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Abstract

In this paper we report on both magnonic and phononic properties of a Ni-based inverse ferromag-
netic opal film with the [111] axis of fcc structure along the normal to the film. FMR (FerroMag-
netic Resonance) measurements have revealed multiple spin wave (SW) resonances for the mag-
netic field applied perpendicular to the film. For the field applied in the film plane a broad band of
microwave absorption is observed which does not contain a fine structure. Theoretical analysis al-
lows concluding that SW resonanaces localised on chains of quasi-tetrahedron — quasi-cube — qua-
si-tetrahedron basic elements are weakly coupled, which excludes pronounced collective
“magnonic” behavior. On the contrary, our preliminary “pump-probe” experimental studies of
acoustic properties of such structures have revealed a presence of Bloch-type phonons.

1. Introduction

Rapid progress in photonics, exploiting unusual wave properties of optical waves in structures
with a submicron periodic modulation of the refractive index has lead to creation of a new type of ma-
terials known as photonic crystals [1]. The latter demonstrate such prominent features as Brillouin
zones (BZ), whose emergence is accompanied by a number of unique peculiarities in wave behavior,
typically occurring in the vicinity of BZ boundaries, which include photonic bandgaps, slow light
propagation, and negative dispersion.

The universal nature of wave physics in periodic media dictates striking analogies between
photonics and magnonics [2,3]. In the case of magnonics spin waves in periodic ferromagnetic struc-
tures (magnonic crystals) are exploited. Similarly, phononic behaviour is possible in artificial media
with periodically modulated elastic properties.

Artificial opals are ideally suited for applications as photonic, magnonic and phononic crys-
tals. While there exists extensive literature dedicated to studies of 3D photonic effects in direct opals
(see, for example, Ref. [4] and references herein), wave processes in inverse opal structures are far less
investigated. At the same time, the technologies involved in their fabrication allow one creation of 3D
periodic ferromagnetic structures, which makes them extremely promising as 3D magnonic and
phononic materials.
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2. Experiment and discussion

A nickel inverse opal (I0) sample was fabricated by using electrodeposition technique and uti-
lizing a colloidal crystal film as a template. The colloidal crystal film was prepared by an electric-
field-assisted vertical deposition of monodisperse polystyrene microspBere§30 nm; RSD < 10
%) onto a Si(100) wafer coated

Ay AN A ATy e e with a 100 nm-thick gold layer [5]. According
to the results of SEM, the average center-to-
center distances between spherical voids are
515 +£10 nm (see Fig.1). The high-resolution X-
ray diffraction shows that 10 typically have the
face centered cubic (fcc) structure with a small
amount of stacking faults along the <111> axes.

In our broadband FMR experiments we
use a microwave generator to apply a micro-
wave signal to a section of a microstrip line.

The sample sits on top of this microstrip trans-

ducer, whose width is 1.5 mm. Microwave ab-

sorption spectra are measured at a number of

— — T——= fixed frequencies ranging from 2 GHz up to 18
Fig.1.Top view SEM image of the Ni inverse opal. GHz, while the magnetic field is swept very

slowly (with a period of 30 min) from -8000 Oe

to 8000 Oe. Typical results, in the out-of-plane geometry, are presented in Fig.2. Experimental FMR

20 0.02 data are given With dots. The thick solid_ line

' represents the fit of the fundamental (Kittel)
mode with the theory of effective cylinders.
Thin solid lines reproduce respective parts
of the hysteresis loops. For better under-
standing, in the inset is given the complete
hysteresis loop.

The basic element of the studied 10
structure is the chain quasi-tetrahedron —
guasi-cube - quasi-tetrahedron (T-C-T).
These chains run along the <111> direc-
-0.02 tions. We suggest that the collective motion

0 2 4 6 8 of these chains may be approximated with

. dynamics of long cylinders of nanoscale
Magnetic field (kOe) cross-sections. We justify this assumption
by the fact that the results obtained in the in-
Fig.2. FMR results in the out-of-plane geometry. ~ plane geometry display a feature known as a
characteristic signature of the presence of struc-
tural elements with a pronounced uniaxial anisotropy, for example cylinders, when magnetized along
the easy axis: there is no signal at low frequencies. This agrees well with the results of static character-
ization that has revealed a major role played by chains of cubes and therahedrons, in the magnetic be-
havior of 10 structures.

Interestingly, an alternative theoretical model, based on the continuous film approach, can be
also proposed. Although being more speculative because of being based on a larger number of as-
sumptions, the cylinder based theory has got one important advantage with respect to the model of the
effective continuous film: it provides a natural explanation for the multi-modal character of the FMR
spectrum seen in the out-of-plane field configuration (Fig. 2). In the framework of this model, the
mode frequency splittingf can be regarded as an important feature which characterizes the studied
magnetic structure. The higher-order FMR modes of a cylinder are not spatially uniform and taking
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into account the inhomogeneous exchange interaction is necessary. According to our experimental

60 results4f is of the order of approximately 3 GHz. In
our estimations we relied on the theory for an infi-
507 nite isolated cylinder elaborated in Ref. [6]. Assum-
< ing the oscillation of the magnetization is uniform
£ 40- along the cylinder axis, each eigen-mode, as in any
2 cylindric waveguide, is characterized by two indices:
2 30- “n” and“p” . The first one originates from radial
o] and azimuthal profiles, expressed in terms of Bessel
g 207 functions of‘n-th“ order andexp(ind), respectively,
m while the second one is introduced to label the rank
LL . . . .
10 “p” of the corresponding radial solution for given
boundary conditions. Our calculations, performed
07 for two values of the saturating magnetic fiditl=
4000 Oe andH = 8000 Oe, show that the frequency
T T T T T

splitting A4f =~ 3 GHz for lower modesn(= 0, p=
1,2,3,4) is best fitted if the cylinder radius is Ret
90 nm, which corresponds rather well to the actual
F|93 FFT power Spectrum of acoustic phonons Size Of the baSiC element. Our theoretical estima'
locéelised on an 10 structul tions have shown that dipolar inter-cylinder interac-
tions play an insignificant role and, thus, the Bloch
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features are not pronounced.

On the contrary, our experimental investigations, carried out in the similar frequency range (0 — 20
GHz), of acoustic modes, performed with the pump-probe picoseconds ultrasonic technique [7], clear-
ly manifest a presence of bandgaps (Fig. 3), a characteristic signature of phononic Bloch type wave
behaviour. There positions agree well theoretical predictions.

3. Conclusion

In this work we have carried out experimental studies of magnetic and elastic dynamic response of a
ferromagnetic inverse opal made from nickel. Our investigation revealed in the magnetic case a SW
localised on basic elements, weakly coupled via inter-element dipolar interactions. At the same time,
acoustic behaviour is described by pronounced phononic features.
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