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To determine a general correlation between structure and dynamic magnetic
properties of porous materials, the frequencies of magnetic spin waves are
studied by Brillouin light scattering from nickel inverse opals and backed up by
micromagnetic simulations. Within the observed unit cell size regime between
400 and 800 nm, discrete thickness standing modes are found to change with
unit cell size. By applying pair correlation functions of the inverse opal solid phase
normal to the applied field to an equation for perpendicular standing modes, the
directional and unit cell size-dependent spectral intensities above the surface
mode region can be traced. Thus, an accessible general approach for the pre-
diction of standing spin waves in porous materials is obtained.

1. Introduction

The effect of material superstructure on the dynamic magnetic
properties is a long-standing matter of interest in the field of
magnetism.[1–5] This issue has received renewed attention with
the emergence of magnonic crystals, which are periodically
organized magnetic materials.[6–10] These have the potential to

control spin wave propagation and densi-
ties of states of magnons, and thus provide
entirely new, spin-based ways to transfer
and process information without moving
charges. Significant progress has been
made in the fabrication and characteriza-
tion of magnonic crystals with 1D[10–13]

and 2D periodicity in form of dot[2,14–16]

or antidot lattices,[8,17,18] or bicomponent
composites.[19–22] Recently, Beginin et al.
realized spin wave guidance in 3D mag-
nonic crystals in the shape of layered
meanders.[23]

Diverse routes to prepare 3D-structured
magnonic crystals have been assessed.[24–27]

However, research on the directional properties of 3D magnonic
structures has been limited mainly to theoretical studies.[3,28,29]

Krawczyk and Puszkarski developed a plane-wave theory for 3D
magnonic crystals.[3] In addition, ab initio calculations were per-
formed for 3D magnetic materials with spatial disorder.[28]

However, to the best of our knowledge, there is no simple,
numerically derived approach to determine the correlation
between the 3D order of complexly structured magnetic materi-
als and the characteristic magnetic spin wave modes resulting
from spatial magnon confinement.

However, there is a need: Kostylev et al. reported, for 3D mag-
nonic crystals in the shape of nickel inverse opals, ferromagnetic
resonance spectra of differential absorption, which exhibit a com-
plex fine structure with changing applied field.[30] In their own
words, their “investigation revealed a broad band of frequencies
and fields in which resonant absorption takes place. For the out-
of-plane direction of magnetization, a number of partially
resolved modes are observed.”[30] These were accounted for by
a model of “effective cylinders.”

Having prepared similar materials in an earlier work,[27] we
were intrigued by the prospect of a mode explanation, directly
based on the inverse opal structure. Further motivation was pro-
vided by the outlook that such an approach could be adapted to
any magnetic superstructure.

While micromagnetic simulations are a powerful tool to assess
the spin wave mode spectra for magnetic materials, they require
extensive preparation, powerful computing systems (typically
numerous graphics processors running in parallel) and days
to complete and evaluate. Finding analytical expressions for spin
wave modes, on the other hand, is feasible for simple geometries
such as spheroids,[31] spheres,[32] or slabs[4]; however, this
method becomes impractical for structures with higher complex-
ity. To illustrate, the tabulated resulting expressions for the
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resonant modes of spheres span several pages.[32] Therefore, it is
not suitable for the assessment of spin wave mode spectra
expected from 3Dmagnetic superlattices. In this article, we pres-
ent a simple, but widely adaptable, method for correlating 3D
material structuring to resulting standing spin wave modes,
using the example of an “anti-sphere” lattice in the form of
an inverse opal magnetic material with face-centered cubic
(FCC) symmetry.

The method consists of passing pair correlation functions
through the inverse opals along all vectors normal to the applied
magnetic field to the equation for thickness standing spin wave
modes for several mode orders. The resulting predictions were
based on initial observations from Brillouin light scattering (BLS)
spectra recorded from nickel inverse opal samples, fabricated by
colloidal self-assembly and electrodeposition. Due to ambiguities
in the measured BLS spectra, dynamic micromagnetic simula-
tions were performed to confirm predictions.

2. Experimental Section

2.1. Antisphere Lattice Model Structure

For the model structure of the 3D antisphere lattice, a nickel-
based inverse opal material was chosen; its Brillouin zone vectors
are shown in Figure 1a. The saturation magnetization Ms of
5� 105 Am�1 for nickel was used for all simulations.[33]

Sample axes were designated according to the right-hand rule.
For comparison with results from BLS measurements on real
samples (see Figure 1b), the experimental conditions were mir-
rored in the method of rapid prediction and the micromagnetic
simulations of spin wave modes: the probing direction k, the
probing electrical field vector Ei, and the externally applied field
H0 remained fixed and perpendicular to one another. Generally,
unscaled wavevector directions were denoted with k and their
lengths with k. In predictions and simulations, as well as in
the BLS measurements, samples were rotated from the crystal-
lographic direction (1|1|1) around the two axes Ei and H0, as
shown in Figure 1b,c and listed in Table 1.

2.2. Nickel Inverse Opal Fabrication and Characterization

Nickel-based inverse opal samples were fabricated by electro-
chemical infiltration of nickel into FCC template structures of
close-packed polymer spheres.[24,27,34,35] Details of the fabrication
process are based on an earlier work[27] and are given in
Supporting Information S1. In short, opal templates were assem-
bled by vertical deposition from polystyrene spheres with diam-
eters of 250, 390, 420, and 500 nm. Electrodeposition was used to
backfill the opal voids with nickel metal. After removal of the
templates by chemical dissolution of the polystyrene spheres,
nickel inverse opal samples were obtained. Nonporous reference
film samples were prepared by deposition without opal
templates. For the purpose of this work, all samples were
quasi-infinite planes. The reference film and the opals were
300 nm and 3 μm in thickness, respectively. The filling factors
f of the different nickel inverse opal samples were determined
from the final air sphere void radii r and the unit cell side lengths
a, via Equation (1).
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Figure 1. a) Sketch of the Brillouin zone of an FCC unit cell with the plane perpendicular to the ð1j1̄j0Þ opal axis marked gray. b) Scheme of the BLS
setup in backscattering geometry, indicating the sample rotation in the otherwise fixed setup. c) Slices through a super-cell measuring 63 FCC unit cells,
normal to H0 with changing rotation around Ei, solid material in white, with opal directions ð1j1j1Þ perpendicular, and ð1j1̄j0Þ parallel to the drawing
plane.

Table 1. Rotation-dependent probing directions k and applied magnetic
field directions H0 expressed as the approximate Miller indices (h|k|l)
of the FCC inverse opals.

Rotation axis Rotation angle [�] k H0

Ei 60� 2 ð1̄j3j1Þ ð12j2j7Þ
Ei 40� 2 ð0j2j1Þ ð5j1̄j2Þ
Ei 20� 2 ð3j8j6Þ ð4j2̄j1Þ
– 0� 2 ð1j1j1Þ ð1j1̄j0Þ
H0 20� 2 ð5j5j2Þ ð1j1̄j0Þ
H0 40� 2 ð17j17j2̄Þ ð1j1̄j0Þ
H0 60� 2 ð3j3j2̄Þ ð1j1̄j0Þ
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2.3. Brillouin Light Scattering

BLS measurements were carried out with a reference-stabilized
triple-pass tandem Fabry–Pérot interferometer (TFP-1, JRS,
Mettmannstetten, Switzerland). Magnetic fields were produced
by a direct current electrically induced magnet (5403, GMW,
San Carlos, CA, USA). The 532 nm line of a single-mode,
diode-pumped, solid-state laser (CrystaLaser, Reno, NV, USA)
operated at 100mW continuous wave output power, and with
electrical field vector direction Ei, was further monochromatized
by a temperature-stabilized fused-silica etalon (TCF-1, JRS,
Mettmannstetten, Switzerland). Generally, ki ¼ 2π=λ is used
for the wavevector of the incoming laser beam. In our BLS experi-
ments, performed in backscattering geometry as shown in
Figure 1b, the direction k¼ ki is probed. The samples were
mounted on a two-axes goniometer, which allowed tilting by
angles up to 60�.

The focusing and collecting lens of diameter 50mm had a focal
length of 75mm. Reflected light was collected and passed through
a polarizer, allowing passage of the electrical field vector Es ⊥ Ei, to
suppress light inelastically scattered by interaction with phonons.
It entered the interferometer with an input aperture of f/18. The
mirror distance used in the interferometer was 2mm. The entry
and exit pinholes were 700 and 1000 μm in diameter, respectively,
giving a tabulated machine finesse value of F¼ 80. A total of
2� 104 measurement cycles were performed.

2.4. Micromagnetic Simulations

Micromagnetic simulations were conducted using the structural
parameters given in Table 2, with the finite difference method
software MicroMagnum.[36] We applied periodic boundary
conditions for all field contributions in all spatial dimensions
to simulate an infinitely extended material.[37] Rephrased from
Torres et al., “the use of periodic boundary conditions implies
that this one [unit cell] simulation represents an infinite array
of [unit cells].”[38]

For each run, H0 ¼ Ms ¼ 5� 105 Am�1 was applied perma-
nently, and the system relaxed to an initial state, after which it
was left to oscillate freely for 50 ns. From the averaged directional
magnetizations, the temporal magnetizations in the respective
probing directions k were obtained, and the power spectra of
their Fourier transforms were calculated. They were smoothed
by a first-order Savitzky–Golay algorithm over ranges of 25MHz
to match the frequency resolution of the BLS spectra recorded
from fabricated materials and normalized for presentation.

2.5. Spin Wave Terminology and Frequency Boundaries

Magnon frequencies depend on the strengths of H0, the Ms of
the material comprising the body, and whether the spins are cou-
pled by exchange- or the longer-ranged dipole–dipole interaction.
Depending on their propagation direction with regard to H0 and
to the surfaces of the body, one distinguishes between bulk and
surface spin waves. Combining the interaction types with the
propagation directions leads to the three main types of modes.

The first type are dipole-coupled volume spin waves. If propa-
gating in quasi-infinite volumes, they are simply termed “bulk
magnons,” as first described by Kittel.[39] In thin films, they
are termed magnetostatic forward volume modes (MFVMs),
or magnetostatic backward volume modes (MBVMs), for magne-
tization perpendicular to the film plane, or propagation and mag-
netization directions collinear in the film plane, respectively.[1]

The second type are dipole-coupled magnetostatic surface
modes (MSMs) propagating parallel to surfaces, as formulated
by Damon and Eshbach.[5] If the surface of the body is noncon-
tinuous, these modes split discretely, as exemplified by a study of
permalloy wires with varying separating distances.[11]

The third are exchange interaction-coupled spin waves propa-
gating perpendicular between surfaces, the perpendicular stand-
ing modes (PSMs).[1] Being standing waves between confining
surfaces of distance d, these modes are characterized by their
order p, depending on the number of static nodes occurring
along their length. Both MSM and PSM run perpendicular to
magnetic field directions.[1]

To identify the nature of observed modes, their expected
frequency ranges were determined. All calculations were
performed in SI units, using the experimental parameters:
The laser wavelength λ ¼ 532 nm, the vacuum permeability
μ0 ¼ 4π � 10�7 NA�2, and exchange stiffness constant of nickel
A ¼ 8 pN[40] to calculate D, the exchange constant for the mate-
rial, as well as the exact value for the electron gyromagnetic ratio
γ 0. From these parameters, the characteristic frequencies ν were
calculated via Equation (2)–(8), and shown in Figure 2.[5,39,41]

Table 2. Structural parameters of the characterized reference sample and
the FCC inverse nickel opals: t thickness or 2r spherical void diameter, a
side length of the FCC unit cell, f volumetric filling factor of the nickel phase.

t,2r [nm] a [nm] f/1

Ref.: 300 – –

245� 8 385� 13 0.46� 0.01

380� 12 625� 20 0.53� 0.01

410� 5 685� 10 0.55� 0.01

496� 8 816� 14 0.53� 0.01
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d nm
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1010

p = 1 2 3 4 5 6 7 8 9 10

Figure 2. Plots of the expected spin wave frequency ranges for nickel, at
H0 ¼ 5� 105 Am�1. Solid lines mark the frequency boundaries Δν0,
ΔνHK, and ΔνDE in order of ascending ν. Dotted lines: νDE as calculated
by Equation (6), omitting the thickness dispersion.[1] Dashed lines: νp for
p ¼ ½1...10�.
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D ¼ 2A
μ0Ms

(2)

Hex ¼ Dk2 (3)

ν0 ¼ γ0ðH0 þHexÞ (4)

νHK ¼ γ0½ðH0 þHexÞðH0 þHex þMsÞ�1=2 (5)

νDE ¼ γ0ðH0 þHex þMs=2Þ (6)

HpðdÞ ¼ D
�
pπ
d

�
2

(7)

νpðdÞ ¼ γ0½ðH0 þHpðdÞÞðH0 þHpðdÞ þMsÞ�1=2 (8)

Dipole-coupled volume waves (bulk, MFVM, and MBVM) are
expected between ν0 and νHK, the Herring–Kittel limit (equaling
γ

ffiffiffiffiffiffiffiffi
BH

p
in Gaussian units).[5,31,42] MSMs are expected between

νHK and νDE, the Damon–Eshbach limit.[5] In Figure 2, this global
limit is presented together with the full dispersion relation for a
compact thin film.[1]

For the material parameters used in micromagnetic simula-
tions, and k ¼ 0, the following values, rounded to three signifi-
cant figures, were obtained: ν0 ¼ 17.6, νHK ¼ 24.9, and
νDE ¼ 26.4GHz. In BLS, spin wave frequencies are captured
as laser frequency shifts Δν. For the fabricated and measured
materials, probed with k ¼ ki, they were calculated as:
Δν0 ¼ 17.8, ΔνHK ¼ 23.8, and ΔνDE ¼ 24.8GHz.

The PSM do not have a fixed upper limit. Instead, they
approach νHK with increasing d, and ∞ for d! 0.[41] Figure 2
shows that their frequencies, for a given material and applied
field, depend on p. Literature reports indicate that, typically,
PSM intensities decay as ∝ p�1=2, due to eddy current magnetic
damping.[43,44] Therefore, and based on the number of typically
considered modes, we plotted νp¼10 as the upper boundary for
observable PSM, in Figure 2 and in the presented results.

3. Results and Discussion

3.1. Nickel-Based 3D Antisphere Lattices

3Dmagnetic antisphere lattices based on nickel inverse opals were
fabricated by a combination of colloidal sphere self-assembly and
electrochemical infiltration.[24,27,34,35] By varying the diameters of
the polystyrene templating spheres, FCC nickel inverse opals
with different lattice constants a were obtained. Scanning electron
micrographs of the different samples, recorded along the (1|1|1)
direction of the FCC lattices, are shown in Figure 3.

All samples display a high degree of order and uniformity.
However, due to the nature of the fabrication process, point, line,
and edge defects typical of colloidal self-assembly templating and
electrodeposition are present in all samples. Detailed structural
analysis revealed lattice constants of 385, 625, 685, and 816 nm
for the different samples. Key structural parameters are summa-
rized in Table 2, and samples will be referred to by their respec-
tive values of a throughout this article.

To investigate the spin wave properties of the nickel inverse
opals, we conducted BLS measurements, which were previously
used to evaluate spin wave mode properties in 1D and 2D

magnonic crystals.[11,12,45] Recorded intensities due to inelastic
scattering were identified by changing the strength of the field
H0 in steps to 0.0, 0.6� 105, 1.7� 105, and 5.0� 105 Am�1.
When measuring with increasing H0 (not shown for brevity),
the recorded intensity maxima expectedly moved to larger fre-
quencies, confirming their magnetic spin wave origin. The shifts
of the PSM from the reference sample were used to estimate the
materials’ saturation magnetizations as (4� 1)� 105 Am�1.

Figure 4 shows the BLS spectra measured at constant H0 for
the references sample and a nickel inverse opal sample, and for
rotations around H0 and Ei (as defined in Table 1). All spectra
were obtained from inelastic scattering, and thus were composed
of asymmetrical Stokes and anti-Stokes shifts.

The reference sample is shown in Figure 4a. For the spectrum
recorded in the k ¼ ð1j1j1Þmeasurement orientation, a broad sig-
nal is located aboveΔνDE, in the PSM frequency region. Nomodes
are observed in the MSM frequency region between ΔνHK and
ΔνDE (23.8–24.8GHz) for k ¼ ð1j1j1Þ. The reason is that the
component of ki parallel to the sample surface, kijjsurf , is 0 in this
orientation. However, we assigned as MSM two peaks, one visible
in each of the Stokes-shifted parts of the spectra obtained from
k ¼ ð5j5j2Þ and ð17j17j2̄Þ orientations (marked #). As expected,
this mode shifts to higher jΔνj for increased sample rotation
around the H0 direction, which increases kijjsurf . The intensities
recorded within the regions from Δν0 to ΔνHK are attributed to
noise, in agreement with the expectation that no MBVMs are
detectable with our measurement geometry.

BLS spectra of the nickel inverse opal sample with lattice con-
stant 385 nm are shown in Figure 4b; those from 625, 685, and
816 nm are given in Figure S1a–c, Supporting Information.
Spectra obtained for rotations around H0 (i.e., for H0 ¼ ð1j1̄j0Þ
and k ¼ ð1j1j1Þ, ð5j5j2Þ, ð17j17j2̄Þ and ð3j3j2̄Þ, the gray plane
in Figure 1a), are similar to one another, whereas those for rota-
tions around Ei differ more strongly. Hence, the detected PSM are
governed by the direction of H0. This can be rationalized by the
comparatively isotropic strut geometries of the nickel inverse
opals, in which PSM can run equally isotropically,[2] only being
confined—true to their name—to planes perpendicular to H0.

Figure 3. Scanning electron micrographs of the (1|1|1) surface planes
of the fabricated nickel inverse opals with a of 385, 625, 685, and
816 nm (a–d, respectively).
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In the H0 ¼ ð1j1̄j0Þ spectrum of the sample with the smallest
lattice constant (385 nm), features between ΔνDE and Δνp¼10 can
be distinguished, as shown # in Figure 4b. In Section 3.2, we will
show that more PSM peaks can be expected from the samples
with larger a. Unfortunately, in the spectra obtained from the
three samples with larger lattice constants 625, 685, and 816 nm,
the spectral resolution and signal-to-noise ratio are not sufficient
to identify distinct modes.

The fine structures of the ferromagnetic resonance spectra
reported by Kostylev et al., also for nickel inverse opals, are of
similar complexity as the spectra reported in this article.[30]

They stated that “[t]he presence of the fine structure in the
out-of-plane data suggests that the broad absorption peaks seen
in the in-plane FMR data in Figure 3 are absorption zones con-
sisting of a number of weakly resolved resonances rather than a
single resonance mode.”[30] Kostylev et al. further assessed the
effective exchange field (Hex ¼ Dk2) for their observed modes,
and noted that the resultant half-wavelengths (π=k) “are consid-
erably smaller than the film thickness (�4.76 μm) but of the
same order of magnitude as the mean width (90 nm) of basic
elements […]”.[30]

The inverse opals assessed in this work have essentially the
same parameters as Kostylev et al.’s: made from nickel by
electrodeposition, with thicknesses on the micrometer scale,
and with smallest strut diameters of ½54, 124, 148, 162� nm for
a ¼ ½385, 625, 685, 816� nm. Their further conclusion forms the
basis for our model, proposed in Section 3.2: “Thus, in the frame-
work of this model, the exchange contribution to the total energy of
the standing spin wave originates from the nonuniformity of the
Bloch-wave profile across the individual basic elements, but it is not
given by the wave number of the standing Bloch wave nπ=L, where
n ¼ 0, 1, 2... (recall that L ¼ 4.76 μm is the film thickness).”[30]

Our aforementioned observations highlight the limitation of
BLS measurements, where signal strengths depend highly on
ambient parameters such as variations in temperature, mechan-
ical vibration, light scattering while passing through air, or elec-
tronic noise. Even in 1D and 2D magnonic crystals with near
perfect, defect-free structures, BLS signals are, arguably,
weak.[2,11,46–48] In 3D structures obtained by self-assembly,
and with natural presences of point, line, and edge defects,
the signal-to-noise ratios are further reduced; narrowly spaced
modes are no longer distinguishable. Therefore, to interpret

BLS spectra for 3D samples, guidance is needed from simula-
tions or numerically derived methods to determine correlations
between 3D structure and resulting spin wave modes. This
can be achieved by micromagnetic simulations. However,
they require extensive computational resources and time.
Therefore, we developed a simple numerical method to predict
the PSM in 3D magnetic structures.

3.2. Tracing PSM by Pair Correlation Functions

Our approach to predict PSM in complexly porous materials—at
the example of our antisphere lattices—was to calculate and con-
volve PSM, calculated from descriptors of the individual basic
elements. These basic elements, the nickel struts interconnected
throughout the material, are the proposed origin of complex
spectra in the PSM regime.[30] As the basis for the descriptors,
we calculated pair correlation functions gðrÞ for all vectors nor-
mal to H0 that connect points equidistributed throughout the
nickel phase. A number of points across a unit cell of n ¼ 35
was determined as suitable. The solid phase pair distances rs,
normal to H0, provide an initial description of the characteristic
distances along which PSM can propagate. They were histo-
grammed into

ffiffiffi
2

p
n bins over an array of distances r extending

to the borders of a unit cell and used to calculate the pair corre-
lation function, Equation (9).

gðrÞ ¼ 1
4πr2

Z
δðr � rsÞdrs (9)

Hence, gðrÞ is a measure of the probability of finding a distance
rs ⊥ H0. However, PSM in thin films are confined by the film
thickness, i.e., between the surfaces. By analogy, the opal strut
dimensions are proposed as the confining lengths. Therefore,
we determined the edges of gðrÞ as the maxima of its second-
order derivative g 00ðrÞ, corresponding to the gradient change when
passing a boundary between solid material and air. The results
were ĝðrÞ, the values of gðrÞ at the maxima of g 00ðrÞ.

For each H0, the scalar d in Equation (7) and (8) was then
substituted with arrays of r, resulting in arrays of frequencies
νpðrÞ for each mode number p, to which belong arrays of
magnitudes ĝðrÞ. The expected convolved PSM spectrum was
then calculated by Equation (10).

(a) (b)

Figure 4. BLS spectra recorded at H0 ¼ 5� 105 Am�1 from a) the 300 nm thick reference, and b) the inverse opal with a of 385 nm for different
k ⊥ H0. Solid vertical lines mark the frequency boundaries Δν0, ΔνHK, ΔνDE, and Δνp¼10 in order of ascending jΔνj. Arrows # in (a) denote MSMs
and in (b) PSMs.
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IðνÞ ¼
X10
p¼1

ĝðνpðrÞÞp�1=2 (10)

In detail, we binned the ĝðνpðrÞÞ into equal-width values of ν,
spanning the range of νpðrÞ. The factor p�1=2 accounts for mag-
netic damping. To verify and refine our approach, we first calcu-
lated the expected convolved PSM spectrum for our reference
sample by Equation (10). Calculating νp via Equation (8) does
not provide a distribution of IðνÞ.[44] Using d ¼ 300 nm, divided
by the cosine of the angle of rotation around Ei, and comparing
preliminary results to the measured spectra (Figure 4a) allowed
us to tune the peak shape via the use of a Gaussian signal win-
dow, Figure 5a. We applied the same shaping approach during
the calculation of IðνÞ for the inverse opal slices, yielding the pre-
dicted spectra shown in Figure 5b–e.

The following similarities between the predicted and the
recorded patterns from Figure 4 and 5a,b can be discerned:
1) The convolution of IðνÞ into broadened signals within the
PSM range; 2) The respective number of maxima within
the PSM range; 3) For inverse opals, the loss of fine structure
with H0 ! ð4j2̄j1Þ ! ð5j1̄j2Þ ! ð12j2j7Þ; 4) For the reference
sample, the shift of large IðνÞ to lower frequencies with
H0 ! ð4j2̄j1Þ ! ð5j1̄j2Þ ! ð12j2j7Þ

As pointed out earlier, we considered the recorded BLS spectra
an insufficient basis for comparison. Hence, in the following sec-
tions, we discuss our predictions together with simulated spectra.

3.3. Interpretation and Micromagnetic Simulations

Micromagnetic simulations of nickel inverse opals were con-
ducted for a wide spectral range. Figure 6 shows the entire

set of simulated spectra for nickel inverse opals samples with
Ms ¼ 5� 105 Am�1, different lattice constants, and for rotations
around H0 and Ei as defined in Table 1. Common to all spectra
are distinct features in the PSM region, between νDE ¼ 26.4GHz
and �45 GHz. These remain virtually unchanged for rotations
around H0 (i.e., for H0 ¼ ð1j1̄j0Þ and k ¼ ð1j1j1Þ, ð5j5j2Þ,
ð17j17j2̄Þ, and ð3j3j2̄Þ), probing the plane indicated gray in
Figure 1a. We interpret this as further confirmation that they
are indeed PSM, confined between basic structural elements
within the plane normal to H0 ¼ ð1j1̄j0Þ.

The same features (1)–(3), outlined in Section 3.2, are observ-
able in the simulated spectra. However, (2) requires some qual-
ification: while our manner of tracing PSM is straightforward, it
depends on either analytically determining directional g(r) (labo-
rious), or the use of numerical structure descriptions (our
choice). To achieve computation times on the order of minutes
with a current desktop computer, signal levels and frequency res-
olutions are balanced by the data bin sizes, effectively limiting
the latter.

Another notable point is that we calculated the spectra in
Figure 5 according to the simulation parameters. Therefore, the
number and position of PSMs observable in Figure 6 is the same,
whereas in Figure 4, their positions are shifted to lower jΔνj.

Our general interpretation of the correlation between unit cell
size a and PSM maxima is as follows: due to the nearly constant
filling factor f (see Table 2), the strut diameters increase with a.
This necessitates a shift of maxima of g 00ðrÞ to larger r, which in
turn means a reduction of HpðrÞ with increasing a, Equation (8).
In the inverse opals, the maxima of g 00ðrÞ occur at lengths smaller
than d¼ 300 nm, leading to PSM frequencies larger than those
observed in the reference sample. The first two strongest maxima

(a) (b)

(c) (d) (e)

Figure 5. Predicted spectra for different H0 at H0 ¼ 5� 105 Am�1 in the PSM frequency range obtained by applying ĝðνpðrÞÞ from simulation models
to Equation (8)–(10), for a 300 nm-thick nickel film (a), and nickel FCC antisphere lattices with a of 385, 625, 685, and 816 nm (b–e, respectively). Arrows #
denote predicted PSMs, for the continuing example of a ¼ 385 nm.
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(a) (b)

(c) (d)

Figure 6. Frequency transform spectra obtained by dynamically simulating nickel inverse opals with a of 385, 625, 685, and 816 nm (a–d, respectively)
atH0 ¼ 5� 105 Am�1 and for different k ⊥ H0. Solid vertical lines mark the frequency boundaries Δν0, ΔνHK, and ΔνDE in order of ascending ν. Arrows #
denote observed PSMs for the exemplary a ¼ 385 nm.

Figure 7. Directional slice views of Hex at the beginning of simulations, through the center of an a¼ 816 nm unit cell (qualitatively representative of all
unit cell sizes), normal to a) ð1j1̄j0Þ, b) ð4j2̄j1Þ, c) ð5j1̄j2Þ, and d) ð12j2j7Þ.
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of g 00ðrÞ forH0 ¼ ð1j1̄j0Þwere at a ⋅ ½0.17, 0.29�. For example, in the
smallest tested unit cell, 385 nm ⋅ ½0.17, 0.29� ¼ ½65 nm, 112 nm�.
Hence, the maxima positions approximate, within the binning
resolution, the calculated smallest diameters of the basic elements
in lattice directions h1j1j0i of 54 nm, and h1j0j0i of 2� 54nm,
respectively.

To correlate our results to observable features of Hex, we
extracted slices normal to the directions of the applied external
field H0, Figure 7. While the images only depict single slices
instead of all vectors ⊥ H0, they reveal features that intuitively
account for the observed mode spectra: perpendicular to
ð1j1̄j0Þ, Figure 7a, Hex appears smooth and circularly symmetric
around minima of Hex, and the minimum strut diameter in
direction h1j1j0i can be discerned. Our interpretation is that this
high degree of symmetry leads to the comparatively low number
of distinct PSM maxima observable in Figure 5b and 6a. For all
other directions (Figure 7b–d), the magnitude of Hex appears
only twofold point-symmetric around its minima. Here, the
expectation—by analogy to diffraction processes in atomic
crystals—that reduced symmetries lead to larger numbers
of observable signals, is confirmed by the observations from
Figure 5 and 6.

4. Conclusions

We have introduced a numerical method to predict how spin
wave spectra of nickel are altered in the presence of a 3D super-
lattice such as an inverse opal. Both the mode splitting and posi-
tions were derived and interpreted by applying selected pair
correlations to the perpendicular standing wave exchange factor.
The method enables fast and simple assessment of spin wave
modes in 3D magnetic superstructures without the need of
expensive and time-consuming simulations. In reverse, our
numerical method may be adapted to interpret convoluted
BLS spectra. This was shown to be particularly challenging
for complex 3D magnetic structures obtained by self-assembly
methods. These materials not only contain structural defects
(point, line, and edge defects in the superlattice) but also possess
strongly scattering surfaces. While BLS has provided high-quality
experimental data on magnetic spin waves in planar systems, we
found its application to highly scattering surfaces of complex 3D
structures of limited usefulness. We further anticipate the pre-
sented method based on pair correlation functions, which can
rapidly predict splitting and spacing of spin wave modes, to
be an aid for the tailored design of materials with complex or
disordered geometries, for which so far ab initio calculations
have been used.[28,49,50]
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