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Convection and thermodiffusion of colloidal gold tracers by laser light scattering

Wolfgang Schaertl* and Christopher Roos
Institut für Physikalische Chemie, Universita¨t Mainz, Welderweg 11, 55099 Mainz, Germany

~Received 2 March 1999!

In a dynamic light scattering experiment, we have investigated the time intensity correlation function and the
profile of the transmitted laser beam for organic dispersions of light absorbing colloidal particles containing
tiny gold clusters. The correlation functions have been found to show a superposition of an exponential decay,
corresponding to Brownian motion of the tracers, and well-defined oscillations. These oscillations are caused
by convection due to local heating of the sample by the incident laser beam, which has been confirmed
independently via measurements of the local temperature within the sample. It will be shown how the particle
convection velocity, which is the order of 1 mm/s, can be obtained quantitatively from the oscillating corre-
lation functions. The profile of the transmitted beam allowed us to determine the Soret coefficient, which is a
measure for the thermal diffusion of the particles. This article shows how tracer diffusion, convection, and
thermal diffusion can be determined simultaneously by one single experiment, laser light scattering of light
absorbing colloidal particles in dispersion.@S1063-651X~99!09708-1#

PACS number~s!: 47.27.Te, 42.25.Fx, 66.10.Cb, 71.24.1q
n
a
o

al
e
th
n

u
c

se

h

oc
r

s

it
se

s
tio
o

m
vi
to
w
of
l
ve

n

ted
he

n-
ns

col-
ld

tion

e
ita-
of

ngle
he
sup-
al
nd

d
e
the-
e
c in
as

-

r
-

om-
I. INTRODUCTION

Laser light scattering@1,2# nowadays is a very commo
tool to determine particle size and structure or to study p
ticle mobility in soft condensed matter, as concentrated c
loidal dispersions@3#. For the latter purpose, often speci
tracer methods have to be used, where the scattering
ciency of the tracer particles has to be much larger than
of the surrounding matrix. Therefore, the signal obtained i
light scattering experiment only reflects the dynamical~and
static! properties of the tracers, which of course are infl
enced by the surrounding matrix. A suitable class of su
tracers are light absorbing colloidal particles. As a con
quence of their light absorption, those particles show
strong increase in scattering power, a phenomenon whic
known as enhanced Rayleigh scattering@4#. However, the
light absorption may cause unwanted side effects as l
heating, convection and thermal diffusion. A detailed expe
mental and theoretical investigation of these side effect
the subject of the present paper.

Whereas light absorbing colloidal spheres labeled w
organic dyes@5# are not appropriate tracers for standard la
light scattering due to irreversible destruction~bleaching! of
the label upon irradiation, particles containing tiny gold clu
ters are very well suited: these tracers show light absorp
as a quantum optical effect, and no bleaching of the g
clusters may occur. Liz-Marzanet al. @6# have tried to use
gold clusters coated by a silica shell as tracers in dyna
light scattering experiments. They reported unusual de
tions of the time intensity correlation functions in respect
the expected strictly exponential decay. More recently,
have reported on dynamic light scattering
polyorganosiloxane-m gels @7–9#, a new class of colloida
nanospheres soluble in nonpolar organic solvents up to
high concentrations, filled with tiny gold clusters@10#. We
have found unusual oscillations in the correlation functio
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not reported before, which, at that time, had been attribu
qualitatively to convection caused by local heating of t
sample.

In this article, we provide a detailed analysis of the u
usual light scattering effects found for colloidal dispersio
of light absorbing polyorganosiloxane-m gels. In the new
experiments, we have used another class of gold-filled
loidal tracers each containing just one slightly larger go
cluster, leading to a strong enhancement of light absorp
compared to the previous system.

The oscillations found in the correlation functions will b
investigated in detail, showing that they provide a quant
tive measure of the flux velocity. Especially, an analysis
the dependence of the oscillations on the scattering a
allows to localize the direction of the convection. Also, t
local temperature within the sample has been measured,
porting the assumption of a finite roll pattern of the therm
convection. Such kind of convection pattern usually is fou
if a fluid system is heated from below@11–13#.

Finally, it will be shown how the thermal diffusion an
the Soret coefficient@14–16# can be determined from th
profile of the transmitted beam, as described in a recent
oretical article@17#. In contrast to the theoretical model, th
self-phase modulation has been found to be asymmetri
our case. This is caused by the effect of gravity, which h
not been considered in@17#, but plays an important role in
experiments.

II. EXPERIMENT

A. Samples

Previously, polyorganosiloxane-m gels of average diam
eter 50 nm, filled with several tiny gold clusters~sampleA!,
have been investigated@10#. Here, we employed new trace
particles of average diameter~inverse z-average as deter
mined by dynamic light scattering! 75 nm, containing one
single larger gold cluster~sampleB!. As will be shown later,
these new tracers have a strongly increased absorption c
2020 © 1999 The American Physical Society
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PRE 60 2021CONVECTION AND THERMODIFFUSION OF COLLOIDAL . . .
pared to the former sampleA, leading to a strong enhance
ment of convection and thermodiffusion studied in this
ticle. Synthesis and detailed characterization of these
ticles are described elsewhere. Transmission elec
micrographs of both tracer species are shown in Fig. 1.

The small gold clusters cause light absorption of th
tracer particles in the regime 450,lmax,550 nm, depending
on the actual size of the gold clusters. This leads to an
hancement of scattering power, if laser light close to
absorption band is used~enhanced Rayleigh scattering@4#!.
The uv-visible-absorption spectra of the tracers are show
Fig. 2.

For the larger gold clusters~sampleB!, the absorption
maximum is slightly shifted towards longer wavelength,
expected for optical quantum size effects. At the given wa
length of our Ar1 laser indicated by the bar in Fig. 2~514
nm, see below!, the specific absorption of sampleA is about
0.23 g21 l cm21, whereas that of sampleB is more than
twice as large (0.55 g21 l cm21). In the light scattering ex-
periments, colloidal dispersions containing 0.2 wt. % tra
particles in the organic solvent cyclohexane have been s
ied. The particle concentration of 0.2 wt. % corresponds
an optical absorptions50.46 cm21 for the former sample
A ands51.10 cm21 for the new sampleB.

FIG. 1. Transmission electron micrographs of tracer systemA
~top! andB ~bottom!. Black bars indicate a size scale of 45 nm.
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B. Light scattering setup

The experimental setup consisted of an Ar1 laser, operat-
ing at a wavelengthl5514 nm, as light source, an ALV
goniometer to adjust the scattering angle, and a fiber o
detector to measure the scattered intensity as a functio
time. A commercial two lens setup~ALV ! was used to re-
duce the natural width of the laser beam to a diameter
about 1 mm, the beam shining parallel on the sample. In
sity time correlation functions have been obtained from
homodyne detected scattered intensity using an ALV 50
hardware correlator. The static small angle scattering pat
was viewed on a white screen in 200 cm distance from
sample, where a photograph could be taken~see below!. All
samples have been purified from dust by filtration with M
lipore filters, pore-size 5.0mm, and put into cylindrical Su-
prasil light scattering cuvettes of diameter 10 mm. Duri
the measurement, the samples have been placed in a to
bath of constant temperature 20 °C to avoid diffraction fro
the glass walls of the cuvettes, and to keep the sample t
perature constant.

C. Unusual experimental phenomena

In light scattering experiments on these light absorb
colloidal dispersions several unusual phenomena, sketche
Fig. 3, have been encountered.

~1! Well-defined oscillations are found in the square ro
of the intensity autocorrelation function,uF(q,t)u, given by
Eq. ~1!:

uF~q,t!u5G2~q,t!0.55 H E I ~q,t !I ~q,t1t!dtJ 0.5

. ~1!

G2(q,t) is the intensity autocorrelation function;I (q,t) cor-
responds to the scattered light intensity measured at timt.
Those oscillations have been ascribed previously to conv
tive motion of the tracers@10#. For a detailed study, our new
tracer systemB ~see above! has been used, which show
more pronounced oscillations and also higher oscillation
quencies at identical experimental conditions~Fig. 4!. The
increase of the oscillation frequency in the intensity corre

FIG. 2. uv-visible absorption spectra of tracer systemsA ~open
symbols! and B ~filled symbols! at tracer concentration 0.1 wt. %
The black bar indicates the laser wavelength of 514 nm used in
laser light scattering experiments.
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2022 PRE 60WOLFGANG SCHAERTL AND CHRISTOPHER ROOS
tion function for sampleB corresponds to an increase of th
convective flux velocity, which is a consequence of a lar
amount of absorbed energy at a given laser power.

In the following sections, a detailed quantitative analy
will be provided, showing how the geometry of the conve
tive flux can be deduced accurately from the dependenc
the oscillations on the scattering angle. Also, the flux vel
ity itself will be determined.

~2! As shown in Fig. 3, the laser beam is expanded wh
entering the light absorbing dispersion. This effect, which

FIG. 3. Unusual phenomena encountered upon light scatte
of light absorbing tracer particles, i.e., oscillations in the time
tensity correlation functions~top!, expansion of the incident lase
beam and self-phase modulation~concentric rings! of the transmit-
ted beam~bottom!.

FIG. 4. Experimental time intensity correlation functions f
tracer systemsA ~filled circles! and B ~open circles!, obtained at
identical experimental conditions, i.e., laser power 500 mW a
scattering angle 70°.
r
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known as thermal lensing, corresponds to diffraction of lig
at a boundary separating regimes of different scatter
power. As will be shown, these regimes are correspondin
warm and cold regions, containing different concentratio
of tracer particles, respectively. The asymmetric distribut
of particles in solution within a temperature gradient
known as Soret effect@14–16#. The variation in optical den-
sity with temperature causes a phase shift of the incid
laser light, leading to a number of concentric rings in t
profile of the transmitted beam. This pattern provides a dir
measure for the spatial concentration distribution of
tracer particles, thereby allowing a quantitative determi
tion of the Soret coefficientST @17#. Finally, it should be
noted that the profile of the transmitted beam is not circu
but asymmetric, which may be caused by gravitation, as
be explained later.

III. DYNAMIC LIGHT SCATTERING AND CONVECTION

A. Thermal profile and idealized scattering geometry

In Fig. 5, the local temperature profile within the samp
measured with a tiny cubic Pt thermoelement 1 mm in si
has been sketched. It should be noted that the tempera
directly within the center of the laser beam cannot be m
sured because of light absorption of the Pt-element its
Whereas the sample temperature beyond and alongside
incident laser beam remains nearly unchanged, there
distinct temperature increase found perpendicular above
beam. The heating of the sample becomes less pronou
with increasing distance from the laser beam, until, at ab
2.5 cm above the beam, the mean sample temperatur
about 21 °C is reached. In the case shown in Fig. 5~laser-
power 250 mW!, the temperature within the center of th
beam obtained by interpolation should be higher than 30
Therefore, the local maximum increase in temperature,DT,
is about 10 °C atP5250 mW. The temperature profile a
described corresponds to the convection pattern a
sketched in Fig. 5: the sample is heated by the laser be

g
-

d

FIG. 5. Temperature profile within the sample cell~placed in a
toluene bath atT520 °C, laser power 250 mW!, measured with a
Pt thermoelement, and resulting convection roll. The small cir
corresponds to the cross section of the laser beam.
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PRE 60 2023CONVECTION AND THERMODIFFUSION OF COLLOIDAL . . .
leading to a decrease of the local density. As a conseque
the heated material is rising upwards, gradually cool
down after it has left the region of the laser beam, and flo
ing back at the edges of the sample cuvette. This convec
roll, assuming a regular flux of scattering particles from t
sample edges into the scattering volume, has direct co
quences on the measured time intensity correlation funct
G2(q,t).

Figure 6 shows an enlarged view of the convection r
indicating the flux components visible in the light scatteri
plane with1v and2v, and a simplified sketch of the actu
scattering geometry. Only those components of the velo
vector v which lie within the scattering plane, which is de
fined by the incident laser beamk0 and the scattered beam
k1, contribute to the measured signal.

B. Quantitative analysis of convection

In dynamic light scattering, regular motion of scatteri
particles with a given velocity vectorv leads to a complex
time amplitude correlation function@1#:

F~q,t!5exp~ iq•vt!. ~2!

q is the scattering vector shown in Fig. 6. In our case, sc
tering particles detected in the illuminated region are m
ing, in respect to the scattering plane, with velocities rang
from 2v to 1v. Therefore, to solve the problem exactly, w
have to calculate the integrate of Eq.~2! in the interval2v to
v. Here, we should mention that we make the plausible
sumption that the convection roll is symmetric in respect
the incident laser beam, i.e.,uvu5u2vu ~Fig. 6!. The problem
gets much more complicated if we also consider the dif
sional or Brownian motion of the scattering particles; the
fore @1#

F~q,t!5exp~ iq•vt!exp~2Dq2t!, ~3!

FIG. 6. Enlarged view of the convection roll already shown
Fig. 5, and a simplified sketch of the scattering geometry. See
for details.
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with D the self-diffusion coefficient of the particles. Impo
tantly, D depends on the temperature of the dispersion
cording to the Stokes-Einstein relation:

D5
kT

6ph~T!R
. ~4!

kT is the thermal energy,h(T) the temperature-depende
viscosity of the solvent, andR the hydrodynamic radius o
the diffusing particles. Therefore, not only the flux velocityv
of the scattering particles varies with position within th
scattering volume, but also the diffusional relaxation tim
For these reasons, an exact description of the oscillating
relation functions only is possible by integrating Eq.~3!,
considering as variables both temperatureT and velocityv.
Since this integration is not practicable, we will concentra
mainly on the convection, which is responsible for the osc
lations, and neglect the temperature~and position! depen-
dence of the diffusion in the following. Considering the d
fusional term to be independent of sample position, t
different approaches for the oscillation correlations ha
been made.

~i! The velocity profile within the scattering volum
should resemble a similar profile as the steady laminar fl
field found in simple shear experiments. The main differen
is that, in a shear experiment, the velocity ranges from 0
v, whereas, in our experiment, it ranges from2v to v. Also,
in our case the velocity gradient is parallel to the flow itse
whereas it is perpendicular to the flow in a shear experim
According to@18#, in case of a simple shear experiment t
homodyne correlation function measured by dynamic lig
scattering is given by

G2~q,t!5F2J1~qgLt!

qgLt G2

. ~5!

J1 is the Bessel function of the first kind,L the cross-
section dimension of the scattering volume (L51 mm!, and
g the velocity gradient vector within this cross section.
should be possible to describe the oscillating part of
experimental correlation functions using Eq.~5!. Before we
sketch an alternative more simplified approach, it should
noted that, as described by Eq.~5!, the ‘‘frequency’’ of the
oscillations scales withqg:

qg5
4pnD sin~u!

l
cos~q!g5

2pnD

l
sin~2q!g. ~6!

nD is the refractive index of the solvent,g the absolute value
of the velocity gradient. If Eq.~6! and the scattering geom
etry sketched in Fig. 6 are correct, the inverse of the fi
minimum in the correlation function should scale wi
sin(2u), 2u being the total scattering angle.

~ii ! Alternatively to the approach sketched in~i!, we can
restrict ourselves to the boundary conditions, i.e., cons
scattering particles of flux velocity1v and2v only. In this
case, the correlation functionF(q,t) is given by

F~q,t!5@exp~ iq•vt!1exp~ iq•2vt!#exp~2Dq2t!

52 cos~q•vt!exp~2Dq2t!. ~7!

xt
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2024 PRE 60WOLFGANG SCHAERTL AND CHRISTOPHER ROOS
Similar to case~i!, the oscillation frequency should sca
with sin(2u) according to

q•v5
4pnD sin~u!

l
cos~q!v5

2pnD

l
sin~2q!v. ~8!

Comparison of fitting models (i) and (ii).The best fits of
the oscillations, obtained from sampleB at laser power 500
mW and scattering angle 2u570° ~Fig. 4!, are shown in Fig.
7. First, the reader should note that neither of the fitt
functions describes the data accurately. However, the o
lation frequency itself is well fitted by both models. The
according to model~i! @Fig. 7~a!# corresponds to a velocity
gradientg53.1 s21. The cosine fit@Eq. ~7! and Fig. 7~b!#
yields a velocityv51.6 mm s21. Taking into account the
cross section of the scattering volume, i.e.,L51 mm, an
average velocity gradientg8 can be calculated from the ve
locity v obtained by fitting model~ii !, i.e., g852v/L
53.2 s21. This value agrees remarkably well with the gr

FIG. 7. Experimental data and fitting models for the oscillatio
caused by convection.~i! Fitting model based on the analogy of th
convection velocity gradient to a simple shear experiment~top!. ~ii !
Fitting model considering only the maximum convection velocit
v and2v.
g
il-

dient g53.1 s21 @model ~i!#. Therefore, it may be con
cluded that both models allow a quantitative estimate of
maximum flux velocity, which should be about 1.6 mm s21

for the example shown in Fig. 7.

C. Effect of beam expansion on the scattering geometry

Both models discussed in the last section indicate that
oscillation frequency should scale with sin(2u). So far, the
effect of beam expansion on the scattering geometry
been neglected~see Fig. 6!. If we assume a beam expansio
by an anglef, the scattering geometry for particles flowin
back into the scattering volume will change as sketched
Fig. 8. Here, it is assumed that the flow directionsv and
2v of the particles are always perpendicular to the incid
laser beam.

According to Fig. 8, the angle between flow velocityv
and scattering vectorq changes fromu to u1f/2, the angle
between2v and q from 180°2u to 180°2u1f/2. Also,
the scattering vectorq itself has changed. This leads to

q•v15
4pnD

l
sin~q1w/2!cos~u1w/2!,

q•v25
4pnD

l
sin~q2w/2!cos~1802u1w/2!. ~9!

Replacing the new scalar products@Eqs.~9!# into Eq. ~7!, it
can be shown in a simple but lengthy calculation that
oscillation frequency should not scale with sin(2u), as in the
idealized case neglecting beam expansion, but rather
sin(2u)1sin(f)@122 sin2(u)#.

s

FIG. 8. Sketch of the changes in scattering geometry, wh
become necessary if the beam expansion is taken into account
figure on top corresponds to the sketch shown in Fig. 6; the o
drawings show the changes for velocity componentsv and 2v,
respectively.



t
o

his

t
ct-

il-
ect

tly,
the
e
as

on-
e to
be
sion
is
le.
ex-
n

pa-
m
n
a

th

e
n
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Figure 9 shows that, for smallf, this change inq-scaling
corresponds to a phase shift, in respect to 2u, by the order of
f. We have checked these assumptions by determining
oscillation frequency for two different laser powers, i.e., tw
different beam expansions. Figure 10~a! shows the inverse
first minimum,tmin , plotted versus sin(2u), for a scattering

FIG. 10. Dependence of the inverse of the first minimum of
oscillations on scattering angle, neglecting beam expansion~top!
and assuming a beam expansionf55° ~bottom!. Experimental
data obtained atP5500 mW, maximum beam expansion 2f0

512°.

FIG. 9. Plot of the changed scaling function, which describ
the dependence of the oscillation frequency of the correlation fu
tion on the scattering angle 2u and the beam expansion anglef.
he

angle ranging from 30° to 120°, laser power 500 mW. In t
case, the maximum beam expansion 2f0 was 12.0°, corre-
sponding tof056.0°. Obviously, the data points do no
scale with sin(2u), as assumed in the simple model negle
ing the effect of beam expansion. In Fig. 10~b!, the same
data points are plotted versus sin(2u15°). In this case, all
data points fall nicely on a single line. Therefore, the osc
lation frequency scaling indeed is shifted in phase, in resp
to 2u, by an angle the order off0.

At a smaller laser power of 100 mW and, consequen
smaller energy input and local heating of the sample,
total beam expansion 2f0 was 6.0°. In this case, the phas
shift necessary to allow a linear fit of the data points w
3°5f0/2, as shown in Fig. 11.

Those results prove the assumptions made in Fig. 8, c
cerning the necessary changes in scattering geometry du
expansion of the incident laser beam. Finally, it should
noted that we have assumed a continuous linear expan
by a constant anglef. In practice, the expansion angle
continuously increasing within the light absorbing samp
However, since the sample dimension and the maximum
pansion angle are rather small, the actual beam expansiof
at the location of the scattering volume should be com
rable to or only slightly smaller than the maximum bea
expansionf0. This corresponds nicely to the results show
in Fig. 10, where the phase shift was 5° compared to
maximum beam expansion 2f0512°.

e

s
c-

FIG. 11. Same as Fig. 10, withP5100 mW and maximum
beam expansion 2f056°. Here, the data could be fitted withf
53° ~bottom!.
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2026 PRE 60WOLFGANG SCHAERTL AND CHRISTOPHER ROOS
IV. TRANSMITTED BEAM PROFILE—SORET EFFECT
AND GRAVITY

A. Soret coefficient from the maximum phase
of the transmitted beam profile

Figure 12 shows the profile of the transmitted laser be
photographed from a scattering screen in 200 cm dista
from the sample, obtained for three different laser powe
With increasing laser power not only the beam expansion
also the number of concentric rings, i.e., the maximum ph
shift F0 in the transient laser light, increases. According
@17# @Eq. ~48!#, the dependence of the maximum phase s
F0 on laser powerP should provide a direct measure for th
Soret coefficientST :

F052
2pL

l

x

11x
@~dn/dc!T21/ST~dn/dT!c#, ~10!

with the factorx given by

x5
s0STP

plT
. ~11!

L is the dimension of the scattering volume,l the wave-
length of the incident light,dn/dc anddn/dT the variation
of the refractive index of the dispersion with solute conce
tration and temperature, respectively. All these quanti
should be independent of laser powerP. The factorx, how-

FIG. 12. Photographs of the concentric ring profile of the tra
mitted beam, obtained forP5100, 200, and 300 mW~from above!.
,
ce
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e
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ever, depends on laser power, Soret coefficient, absorp
constants0 and the product of specific heat capacity a
temperature conductivity of the solvent,lT @5 0.123
W/~m K! for cyclohexane#. For a 0.2 wt. % solution of trace
B in cyclohexane,s051.1 cm21. The number of concentric
rings, which is proportional to the maximum phase shiftF0,
was 18, 28, 33, and 36 atP525, 50, 75, and 100 mW
respectively. According to Eqs.~10! and ~11!, ST can be
calculated from the dependence of the number of diffract
rings on laser powerP. The increase in number of concentr
rings NCR with laser powerP is given by

NCR5K
x

11x
. ~12!

Here, the factorK summarizes all factors given in Eq.~10!
which should be independent of laser power. ThereforeK
itself also should be independent ofP. The only quantity
varying with P is our new variablex given in Eq.~11!. To
obtain the Soret coefficient, we have to know the numbe
concentric rings for different laser powers, and in additi
the absorption coefficient of our tracerss0 and the product
of specific heat capacity and temperature conductivity of
solventlT . In this case, each laser power—concentric ri
number relation corresponds to an equation with the
known quantitiesK andST . Having determined at least tw
of those equations, both these quantities can be calcula
As an important consequence, it seems not to be necessa
know the refractive index incrementsdn/dc and dn/dT to
get the Soret coefficient.

For tracer B, we obtained a Soret coefficientST(B)
50.06 K21. Analogous, we determined the Soret coefficie
for tracerA from the dependence of the number of diffractio
rings on laser power, i.e.,ST(A)50.07 K21. These values
correspond quite well toST of colloidal particles of about
100 nm in size in aqueous dispersion@19#, i.e., ST
50.05–0.1 K21. For polymer particles in organic solution
which are, oppositely to our tracers, swollen by the orga
solvent, the Soret coefficient found in literature is about o
order of magnitude larger, i.e.,ST50.3 K21 @20#–1 K21

@21#. At present, our tracer systems are investigated
thermo forced Rayleigh scattering@20# to check the Soret
coefficients obtained by our simple method. Note, howev
that for this technique the refractive index increments have
be determined separately.

B. Influence of gravity on the diffraction pattern

If we compare our experimental Soret pattern, shown
Fig. 12, with the pattern suggested in@17#, there is an obvi-
ous difference: whereas the theoretical pattern should
strictly spherical, the experimental pattern is asymmetric.
already mentioned above, this deviation could be caused
the effect of gravity. Like shown in Fig. 13, immediate
after shining the laser beam on the absorbing sampl
spherical symmetric pattern, corresponding to a symme
temperature profile, was observed~b!. Within 1–2 seconds,
this pattern deforms to become asymmetric~c!. The defor-
mation corresponds to an analogous deformation of the t
perature profile within the sample, caused by a decreas
solvent density with increasing temperature. In a grav

-
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field, heated regions of the sample are rising towards
sample surface, thereby cooling down and flowing dow
ward again along the sample edges, and a convective
pattern is established. Since it takes some time for the m
rial to cool down, the sample temperature is distinctly
creased even a few centimeters above the laser beam~Fig. 5!.
Consequently, the temperature gradient responsible for
beam expansion~thermal lensing! is much less steep in up
ward direction compared to sideways or downward, lead
to an asymmetric beam expansion~c!. Under microgravity
conditions, one would expect the circular pattern shown
Fig. 13~b! and theoretically described@17# to remain stable,
and no convection roll should develop.

Finally, it should be noted that deformed concentric ri
patterns of the transmitted laser beam recently have b
found also for liquid crystals~LC! undergoing transvers
motion @22,23#. Although the reason for the concentric pa
tern in this case was not the Soret effect as assumed for
isotropic system, but the large optical anisotropy of the L
the deformation might have similar reasons, i.e., the in
ence of uniform motion on the isotropic self-phase modu
tion. According to Fig. 3 shown in@23#, the deformation of
the ring pattern is largest in the direction opposite to
motion direction. Therefore, in our case the deformatio
shown in Fig. 12 would indicate a motion direction from to
to the bottom of the sample. This is in contrast to the c
vection roll model~Figs. 5 and 6!, where the main flux di-
rection is from the scattering volume to the top of the sam
as also emphasized by the experimental temperature pro
Therefore, here we assume that motion of the sample
much less influence on the deformation of the concentric r
pattern than a Soret effect within an asymmetric tempera
profile caused by gravity effects.

V. CONCLUSIONS

In this paper, we have presented a detailed analysi
oscillations found in time intensity correlation functions
dynamic light scattering experiments on light absorbing c
loidal particles. The oscillations correspond to convect
flux of the scattering spheres, created by light absorption
local heating of the sample, as has been confirmed inde
dently by measurements of the local temperature within

FIG. 13. Intensity profile of the laser beam~a! and resulting
density profiles of the sample immediately after illumination~b!
and a few seconds later, when the symmetric profile has defor
probably due to the effect of gravity~c!.
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sample. Remarkably, the increase in temperature in the s
tering volume, i.e., the center of the laser beam, is 10
~250 mW! or even larger, depending on laser power. Fro
the dependence of the oscillation period on the scatte
angle, the convection flux direction within the scatteri
plane could be deduced: the scattering particles are flow
perpendicular upward from the heated region, flowing ba
alongside the sample edges after cooling down, and reen
ing the scattering volume from aside. It is these compone
of backflow from aside, i.e., within the scattering plane d
fined by the propagation vectors of the incident and the s
tered laser beams, which are detected in the dynamic l
scattering experiment. Importantly, the expansion of the la
beam has to be taken into account to describe the de
dence of the oscillations on the scattering angle accurat
On the other hand, the angular dependence of the oscillat
provides an independent measure of the beam expan
angle at position of the scattering volume. It should be no
that it has not yet been possible to develop a mathema
fitting function to describe the experimental data accurate
This is due to the fact that the problem is extremely comp
cated, i.e., the signal contains two modes of particle moti
thermal convection and Brownian motion, both of whic
should depend on position within the scattering volum
Nevertheless, neglecting the position dependence of
Brownian motion by assuming a constant diffusion coe
cient D, fitting functions to describe the oscillating part o
the correlation function satisfactory have been obtained. T
semiquantitative analysis of the correlation functions yield
a maximum velocity of about 1.6 mm/s at laser power 5
mW.

In addition, the transmitted beam showed a typical co
centric ring pattern predicted in literature@17#, which has
been used to determine the Soret coefficient for our tra
particles. Importantly, this self-phase modulation is d
formed asymmetrically in contrast to the sketch shown
@17#. This deformation may be caused by gravity, which d
forms the thermal profile within the sample via formation
a convection roll. The effect of convection on the concent
ring pattern so far had been neglected.

In summary, we have shown how laser light scatter
can be used to study simultaneously various quantities
particle diffusion, thermal diffusion~Soret effect! or flux ve-
locity in convection rolls. As a future work, it would b
interesting to carry out a dynamic light scattering experim
on light absorbing particles under microgravity condition
where no or a totally different convection pattern should
found. Also, the study of microscopic~length scale about 1
mm) and macroscopic~length scale about 1 mm! viscosity,
given by diffusion coefficient and flux velocity, respectivel
in complex fluid systems is possible with our new trac
system. Using laser light of a different wavelength at lo
intensity, the convection oscillations may be suppressed,
the diffusion coefficient is readily determined from a simp
exponential correlation function.
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