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ABSTRACT

We use Brillouin scatterinﬁ1 to measure the dispersion of the propagating acoustic
modes in a suspension of hard sphere colloids. We find two distinct longitudinal modes
when the sound wavelength becomes comparable to the sphere diameter. The higher
frequency mode has a velocity intermediate between those of the pure solid and the pure
liquid phases, and its velocity increases with increasing volume fraction, ¢. The lower
frequency mode has a velocity less than the velocities in either the pure fluid or pure solid
phases, and its velocity decreases with increasing §. We interpret the higher frequency
mode as a compressional wave which propagates through both the solid and the fluid, as
expected for a composite medium. The lower frequency mode has not been observed
before, and is interpreted as a surface acoustic mode, which propagates between adjacent
spheres through a decaying portion of the excitation in the fluid.

INTRODUCTION

The propagation of acoustic waves through a random, disordered material is one of
the most fundamental properties that characterize the medium. This is particularly true of
granular materials, where the structure and correlations between the grains can have a
profound effect on the propagation of acoustic waves. One class of granular material whose
acoustic properties have been widely studied is porous media, comprised of solid and fluid
phases. Their acoustic properties are of immense practical importance because of their
utility for seismic investigations and other non—intrusive probes; they are also of great
fundamental interest because of the rich variety of fascinating phenomena that have been
observed. The complex interplay between the acoustic frequency, sound wavelength and
characteristic size of the microstructure, as well as the presence of large interfacial areas
and the frequency dependence of the viscous coupling between the solid and the lquid, lead
to new mechanisms for the propagation of acoustic waves in these materials.

The structure and connectivity of the solid grains play a critical role in determining
the propagation of acoustic waves through these media. One of the simplest and most
fundamental structures consists of uniform solid spheres immersed in a fluid.! The
characteristics of this system are highly controllable, as the grain size, solid volume
fraction, acoustic wavelength and acoustic frequency can all be independently varied. An
example of such a structure is a hard sphere colloid.? This consists of a dispersion of
monodisperse, solid spheres immersed in a fluid, interacting solely by the hard sphere
repulsion due to the fact that two solid spheres can not occupy the same volume. In this
paper, we present the results of a study of the acoustic propagation through a hard sphere
colloid.3  We report Brillouin scattering measurements of the thermally excited,
propagating acoustic modes, and present the dispersion curve for longitudinal phonons in a
hard sphere colloid. The behavior observed js surprising and unexpected. Since the
continuous phase is a fluid which can not support shear, there is no long range rigidity in
this medium. Thus, in the limit of long wavelength, it can be rigorous y shown that the
medium can support only one propagating longitudinal acoustic wave.4 This behavior is
widely expected to persist to shorter wa.ve%engths.l In this paper, we show that this is not
the case. As the sound wavelength becomes comparable to the sphere diameter, a new and
unexpected mode appears which exhibits unusual behavior. We suggest that this new
excitation is a coupled interface mode.

The hard sphere colloids used here consist of monodisperse polymethylmethacrylate
(PMMA) spheres, sterically stabilized by a thin layer of grafted polymer, with a thickness

*This paper is dedicated to our friend and colleague, Ben Abeles, on the occasion of his
65tk birthday. Throughout his career, Ben has been a leader both as a scientist and as a
person, setting an example for all his colleagues to follow. We have all learned a great deal
from Ben’s love of science and of life. Keep climbing, Ben.
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own right, as they exhibit a rich phase behavior that possesses sirong analogies to that of a
simple, hard sphere atomic system.? At low volume fractions, ¢, the colloidal particles
behave as a fluid, with short range correlations between the particles that are well
characterized by a liquid like structure factor, For larger volume fractions, ¢ > 0.49, the
colloidal particles form either a colloidal glass or a colloidal crystal,

We use static light Scattering to determine the structural correlations of the spheres

by measuring the static structure factor, SLq), where g is the Scatteting wavevector. We-

use Brillonin scattering to determine the equency of the propagating sound modes by
measuring the dynamic structure factor, J¢w). Brillouin Scattering probes the thermally
excited propagating longitudinal acoustic waves in the medium. A peak is observed in the
Brillouin spectrum at a frequency corresponding to a Propagating sound wave whose
wavelenlglth, A, matches the inverse scattering wavevector. By varying ¢, we can vary the
size of the acoustic wavelength relative to the sphere diameter, d, and we can measure the
dispersion curves for the longitudinal phonons in the Suspension of hard sphere colloids.

EXPERIMENTAL

The Brillouin scattering was performed using single~mode Ar* or Kr+ lasers with
wavelengths of 5145 A or 6471 A respectively. The spectra at a given g were found to be
independent of the lager wavelength. The colloids exhibit rather strong selffocusing of the
laser beam, which is considerably more pronounced in the green than in the red. Thus the
power incident on the sample was kept below about 100 mW, focused to a beam of about
100 ym diameter. At al] times, we ensured that the incident power was sufficiently low as
to not affect the spectra. The scattered light was imaged onto a 150 um diameter pinhole
and then collimated into a Fabry—Perot interferometer, Despite the fact that the colloids
were index matched, the elastically scattered light was still about four orders of magnitude
more intense than the Brilloyin peaks. Thus, to obtain sufficient rejection of the intense
Raleigh peak, and to increase the resolution, the Fabry—Perot interferometer wag operated
in a five~pass configuration with a finesse of about 50,

We measure the velocity of the acoustic modes from the frequencies of the peaks in
the Brillouin spectra, v=wfq. By varying the Scattering angle, we can vary the scattering
Wavevector, ¢, enabling us to measure the dispersion relation for the longitudinal phonons.
Our Brillouin measurements are made at scattering angles ranging from about 9* to 170°,
corresponding to ¢ varying from .003 to .04 nm-, ince we are interested in the properties
of the acoustic propagation as the sound wavelength changes with respect to the sphere
size, the dimensionless parameter of interest is ¢d. We extend the accessible range of ¢d by
using spheres of different sizes. The first sample consists of Spheres which have diameters
of 370 nm, including the grafted polymer layer. The core diameter, consisting of solid
PMMA, is then 340 om, allowing data to be obtained for ¢d 1anging from about 1 to 14,
These spheres are most convenient for studying the behavior near the peak in the static

behavior as ¢d becomes much larger than 27.

In addition to varying qd, we also obtain data for different values of the volume
fraction of the solids, ¢. This is determined from their phase behavior.? The samples are
gently centrifuged until the colloids sediment at the bottom of the containers. We assume
that the sediment ig comprised of randomly close packed spheres, with $e=0.64, and use
this as the highest volume fraction studied. For the other samples, the heights of the
sediment and the Supernatent are measured and the volume fraction of colloids in the total
Suspension is calculated. The samples are then well mixed again before the Brilloyin
experiments are performed. This method provides a measure of the effective hard sphere
volume fraction which determines the phase behavior of the colloids and includes. the
contribution of the thin layer of stabilizin polymer coating each sphere. The colloids
themselves form a disconnected system o solid spheres, even at the highest volume
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Brillouin spectra for three dgfferent
volume fractions of 370 om diameter
PMMA spheres measured at a ¢=0.0034
nm-, corresponding to g¢d=1.1, in the
hydrodynamic regime for the propagation
of acoustic waves.

_. _. -
i ' 0
& & &

v (km/sec)
2

15O.O 0.1 0.2 0.3 04 0.5 0.6

Pe

2.
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¢d=1.1, in the hydrodynamic regime for
the propagation of acoustic waves usin,
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line is the effective medium theory
calculation using the measured values for
the sound velocities in the pure phases.
Much better agreement is obtained using
the core volume fraction, ¢c, rather than
the the effective volume fraction, ge.

i i lume
ions. We calculate the volume fraction of the solid PMMA, or the core vo
g:é::;gﬂs ¢, from ¢, by assuming that the grafted layer of stabilizing p(?lyﬁléfl‘ hast:
thickness of 15 nm. We estimate the total uncertainties in the values dete;mmc; §I_¢ﬁt
be about +5%, arising primarily from the errors introduced when measuring t eﬁex%. 8.
Thus the uncertainty is substantially less for the sample with the highest volpxl?e acfxgllll,
$e=0.64, where the uncertainty arises only in the knowledie of the precise thickness of the

grafied polymer layer. Finally, we ensure that none of t

e samples are allowed to settle

and form colloidal crystals, so that there is no long range order between the particles used
to obtain the data reported in this manuscript.

RESULTS

imi i v .he sound is much
he limit of very low scattering angles, when the wavelength of the I
larger tll?a; fhelsn;here s?rzz, we expect to observf hgdﬁ)dtynamxc beh;lyloz, i:l;lésolnl?ls?n:ntgﬁg
i d mode. The lowest value of ¢d that we can achiev ,
Ex?:fga:gllﬁ:rs:sl.m Brlﬁlouin spectra for three different volume fractions, ¢C=Q.16,_0.38,ak and
0.51, are shown in Fig. 1. For the lowest volume fraction, ¢.=0.16, ‘the Brillouin peﬂ '13
almost unchanged in shape and position from th?t l:)b;e;lquhm e;l;{ellqd:e::gcll:;nsgev e‘;la.l
i t. However, the intensity of the leigh peak is in ever:
(‘:r!;gr:%tg Iﬁ:gsi&rg:e:ith the addition of the spheres, while the intensity of the Brillouin

peak is virtually unchanged. As ¢ increases,

the Brillouin peaks shift to larger frequencies

and become broader. This behavior is expected, since the velocity of sound in the solid is

roughly twice that in the fluid.

Since ) is substantially larger than d,

the behavior can be well described using an

i i odel to account for the velocity of sound as a function of volume
gfa.?:ﬁ:)ﬁ mlileu?gl. II21 we plot the sound velocity determined from the ﬁequlelncdy tot' t'the
Brillouin peak, v=w/q, as a function of core volume fraction, ge. We compare } fda ah 0oa
theoretical prediction based on an eﬂective—med;um theory appropriate for isolated spheres
immersed in a fluid.5 We take the average velocity to be
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where the average elastic modulus is given by Wood's approximation,

st

P = dps + (1-¢)ps

and the average density is given by

where the subscripts s and f refer to the solid and fluid respectively. This expression for
the elastic modulus is tigorously correct in the limit of long sound wavelength, 4 as is the
case for these values of ¢d. All the parameters in these expressions are known. The elastic
modulii of both the solid and the liquid phases are determined experimentally using
Brillouin scattering from the pure materials. The density of the index-matching fluid is
determined from the measured ratio of solvents used to index match the spheres, while for
the PMMA, we use the bulk density. As shown by the solid line in Fig. 2, the aireement
with the data is very good, confirming the hydrodynamic nature of the acoustic behavior in
this region. Furthermore, much better agreement is obtained using the core volume
fraction, ¢¢, than using the effective hard sphere volume fraction determined from the
phase behavior. This confirms that the grafted polymer layer behaves more like the fluid
rather than the solid for sound propagation. Thus we use the core volume fraction and the
core radius to characterize the spheres for all our measurements.

As ¢ increases, a qualitative change is observed in the Brillouin spectra. This
change is initially observed when q approaches 0.009 nm-, which corresponds to ¢d
approaching x. Here, the Brillouin peaks no longer increase in frequency as the volume
fraction increases. Furthermore, a second Brillouin Ppeak appears at higher frequencies for

illustrated by the spectra for $c=0.16, 0.38 and 0.51 for the smaller spheres, with ¢0.026
nm-i, corresponding to ¢dx2.87, shown in Fig. 3. For the lowest volume fraction, ¢.=0.16,
only one mode can be resolved, although its shape is perhaps slightly asymmetric,
suggesting that the two modes may still exist, but their frequencies may rot be sufficiently
separated to clearly resolve the peaks. Both Brillouin peaks correspond to longitudinal
modes as confirmed by the absence of any depolarized scattering.

measurements made at very high gd using the larger spheres, as discussed later.

There are several remarkable features in the dispersion curves shown in Fig. 4. At
low ¢, only a single mode is observed for all ¢, with linear dispersion as g goes to zero. The
frequencies of this mode increase with increasing volume fraction of PMMA. However, as ¢
increases further, the dispersion curves for all three volume fractions begin to flatten and
the frequency for the higher volume fractions actually drops below that of the lower volume
fractions. For ¢ above 0.16, the second, higher frequency mode appears at ¢20.009 nm",
corresponding to gddr. This mode persists as gincreases, and the splitting between the two
modes increases with increasing volume fraction. At the lowest volume fraction, the
measured frequency of the mode 15 nearly unchanged from that of the index matching fluid.

At higher volume fractions, two distinet modes are resolved for ¢ above 0.009 nm-L,
corresponding to gd>x. The velocity of the higher frequency mode lies between the
velocities of the pure liquid and solid phases. In addition, its velocity increases with
increasing volume fraction. This behavior is expected for a mode that is characteristic of a
composite medium. By contrast, the behavior of the lower frequency mode is much more
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The dispersion curves for the longitudinal 0 & ] ,
acoustic modes for three different volume 0 5 10 15
fractions of the 680 nm dia.meteg spheres. q d
The lowest volume fraction exhibits only
a single mode, while the two higher Figure 6. ‘
volume fractions exhibit two modes above Scaled dispersion curves for the two dif-
@005 nm™. The splitting between She ferent sphere sizes. Each axis is scaled by
modes increases with volume fraction. the core diameter of the spheres, 340 and
The solid line is the dispersion curve for 650 nm. The solid symbols refer to the
the longitudinal mode in the pure index- larger spheres and the open symbols refer
matching fluid, while the the dashed line to the smaller spheres. The scaled data
is the dispersion curve for pure PMMA. exhibit similar but not identical behavior.

ected. Its velocity lies below that of the slowest velocity of any pure
;ﬁﬁ:a:h:?dm?k?spup the medium. yIn addition, its velocity decreases with u;_(l:teétxgmg
volume fraction. Finally, the frequencies of both modes fqr all three volume frac 101_1ls
soften around the peak in the static structure factor, which occurs at guo.Ollj nm-L,
corresponding to gds2x. The softening of the lower frequency mode is considerably more
pronounced, and the degree of softening increases with volume fraction.




To investigate the behavior at even lariet values of ¢d, and to compare the behavior
for different sphere sizes, we also measured the dispersion curves with the larger spheres.
These are shown in Fig. 5 for core volume fraction of ¢.=0.10, 0.36 and 0.57. The overall
trend of the dispersion curves are the same as for the smaller spheres. At the very lowest
value of ¢ only a single mode is observed, while for all larger values of ¢, two distinct modes
are again o:served. In addition, the splitting between the two modes again increases with
increasing ¢.. :

Tg compare the behavior of the different Sphere sizes, we scale the two sets of data
together. This is accomplished by multiplying each axis by the sphere diameter, d. Thus,
on the horizontal axis, we plot ¢d, which is a dimensionless quantity, while on the vertical
axis, we plot wd, which has units of velocity. The vertical axis could be made dimension-
less as well by normaliziniby velocity. This scaling ensures that the dispersion curves of
the pure phases exhibit the proper scaling behavior. The two sets of scaled dispersion
curves are shown in Fig. 6, where we only plot the region of ¢d for which overlapping data
is available. The solid points refer to the data for the larger 8pheres, with core diameters,
d:=650 nm, while the open points refer to the data for the smaller spheres, with d.=340
nm. As expected, the scaled data for the two sphere sizes do exhibit the same trends: the
splitting of the modes occurs at the same point, gdsx, for both data sets, and both sets of
data exiibit a softening around ¢ds2x. However, the scaling of the data is not exact. The
degree of softening of the modes at qd¥27 is substantially %ess pronounced for the larger
spheres than, for the smaller spheres. Furthermore, the splitting between the normalized
frequencies of the two modes is consistently less pronounced for tie larger spheres than for
the smaller spheres. Thus, the high frequency mode of the larger sized spheres always has
a lower normalized frequency for a given value of qd and @ than that of the smaller sized
spheres. Similarly, the low frequency mode of the larger spheres always has a larger
normalized frequency for a given value of ¢d and ¢c than that of the smaller spheres.
Consequently, a larger volume fraction of spheres is required for the larger sized spheres to
clearly resolve the two modes.

In addition to the inexact scaling of the data of the different sized spheres, the
dispersion curves of the larger spheres exhibit a clear trend as ¢d increases. To illustrate
thiz more clearly, we plot the phase velocities, v=w/q, of the two modes for several volume
fractions of the larger sized spheres in Fig. 7. The velocity for ¢¢=0.10 is again almost
indistinguishable from that of the index matching fluid. By contrast, for higher volume
fractions, the velocity of the higher frequency mode is initially much greater than that of
the fluid, but as ¢d increases, the velocity decreases, and in fact appears to asymptotically
approach that of the pure fluid. In addition, the velocity of the lower frequency mode
displays a softenini at gdv27, but as ¢d increases, it seems to approach a constant value
that is well below that of the index-matching fluid.

Finally, at the highest values, qds25, an additional weak mode appears in the

fabrication process of the colloids presumably produces a polymer with a somewhat
different elastic modulus. However, since ¢d is so high, this new mode probably does not
reflect a wave that propaﬁates between adjacent spheres, but rather reflects propagation
confined within a single sphere.

Further insight into the behavior of the acoustic propagation is obtained from the
damping of the Brillouin modes, determined from the measured full widths at half
maximum intensities, w. We characterize the damping by means of the quality factor,
@=w/bw, which reflects the number of wavelengths the sound wave propagates. We plot
the quality factors measured for the smaller spheres a8 a function of 9d in Fig. 8. As ¢d

qd~27, reflecting a decrease in the damping of the mode. The behavior of Q for the larger
spheres consistent with that shown for the smaller spheres in Fig. 8, but the regonance at

ke
g

Figure 7. 2.0

The phase velocities of both modes for * %
three different volume fractions of the 680 . &* + 10
nm diameter spheres, plotted as a func- I3) % A :::;t;
tion of ¢d. Only one mode is present fqr 3 15} xx K o,k ,
the lowest volume fraction, and its veloci- ~ * X x ) 'L,
ty is nearly identical to that in the pure £ Yo et JIr s xR
index-matching fluid. The two higher i i
volume fractions exhibit two modes. The ~10r L
velocity of the faster mode is highest 5 e g T 3R
around g¢ds7, and then decreases as ¢d in- ¥ e " oaw
creases, lﬂtiﬁnateg tzi\sym_ptiotu:all)t' l:pg— . .

ing that e index-matchin, . 1 —_—
ﬂmm he slower mode exhibits a de- 0 50 5 10 15 20 25
creasing velocity as ¢d approaches 27, but q d

then the velocity increases at higher ¢d,
ultimately becoming roughly constant, at
a value equivalent o that expected for a 24 6

Stonely wave at a flat interface. o AZO - -ré
a o .3
A P
Figure 8. 16 F g .° EA_, S 4 4
The quality factors, Q=w/dw, for the two o o ® 00 o P
modes for three different volume fractions - a0
of the 370 nm diameter spheres plotted as gl °a a 4o
a function of gd. The higher frequency N
mode exhibits a pronounced peak around o g o B
Q%QS 8o
gds2r, 0 . 50
0 5 10 1
d
DISCUSSION q

urprising feature of the dispersion curves for the suspension of hard
sphere ’tln‘cﬁ?oilclil: slts :hependsl’:gence of two distinct modes. For these systems, th(]e1 contmTtlxlous
phase is a fluid, which has no long range rigidity, and thus can not support :l ea\r.ll tgjsé
only a single longitudinal mode is expected. In fact, at very long sound wavelengt :’d s
can be rigorously shown to be the case.* This same behavior is typically egrp(ic e ;
persist to shorter wavelengths as well.! Therefore, the observation of two dlstmch modes
when the wavelength of sound becomes comparable to the diameter of the spheres is
e Tl?g‘closest analogy to this behavior is that ﬁrs‘g proposed theoretically by (Piloit.l:
He considered the propagation of sound in a porous medium at long wavft:lengtzlﬁ and oﬁs
frequencies. The characteristic frequency required is determined from the visc

Vol i i i d 7 is the
i ion length, defined as {=yp/nw, where p is the density of the solid and 7
Ilegfcztsl;gl%f th:gﬂuid. This is the lgngth scale of viscous coupling of tr:‘msvc:rsg1 wazis frolrg
the solid into the fluid. When the frequency is sufficiently high that £ is less } :n '31 pone
size, the Biot theory applies. Then, the solid and the fluid become decoupled, wi t(')
sound mode propagating through the solid phase, and a second, new mode prppa.gta.1 ngﬁ
through the fluid phase. This new, slow mode is a wave that propagates predoxmna.nf yt llle
the fluid, but its velocity is slower tham that in the pure fluid phase bgc:};lsfe 0 ¢
tortuosity of its path. The veracity of Biot’s prediction has been confirmed, 1(:1 oli soun
propagation in some porous media structures? and for sound propagation 11:l ouﬁd mﬁg::
fluid helium in a porous medium.t However, fgr.the Biot theory to apply, the 5;1) 'dp se
of the porous medium must be a contiguous, rigid structure and the solid an;l;l ui llm"és
form interconnecting phases. This is not the case for a suspension of hard sphere co otled'
Because of the grafted polymer stabilizing layer, the solid spheres are not mﬁercqm::lecarl ,
even at the highest volume fractions studied. Furthermore, while the fluid p qsetll:xe sgum}i
completely interconnected, its tortuosity is very nea.tly unity,? so the decrease in ihe sound
velocity of the lower frequency mode can not be ascribed to a Biot slow wave. ,
Biot approach can not describe the behavior that we observe.




The data suggest an alternate physical picture of the origin of the two modes. The
higher frequency mode has a velocity that lies between that o the solid PMMA and the
index-matching fluid. Furthermore, the frequency of this mode increases with increasin,
volume fraction. Thus the solid PMMA spheres must play an important role in the soun
propagation for this mode and the acoustic Wwave must propagate through both the fluid

Brillouin_scattering is from the portion of the excitation in the liquid, where the
compressibility is larger, leading to a larger scatterin amplitude.

While the hi frequency mode reflects sound propagation through both the liquid
and the solid asg might be expected for a composite medium, the lower frequency mode can
not reflect this type of behavior. It frequency corresponds to a sound velocity that is even
lower than that of the index-matching fluid, the lowest sound velocity in a pure phase of
the composite system. Furthermore, the frequency decreases as the volume fraction
increases. The only slower propagating sound mode in a system comprised of a solid and a
fluid is a Stonely wave, which is a propagating mode confined to an interface between a
solid and a fluid.10 It is analogous to a3 Rﬁeigh wave which is a propagating mode confined
to the interface of a solid and a vacuum. The existence of a Stonely wave requires a shear
modulus in the solid. It consists of both longitudinal and transverse components in the
solid with a purely longit‘udinal component in the fluid. Itg magnitude decays

the excitation propagates over distances larger than a single sphere. Thus, at low ¢d, this
mode must represent some form of coupled gtonely wave where the longitudinal component
in the fluid couples the excitation between adjacent spheres. ‘This accounts for the fact
that the splitting between the two modes is less for a given volume fraction of the larger
spheres than for the same volume fraction of the smaller spheres. The average distance
between the spheres scales with the sphere size, and thus the coupling between adjacent
spheres through the exponentially decaying longitudinal fluid portion becomes more
difficult with increasing sphere size. Thig accounts for the inexact scaling of the data from
different sphere sizes. Finally, in the region of low ¢d, the softening of the mode around
gdv27, near the peak in the structure factor, implies that the scattering of the wave from
the different spheres becomes more significant. Furthermore, as shown in Fig. 8, the low
values of the Q factor for this mode are also consistent with the large degree of scattering.
There have been some previous experimental studies of sound propagation in similar
Systems, usually using glass rather than polymer spheres. ! Typically these studies used
ultrasonic techniques to measure the actual Propagation of sound through the system, and

multiple scattering formalism. 1t However, these studies were restricted to low ¢d, and thus
did not predict the existence of two modes. More recently, numerical calculations on a two
dimensional system of digks embedded in a fluid have included the shear modulus for the
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CONCLUSIONS

In this paper, we have presented the regults of a study of sound propagation th:oucghh
a suspension of hard sphere colloids. We use PMMA spherer_z immersed in an mdex—lpat h-
ing fluid, eliminating any multiple scattering of light. This enables us to use Brillouin
scattering to measure the thermally excited sound waves in the system. By varying the
scattering angle, as well as the sphere size, we are able to probe the frequency ot _the
propagating acoustic modes over values of gd extending from about 1 to 25. Surprising
results are obtained. Even though the continuous phase is a fluid, and thus can support
only single propagating longitudinal mode, two distinct acoustic modes are found for gd>.

We interpret the higher frequency mode as an excitation th@t propagates within
both the liquid and the soli phases, as expected for a composite medium. As the volume
fraction of solids increases, the excitation is increasingl)_' within the solid phase, accounting

slower than the velocity in the pure fluid. This excitation_ must propagate between
adjacent spheres and thus must be coupled through the longitud_ma.l portion in the fluid.

These hard sphere colloid systems have of great interest recently because of
their fascinating phase behavior. The results of this paper suggest that their high
frequency dynamic properties, as evidenced by the propagation of acoustic waves through
the systems, also exhibits fascinating behavior.
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