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Sound Propagation in Suspensions of Colloidal Spheres with Viscous Coupling
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We measure attenuation and phase velocity of sound waves in suspensions of colloidal silica spheres.
As the concentration of colloids increases, the dependence of the attenuation changes from linear to
at least quadratic in volume fraction. This change is attributed to a viscous coupling of neighboring
scatterers. When the wavelength is comparable to the sphere size, the sound velocity decreases with
increasing volume fraction and falls below that of the pure liquid. [S0031-9007(99)08508-7]

PACS numbers: 43.20.+g, 62.30.+d, 82.70.Dd

Propagation of acoustic and electromagnetic waves igously coupled scatterers. Brillouin spectroscopy is used
inhomogeneous media is a phenomenon of great furto measure sound attenuation and velocity dispersion in
damental importance and increasing technological relesuspensions of colloidal silica spheres. The viscous pene-
vance. In the case of strong multiple scattering, intriguingration depth is of the order of the sphere radius in the
effects such as band formation or wave localization ardrequency range investigated. The separation between the
expected to occur as a result of interference [1]. These exsurfaces of the spherdg.., is varied by changing the solid
citing predictions have stimulated experimental researchsolume fractiong. We are thus able to perform measure-
largely focused on the electromagnetic case, for manynents in the two regime8 < .. (n0 viscous coupling)
years. Anderson localization of light has recently indeedand 6 = I, (viscous coupling). This is in contrast to
been observed [2]. By contrast, to date only a few ex{previous studies [3—6]. We find that, in the absence of
periments on sound propagation in the strongly scatteringiscous coupling, the sound attenuation increases linearly
regime have been performed [3—6]. However, these exwith volume fraction, as expected. To our surprise, the
periments yielded astonishing results. latial. [3], for  attenuation increases at least quadratically wftlin the
example, studied phonon dispersion curves in colloidatases = Iy... However, the absolute values of the attenu-
suspensions and found, contrary to a pure liquid, two lonation for 6 = I, are, at not too large volume fractions,
gitudinal propagating modes. These authors also repoamaller than expected from the log-results. These or
gaps in the dispersion relation. similar effects have not, to our knowledge, been reported

One of the parameters that play a decisive role is thdefore. The sound velocity decreases with increasing
ratio of the sound wavelength to the size of scatterersvolume fraction when the wavelength is comparable to the
In general, the scattering cross section depends stronggphere size. Viscous coupling has no effectvon
on this ratio. Another important length scale that can Monodisperse colloidal silica spheres with radius=
profoundly influence acoustic propagation is the viscou$9 nm are suspended in an optically index matching mix-
penetration depth (8 = +/29/pw, with  being the ture of ethanol and benzyl alcohol. The colloid volume
shear viscosity,p the density, andw the angular fre- fraction is controlled by centrifuging the initial suspen-
qguency). If transverse or vortex modes are excited in &ion and removing the liquid on top of the sediment.
liquid, their amplitude decays exponentially with decayThen, known amounts of liquid are added stepwise and
lengths. For long wavelength sound propagation the vis-the particles resuspended. The colloid concentratits
cous depth can be of great importance. In liquid saturatedetermined by drying a known volume of the last suspen-
porous media, for instance, propagating modes can besion in the series and weighing the residue; the range is
come diffusive and vice versa, depending on the ratio o = ¢ = 1.188 g/cm’. The density of our colloidal sil-
the viscous length to the pore size [7]. Recent acousicais abou® g/cm?’, giving0 = ¢ = 0.59 for the volume
tic band structure calculations predict similar effects forfraction.
suspensions of isolated spherical scatterers, where the in- The colloids are slightly charged if dispersed in a liquid
terparticle separation plays the role of the pore size [8]and interact by a screened repulsive coulomb potential,
If & is larger than the interparticle separation, scattererihibiting aggregation. As a result, the diffusion of the
are coupled by viscous forces. Despite the importance afolloids “freezes” at volume fractions of about 35%. The
8, there are to date no experiments addressing possibfeeezing transition is detected by the appearance of a long
effects of viscous coupling in the regime where the soundime tail in the intensity autocorrelation function of re-
wavelength becomes comparable to the inhomogeneitgidual light scattered from the particles, which we mea-
length scales. sure by dynamic light scattering. In the following, we will

In this paper, we report the first investigation of acous-+efer to the lowe¢ phase of the colloids, where the par-
tic wave propagation in strongly scattering media with vis-ticles diffuse freely, as the “fluid phase.” The high-
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state, where diffusion is absent, will be referred to as " T " T
the “solid phase.” These terms should not be confused 600
with the “liquid” and the “solid,” meaning the suspending
medium and the colloidal particles themselves, respec-
tively. Another possibility to stabilize colloidal suspen-
sions is the coating of the particles with a thin polymer
layer. However, the acoustic properties of a polymer layer
on the sphere surface are unknown and, consequently, the
solid-liquid interface becomes ill defined. More impor-
tantly, a polymer layer would prevent the particle surfaces
from approaching to distances much smaller than the vis- 0 . .
cous depth. 0.0 0.2 0.4
Concerning the acoustic parameters, the suspensions
are strongly inhomogeneous on the length scale of the w/wpsg

particle radius. The density ratigsia/piiquia IS about FIG. 1. Rayleigh-Brillouin spectra a = 90° for three vol-

2 and the (longitudinal) velocity contrastoiia/viquia IS yme fractions of colloidal silica spheres in an optically index
about 4. The ratio of the transverse sound velocity inmatching alcohol mixture. Volume fractions ate = 0.074
the solid to the longitudinal velocity in the liquid is about (+), 0.23 (#), and 0.46 k). The lines are Lorentzian fits to

2.6. This acoustic mismatch is substantially larger than ithe data.
earlier experiments [3].

The viscosity of the suspending alcohol mixture isjzeq py that of the pure liquid, as a functionf Data at
2.77 mPas. Brillouin measurements are performed in thgyo representative wave vectors, obtained from the disper-
range 0.72 = gqr = 2.04, where ¢ is the sound wave gjon curves (Fig. 2), are presented. At large wavelengths,
vector. In the corresponding frequency range, we havehe sound velocity increases with increasing volume frac-
11 =6 = 18 nm. For¢ = 0.37 the average penetration tjon and becomes larger than that in the pure liquid. This
depth(5) = 14.5 nm is larger than the average separationncrease is expected for the composite medium, since the
between the sphere surfacég.{ = N~'/* — 2r, where  sound velocity in the colloidal spheres is much larger than
N =3¢ /4mr? is the number density of scatterers), suchihat in the liquid. At small wavelengths, the behavior be-
that viscous coupling of spheres occurs. _ comes completely different: Here, the sound velodity

Brillouin spectra are obtained using an argon ion lasegreaseswith increasing volume fraction, despite the fact
at A =514.5 nm. The scattered light is imaged onto {hat the amount of high velocity material increases. The
a 200-um pinhole and collimated into a Fabry-Perot soyng velocity even falls below that of the pure liquid.
interferometer (free spectral range 18.2 GHz), operated,ch slow propagation velocities have also been observed

in triple-pass configuration. The sound wave vector isp yjrasonic experiments on macroscopic glass spheres in
selected by changing the scattering an@le The phase

velocity is obtained from the center frequensyg) = vqg
of the Brillouin peaks, and the attenuation coefficignt ' ' —
from the full width at half maximum\ w. 50} /,&1 1

Figure 1 shows typical Brillouin spectra at different A0
volume fractions. We observe one propagating sound 40 A °
mode for all concentrations of colloids and wave vectors.
Whereas the center frequency of the peaks changes
only weakly with increasing volume fraction, the width
increases strongly and eventually becomes of the same
order as the center frequency.

The sound dispersion relatian(q) is shown in Fig. 2
for two different volume fractions. At the lowest volume y
fraction we obtain a straight line, as in the pure liquid. 101 1
At larger volume fractions the sound velocity becomes -
dependent on the wave vector, thus depressing the disper- (9 - s s '
sion relation at large. This depression becomes continu- .00 0.01 0.02 0.03
ously larger as the volume fraction is increased. As a -
result, the dependence of the sound velocity on volume q (hm )
fraction at large wavelengths (or smal is qualitatively FIG. 2. Sound dispersion relation for colloidal suspensions

different from that at small wavelengths (or largg asis  with volume fractions¢ = 0.074 (+) and 0.28 ¢). The
evident from Fig. 3. It shows the sound velocity, normal-dashed line represents the long wavelength limitgos= 0.28.

n
o
o

intensity (a.u.)

30} A -

20 L S i

o (10°rad/s)

1677



VOLUME 82, NUMBER 8 PHYSICAL REVIEW LETTERS 22 EBRUARY 1999

1-2 M 1 T 1 M |, 30 T T T T T T
L7 ©
11 5 © o0 L |
g g XX °
Fio W_,l.g%—%’ X X S
s =
> i T ? Qo % 10 o ]
09} o - S
N 1 " Iéé " 1 O L L ) 1 " 1
0.0 0.2 0.4 0.6 0 4 8 12
¢ q° (10%hm™)

FIG. 3. Phase velocity of the high frequency sound mode ir\:
suspensions of silica colloids as a function of colloid volume
fraction. The velocity is shown for two representative wave : .
vectors:gr = 0.89 (><_)yar_1d 1.87¢). The _datg are normalized Pl.%l(lao'sc:rsa;;ﬁ |isr?:;/v2$ fﬁsotgﬁe(g;’ta&% €). and 0.59 ¢).
by the sound velocity in the pure liquid. The dashed line :
represents the long wavelength limit. No spectrum could be
obtained for the largest volume fraction @t = 1.87 due to sphere [10]. The attenuation coefficiesitincreases by
overdamping of the sound mode. almost 1 order of magnitude from the pure liquid to the
most concentrated sample, showing that the presence of

water [4] and can be understood in terms of multiple scatinhomogeneities strongly affects wave propagation. In
tering theory [9,10]. Most of the wave energy at largeorder to focus on this¢ dependence, we plof as
g is confined to the liquid because of the large acousti@ function of volume fraction in Fig. 5. For a proper
contrast (andsjiquia < vsolid); @S a result, the propagation
velocity is close to that of the pure liquid [10]. .

As mentioned above, the average viscous penetration 0
depth is larger than the separation between sphere surfaces 0.0 ' 0:4 ' 0:8 , 1.2
for ¢ = 0.37. This viscous coupling does not have a /
noticeable influence on the velocity. E

The sound velocity shows a modest, but significant, de- 4 /3
pendence on wavelength and volume fraction. The attenu- g
ation, however, will show a much stronger dependence,
as the quantities governing wave propagation enter more
directly. Damping effects are described by the extinction
mean free patli,, which is related to the extinction cross
sectiong e by 1/lexc = Noexe + 1/ [11]. The extinc- ]
tion cross section contains the scattering cross section and §§
possibly a contribution due to friction at the solid-liquid 1 & 1
interface. The terml/l, denotes absorption due to the
pure liquid. If o, is independent ofV, one expects a
linear increase of the attenuation with increasing concen- 8 0 0'2 0'4 OIG
tration of scatterers. The width of the Brillouin peaks is ) ) | '
related to the extinction mean free path by = v/lex, q)
since the intensity of the sound wave in a given direction

decays exponentially with decay lendtky. FIG. 5. Sound attenuation coefficiegt = A(f).}:WHM/q2 for
Ei 4 sh A functi f d the sound mode in suspensions of colloidal silica spheres versus
Iguré 4 showsAe as a tunclion or squared wave .. 4iq yolume fraction. The dashed line is a fit to the points

vector for three volume fractions. In a pure liquid, for 0.074 = ¢ = 0.28. The dash-dotted line is a guide to the
the width is related to losses by diffusive processeseye. The suspensions are in a fluid phasepat 28 vol %,
which leads to ag*> dependence [12]. In the colloidal Whereas the colloid diffusion is frozen in at the larger volume
suspensions considered here, we also obs&mwe= ¢g> fractions; the corresponding branches are treated separately. It

in th . tigated. H in thi th is seen that the points at low volume fractions lie on a straight
In the ¢ range investigated. However, In this case N&;,q through ¢(¢ = 0), whereas the points at high volume

¢* dependence, seen at all volume fractions, is to a larg@actions do not. ¢’ is obtained from¢ by replacingr with
extent due to the scattering cross section of a single + (8). The dotted line represents’ = 0.64.

IG. 4. Full width at half maximum of Brillouin peaks versus
squared wave vector. Data for three volume fractions of silica
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analysis of the volume fraction dependence, the pointsneasurements, however, possible structural effects cannot
taken in the colloidal fluid phased(= 0.28) must be be quantified.

treated independently from those in the solid phasex In conclusion, we have shown that strong scattering of
0.37). Strikingly, the attenuation coefficient manifests asound waves leads to the counterintuitive effect that the
change in concentration dependence at ahbut 0.3: propagation velocity decreases with an increasing amount
Whereas¢ increases linearly with concentration at small of high velocity material. We have presented evidence
¢ (“fluid phase branch”), as expected for independenthat the parametes/Is.. is of great importance for the
scattering, the increase is at least quadratic at largsound attenuation: In the regime of viscous coupling
volume fractions (“solid phase branch”). (6 = ltee), New effects have been observed.
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