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Brillouin measurements of the dispersion relations of surface acoustic- and optical-like waves along

C-M and C-X symmetry directions in a two-dimensional bicomponent nanostructured crystal are

reported. The sample, in the form of a periodic chessboard array of alternating Permalloy and cobalt

square dots on a SiO2/Si substrate, was fabricated using high-resolution electron-beam lithographic,

sputtering, etching, and lift-off techniques. The measured phononic band structures exhibit diverse

features, such as a partial hybridization bandgap and unusual surface optical-like phonon branches,

where there are out-of-phase vibrational characteristics between nearest-neighbor dots. Numerical

simulations, based on the finite element analysis, reproduced the experimental dispersion relations.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4739950]

Hypersonic phononic crystals, which are periodic nano-

structured composites composed of two or more materials of

different elastic properties and densities, have attracted great

attention lately.1–10 The acoustic counterpart of photonic

crystals, phononic crystals are in principle able to control

and manipulate the propagation of information-carrying

acoustic waves (phonons), a functionality arising from their

phononic band structure. As phonons have wavelengths that

are several orders of magnitude shorter than those of photons

of the same frequency, phononic crystals allow for easier

miniaturization than photonic ones. Hypersonic phononic

crystals have enormous potential applications in areas rang-

ing from the control of thermal conductivity to heat manage-

ment and acousto-optical devices.8–10

Most experiments on hypersonic phonon dispersions are

confined to the study of bulk acoustic waves in the phononic

samples.4–7 The few experimental studies that measured sur-

face acoustic waves (SAWs) dispersion curves were based

on one-dimensional (1D) structures.3,11–13 Among them are

the determination of the SAW dispersion for a grating etched

on a Si(001) wafer by Dutcher et al.,11 and the measurement

of the phononic dispersions of 1D periodic arrays of stripes

of two alternating materials by Zhang et al.3 It is of interest

to investigate higher-dimensional periodic structures whose

surface phononic dispersions are more complex and richer in

features than those of the 1D phononic crystals.

Here, we present an experimental and theoretical inves-

tigation of the dispersion of the surface acoustic and surface

optical waves on a 2D chessboard-patterned phononic crys-

tal. The sample studied is a periodic array of alternating

Ni80Fe20 (Permalloy, abbreviated to Py) and cobalt square

nanodots on a SiO2/Si substrate. We experimentally

observed quasi-Rayleigh and quasi-Sezawa waves (SWs),

and measured the comprehensive phononic dispersion rela-

tions over a full Brillouin zone. We were able to obtain

measured dispersion spectra, including the folded branches

(over two Brillouin zones). The measured band structures

feature a hybridization bandgap in the C-X direction, and

gap openings due to Bragg reflection at the X point. Of par-

ticular interest is the observation of an unusual class of sur-

face elastic waves, arising from the chessboard-like

structural nature of the bicomponent array studied. We refer

to them as “optical-like,” as the vibrations of neighboring

nanodots possess out-of-phase characteristics, a motion

broadly analogous to the atomic vibrations of the optical

mode of a crystal with two different atoms per unit cell.

The 2D 100 lm� 100 lm structure used in this study is

a periodic array of alternating cobalt and Py square dots,

each of side length l¼ 250 nm, arranged in a chessboard con-

figuration. The sample was fabricated by first depositing a

50 nm-thick Py film on a (300 nm) SiO2/Si wafer using dc

magnetron sputtering. This was followed by the patterning,

using high-resolution electron beam lithography, of the

chessboard structure on a positive tone polymethyl methac-

rylate (PMMA) electron beam resist. The developed patterns

of the periodic square dots on the PMMA resist were then

transferred onto the Py film by argon-ion etching. Finally, a

50 nm-thick cobalt film was deposited by dc magnetron sput-

tering to fill the square-shaped holes, followed by the lift-off

of the PMMA resist. Figure 1(a) of a scanning electron

micrograph (SEM) image of the resulting structure clearly

shows its chessboard pattern.

Measurement of the frequency band structure of the

acoustic waves was performed using Brillouin light scattering,

a powerful tool for probing these waves in nanostructured

materials.3–7,11,12,14 Brillouin spectra were recorded in the

180�-backscattering geometry with the scattering plane normal

to the sample’s metal surface and with the phonon wavevector

q along either the C-M or C-X directions. The k¼ 514.5 nm

radiation of an argon-ion laser was used to excite the p-p and

p-s polarization spectra, with the scattered light frequency ana-

lyzed with a (3 þ 3)-pass tandem Fabry-Pérot interferometer
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equipped with a silicon avalanche diode detector. The disper-

sion relations were mapped by varying the laser light incidence

angle to achieve phonon wavevectors up to the second Bril-

louin zone.

Typical Brillouin spectra recorded for C-X and C-M are

presented in Figs. 1(b) and 1(d), respectively. Magnon

modes were also observed but are not discussed further as

they are not the focus of this paper. They lie above the pho-

non mode frequencies and do not appear in the spectra of

Fig. 1. The frequencies of the phonon peaks, obtained from a

fit with Lorentzian functions, were plotted as a function of

wavevector and displayed in Fig. 2. The resulting experi-

mental band structures indicate that the observed modes are

generally strongly dispersive. Among the notable features of

the dispersion spectrum in the C-X direction are two gap

openings, arising from Bragg reflection, of widths 0.2 and

0.5 GHz at the X point, and a 0.5 GHz-wide hybridization

bandgap (see discussion below).

The dispersion relations and mode displacement profiles

were calculated for surface elastic waves propagating along

the C-M and C-X directions, within the framework of the fi-

nite element approach in COMSOL Multiphysics,15 with the

Bloch-Floquet theorem applied along the periodicity direc-

tions. We considered a 2D 50 nm-thick periodic array of

alternating cobalt and Py square dots arranged in a chess-

board configuration in contact with a 300 nm-thick silica

sub-layer atop a 10 lm-thick Si substrate, with its bottom

boundary fixed. The computational unit cell used, with a

square cross section of side a¼ 250
ffiffiffi
2
p

nm, is illustrated in

Fig. 1(a).

Parameters used in the numerical calculations for Co,

Py, and SiO2 are Young’s moduli¼ 209, 113, and 73 GPa,

Poisson ratios¼ 0.31, 0.3, and 0.17 and densities¼ 8900,

8600, and 2200 kg/m3, respectively.16–18 For Si, elastic mod-

ulus values of C11¼ 166, C12¼ 64, and C44¼ 80 GPa and

density¼ 2331 kg/m3 were used.19 Surface elastic waves

were obtained by setting the strain-energy-weighted average

depths of energy (DOE) above the SiO2/Si interface. The

DOE is defined as
Ð

zqEdV=
Ð

qEdV, where z is the depth

measured from the top metal surface, qE the strain energy

density, and dV the volume element.20

Figure 1 displays the top view of the u-, v-, and w-

displacements of the q¼ 0.8p/a surface waves, correspond-

ing to the observed Brillouin peaks, which reveal that the

simulated profiles have dominant sagittal polarization. Here

u, v, and w refer to the longitudinal, shear horizontal, and

shear vertical displacement components, respectively. The

mode profiles show that there are broadly two types of sur-

face waves propagating on the sample, namely surface

acoustic-like (SAWs) and surface optical-like (SOWs)

waves. The chessboard-like structural nature of the bicompo-

nent array studied gives rise to an unusual class of surface

waves, which we refer to as SOWs, because in these

FIG. 1. (a) SEM image of the Co/Py

chessboard sample, with the Co dots

appearing as darker squares, and the cho-

sen unit cell shown as a blue square of

side a¼ 250
ffiffiffi
2
p

nm. (b) Brillouin p-p
polarization spectrum for wavevector

q¼ 0.8p/a along C-X. (c) Simulated top-

view displacement profiles of observed

modes. u, v, and w refer to longitudinal,

shear horizontal, and shear vertical dis-

placement components, respectively. (d)

Brillouin p-p and p-s polarization spectra

for q¼ 0.8p/a along C-M. (e) Simulated

top-view displacement profiles of

observed modes.

FIG. 2. Experimental and calculated phononic dispersion relations of the

Co/Py chessboard sample. Measured p-p and p-s polarization data are

denoted by respective red and green dots, and calculated data by pink solid

(shear-vertical-dominated modes) and green dashed (longitudinal-dominated

modes) curves. Quasi-Rayleigh and quasi-Sezawa wave branches are

denoted by RW and SW, respectively, while surface optical-like wave

branch by Greek letters. Measured gaps are indicated by green regions.
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excitations the vibrations of nearest-neighbor nanodots have

out-of-phase aspects, as mentioned earlier. Based on the

simulated displacement profiles for C-X, the Brillouin peaks

p1–p3 are assigned to SAWs and p4 to a SOW (Fig. 1(c)).

Corresponding profiles for C-M indicate that peaks p10 and

p20 are due to SAWs and p30–p60 to SOWs (Fig. 1(e)).

The calculated dispersion relations of surface waves

along X-C-M are illustrated in Fig. 3, which shows the shear-

vertical-dominated and longitudinal-dominated branches

represented by pink and green curves, respectively. Also

presented are the w-displacement (shear-vertical) profiles, at

the M and X points, of some modes. From an examination of

their profiles, modes a, b, k are identified as quasi-Rayleigh

waves (RWs), while c, d, p, as quasi-SWs. Additionally, the

e-h, g-i, f-j, h-l, i-o, and h-r branches have SOW character.

Hence, Brillouin peaks p1 and p2 are assigned to RWs (prop-

agating in opposite directions) and p3 to SWs (Fig. 1(b)).

Also, peaks p10 and p20 are due to a RW and a SW, respec-

tively (Fig. 1(d)). It is noteworthy that optical and acoustic

phonons can mix, resulting in a hybrid mode nature, as

is the case for p20 (SW) and p40 (SOW) which have very

close frequencies. As a consequence, the SW acquires some

optical character, while the SOW some acoustic character

(Fig. 1(e)).

The calculated data are also shown as separate C-M and

C-X dispersion spectra in Fig. 2, revealing that the calcula-

tions generally reproduced the experimental dispersion rela-

tions. In particular, good agreement was obtained for the

RW and SW branches, as well as the SOW branches labeled

as a, d, and f. The C-X dispersion spectrum features a

0.12 GHz-wide hybridization bandgap (measured width

¼ 0.5 GHz), which opens up at q � 0.7p/a and 1.3p/a. This

feature arises from the respective hybridization and avoided

crossings of the zone-folded RW and SW, and those of the

RW and zone-folded SW.21 Also presented are the two gap

openings, at the X point, with respective calculated widths of

0.04 and 0.35 GHz, in fair agreement with the experiment.

The first gap is a consequence of the zone folding of the RW

dispersions and avoided crossings at the BZ boundaries,

while the second gap is due to the zone folding of the SW

dispersions and avoided crossings.11 It should be noted that

the elastic parameters used in the simulations were not

obtained from a fitting to the measured band structures, but

rather from the literature.

In conclusion, employing Brillouin spectroscopy, we

have mapped the C-M and C-X phononic dispersions of a

2D chessboard-patterned bicomponent structure on a SiO2/

Si substrate. The measured phononic band structures of sur-

face elastic waves are rich in features like the partial hybrid-

ization bandgap in the C-X direction, and gap openings,

arising from Bragg reflection, at the X-point. Of note are

the unusual surface optical-like modes arising from the out-

of-phase vibrations of neighboring square dots, broadly akin

to the atomic vibrations of the optical mode of a crystal

with two different atoms per unit cell. Numerical simula-

tions, based on the finite element analysis, generally repro-

duced the experimental dispersion relations. A recent

observation has been made of the magnonic dispersion of a

similar array of Co and Py square dots made using a differ-

ent fabrication procedure.22 Our sample will also exhibit

magnonic dispersion and hence is a 2D magphonic crystal,

i.e., one possessing dual phononic and magnonic bandgaps.3

Our findings open prospects for the further understanding

and development of phononic-crystal-based devices. Poten-

tial devices based on the present quasi-planar structure stud-

ied could be suitable for integration in electronic integrated

circuits, e.g., for acoustical signal processing, using planar

technology.
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