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The propagation of sound waves in suspensions of hard sphere colloids is studied as a function of
their volume fraction up to random close packing using Brillouin light scattering. The rich
experimental phonon spectra of up to five phonon modes are successfully described by theoretical
calculations based on the multiple scattering method. Two main types of phonon modes are
revealed: TypeA modes are acoustic excitations which set up deformations in both the solid
(particles and the liquid(solven} phases; for typ®8 modes the stress and strain are predominantly
localized near the interface between the solid particles and the surrounding(ligaiface waves

While the former become hardéincrease their effective sound velogditgs the particle volume
fraction increases the latter become softee corresponding sound velocity decreasé&@ 2004
American Institute of Physics[DOI: 10.1063/1.1798973

I. INTRODUCTION loidal suspensions revealed only two propagating longitudi-
o o nal modes utilizing a five-pass Fabry-Perot interferometer.
Wave propagation in microstructured materials is of bothiowever, more recently, the use of a six-pass tandem Fabry-
fundamental and practical importance due to the rich physicpeot interferometer allowed us to detect a much richer Bril-
involved and the potential technological applications in theygin spectrum in several microstructured systems such as
field of nanomate_zrlals and sensors. _More spt_ecmcally thefiquid suspensions of soft micellar particlshlock copoly-
study of propa_ga'qon of _electromagnetlc waves in compqsﬂ er lamellar forming systerf, and suspensions of hard
random or periodic media Ie_g éo the development of the fiel phere colloids in the fluid, crystalline, and glass pHas8.
gv%r;\(/)iaonl; Eiar;:lrgigr?;etfr(')frm\gg:?a}ha;rzfrﬁé?;gng;\gs A variety of acoustic and opticlike modes were detected and
9 gher. 11 b : attributed to the interplay of the acoustic phonon in the sol-
and sound velocitied ™! revealed specific composite struc- T . . o .
vent matrix with the single particle vibrational eigenmodes.

tures, called phononic crystals, which exhibit spectral gaps, . )
n a previous papé? we have presented experimental results

Colloidal suspensions are natural candidates as model micr!) h i th cal dicti for the rich oh
structured materials due to the size of their structural units:t,oget er with theoretical predictions for the rich phonon

namely, colloidal particles of submicron size and due to thesPectra of colloidal systems of low and high elastic contrast.
fact that they form crystalline phases with lattice constants ofi€'€ We extend this study providing experimental data along
the order of 1 to few particle diameters. Moreover, crystaIW'th theoretical calculations Wh-ICh describe the .e\-/olutlon of
structures of such dimensiofsf the order of the wavelength  the phonon modes as the particle volume fraciprs sys-
of light) may ideally be studied by inelastic light scattering tematically increased from the fluid to the crystalline and
probing the propagation of acoustic waves in the GHz freglassy state. The experimental phonon spectra at several
quency range. Given the richness of the colloidal chemistryscattering wave vectorg were compared with theoretical
and the variety of systems with numerous applications, th&alculations of(i) the dispersion relation of the frequeney
exploitation of the dispersion relations in model hard spher¢/s the wave numbek for various phonon branches (
colloidal suspensions in the liquid, crystalline, and glassy=1,2,...), (ii) the light scattering intensityjii) the elastic
phase is of both fundamental and practical importance.  field distribution, andiv) the single scattering resonance fre-
The first Brillouin scattering studies of hard sphere col-quencies.
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The rest of the paper is organized as follows: In Sec. Il, 1w qd=12.08
we briefly describe the experimental technique and the col- 10+ =067
loidal systems. In Sec. Ill we present the experimental in- ]
elastic light scattering spectra and the volume fraction de- 1'
pendence of the phonon dispersion relatigf{q), compare 0_1; g
the experimental with the theoretical dispersion relations, 1
and discuss the physical origin of the phonon modes and 0.01 . . : : : . .
their volume fraction dependence. Finally, the conclusions 104 w® #=054
are presented in Sec. IV. 3
S g

Il. EXPERIMENT %’01 ] :W\
c -

A. Fabry-Perot interferometry £ 3 a

Polarized Rayleigh-Brillouin spectra arising from ther-
mal density fluctuations in the system were recorded at dif-
ferent scattering angles by a six-pass tandem Fabry-Perot
interferometer (FPI).1® A solid state Nd-YAG laser X
=532 nm) operating at 150 mW output power, together with
the incident beam optic&a beam splitter for the reference E
beam, a focusing lens, and a Glan-Thomson polarizere 0.01 - T . 7 " .
mounted on the arm of a goniometer to allow a variation of -20 -10 0 10 20
the scattering wave vector= (4n/\)sin(0/2) (n is the re- frequency [GHz]
fractive index of the mediumover one order of magnitude. FIG. 1. Brillouin spectra of a colloidal suspension of PMMA spheres in
';l;]heeasncaell)t/tzeer?(\jvggr:;e\;\gt:rles(jef;fnda?/(:g r:}i?]tleogh%?;irg}?;: C%%e__cgligfetralin vyith colloid vqume_ fractio(la) $=0.67 (RQP glasg (1_3)

’ - =0.54 (crystalline statg and(c) ¢=0.39(liquid state, at high scattering
nected with the multichannel analyzer. Each spectrunwave vectorg=0.033 nmt* (qd=12.08). The experimental Brillouin spec-
I(g,w) was recorded at two free spectral rangés GHz trum are expressed as a sum of several LorentAsola lines convoluted
and 30 GHz in order to achieve both high resolution and with the ins_trumenta_l fu_nction._Note th_e increase of thg highest frequency

. . . mode contribution with increasing particle volume fraction.
broad frequency range. Typical accumulation time for each
spectrum was about 30 min. The stabilization of the FPI was
maintained over days using the reference beam during th&l. RESULTS AND DISCUSSION
scanning of the frequency 0.6 GHz about the central Ray-
leigh line by means of a synchronized shutter. Hence, th%rill
strong elastic ¢ =0) scattered light from the samples does
not enter the FPI.

Figures 1 and 2 show high resolution polarizetV)
ouin spectra from colloidal suspensions in the liquid
(¢=0.39), crystalline $=0.54), and glass(RCP, ¢
=0.67) state at high and lowd values, respectively. The
frequency region, which lies approximatety0.5 GHz from
the central peak is provided by the reference beam used for
Colloidal suspensions were prepared at various volumé¢he stabilization of the tandem Fabry-Perot interferometer.
fractions in the liquid, crystalline, and glass regidriThe  The spectra may be fitted by a sum of Lorentzian lines plus
particles were poly-methylmethacryla®MMA) spheres an anisotropic broad background convoluted by the instru-
sterically stabilized by chemically grafted chains of poly-12-mental function; the broad central line arises from the aniso-
hydroxystearic acid chairgypical thickness of 10 ninin an  tropic (depolarizeg@lscattering of the solvent. Arich spectrum
almost refractive index matching solvetrixture of 70%  (up to five Brillouin doublets in Figs. 1 and & observed at
cis-decalin with 30% tetralin They have a diameted all the three different states of the colloidal dispersion inde-
=364 nm and a size polydispersity=0.06; both were de- pendently of the volume fraction. However, the relative in-
termined by static and dynamic light scattering in dilute sustensities do change as the volume fraction increases and
pensions. some of these modes are better seen in an ordered state rather
Samples in the liquid, crystalline, and glass state were¢han in an amorphous one. Note that the polarized spectra are
prepared by successive dilutions of a random closed packetistinctly different from the featureless depolarizédH)
(RCP sample obtained by centrifugation and the volumespectra which are mainly due to the optically anisotropic
fraction was determined in the coexistence region (0.494olvent.
< ¢$<<0.545). The present system comprising of PMMA par-  The location of the Lorentzians defines the experimental
ticles suspended in theis-decalin and tetralin mixture is phonon frequencies, at each wave vectay. In Fig. 3 we
characterized by a relatively low elastic constant contrast beshow the experimental dispersion of the resolved acoustic
tween the particles and the solvent. The longitudinal velocityexcitationsw, , for two volume fractions in the liquid and
inside the PMMA particles is;=2800 m/s and the transver- glassy state as a function ofd. The experimental linear
sal is ¢c;=1400 m/s while in the the solvent we haeg  dispersion of the longitudinal phonon in the solvérrbsses
=1500 m/s. The densities of the particle and solvent arés also shown. As discussed in detail in our previous p&ber,
1180 kg/ni and 926 kg/m, respectively. three main groups of phonon modes are revealed in Fig. 3.

B. Samples
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1 @ qd=4.03 (iii) The low frequency phonon modes with frequencies
104 =067 lower than that of the pure solvent are eitlemdependent
] at low g’s (inside the first Brillouin zongor, at highqg’s,
1’; acoustic-like with an effective sound velocity smaller than
0.1 ~ that in the solventtype B modes.
o The experimental spectra were compared with theoreti-
0.01 : T sl T ; cal band structure calculations for infinite fcc lattices which
10 ® 4054 have been presented in detail in our previous p&pBriefly,
ERE we used the complex multiple scattering method, which is
E 1~ able to describe the case of composites made up of solid
F I scatterers embedded in a fluid host. The multiple scattering
scg 01+ - formalism is based on an expansion in spherical harmonics,
-50 i Y,m- The resulting series is truncateb<(l,,,) without ap-

preciable error as long as is less than a valuep(l 4y,
which increases witH ... The only disadvantage of this
method is that the computational time increases very quickly
with | .. This is the reason for which we limit our band
structure calculations at 7 GHz. Since some of the samples
are in an amorphouglassy or liquid state, we calculated
the band structure for few differeftorientations.

To compare with experimental data we kept only the
modes which are strongly coupled to the incident photon
FIG. 2. Brillouin spectra from suspension with colloid volume fractiah giving a strong light scattering intensity/(mac>0.1, where
¢=0.67 (RCP glass (b) ¢=0.54 (crystalline state and(c) ¢=0.39 (lig- | max IS the maximum value of the calculated intengitiyur-
uid statg, at low g=0.011 nmi* (qd=4.03). Note the increase of the thermore, for highg, we extended the multiple scattering
contribution of the mode withi =4 GHz with ¢. band structure calculations to higher Brillouin zor(ep to
the seventh extending the maximum wave vector tpd
=8. The agreement between theory and experiment is rea-
. . . sonable. However, a detailed comparison is not easy be-
like g-independent frequency, correspond approximately tocause:(i) Experimental data from amorphous or polycrystal-

elgeqmgﬂes?mdlwdua:jl Sph?{ﬁi' higher than th line samples are compared with calculations assuming
(i)) The phonon modes with frequency higher than the erfect fcc order andii) the inelastic light scattering inten-

corresponding frequency of the pure solvent are aCO'“'SJ['C'“kgity is a very sensitive function of the structure, scattering

(w~0q) (type A modes. wave vector, and scattering frequency. Consequently, a pho-
non by phonon comparison is not feasible.

The nature of the two type of phonon modes were elu-
-0.67 cidated by theoretical calculations of the elastic field
distribution® At low frequencies andy’s (qd=2) type A

00l frrr /£~ N
-20 -10 0 10 20

frequency [GHz]

(i) The high frequency modes at logys, with an optic-

124 © *5 ) . : .
. * o [ modes are propagating acoustic modes confined predomi-
. optic modes . . S . nantly in the solvent with sound velocity essentially equal to
© . . o ¢ ., a3 1 that of the pure solvent mixture. However, at higls the
A

morphological details of the composite medium are revealed
in the sound propagation as a splitting of the modes due to an
interaction between the acoustic phonons with individual
particle eigenmodes. In this way at higid values hybrid
propagating modes are produced corresponding to phonons
that propagate both in the liquid and the solid phase. Al-
though such modes were observed befdriae detection of
| ] = n type B modes . . .
1 such a rich phonon spectrum was made possible only with
———— the use of high resolution tandem Fabry-Perot inter-
1 12 13 14 ferometry!'®1® As the volume fraction increases, type
qd modes shift towards higher frequencies as expected for

FIG. 3. Phonon dispersion relations. The solid line fits the measured Iineaﬁ?und waves propagatlng in a composite medium with a
dispersion for the longitudinal phonon in the solvent)( All symbols _'gher average solid Come_m- TyBemodes, at low frequen' )
represent experimental points in the frequency-wave vector plane: Ope@i€s, represent an alternative channel of wave propagation in
symbols (#=0.48), solid symbols ¢=0.67). The various modes are enu- the composite material in which the excitation is mainly lo-

merated as indicated: mode(dquarey mode 2(circles, mode 3(up tri-  .5)i704 around the interface between the solid and the liquid.
angles, mode 4(hexagong and mode Fdiamond$. The asterisks represent

theoretical results; the corresponding elastic field distribution is shown iAS the volume frgction is increased the frequency of these
Figs. 7 and 8. modes decrease in contrast to the trend followed for #pe

Frequency (GHz)
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3000 i (b)' . . . . T indicated.
1T qd=4.03
2500 1 . . A a3
20000 4 o o o ® : . . .
] e 2 of the main mode at intermediatgs (see Fig. 3 We should
1500 { «— :
] note that our measurements were restricteqdo-2; hence
- n [ ] n | | . .
1000 . . there might as well be a regime at layd values were the
500 - ; e ot
1o average medium description holds quantitatively.
v T T T

In Fig. 5 we show the intensities, at higfd, of the two
main phonon moded 4 andls) relative to that of the acous-
tic mode (3) as a function of the volume fraction. The sec-
FIG. 4. Volume fraction dependence of the sound velooity w/q) corre-  ond typeA mode, resulting from a splitting at higiis of the
Spo”gi”gzt%;h‘(?b)maij” ”;%dzesé :;Ci;‘digatidésat;rr‘]fzr?i’f\f,‘;e”éi‘r’]"ta;’et‘;ﬁgor?'nain acoustic typé mode, is observed only at high volume
\(/ae)lt?city of -sodnd ir?the s-oli(,i and qulﬂd phése-. The solid Iinepcorresl:)onds tofraCt!OnS_ (above b= 0'39) and gam$ mtenSItY _as YOIume
the calculation of the velocity using the effective-medium model. fraction increases. Mode @f type B) is also gaining inten-

sity relative to the main mode 3 as increases exhibiting,
however, a finite intensity at the lov's.

Figure 6 shows they dependence of the attenuation

T
0.45 0.50 0.70

modes. The volume fraction dependence of the thpand
type B modes are in agreement with the behavior of the tw
modes observed by Ye and co-workéts.

In Fig. 4 we show the volume fraction dependence of th
sound velocityv(= w/q) calculated at three differeifs for

0coefficient,20 I'/g?, for the two main phonon modes as de-

termined from the Lorentzian fits of the phonon spe¢see

eFigs. 1 and 2at the highest volume fraction. Fqd>4, the
type A mode 3 exhibits the expected, for a propagating

acoustic phonong? hydrodynamic line-width dependence,
whereasl’/q? of the nonacoustic typ® mode 2 displays a
residualq dependence. The deviation at the lowgdtmea-
sured reflects the splitting of the acoustic mode observed at
gd=4. Based on the short phonon life tin{@/1') of the
highestq in the PMMA suspensions, the acoustic excitations
decays within distance of few particle diameters. This is

the three stronger typ& and typeB modes. The arrows
indicate the velocity of sound in the soli®@MMA) and lig-
uid phasgmixed solvent while the solid line represents the
corresponding velocity in a composite medium with an av-
erage elastic modulus3 according to 18=¢/Bs+ (1
— &)1 B, (effective medium modet®*® where 3, and B, are
the elastic moduli of the solid PMMA particle and the liquid,
respectively. TypeA modes exhibit high sound velocity
which increases with volume fraction at low and higis.
On the other hand, typ® modes, with sound velocity lower
than that of the pure solvent, become softlewer sound
velocity) at high g’s as the volume fraction is increasing
while at low g’s are almost unaffected.

However, there are modes which exhibit a tyjoéehav-
ior at lowq's but behave like typ®& modes at higly’s. Such
a behavior is shown in Fig. 3 where the modes with frequen-
cies higher than that of the solvent at loyg (around 3 GHE
become harder ag increases whereas the modes with simi-
lar frequencies at high become softer. None of these propa-
gate with the exact velocity calculated for an effective me-
dium at all g’s, suggesting that even typ& modes are
complicated propagating hybrid modes. Although such exci-
tations propagate in both phases, the system cannot be rep- _ o
esented by an average sffecive solid medum. A furthe o, ST e et epeinc of e e vt e o of
confirmation for such a description is the existence of MOreye The perpendicular dotted line indicates fvalue above which a
than one typeA modes at highg’s resulting from a splitting  splitting of the main acoustic mode is observed.

4=0.67

A mode 3
® mode?2

T/q" (cm’/s)

0.1

e

0.01 T

qd
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$=0.479 0=0.67 $=0.67
type A type A type B

qd=7.38, {=6.58GHz qd=6.19, f=1.55GHz

qd=6.82, f=5.44GHz qd=7.38, f=6.58GHz

1
[ulla.u] 0.5

type B FIG. 8. The projection of the displacement vector alongxhexis for the
two phonon modes ap=0.67 shown in Fig. 7. The left one corresponds to
a typeA mode and the right one to tyf® mode.

[Slau] 0.5 lulfa.n] 0.5 interface between the particles and the solvent. Such modes

may propagate inside the medium by hopping from one par-
ticle to another, a process that is obviously favored as the
volume fraction increases. Moreover, the finite constant
FIG. 7. Two-dimensional plots of the displacement vedtdr,)| asr moves value of the dISpIa.CGment Vec.:tor inside the.pamd.e suggests
in the x, y plane perpendicular t& for two different frequency modes at that typeB modes involve motions of the solid particle as an
low (0.479 and high(0.67) volume fractions. The top two plots represent almost rigid body inside the liquid medium. As a result the
type A modes of phonon excitations and the two bottom ones B/peodes  strain-stress within the particles is minimum and the eigen-
yvith_qd and_f valugs as indica_ted. This modes are indicdteith an aster- frequency is low. With increasing volume fraction higher
isk) in the dispersion plot of Fig. 3. . .
harmonics of the surface waves are excited as revealed by
the two bottom plots of Fig. 7. Such generic behavior may be
caused by the proximity of neighboring spheres which in-
probably the reason that glassy and crystalline phases @feases at high volume fractions rendering collisions of the
PMMA suspensions display similar phonon dispersiths. caged patrticle with its neighbors more probable. These sur-
The elastic field distribution calculated at different vol- face modes essentially correspond to the flow of the solvent
ume fractions provides a visualization of the phonon excitanext to the particle surface as it is squeezed out of the region
tions and can help to elucidate their volume fraction depenbetween particles. To further elucidate the character of the
dence. Figure 7 shows a two-dimensional plot of thetype B modes, we plot th& component of the displacement
displacement vectotu(x,y,z)|, corresponding to the Bril- vectoru,. Figure 8 shows such a plot for the highest volume
louin modes with the strongest scattering intensities prefraction, ¢=0.67, at large values ofid. For the typeA
dicted theoretically by the complex multiple scattering mode f=6.58 GHz),u, clearly shows a phonon mode that
method in the vicinity of the experimental Brillouin modes sets up straingéand hence stressdsoth inside the solid par-
(Fig. 3 at two different volume fractions. The Wigner-Seitz ticle and in the surrounding liquid, whereas the low fre-
cell was approximated by a coated sphere made up of a soliguency phonon modé&ype B mode, f=1.55 GHz) repre-
PMMA core and a shell of liquid solvent. The volume of the sents an almost rigid motion of the particle in the suspension
coated sphere is equal with that of the Wigner-Seitz cell. which creates interfacial waves. This interpretation was fur-
For the higher frequency, typ modes, the field is con- ther supported by calculating’ X u|/|u| and |V-u|/|u| for
centrated mostly inside the PMMA spher@sg. 7) giving  the two modes. The strain measuring quantities were almost
rise to considerable deformations and stresses. This finding ien times larger for modé\ than for modeB inside the
consistent with a high frequency mode and it confirms thaspherical particles; furthermore, for the tyBemodes both
such modes propagate in the medium through both phasel& xu|/|u|] and|V-u|/|u| were concentrated near the inter-
Hence, at higher particle volume fractions where the PMMAface between the particle and the surrounding liquid. Finally
contribution is larger, the sound velocity increases, and théhe increase of the intensity,, assorted with this typ&
frequency of the mode is higher at a givgmas found ex- mode, with volume fractior{Fig. 5 supports its interfacial
perimentally. Such volume fraction dependence is generic focharacter and in the same context the shorter life fiFig.
all type A modes(mode 3, 5, as well as mode 2 at layd).  6) of this mode as compared to typemodes is not unex-
We notice that all Brillouin modes with frequency larger than pected.
that of the solvent propagate with velocities which increase
as the v_olume frac_tlon of the_ so_l|d phase InCreases in agregy ~ N cLUSIONS
ment with the notion of excitations propagating through a
harder average medium. In the same context, the intensity of Employing high resolution Brillouin light scattering we
the assorted Brillouin line increases with volume fractionhave measured the phonon modes in colloidal suspensions as
(Fig. 5. a function of the particle volume fraction. We detected up to
In contrast to typeA modes, the low frequency and high five phonon modes in liquid, crystal, and glassy suspensions
g type B modes(Fig. 7), propagate predominantly near the of hard sphere colloids up to the volume fraction of random
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