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Abstract
We report on a comprehensive investigation of collective spin waves in
Ruderman–Kittel–Kasuya–Yosida (RKKY) interlayer-coupled Ni80Fe20 (10 nm)/Ru(1.0 nm)/
Ni80Fe20 (10 nm) nanowire (NW) arrays. We employed Brillouin light scattering to probe the
field- and wavevector-dependences of the spin-wave frequency spectra. The acquired data were
subsequently analyzed and interpreted within the framework of a microscopic
Hamiltonian-based method, enabling a detailed understanding of the observed spin-wave
behavior. We observed the propagation of Bloch-type collective spin waves within the arrays,
characterized by distinct magnonic bandwidths that stem from the combined influence of
RKKY interlayer and inter-NW dynamical dipolar interactions.

Keywords: RKKY, spin waves, magnetic nanowires, Brillouin light scattering,
interlayer exchange coupling, spin dynamics

1. Introduction

Magnetic nanowires (NWs) are prospective candidates for
reprogrammable magnonic crystals, which could be useful
in applications such as tuneable microwave band-pass and
band-stop filters based on travelling spin waves [1, 2]. The
knowledge of the band structure of magnonic crystals is an
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important prerequisite for the successful design of spin-wave-
based microwave devices. The experimental observations of
tuneable band gaps in magnetic systems such as synthetic
nanostructured magnonic crystals composed of two differ-
ent magnetic materials [3] and magnetostatically coupled 1D
NWs of the same magnetic material [4] are of significant
interest. Theoretical studies have shown that multilayered
NWs, where magnetic layers are coupled by exchange and/or
dipolar interlayer interaction, can exhibit richer and more
complex spin wave dispersion and magnonic band structures
than single-layered ones [5]. The magnetostatic resonances of
isolated (noninteracting) trilayered NiFe/Cu/NiFe NWs were
studied both experimentally and theoretically as a function
of the transverse wave vector (k) and of the intensity of an
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external magnetic field applied along the NW long axis [6].
Due to the dipolar coupling between the NiFe layers, both
acoustic and optical resonances were detected depending on
whether the precession of the dynamic magnetization in the
two NiFe layers is in-phase or out-of-phase, respectively.
Later, the reprogrammability of the magnonic band structure
for collective spin waves in dense arrays of NiFe/Cu/NiFe
NWs was measured by Brillouin light scattering (BLS) and
interpreted in terms of a Hamiltonian-based method. The fre-
quency position of stationary and dispersive modes can be
up- or down-shifted depending on the relative orientation of
the magnetizations in the two NiFe layers [7]. It was shown
that the magnetic modes are spin waves of the Bloch type
propagating through the NW array with different magnonic
bandwidths due to the interplay between the intra- and inter-
NW dynamic dipolar interactions. A detailed understanding
of the mode character, e.g. whether they have a stationary or
propagating character, is achieved by considering the phase
relation (either in-phase or out-of-phase) between the dynamic
magnetizations in the two ferromagnetic (FM) layers and their
average value over the NW stack [8].

The short-range interaction between two magnetic lay-
ers separated by a nonmagnetic metal layer, the interlayer
exchange coupling (IEC), has been widely studied for its
applications in magnetic memory devices [9, 10]. The IEC can
oscillate between parallel and antiparallel alignments of the
magnetic layers, depending on the thickness and material of
the nonmagnetic spacer due to the Ruderman–Kittel–Kasuya–
Yosida (RKKY) interaction, which has been exploited in a
wide range of spintronic devices [11–14]. It was previously
shown that when the spacer layer thickness is varied, the
type of coupling switches between FM and antiferromagnetic
(AFM) [15, 16]. The IEC influences the dynamic properties
of the magnetic layers, which are essential for high-speed data
processing. Therefore, it is vital to understand how the IEC
affects the magnetization dynamics in trilayer structures. The
IEC between the FM layers can change the band structure of
layered nanostructures, affecting the central frequencies and
width of the band gaps [17]. These are important factors for
controlling spin-wave propagation, which is the basis of future
high-speed information processing devices. Therefore, it is
essential to understand how the IEC influences the dynamic
responses of these nanostructures. It is known that other mech-
anisms such as biquadratic (BQ) exchangemay also contribute
to the IEC, and this possibility is briefly discussed later.

In this work, we investigate the collective spin waves in
periodic arrays of Ni80Fe20/Ru/Ni80Fe20 NWs with Ru layer
thickness of 1.0 nm in the presence of both interlayer RKKY
interaction within one and the same NW and the long-range
dipolar coupling within and between all NWs. The static
behavior of the NW arrays was measured using the longit-
udinal magneto-optic Kerr effect (MOKE) with the magnetic
field applied along the easy axis direction (i.e. along the wire
length). The experimental spin-wave spectra were obtained by
means of BLS that has demonstrated to be a very powerful
tool for measuring the thermally excited SW properties FM
thin and ultrathin films and multilayers [18, 19] and patterned
structures [20, 21]. In the case of layered NWs, the interlayer

exchange coupling is determined by comparing the theoretical
calculation with the field and wave-vector dependences of the
spin-wave frequencies.

2. Experimental details

Periodic arrays of Ni80Fe20(10 nm)/Ru(1.0 nm)/Ni80Fe20
(10 nm) trilayer NWs with length l = 4mm, width
w = 400 nm, separation of 70 nm and pitch p = 470 nm were
fabricated on silicon substrates using deep ultraviolet litho-
graphy at 248 nm wavelength followed by a lift-off process
[22]. The Ni80Fe20 (NiFe) and Ru layers were deposited using
electron-beam evaporation and DC magnetron sputtering at
0.02 nm s−1 and 0.005 nm s−1, respectively, in a chamber with
a base pressure lower than 2 × 10− 8 Torr. The Ar working
pressure during sputtering was 3 mTorr. The layered structure
is fabricated in subsequent deposition steps of the NiFe and Ru
layers without breaking the chamber’s vacuum. A 5 nm thick
Cr layer was deposited before the NiFe/Ru/NiFe multilayer
for adhesion. We then used a scanning electron microscope
(SEM) to check the lift-off process′s completion and the NWs′

dimensions. A representative SEM image of the NW array is
presented in figure 1 and shows well-defined NW arrays with
sharp edges and uniform separation.

The longitudinal hysteresis loopsweremeasured byMOKE
magnetometry at room temperature. The linearly polarized
incident laser beam is focused on the sample surface at an
angle of about 30 degrees, and a photoelastic modulator mod-
ulates the reflected light at a frequency of 50 Hz. Finally, the
signal is fed into an AC photodiode detector and the measured
intensity as a function of the applied field leads to a hyster-
esis loop. The laser spot is focused down to a spot size with
a diameter of 100 µms so that the information about the NW
reversal process is averaged over a large number of NW peri-
ods. Due to the finite penetration depth of light into metallic
layers (10–20 nm), we assume that bothNiFe layers are probed
even if the topmost layer provides the large signal contribu-
tion. The external magnetic field, which was applied parallel
to the sample plane and to the NW length (easy axis), var-
ied between +85 and −85 mT. The corresponding hysteresis
loops are shown later in figure 4.

BLS experiments from thermally excited spin waves were
performed by focusing a monochromatic beam of p-polarized
light of wavelength λ= 532 nm on the sample surface over an
area of about 40 µms in diameter. The inelastically scattered
light was analyzed in frequency using a (3 + 3)-pass tan-
dem Fabry–Pérot interferometer [23]. The sample is moun-
ted on a goniometer to allow rotation around the field dir-
ection, i.e. to vary the incidence angle of light (θ) in the
presence of an external magnetic field applied parallel to the
sample plane and the NW long axis (easy direction). We first
measure the frequency dependence on the applied magnetic
field strength with the angle of incidence of the light fixed at
θ = 15 degrees that, considering the in-plane SW wavenum-
ber k = (4π/λ) sin θ entering into the scattering process due
to the conservation of in-plane momentum [19], corresponds
to k = 0.61 × 107 rad m−1. Then, by changing the angle
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Figure 1. Scanning electron micrograph of the array of layered
NWs. The directions of the applied magnetic field (H) and the
spin-wave wave vector (k) are shown by the black arrows.

value, the spin-wave dispersion (frequency vs k) was meas-
ured by selecting the desired wave vector k along the trans-
verse direction (perpendicular to the NW length) in the range
between 0 and 2.0× 107 rad m−1 in the presence of an applied
field µ0H = 85 mT that ensures the NWs saturation. Figure 2
shows the sequence of BLS spectra for different values of the
external magnetic field. Three distinct peaks are observed over
the entire field range investigated. Starting from the lowest fre-
quency values these are labelled as 1, 2, and 3, as indicated
for the spectrum measured at µ0H = 38 mT. We notice that
the central mode of this triplet, mode 2, has always the largest
peak intensity over the entire field range investigated.

We note that the measured BLS spectra are noisy and peaks
are rather broad, but from the inspection of both the Stokes
and anti-Stokes sides, we can follow the evolution of the
peak frequency as a function of the applied magnetic field
(figure 4) andwave vector (figure 5). The error in the frequency
values was estimated by fitting the experimental peaks by a
Lorentzian curve after deconvolution with the transfer func-
tion of the interferometer with a typical width of 0.1 GHz. It
was found that the error is comparable to the dimensions of
the experimental points.

3. Theory

The theory is based on a microscopic approach in which
we model the NiFe/Ru/NiFe NW as arrays of small cubic
cells of effective spins, which can interact through the short-
range exchange interaction within each stripe, through the
long-range dipole–dipole interactions within each stripe and
between stripes, and through the IEC. A Hamiltonian formal-
ism is employed in which dipole–dipole terms are represented
as discrete-lattice sums, rather than a macroscopic approach
derived from Maxwell’s equations. Specifically, details of the
method are given in [24] for single stripes and for cases where
there are interfaces between films [25] or stripes [26]. The ana-
lysis presented here represents a generalization of results in

Figure 2. BLS spectra measured at k = 0.61 × 107 rad m−1 for the
NiFe/Ru/NiFe NWs array. The observed peaks are labelled as 1, 2,
and 3 in the spectrum recorded at µ0H = 38 mT. The external
magnetic field is applied parallel to the NWs length and
perpendicular to k (as shown in figure 1). The grey rectangular area
covers the region of the elastic peak centred around zero frequency
shift.

[26] to include the effects of both IEC and an interacting mag-
nonic crystal array.

The geometry and choice of coordinate axes for the theor-
etical analysis are given schematically in figure 3. The vertical
thicknesses of the NiFe stripes, which can be different in the
theory, are denoted by d1 and d2, and the smaller Ru thickness
is t. The lateral width of the stripes is W and the lateral peri-
odic length (or pitch) is p. Then the spin Hamiltonian can be
expressed as

H=−1
2

∑
µ,µ ′

∑
n,n ′

Jnµ,n ′µ ′Snµ ·Sn ′µ ′

+
1
2
(gµB)

2
∑
µ,µ ′

∑
n,n ′

∑
α,β

Dαβ
nµ,n ′µ ′S

α
nµS

β
n ′µ ′ − gµBµ0H

∑
nµ

Sznµ

(1)
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Figure 3. The geometry and choice of coordinate axes for just one
of the NiFe/Ru/NiFe composite NWs in the magnonic crystal array.
The applied magnetic field is along the length of the NiFe (or Py)
stripes (z axis).

where Jnµ,n ′µ ′ is the total exchange interaction between the
effective spins Snµ and Sn ′µ ′ . Here the first index (n or n ′)
labels the sites in any NW stripe, while indices µ and µ ′ (=
1, 2, …, N0) label the stripes in the array. We will utilize the
translational symmetry of the system along the longitudinal
(or z) direction. The total number of spin sites in any cross
section of the system (in the xy plane) is equal to N0 N, where
N=W(d1 + d2)/a2 with a denoting the cell dimension. The
usual criterion is that a should be chosen as less than the
exchange correlation length of NiFe (which is of order 6 or
7 nm). In our modelling, we generally used an array of 21 NW
stripes and a = 5 nm, which corresponds to ∼6700 spin cells
in a cross-section. Within any NiFe stripe the exchange inter-
action is taken to be nonzero (with value J) between nearest
neighbours only and to be −JR due to RKKY interactions
between closest sites across the Ru interface. The second term
in H is the contribution from the dipole–dipole interactions,
where g is the Landé factor, µB is the Bohr magneton and

Dαβ
nµ,n ′µ ′ =

|rnµ,n ′µ ′ |2δαβ − 3rαnµ,n ′µ ′r
β
nµ,n ′µ ′

|rnµ,n ′µ ′ |5
. (2)

Here α,β = x, y or z, and rnµ,n ′µ ′ = (xn− xn ′ + p
[µ−µ ′] , yn− yn ′ , zn− zn ′) is the distance between spin sites
in the array sample. Finally, equation (1) includes a term rep-
resenting the Zeeman energy due to the applied field H.

Some additional terms that might optionally be included
in the Hamiltonian are due to BQ exchange across the inter-
face and single-ion anisotropies. These give rise to terms of

the form JBQnµ,n ′µ ′(Snµ ·Sn ′µ ′)
2 and−Knµ

(
Sznµ

)2
, respectively,

which are summed over the relevant sites. The possible roles
of these terms will be discussed in section 4.

The first stage of the calculation is to determine the equilib-
rium orientations of theN individual spins in any cross section.
These change as the applied fieldH is varied, mainly due to its
competing effects with the IEC and with the interlayer com-
ponent of the dipole–dipole interactions. Briefly, we proceed
as follows (see [24] for details). The spin operators Snµ appear-
ing in the Hamiltonian are replaced by their mean-field aver-
ages (S̄xn, S̄

y
n, S̄zn), which are independent of the label µ and the

z coordinate along a NW, to form an energy functional Ē. An

iterative approach is then followed to find the actual spin com-
ponents. For this, a trial starting configuration is assumed and
the components Hα

eff (n) of the total effective field at each site
in the cross section is obtained using the functional derivative
gµBµ0Hα

eff (n) =−δĒ/δS̄αn . Each spin can then be re-oriented
along the direction of its effective field, and the process can be
continued in numerical iteration until convergence (typically
3× 104 iterations is sufficient in the present case). In practice,
several starting configurations are used to avoid local minima
in Ē.

Next, the SW modes are studied, following [24, 25], by
transforming the Hamiltonian in equation (1) from the ori-
ginal {x,y,z} global axes to new local axes {X,Y,Z} for each
spin, so that the new Z axis in each case is parallel to that spin
orientation. A Holstein–Primakoff transformation [27] from
spin operators to boson operators is made relative to the new
axes, allowing an expansion to be made asH=H(0) +H(1) +
H(2) + . . ., where a general term H(s) involves a product of s
boson operators. The first term H(0) is just a constant, while
the next termH(1) vanishes by symmetry due to the transform-
ation of axes, leaving

H(2) =
∑
n,m,k

Anm (k)a
†
knakm+Bnm (k)a

†
kna

†
−kn+B∗nm (k)a−knakm

(3)

as the leading order term describing the SWs. The higher-
order terms correspond to nonlinear SW processes, which are
ignored here. In equation (3) we have a†kn and akm as the boson
creation and annihilation operators, respectively, at sites n
and m. Two wave-vector Fourier transforms have been made:
along z (where there is longitudinal translational symmetry)
and along x (where there is a Bloch wave vector due to the
periodic array). We have simplified by setting the longitud-
inal wave vector to zero (as in the experiment) and k denotes
the Bloch wave vector for the periodic system. The boundar-
ies of the mini-Brillouin zone occur at multiples of π/p, where
p is the pitch (or periodic length). The quantities Anm (k) and
Bnm (k) may be regarded as the matrix elements of the N×N
matrices denoted as A(k) and B(k); they are deduced in terms
of the parameters of the Hamiltonian in equation (1) and the
equilibrium orientations, as described in [26].

As in related previous work, there are two results that fol-
low from equation (4). One is that it may be ‘diagonalized’
using a linear canonical transformation (a Bogoliubov trans-
formation) to a new set of boson operators {bkl} such that

H(2) =
∑
k,l

h̄ωklb
†
klbkl (4)

where l (= 1, 2, …, N) is a mode number and ωkl is the corres-
ponding SW frequency. The other useful result is that we can
form a 2N× 2N dynamical matrix by(

A(k) 2B(k)
−2B* (−k) −Ã(−k)

)
. (5)

It has the property that its N positive eigenvalues are just
the SW frequencies ωkl and the corresponding eigenvectors
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provide information about the SW amplitudes at different sites
(including the relative phases). We would like to specify that,
the dynamicmagnetizations in adjacent NWs are related by the
Bloch theorem, namely m(x± np) = m(x)e±iknp where n is a
positive integer number and p is the array periodicity. Since the
observedmodes are standing spin-wave resonating through the
NWwidth, the shape of the mode profiles is independent of the
wavevector value which, contrarily, introduces a phase rela-
tion between the oscillating magnetization between the adja-
cent NWs and the frequency ordering of modes changes with
the wavevector, i.e. the order of the modes (in ascending fre-
quency) depends on k.

Moreover, we want to remark that we included BQ inter-
layer exchange interaction in our theory, but it gave no
improvement on the fit of the experimental frequencies prob-
ably because it is negligible when compared to the RKKY
interaction. In past work, BQ effects were found to be negli-
gible for complete films [25]. By contrast the BQ effects were
important for small-width NWs [26]. In the present study, we
have fairly wide NWs, so the conclusion of negligible BQ
effects seems consistent.

4. Experimental results and discussion

In figure 4 we show the MOKE hysteresis loops and the BLS
frequency evolution as a function of the external magnetic field
applied along the NW length within the same field range for
the sample investigated. A small remanence characterizes the
MOKE loops for the sample, and a saturation that is reached
gradually indicates an AFM coupling between the NiFe layers.
The M-H loop shows a gradual change of net magnetization
followed by an almost flat region with zero net magnetization
at remanence. This indicates the transition from the spin-flop
(SF) phase to an AFM state where the magnetizations in the
two NiFe layers point in opposite directions.

This behavior is different from what was previously meas-
ured in dipolar coupled NiFe/Cu/NiFe NWs in the presence
of a 10 nm thick Cu spacer, where the magnetization curves
measured by MOKE reveal the presence of a double-step hys-
teresis loops associated with the different switching fields of
the two permalloy layers [7].

Regarding the BLS frequency measurements, figure 4 dis-
plays the measured frequencies plotted as a function of the
applied field magnitude. Starting from positive saturation with
H =+85 mT, the field is decreased in magnitude down to zero
and then reversed to negative values toward negative saturation
following the descending branch of the hysteresis loops. The
lowest frequency mode (1) has essentially a linear frequency
dependence on the applied field in the high field range; a fre-
quency downshift and a nonlinear dependence are observed
below about 25 mT. This deviation occurs at the same field
where the magnetization starts to reduce from the saturation
value. Contrarily, the frequencies of modes (2) and (3) always
present an almost linear dependence with H.

The (blue) continuous and dashed curves are the theoretical
frequencies calculated using the theory described in section 3.
The continuous curves representmodes having the largest BLS

Figure 4. Field evolution of the measured (black points) and
calculated (blue lines) eigenmode frequency of NiFe/Ru/NiFe NWs
array. The solid blue lines represent the most intense modes. We
associate with each BLS peak (1, 2 and 3) the corresponding
calculated spatial profile, symmetric (S) and asymmetric (AS),
shown in figure 6. The normalized MOKE hysteresis loops (red
curve) are also plotted for comparison with the BLS results.

cross- section to be compared with the experimental BLS peak
frequencies while the dashed curves represent those modes
with negligible intensity.

An overall good agreement between experimental and cal-
culated frequencies is obtained over the entire field range
investigated especially for peaks 2 and 3. For peak 1 the qual-
itative dependence on H is well reproduced by theory, but the
calculated frequency of this mode is underestimated slightly.
The reason for this is unclear, but possibly it is an indication
that the uniaxial anisotropy field in the NiFe layers depends
on position within the sample (e.g. it might be different at the
lateral edges compared with the interior of the sample). The
parameter values used for NiFe in the theory are well known
from previous experimental work (e.g. [25, 26]), comprising
the exchange stiffness D = 30 T, the saturation magnetization
Ms = 0.071 T nm2, and the gyromagnetic ratio with gµB =
29.3 GHz T−1. They can all be related back to the parameters
in the original spin Hamiltonian in equation (1). For the cubic
cell size, we generally assumed a= 5 nm, although smaller
sizes were also used as a check on consistency. The inclusion
of nonzero uniaxial anisotropy K gave a marginal improve-
ment in fit. We used SK/gµB = 0.01 T at all spin sites for sim-
plicity. These values are comparable to those used in previous
studies for NiFe NWs.

To understand whether the detected modes have a station-
ary or propagating behavior through the NW array, we meas-
ure the SW dispersion by sweeping the wave vector k in the
transverse direction of the NWs. Figure 5 shows the compar-
ison between the measured and the calculated SW dispersion
(frequency vs Bloch wavenumber k) within the first Brillouin
zone for NW arrays with different Ru thicknesses in the sat-
urated state (µ0H = 85 mT). The lowest-frequency mode is
dispersionless, i.e. its frequency does not change as a func-
tion of the k, while the second lowest-frequency mode exhib-
its a significant magnonic bandwidth of about 1.6 GHz. When
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Figure 5. Comparison between the measured and calculated spin-wave band structure in the first Brillouin zone of the array for the
NiFe/Ru/NiFe NWs array. The external magnetic field is µ0H = 85 mT applied parallel to the NW length. We label each calculated mode as
symmetric (S) and asymmetric (AS) while the integer number defines the number of mode nodes across the NW width.

Figure 6. Spatial distribution (real part of in-plane x-component) of the eight lowest-frequency modes for the NiFe/Cu/NiFe NWs. The
magnetic field H = +85 mT is applied along the NW length and k is fixed at 0.61 × 107 rad m−1. The blue and red curves refer to the
bottom and top NiFe layers, respectively while the green curves are the average values of the dynamic magnetization across the two layers.
The modes are labelled as S (symmetric) and AS (anti-symmetric).

explored beyond the edge of the first BZ, which occurs at
kBZ = π/p ∼ 0.69 × 107 rad m−1, the SW dispersion exhib-
its the characteristic periodic behavior of the Bloch-type col-
lective spin waves, which is caused by the artificial period-
icity of the lattice. A third mode with stationary behavior is
observed at about 12 GHz. Even in this case, the calculated
frequency dispersion reproduces very well the experimental
results over the entire wave-vector range investigated. Finally,
the RKKY coupling parameter−JR is deduced from the best fit
to the experimental BLS data, leading to an approximate value
for the ratio JR/J of 0.002, which is consistent with previous
NiFe/Ru/NiFe studies for a Ru thickness of 1.0 nm [26].

In order to interpret the measured dispersion of figure 5 and
the field dependent results of figure 4, we calculated the spatial

profile of the modes across the NW width and considered the
phase difference between the precessing magnetization vec-
tors in the two NiFe layers. In figure 6 we show the real part
of in-plane x-component of the eight lowest-frequency modes
calculated for µ0 H =+85 mT is applied along the NW length
and k fixed at 0.61 × 107 rad m−1. Since the two layers are
coupled by both the RKKY and dipolar interactions, the res-
onance modes can be classified as symmetric (S) and anti-
symmetric (AS) modes depending on whether the oscillation
in the two layers is in-phase or anti-phase. In all cases, the
mode profiles have a sinusoidal shape and are characterized by
an increasing number of nodes across the NWwidth. The four
modes with the lowest frequency belong to the family of AS
modes. The first one (AS0), which is characterized by a nearly

6
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uniform precession amplitude across the width of the NWs,
can be considered as a quasi-uniform (fundamental) mode of
the NWs, while the other three asymmetric modes have an
increasing number of nodes across the NW width and exhibit
a non-dispersive behavior, i.e. their frequency is constant as a
function of the wave vector k. Mode S0 exhibits the largest
intensity peak and it associated to peak 2 in the measured
BLS spectra because of its symmetric character and the non-
zero averaged dynamic magnetization. This mode also has the
largest magnonic bandwidth due to that efficient dipolar coup-
ling between neighbouring NWs, which gives rise to collect-
ive SWs of the Bloch type travelling on the periodic array. It is
worth mentioning, that while the anti-symmetric modes (AS)
should have a zero BLS cross-section due to zero averaged
dynamic magnetization, they could have a non-zero intensity
due to the finite penetration depth of light that mostly illumin-
ates the uppermost layer and to finite wave vector k. These
two aspects are responsible for the fact that lowest frequency
asymmetric modes, such as mode AS0, gives a non-vanishing
contribution to the BLS cross-section (see equation (1) of [28])
and it is associated to peak 1 in figures 2 and 3. Using similar
considerations, we have assigned to each experimental BLS
peak 3 the label corresponding to the calculated spatial profile
of mode S1.

Although both the RKKY interactions and the dipole–
dipole interactions provide coupling between the NiFe layers,
our conclusion is that the former play the dominant overall role
for the spin-wave dynamics in this system. Qualitatively, they
give rise to different effects since the RKKY interactions are
short range and act in the vertical (y) direction. By contrast, the
long-range dipolar interactions give coupling in all directions
including between NW array elements extending along the x
direction.

5. Conclusions

We have presented a comprehensive study of the spin-wave
modes in a magnonic crystal fabricated as a lateral array of
trilayer NiFe/Ru/NiFe NWs. The system was characterized
by MOKE magnetometry and the collective spin-wave excit-
ations were detected by BLS spectroscopy. A microscopic
(or Hamiltonian-based) theoretical method was employed to
calculate the dependence of spin-wave frequencies and amp-
litudes (including relative phase) on the longitudinal applied
magnetic field and the transverse (or Bloch) wave vector.
Overall, the agreement between theory and experiment was
found to be good. Particular attention was given to the role of
the IEC in any NWprovided by short-range RKKY interaction
in the vertical (y) direction. The coupling between the NWs in
the lateral (x) direction arises due to the long-range dipole–
dipole interactions, giving rise to the magnonic bands of the
array.

We believe that the results of this work are interesting for
future applications in the field of three-dimensional magnon-
ics, where the spin-wave properties can be controlled by the
interplay of RKKY and dipole interactions between the layers.
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