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A material with anisotropic elastic mechanical properties and a direction-dependent hypersonic
band gap is fabricated using AC electric field-directed convective self-assembly of colloidal ellipsoids.
The frequency of the gap, which is detected in the direction perpendicular to particle alignment and
entirely absent parallel to alignment, and the effective sound velocities can be tuned by the particle
aspect ratio. We hypothesize that the band gap originates from the primary eigenmode peak, the
m-splitted (s,1,2) mode, of the particle resonating with the effective medium. These results reveal
the potential for powerful control of the hypersonic phononic band diagram by combining anisotropic
particles and self-assembly.

Manipulation of the elastic energy propagation in ma-
terials is possible for frequencies ranging from audible
(20−104 Hz) [1, 2] to hypersonic (108−1011 Hz) [3–7] and
has applications in phonon tunneling [8] and the transfor-
mation of wave propagation by deformation [9]. Because
hypersonic waves are thermally activated and act as the
main heat carrier in dielectrics, controlling phonon trans-
port provides a means to engineer advanced heat manage-
ment systems, such as thermal diodes in nanoelectronic
materials or thermoelectrics for energy conversion [10].

Control over phonon propagation requires a material’s
mechanical properties to be tailored on the nanometer to
micrometer scale. One route to achieving such mesoscale
structures is by the self-assembly of small particles. The
expanding library of uniform colloidal and nanoparticle
building blocks with sophisticated shapes and interac-
tions allows for the fabrication of complex structured,
functional materials [11–13]. Previous work has exam-
ined phonon propagation in colloidal crystals from spher-
ical building blocks [3, 4, 6, 14, 15]. Such structures ex-
hibit a Bragg-type bandgap with a frequency and spec-
tral width that can be tuned by the sphere diameter
and infiltrating material [3]. Bandgaps at lower frequen-
cies, termed hybridization gaps, have also been reported
[4, 15, 16], and result from the level repulsion between the
acoustic branch and a localized vibrational modes of the
particle. Hybridization gaps persist even with the loss
of structural order. For nanoparticles, bandgaps occur
at gigahertz (GHz) frequencies and are easily measured
by Brillouin light scattering (BLS). Previous BLS studies
have characterized the eigenmode spectra of spheres [17–
20] and their resulting phononic band diagram [3, 21, 22].

Until only recently [23, 24], the vibrational spectra of
particles with more complex shapes had not been char-
acterized, and the phononic band diagram of ordered
arrays of anisotropic particles remains unstudied. In
this Letter, we present the hypersonic phonon band dia-
gram of aligned films of ellipsoids. We report anisotropy
in the mechanical properties of the film and a unique

anisotropic band gap: one that is present in the di-
rection perpendicular but not parallel to particle align-
ment. This result demonstrates that self-assembled col-
loidal metamaterials can be formed from anisotropic par-
ticles and provides for a new means to control the flow
of acoustic and thermal energy in materials.

Nano-ellipsoids with three aspect ratios (a/b = 2.12,
3.52 and 3.99) are fabricated by mechanical stretching of
400 nm diameter carboxylate modified PS spheres (cat.
#C37238, Invitrogen). The stretching procedure is de-
scribed in detail elsewhere [25, 26]. The size of the el-
lipsoids is characterized by scanning electron microscopy
(SEM) and the stretched axis length a is 690 ± 42 nm,
986 ± 15 nm, and 1078 ± 93 nm for the 2.12, 3.52 and
3.99 aspect ratio particles, respectively. The ellipsoids
are suspended in 0.1 mM KCl and are concentrated to a
volume fraction φ ≈ 0.15 before being introduced to the
AC electric field assembly cell.

We assemble particles into orientationally ordered thin
films by AC electric field-directed convective assembly
[27, 28]. The assembly cell consists of coplanar gold elec-
trodes on a glass slide with a 1.5−2 mm electrode gap
(Fig. 1a) [29]. The cell is placed on a temperature con-
trolled stage at 22◦C before loading 3−5µL of suspension
by capillary forces at the open ends. An AC electric field
(75 kHz, 500−700 Vrms/cm) is applied. The edges of the
cell are left open, allowing the particles to align in sus-
pension as a result of the applied field and advect towards
the drying front at the edge of the cell to form an orien-
tationally ordered thin film (Fig. 1a). SEM images show
the orientational order persists throughout the ∼20 µm
film thickness (Fig. 1b). Analysis of top-view SEM im-
ages of films fabricated with all three aspect ratios show
that greater than 90% of the particles are aligned within
±30◦ of the electric field direction in every case (see SI).
Field-aligning anisotropic particles in a more dilute sus-
pension before concentrating the particles with convec-
tive deposition avoids jamming. This successful assembly
path has also been used to crystallize slightly anisotropic
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FIG. 1. (a) Schematic of the directed assembly process (not
to scale). (b) SEM images of the top, side and end view of
the resulting aligned film for a/b = 3.99.

magnetic ellipsoids [30], align titania ellipsoids [27] and
crystallize PS dicolloids [28]. After drying, the top cov-
erslip is removed, keeping the film intact and allowing
infiltration with poly(dimethylsiloxane) (PDMS, Mw =
770 Da) for BLS measurements. The sample is rotated
to measure thermal phonon propagation either parallel
(q‖) or perpendicular (q⊥) to the particle alignment.

High-resolution BLS measurements of the films are
performed using a six-pass tandem Fabry-Perot interfer-
ometer in conjunction with a λ = 532 nm Nd/YAG laser
mounted on a goniometer, allowing for q-dependent ex-
periments [4, 31]. Thermally excited phonons along q =
ks − ki cause inelastic scattering of the incident laser
(photon). Here ki and ks refer to the incident and scat-
tered photon wavevector, respectively. The scattering
vector q is equal to the phonon wavevector. Dispersion
relations are obtained by recording the phonon frequen-
cies as a function of scattering wavevector q. The BLS
spectrum consists of doublets centered around the elastic
frequency with f = ±cLq/2π, where cL is the longitu-
dinal sound velocity for homogeneous (over the probed
length scale) films. Spectra are obtained over a q-range
of 0.0041 − 0.0205 nm−1. The free spectral range varies
between 6, 7.5 and 10 GHz depending on the scattering
angle to achieve optimal resolution of the phonon peak.

For turbid (uninfiltrated) samples, multiple scattering
causes q to be ill-defined, however, q-independent reso-
nance modes of the individual colloidal ellipsoids are still
measured [24]. The particle vibration spectra of opaque
(prior to infiltration with PDMS) aligned particle films is
checked and is consistent with isotropic particle films (see
SI). Measurements of infiltrated, index matched films al-
low access to the q-dependent acoustic modes along the
desired propagation direction.

The BLS spectra of the a/b = 2.12 and 3.52 aspect
ratio aligned films at selected q values above, near, and
below the hybridization gap (HG, discussed later) are
shown in Fig. 2a (see SI for a/b = 3.99). For clarity,
only the anti-Stokes contributions of the symmetric BLS
spectra are included. At low q = 0.0081 nm−1, the mate-
rial appears homogeneous and a single Lorentzian peak
is seen in both directions. The peak occurs at a higher
frequency in the direction parallel to the long axis of the
particle. As q increases, the peak width increases and
two peaks appear in the spectra at the intermediate q-
value. This splitting of a single peak as q increases is
the consequence of a band gap in the material [3, 21].
At high q, the anisotropy in the spectra as a result of
propagation direction is still clear, with peaks occurring
at a higher frequency for the q‖ than the q⊥ direction at
a given scattering angle.

The noteworthy features of Fig. 2a are apparent in
the corresponding phonon dispersion plots, Fig. 2b-d.
First, the frequency of the acoustic peaks f(q) varies with
propagation direction over the entire range of q. Parallel
to the particle alignment, f(q) is linear, representing an
effective medium longitudinal sound velocity cL = 1750±
80, 1900±50 and 1850±50 ms−1 for the a/b = 2.12, 3.52
and 3.99 ellipsoid aspect ratios, respectively (Fig. 2c).
These values are significantly higher than that found for
the seed spheres infiltrated by the same PDMS liquid, in
which cL = 1460 ± 10 ms−1. At low-q in the direction
perpendicular to the particle alignment (Fig. 2d), f(q)
is also linear, however, the effective longitudinal sound
velocity in all three films is close to that of the infiltrated
crystal of the seed spheres.

Strikingly, the phonon dispersion relation demon-
strates that structures of aligned ellipsoids exhibit
anisotropic acoustic properties. Furthermore, the de-
gree of stretching dictates the effective sound velocity
in the parallel direction only, while remaining constant
(and similar to the seed spheres) in the perpendicular
direction (Fig. 3, top).

Two possible mechanisms could explain the anisotropic
longitudinal sound velocity in the ellipsoid films. One
possibility is that increased PS/PDMS grain boundaries
in the perpendicular versus parallel direction could de-
lay phonon propagation in that direction, e.g. via strong
phonon scattering. While the volume fraction is of course
constant along either direction in the film, the anisotropic
average center-center particle spacing could contribute
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FIG. 2. (a) Selected BLS spectra of the infiltrated aligned films with aspect ratio a/b = 2.12 and 3.52 at scattering wavevector q
values below (0.0081 nm−1), near (0.0106 nm−1 for 2.12; 0.0118 nm−1 for 3.52) and above (0.0160 nm−1 for 2.12; 0.0167 nm−1

for 3.52) the value qHG where the anisotropic hybridization gap (HG) opens. The anti-Stokes BLS spectra for propagation
along (q‖, blue) and normal (q⊥, red) to the long axis are represented by either one or the sum of two Lorentzian curves (dotted
lines). (b) Phononic band diagram for the a/b = 3.52 aligned film in both propagation directions. A band gap (shaded region)
is only observed in the q⊥ direction (indicated by the horizontal red lines). (c) Phononic band diagram in the q‖ propagation
direction for a/b = 2.12 (blue squares) and 3.99 (green diamonds) with seed spheres (black circles) as a reference. The lines
fit the effective longitudinal sound velocity. (d) Same as (c) but for the q⊥ propagation direction. The shaded regions indicate
the frequency and scattering wavevector of the HG. The assembled spheres exhibit a Bragg-type band gap at high frequencies
in addition to the HG irrespective of the direction.

to the anisotropic sound velocity in a way analogous to
that of acoustic metamaterials[32]. Another explanation
is that the unidirectional stretching procedure may cause
different elastic moduli of PS inside the particle, depend-
ing on direction. This may help explain results from our
previous study on the single ellipsoid eigenmode spectra
that showed decreased particle density (increased elastic
moduli) with asphericity was needed to model the single
particle vibration spectra [24]. The effective sound veloc-
ity is also a function of the particle packing fraction. All
films are fabricated by the same method, and estimates
of the packing fraction from SEM images leads to a con-
sistent φ ≈ 0.7 across all films. This packing fraction is
lower than the maximum theoretical packing of a simple
monoclinic phase, φ = 0.77, for ellipsoids due to the lack
of translational particle order in the sample films[33, 34].

Based on the similar dissipation, evident by the width of
the BLS spectra in the lower panel of Fig. 2a, the second
mechanism seems to be more probable. However, the ab-
sence of an exact effective medium theory for the density
and moduli of soft materials[32, 35] renders a quantita-
tive assignment of the two elastic moduli of PS inside the
ellipsoid particle ambiguous.

The second important feature of the BLS mea-
surements is the presence of a propagation direction-
dependent bandgap in the films. Centered at a frequency
(q value) of 2.49 GHz (0.0103 nm−1), 2.72 GHz (0.0104
nm−1) and 2.84 GHz (0.0114 nm−1) for the 2.12, 3.52 and
3.99 aspect ratio particles, respectively, the peak in each
spectrum splits and the slope of the dispersion, f(q), in
the perpendicular direction changes (Fig. 2d). The peak
splitting is clearly seen in the spectra of a/b = 2.12 and
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FIG. 3. (top) The effective sound velocity as a function of par-
ticle aspect ratio and thermal phonon propagation direction.
(bottom) q-independent eigenmode spectra of seed spheres
and ellipsoids (left panel) and frequency dependence of the
m-splitted (s,1,2) peak and the hybridization gap in the q⊥
direction. Inset images are FEM calculations for the vibra-
tional deformation of the primary eigenmode peak.

3.52 (Fig. 2a) and the change in slope is pronounced
in the 3.99 aspect ratio film despite the absence of peak
splitting. The band gap is further confirmed in the 3.99
aspect ratio sample by blocking of the acoustic phonons
from an excess PDMS layer on top of the infiltrated film
(see SI).

This gap is absent in the parallel direction, where f(q)
is linear and a single acoustic phonon with a constant
speed of sound is observed over the entire measured q-
range (Fig. 2c). While the gap is shifted to higher q⊥
and hence frequency with decreasing b, the gap width
remains virtually constant (lower panel of Fig. 3). Since
the latter depends on the elastic impedance contrast, a
robust gap width implies a constant sound velocity in the
perpendicular direction in agreement with the effective
sound velocity results in Fig. 3. We have deliberately
chosen to measure in the two high symmetry directions,
q‖ and q⊥. As the propagation direction shifts from the
perpendicular to parallel direction, we suspect the band
gap will decrease in bandwidth as the deviation from q⊥
increases, similar to that observed for Bragg gaps in one
dimensional multilayer stacks [36].

Our previous study of the eigenmode spectra of the
same particles revealed the spheroidal (s,1,2) vibration
mode of the seed spheres splits into multiple (2l + 1)
modes due to lifted mode degeneracy as the symmetry

of the particle is lost [24]; (s, n, l,m) label the radial (n)
and angular (l,m) particle vibrations. However, the m
= 0 mode shifts to lower frequencies while the m = 2
mode moves to higher frequencies. It is this latter mode
that gives the strongest peak in the BLS eigenmode spec-
trum and has the same frequency dependence across dif-
ferent aspect ratios as the observed gap (Fig. 3, bot-
tom). Due to differences in the mechanical properties
between PDMS and air, one would not expect the fre-
quencies to be the same [21], but the similar dependence
implies that the origin of the gap is hybridization of the
m = 2 spheroidal vibration (s,1,2) mode of the particle
with the acoustic branch of the effective medium. The
collective particle alignment results in a tangible differ-
ence in the direction dependent bulk phonon properties.

Finite element method (FEM) calculations of the dis-
placement of this mode reveal it is essentially a “pinch-
ing” of the short axis (b) of the ellipsoid. Since the
perpendicular direction is measuring propagation across
this short axis, we suspect the anti-crossing interaction of
this vibrational state with the propagating acoustic wave
should occur in only this direction [37]. As a result, the
HG appears only in the q⊥ direction. FEM calculations
of the m = 0 (s,1,2) mode reveal that this deformation is
a stretching of the particle along the long axis (a). This
mode exhibits weaker intensity and appears at lower fre-
quencies due to the longer length scale (long axis of the
particle, lower q). Therefore, observing a HG in the q‖
direction is unlikely given the size of the particles (a > b,
lower q) and the BLS instrumental resolution.

The need for orientational order to produce a HG in the
ellipsoid films may at first appear to contrast the behav-
ior of the HG in infiltrated spheres, where the gap per-
sists upon the loss of structural order in the sample [21].
However, with anisotropic particles, orientational order
is a prerequisite to define the probed direction through
the wave vector q relative to the particle and isolate spe-
cific vibrational states to interact with the propagating
acoustic wave.

Lastly, since the particles have good orientational or-
der, but are not arranged on a periodic crystal lattice,
a Bragg gap is not observed at higher q in the ellipsoid
films. Refining self-assembly techniques to achieve such
robust control over translational order in addition to the
orientational order shown here may lead to new func-
tional materials. Possible approaches towards this end
include tuning interparticle interactions by either orthog-
onal directing fields, or chemically via particle patchi-
ness. Perhaps, the simultaneous realization of anisotropic
Bragg gaps (tunable by lattice vector, or the dimensions
of the colloidal building blocks) and a unidirectional hy-
bridization gap (tunable by aspect ratio and packing frac-
tion) could be achieved.

In conclusion, we have shown that AC field-directed
convective self-assembly can be used to fabricate a ma-
terial with complex acoustic properties. Due to shape
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anisotropy in the ellipsoidal building blocks, acoustic
phonons propagate with different velocities parallel and
perpendicular to their orientation, a phenomenon that
has been observed previously for only macroscale acous-
tic metamaterials. An anisotropic band gap was found.
The location of the band gap and its frequency depen-
dence with the particle aspect ratio indicates that this
is a hybridization type gap. Realizing such a gap was
unexpected considering the complexity of the ellipsoid
eigenmodes, namely the selection rules, parity of the
modes and lifting the m-degeneracy. Hence, it appears
that particle alignment is an additional requirement for
hybridization gaps in materials made from anisotropic
building blocks. Soft matter colloids provide a unique
material to study the phonon-matter interactions in self-
assembled materials. As self-assembly techniques are ap-
plied to additional anisotropic building blocks, the cre-
ation of increasingly complex structures will lead to fur-
ther control over the phononic band structure and thus
the propagation of elastic waves (sound) and heat in
nanostructures.
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