more localized in
the lower nanowire arrays. As depicted by the simulated modal
distributions, mode 1- is a higher order mode (n = 1), and for
the upper nanowires array the resonance absorption is more
locazlized in the center of the nanowire. In agreement with
what was discussed before, mode 1 is the first order mode with
the upper and lower nanowires precessing in phase. Similar to
the fundamental mode, the upper nanowire arrays contribute
more to the resonance absorption.
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IV. CONCLUSION

We have probed the spin wave modes in asymmetric trilayer
permalloy nanowire structures as a function of the Cu thickness
using pPFMR. We observed both the fundamental and first order
modes in the saturation region for the 40 nm thick single
layer NiggFe,y nanowires. However, for the trilayer structures
more complex FMR spectra with two additional modes—the
fundamental and first order optical modes—are observed. We
found that the resonance fields of these resonance modes are
markedly sensitive to the Cu thickness due to the competing
effects of interlayer exchange coupling and magnetostatic
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dipolar coupling. As the thickness of the Cu layer is increased,
the fundamental optical mode exhibits a larger intensity.
Our experimental results were quantitatively validated using
micromagnetic simulations.
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