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Convection and thermodiffusion of colloidal gold tracers by laser light scattering
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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 dispersidi$1063-651X99)09708-1

PACS numbed(s): 47.27.Te, 42.25.Fx, 66.10.Cb, 71.24;

I. INTRODUCTION not reported before, which, at that time, had been attributed
qualitatively to convection caused by local heating of the
Laser light scattering1,2] nowadays is a very common sample.
tool to determine particle size and structure or to study par- In this article, we provide a detailed analysis of the un-
ticle mobility in soft condensed matter, as concentrated colusual light scattering effects found for colloidal dispersions
loidal dispersiong3]. For the latter purpose, often special of light absorbing polyorganosiloxane-gels. In the new
tracer methods have to be used, where the scattering efféxperiments, we have used another class of gold-filled col-
ciency of the tracer particles has to be much larger than thdoidal tracers each containing just one slightly larger gold
of the surrounding matrix. Therefore, the signal obtained in gluster, leading to a strong enhancement of light absorption
light scattering experiment only reflects the dynami@ald compared to the previous system.
statio properties of the tracers, which of course are influ- The oscillations found in the correlation functions will be
enced by the surrounding matrix. A suitable class of suchinvestigated in detail, showing that they provide a quantita-
tracers are light absorbing colloidal particles. As a consetive measure of the flux velocity. Especially, an analysis of
quence of their light absorption, those particles show dhe dependence of the oscillations on the scattering angle
strong increase in scattering power, a phenomenon which &llows to localize the direction of the convection. Also, the
known as enhanced Rayleigh scatter{dd. However, the local temperature within the sample has been measured, sup-
light absorption may cause unwanted side effects as localorting the assumption of a finite roll pattern of the thermal
heating, convection and thermal diffusion. A detailed experi-convection. Such kind of convection pattern usually is found
mental and theoretical investigation of these side effects iff a fluid system is heated from belo\t1-13.
the subject of the present paper. Finally, it will be shown how the thermal diffusion and
Whereas light absorbing colloidal spheres labeled witithe Soret coefficienf14—16§ can be determined from the
organic dyeg$5] are not appropriate tracers for standard laseiprofile of the transmitted beam, as described in a recent the-
light scattering due to irreversible destructidnieaching of  oretical article[17]. In contrast to the theoretical model, the
the label upon irradiation, particles containing tiny gold clus-self-phase modulation has been found to be asymmetric in
ters are very well suited: these tracers show light absorptionur case. This is caused by the effect of gravity, which has
as a quantum optical effect, and no bleaching of the goldhot been considered il7], but plays an important role in
clusters may occur. Liz-Marzaet al. [6] have tried to use experiments.
gold clusters coated by a silica shell as tracers in dynamic
light scattering experiments. They reported unusual devia-
tions of the time intensity correlation functions in respect to Il. EXPERIMENT
the expected strictly exponential decay. More recently, we
have reported on dynamic light scattering of
polyorganosiloxangs gels[7—9], a new class of colloidal Previously, polyorganosiloxane-gels of average diam-
nanospheres soluble in nonpolar organic solvents up to vergter 50 nm, filled with several tiny gold clustegisampleA),
high concentrations, filled with tiny gold clustef$0]. We  have been investigatdd0]. Here, we employed new tracer
have found unusual oscillations in the correlation functionsparticles of average diametéinverse z-average as deter-
mined by dynamic light scattering’5 nm, containing one
single larger gold clustgisampleB). As will be shown later,
*Electronic address: wolfgang@hal2000.chemie.uni-mainz.de these new tracers have a strongly increased absorption com-

A. Samples
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FIG. 2. uv-visible absorption spectra of tracer systém®pen
symbolg and B (filled symbolg at tracer concentration 0.1 wt. %.
The black bar indicates the laser wavelength of 514 nm used in the
laser light scattering experiments.

B. Light scattering setup

The experimental setup consisted of arf Aaser, operat-
ing at a wavelengtih =514 nm, as light source, an ALV
goniometer to adjust the scattering angle, and a fiber optic
detector to measure the scattered intensity as a function of
time. A commercial two lens setufALV ) was used to re-
duce the natural width of the laser beam to a diameter of
about 1 mm, the beam shining parallel on the sample. Inten-
sity time correlation functions have been obtained from the
homodyne detected scattered intensity using an ALV 5000
hardware correlator. The static small angle scattering pattern
was viewed on a white screen in 200 cm distance from the
sample, where a photograph could be takese below. All
samples have been purified from dust by filtration with Mil-
lipore filters, pore-size 5.¢cm, and put into cylindrical Su-
prasil light scattering cuvettes of diameter 10 mm. During
. the measurement, the samples have been placed in a toluene
pared to the former sample, leading to a strong enhance- path of constant temperature 20 °C to avoid diffraction from
ment of convection and thermodiffusion studied in this ar-the glass walls of the cuvettes, and to keep the sample tem-
ticle. Synthesis and detailed characterization of these paperature constant.
ticles are described elsewhere. Transmission electron
micrographs of both tracer species are shown in Fig. 1. C. Unusual experimental phenomena

The small gold clusters cause light absorption of these
tracer particles in the regime 450\ ,,,<550 nm, depending
on the actual size of the gold clusters. This leads to an e
hancement of scattering power, if laser light close to thef - o .
absorption band is use@nhanced Rayleigh scatterifig]). (1 Well-dgflned oscnlatm_ns are fqund in the square root
The uv-visible-absorption spectra of the tracers are shown i the intensity autocorrelation functioff(q,7)|, given by
Fig. 2. Eq. (1):

For the larger gold clusterssampleB), the absorption
maximum is slightly shifted towards longer wavelength, as B 05_
expected for optical quantum size effects. At the given wave-  |F (47| =G2(q,7)>= f I(q,0l(g,t+ndty . (1)
length of our AF laser indicated by the bar in Fig. (814
nm, see beloy the specific absorption of sampleis about  G,(q,t) is the intensity autocorrelation functioh(q,t) cor-
0.23 g!lcm %, whereas that of samplB is more than responds to the scattered light intensity measured at time
twice as large (0.55 @' Icm™1). In the light scattering ex- Those oscillations have been ascribed previously to convec-
periments, colloidal dispersions containing 0.2 wt. % tracetive motion of the tracergl0]. For a detailed study, our new
particles in the organic solvent cyclohexane have been studracer systemB (see abovehas been used, which shows
ied. The particle concentration of 0.2 wt. % corresponds tanore pronounced oscillations and also higher oscillation fre-
an optical absorptionr=0.46 cm * for the former sample quencies at identical experimental conditicifég. 4). The
Aando=1.10 cm ! for the new samplé. increase of the oscillation frequency in the intensity correla-

FIG. 1. Transmission electron micrographs of tracer systtms
(top) and B (bottom). Black bars indicate a size scale of 45 nm.

In light scattering experiments on these light absorbing
rEolloidal dispersions several unusual phenomena, sketched in
ig. 3, have been encountered.
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FIG. 5. Temperature profile within the sample dgllaced in a
toluene bath af=20°C, laser power 250 my¥measured with a
Pt thermoelement, and resulting convection roll. The small circle
corresponds to the cross section of the laser beam.

known as thermal lensing, corresponds to diffraction of light
at a boundary separating regimes of different scattering
ower. As will be shown, these regimes are corresponding to
arm and cold regions, containing different concentrations
of tracer particles, respectively. The asymmetric distribution
of particles in solution within a temperature gradient is
known as Soret effedtl4—16. The variation in optical den-
sity with temperature causes a phase shift of the incident

) ) ) laser light, leading to a number of concentric rings in the
tion function for sampleB corresponds to an increase of the profile of the transmitted beam. This pattern provides a direct
convective flux velocity, which is a consequence of a largeimeasure for the spatial concentration distribution of the

amount of absorbed energy at a given laser power. _tracer particles, thereby allowing a quantitative determina-
In the following sections, a detailed quantitative analysistion of the Soret coefficiens; [17]. Finally, it should be

will be provided, showing how the geometry of the convec-pgteq that the profile of the transmitted beam is not circular
tive flux can be deduced accurately from the dependence @yt asymmetric, which may be caused by gravitation, as will
the oscillations on the scattering angle. Also, the flux velocye explained later.

ity itself will be determined.

(2) As shown in Fig. 3, the laser beam is expanded when
entering the light absorbing dispersion. This effect, which islll. DYNAMIC LIGHT SCATTERING AND CONVECTION

“Thermal Lensing®

“Ring Pattern“

FIG. 3. Unusual phenomena encountered upon light scatterin
of light absorbing tracer particles, i.e., oscillations in the time in-
tensity correlation functiongtop), expansion of the incident laser

beam and self-phase modulati@oncentric rings of the transmit-
ted beam(bottom).
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A. Thermal profile and idealized scattering geometry

In Fig. 5, the local temperature profile within the sample,
measured with a tiny cubic Pt thermoelement 1 mm in size,
has been sketched. It should be noted that the temperature
directly within the center of the laser beam cannot be mea-
sured because of light absorption of the Pt-element itself.
Whereas the sample temperature beyond and alongside the
incident laser beam remains nearly unchanged, there is a
distinct temperature increase found perpendicular above the
beam. The heating of the sample becomes less pronounced
with increasing distance from the laser beam, until, at about
2.5 cm above the beam, the mean sample temperature of
about 21 °C is reached. In the case shown in FiglaSer-
power 250 m\Y, the temperature within the center of the
beam obtained by interpolation should be higher than 30°C.

FIG. 4. Experimental time intensity correlation functions for Therefore, the local maximum increase in temperatirE,

tracer systemd\ (filled circles and B (open circleg obtained at

is about 10°C atP=250 mW. The temperature profile as

identical experimental conditions, i.e., laser power 500 mW anddescribed corresponds to the convection pattern also

scattering angle 70°.

sketched in Fig. 5: the sample is heated by the laser beam,
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with D the self-diffusion coefficient of the particles. Impor-
tantly, D depends on the temperature of the dispersion ac-
cording to the Stokes-Einstein relation:

kT

D= 6mn(T)R’ @

kT is the thermal energyy(T) the temperature-dependent
viscosity of the solvent, an® the hydrodynamic radius of
the diffusing particles. Therefore, not only the flux veloaity

of the scattering particles varies with position within the
scattering volume, but also the diffusional relaxation time.
For these reasons, an exact description of the oscillating cor-
relation functions only is possible by integrating E®),
considering as variables both temperatiirand velocityv.
Since this integration is not practicable, we will concentrate
mainly on the convection, which is responsible for the oscil-
lations, and neglect the temperatu@nd position depen-
dence of the diffusion in the following. Considering the dif-
fusional term to be independent of sample position, two
different approaches for the oscillation correlations have
FIG. 6. Enlarged view of the convection roll already shown in b@€n made.

Fig. 5, and a simplified sketch of the scattering geometry. See text (i) The velocity profile within the scattering volume
for details. should resemble a similar profile as the steady laminar flow

field found in simple shear experiments. The main difference
leading to a decrease of the local density. As a consequends, that, in a shear experiment, the velocity ranges from 0 to
the heated material is rising upwards, gradually coolingv, whereas, in our experiment, it ranges frenw to v. Also,
down after it has left the region of the laser beam, and flowin our case the velocity gradient is parallel to the flow itself,
ing back at the edges of the sample cuvette. This convectiowhereas it is perpendicular to the flow in a shear experiment.
roll, assuming a regular flux of scattering particles from theAccording to[18], in case of a simple shear experiment the
sample edges into the scattering volume, has direct cons&omodyne correlation function measured by dynamic light
quences on the measured time intensity correlation functiorgcattering is given by

ko

Ga(q,7).
Figure 6 shows an enlarged view of the convection roll, G _[231(ayLn)? 5
indicating the flux components visible in the light scattering 2(9,7)= Talr 5

plane with+v and —v, and a simplified sketch of the actual

scattering geometry. Only those components of the velocity J, is the Bessel function of the first kind, the cross-
vectorv which lie within the scattering plane, which is de- section dimension of the scattering volume=<{1 mm), and
fined by the incident laser beaky and the scattered beam + the velocity gradient vector within this cross section. It

kq, contribute to the measured signal. should be possible to describe the oscillating part of our
experimental correlation functions using E§). Before we
B. Quantitative analysis of convection sketch an alternative more simplified approach, it should be

noted that, as described by E®), the “frequency” of the

In dynamic ligh ttering, regular motion of terin i .
dynamic light scattering, regular motion of scatte goscnlatlons scales witlgy:

particles with a given velocity vector leads to a complex

time amplitude correlation functiofi]: 4mng sin(6) 2
_ D D

F(q,7)=expig-v7). ) qy X cog 9)y= X

sin29)y. (6

g is the scattering vector shown in Fig. 6. In our case, scatn is the refractive index of the solveng,the absolute value
tering partiCIeS detected in the illuminated region are movof the Ve|ocity gradient_ If Eq(G) and the Scattering geom-
ing, in respect to the scattering plane, with velocities rangingtry sketched in Fig. 6 are correct, the inverse of the first
from —v to +v. Therefore, to solve the problem exactly, we minimum in the correlation function should scale with
have to calculate the integrate of Eg) in the interval—vto  sin(26), 26 being the total scattering angle.

v. Here, we should mention that we make the plausible as- (ji) Alternatively to the approach sketched (if, we can
sumption that the convection roll is symmetric in respect torestrict ourselves to the boundary conditions, i.e., consider

the incident laser beam, i.¢v| =|—V| (Fig. 6). The problem  scattering particles of flux velocity- v and—v only. In this
gets much more complicated if we also consider the diffucase, the correlation functidi(q, 7) is given by
sional or Brownian motion of the scattering particles; there-

fore [1] F(q,7)=[exp(iq-vr)+expiq- —vr)]exp —Dg?r)
F(q,7)=exp(iq-vr)exp —Dg?7), 3 =2cogq-vr)exp —Dg?7). @
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FIG. 8. Sketch of the changes in scattering geometry, which
become necessary if the beam expansion is taken into account. The
figure on top corresponds to the sketch shown in Fig. 6; the other
9 drawings show the changes for velocity componentand —v,
respectively.

IF(q,7)l

dient y=3.1 s [model (i)]. Therefore, it may be con-
cluded that both models allow a quantitative estimate of the
maximum flux velocity, which should be about 1.6 mmts
for the example shown in Fig. 7.

3 . ;
10o.oo 005 010 015 020 025 030 C. Effect of beam expansion on the scattering geometry

1 [ms] Both models discussed in the last section indicate that the

FIG. 7. Experimental data and fitting models for th ilation oscillation frequency should scale with sif2 So far, the
- /- Experimenta; dala a g mode’s for the oSCalioNS oo ot of beam expansion on the scattering geometry has
caused by convectioffi) Fitting model based on the analogy of the been neglectetsee Fig. 6. If we assume a beam expansion
convection velocity gradient to a simple shear experintem. (ii) 9 g. P

Fitting model considering only the maximum convection velocitiesby an_angle(b, the scz_itterlng geom_etry for particles fIOW|ng_
v and—v. back into the scattering volume will change as sketched in

Fig. 8. Here, it is assumed that the flow directionand
Similar to case(i), the oscillation frequency should scale ~V of the particles are always perpendicular to the incident
with sin(26) according to laser beam. _ .
According to Fig. 8, the angle between flow velocity
and scattering vectar changes fron¥ to 8+ ¢/2, the angle

4mnp sin(6) 2mNp between—v and q from 180°— ¢ to 180°— 6+ ¢/2. Al
= 2 cog 9)v = 29)v. (8 v-andg frol 12, Also,
q-v A cod #)v A sin2#)v ® the scattering vectay itself has changed. This leads to
Comparison of fitting models (i) and (iif.he best fits of 4mn
the oscillations, obtained from samp®eat laser power 500 q-vi= Dsin({H el2)cog 6+ ¢l2),
mW and scattering angled2= 70° (Fig. 4), are shown in Fig. A

7. First, the reader should note that neither of the fitting

functions describes the data accurately. However, the oscil- 4

lation frequency itself is well fitted by both models. The fit q- Vo= WnDsm( 9—
according to modeli) [Fig. 7(a)] corresponds to a velocity A
gradienty=3.1 s . The cosine fi{Eq. (7) and Fig. 7b)]

yields a velocityv=1.6 mms!. Taking into account the Replacing the new scalar produ¢tqgs.(9)] into Eq. (7), it
cross section of the scattering volume, iles1 mm, an can be shown in a simple but lengthy calculation that the
average velocity gradient’ can be calculated from the ve- oscillation frequency should not scale with sifi{2as in the
locity v obtained by fitting model(ii), i.e., v’ =2v/L idealized case neglecting beam expansion, but rather with
=3.2 s L. This value agrees remarkably well with the gra- sin(26)+sin(¢)[1—2 sirf(6)].

©/2)cog 180— 6+ ¢/2).  (9)
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FIG. 9. Plot of the changed scaling function, which describes
the dependence of the oscillation frequency of the correlation func-
tion on the scattering angleg2and the beam expansion angte

Figure 9 shows that, for smad, this change img-scaling
corresponds to a phase shift, in respect & 2y the order of
¢. We have checked these assumptions by determining the
oscillation frequency for two different laser powers, i.e., two
different beam expansions. Figure(d0shows the inverse
first minimum, 7,;,, plotted versus sin@, for a scattering

sin(20)

34 °
o)

20 < 90° )
20 >=90° Y

2025

20 T T T L] L T T T T T
18 -
164 A
® 20<90° -]
14 (X2
o 2p>=90° ®-°0 ]
— 12 e i,
g 10 » -0 ]
E 5 el ]
+ 1 R
S 6l ]
44 e ]
24 7 -
0 "' T M T M T M T T T T T T 1 T T
00 01 02 03 04 05 06 07 08 09 10 1.1
sin(20)
20 T T T T T T T T T T
18 i,
] e 20<90°
¥l o 29>=90° Pl
— 121 o ]
2 104 e .
X
= 6 ]
4- .
21 ¢¢’,/ T

sin(20+5°)

0 ———r , :
00 01 02 03 04 05 06 07 08 09 10 14

00 04 02 03 04 05 06 07 08 09 10 1.1
sin(26+3°)

FIG. 11. Same as Fig. 10, witR=100 mW and maximum
beam expansion &,=6°. Here, the data could be fitted with
=3° (bottom.

angle ranging from 30° to 120°, laser power 500 mW. In this
case, the maximum beam expansiofi,2vas 12.0°, corre-
sponding to¢,=6.0°. Obviously, the data points do not
scale with sin(2), as assumed in the simple model neglect-
ing the effect of beam expansion. In Fig. (Y the same
data points are plotted versus sif{5°). In this case, all
data points fall nicely on a single line. Therefore, the oscil-
lation frequency scaling indeed is shifted in phase, in respect
to 26, by an angle the order ab.

At a smaller laser power of 100 mW and, consequently,
smaller energy input and local heating of the sample, the
total beam expansion¢Z, was 6.0°. In this case, the phase
shift necessary to allow a linear fit of the data points was
3°=¢y/2, as shown in Fig. 11.

Those results prove the assumptions made in Fig. 8, con-
cerning the necessary changes in scattering geometry due to
expansion of the incident laser beam. Finally, it should be
noted that we have assumed a continuous linear expansion
by a constant angle. In practice, the expansion angle is
continuously increasing within the light absorbing sample.
However, since the sample dimension and the maximum ex-
pansion angle are rather small, the actual beam expawsion

FIG. 10. Dependence of the inverse of the first minimum of the@t the location of the scattering volume should be compa-

oscillations on scattering angle, neglecting beam expan@ap)
and assuming a beam expansigi=5° (bottonm). Experimental
data obtained aP=500 mW, maximum beam expansionpg

=12°.

rable to or only slightly smaller than the maximum beam
expansiong,. This corresponds nicely to the results shown
in Fig. 10, where the phase shift was 5° compared to a
maximum beam expansiongig=12°.
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ever, depends on laser power, Soret coefficient, absorption
constanto and the product of specific heat capacity and
temperature conductivity of the solvenh; [= 0.123
W/(m K) for cyclohexang¢ For a 0.2 wt. % solution of tracer

B in cyclohexaneg,=1.1 cm . The number of concentric
rings, which is proportional to the maximum phase sthif,
was 18, 28, 33, and 36 &=25, 50, 75, and 100 mW,
respectively. According to Eqg10) and (11), Sy can be
calculated from the dependence of the number of diffraction
rings on laser powel. The increase in number of concentric
rings Ncg with laser powelP is given by

NCR: K (12)

1+x’

Here, the factoK summarizes all factors given in EGLO)
which should be independent of laser power. Theref&re,
itself also should be independent Bf The only quantity
varying with P is our new variablex given in Eq.(11). To
obtain the Soret coefficient, we have to know the number of
concentric rings for different laser powers, and in addition
the absorption coefficient of our tracesg and the product
of specific heat capacity and temperature conductivity of our
solventAt. In this case, each laser power—concentric ring
number relation corresponds to an equation with the un-
known quantitieK andS;. Having determined at least two
of those equations, both these quantities can be calculated.
As an important consequence, it seems not to be necessary to
FIG. 12. Photographs of the concentric ring profile of the trans-know the refractive index incrementsn/dc anddn/dT to
mitted beam, obtained fd? =100, 200, and 300 mWfrom above. get the Soret coefficient.

For tracer B, we obtained a Soret coefficierg;(B)
=0.06 K . Analogous, we determined the Soret coefficient
for tracerA from the dependence of the number of diffraction

IV. TRANSMITTED BEAM PROFILE—SORET EFFECT rings on laser power, i.eS(A)=0.07 K~1. These values
AND GRAVITY correspond quite well t&; of colloidal particles of about
100 nm in size in aqueous dispersidi9], i.e., Sy
=0.05-0.1 K. For polymer particles in organic solution,
which are, oppositely to our tracers, swollen by the organic
Figure 12 shows the profile of the transmitted laser beamgolvent, the Soret coefficient found in literature is about one
photographed from a scattering screen in 200 cm distancgrder of magnitude larger, i.eS$;=0.3 K ! [20]-1 K™!
from the sample, obtained for three different laser powers{21]. At present, our tracer systems are investigated by
With increasing laser power not only the beam expansion buhermo forced Rayleigh scatterifg0] to check the Soret
also the number of concentric rings, i.e., the maximum phasgoefficients obtained by our simple method. Note, however,

shift & in the transient laser light, increases. According tothat for this technique the refractive index increments have to
[17] [Eq. (48)], the dependence of the maximum phase shifthe determined separately.

®, on laser poweP should provide a direct measure for the
Soret coefficienS;:

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

B. Influence of gravity on the diffraction pattern

27l X If we compare our experimental Soret pattern, shown in
Po= = [ (An/de)r=1/Si(dn/dT)cl. (100 iy 15 with the pattern suggested[it7], there is an obvi-
ous difference: whereas the theoretical pattern should be
with the factorx given by strictly spherical, the experimental pattern is asymmetric. As
already mentioned above, this deviation could be caused by
e ooSTP the effect of gravity. Like shown in Fig. 13, immediately
TAT after shining the laser beam on the absorbing sample a
spherical symmetric pattern, corresponding to a symmetric
L is the dimension of the scattering volume,the wave- temperature profile, was observég. Within 1-2 seconds,
length of the incident lightdn/dc anddn/dT the variation this pattern deforms to become asymmetdge The defor-
of the refractive index of the dispersion with solute concen-mation corresponds to an analogous deformation of the tem-
tration and temperature, respectively. All these quantitieperature profile within the sample, caused by a decrease of
should be independent of laser powrThe factorx, how-  solvent density with increasing temperature. In a gravity

(11)
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L

sample. Remarkably, the increase in temperature in the scat-
tering volume, i.e., the center of the laser beam, is 10°C
(250 mW) or even larger, depending on laser power. From
the dependence of the oscillation period on the scattering
angle, the convection flux direction within the scattering
plane could be deduced: the scattering particles are flowing
perpendicular upward from the heated region, flowing back
alongside the sample edges after cooling down, and reenter-
ing the scattering volume from aside. It is these components
of backflow from aside, i.e., within the scattering plane de-
fined by the propagation vectors of the incident and the scat-
tered laser beams, which are detected in the dynamic light
FIG. 13. Intensity profile of the laser beafd) and resulting  scattering experiment. Importantly, the expansion of the laser
density profiles of the sample immediately after illuminatién ~ beam has to be taken into account to describe the depen-
and a few seconds later, when the symmetric profile has deformegence of the oscillations on the scattering angle accurately.
probably due to the effect of gravity). On the other hand, the angular dependence of the oscillations
) ) o provides an independent measure of the beam expansion
field, heated regions of the sample are rising towards thgngje at position of the scattering volume. It should be noted
sample sgrface, thereby cooling down and flowing c_JoW”‘that it has not yet been possible to develop a mathematical
ward again along the sample edges, and a convective roI’?tting function to describe the experimental data accurately.
pattern is established. Since it takes some time for the materis’is due to the fact that the problem is extremely compli-
rial to cool down, the sample temperature is distinctly in-cateq je., the signal contains two modes of particie motion,
creased even a few centimeters above the laser l@5).  thermal convection and Brownian motion, both of which
Consequently, the temperature gradient responsible for thg,,yig depend on position within the scattering volume.
beam expansiofthermal lensingis much less steep in up- Neyertheless, neglecting the position dependence of the
ward direction compared to sideways or downward, leadingg qynjan motion by assuming a constant diffusion coeffi-
to an asymmetric beam expansir). Under microgravity cjent D, fitting functions to describe the oscillating part of
conditions, one would expect the circular pattern shown inpe correlation function satisfactory have been obtained. This
Fig. 13b) and theoretically describgd 7] to remain stable, gemiguantitative analysis of the correlation functions yielded

and no convection roll should develop. _ . a maximum velocity of about 1.6 mm/s at laser power 500
Finally, it should be noted that deformed concentric ring .

patterns of the transmitted laser beam recently have been |, aqdition. the transmitted beam showed a typical con-

found also for liquid crystal4LC) undergoing transverse centric ring pattern predicted in literatufé7], which has
motion[22,23. Although the reason for the concentric pat- heen ysed to determine the Soret coefficient for our tracer
tern |n_th|s case was not the Soret_ effect_as assumed for OWarticles. Importantly, this self-phase modulation is de-
isotropic system, but the large optical anisotropy of the LCformed asymmetrically in contrast to the sketch shown in
the deform.ation miglht have similar reasons, i.e., the influuﬂ_ This deformation may be caused by gravity, which de-
ence of uniform motion on the isotropic self-phase modulaorms the thermal profile within the sample via formation of
tion. According to Fig. 3 shown if23], the deformation of 5 conyection roll. The effect of convection on the concentric
the ring pattern is largest in the direction opposite to thering pattern so far had been neglected.
motion direction. Therefore, in our case the deformations |, summary, we have shown how laser light scattering
shown in Fig. 12 would indicate a motion direction from top ¢an pe used to study simultaneously various quantities as
to the bottom of the sample. This is in contrast to the conyapicle diffusion, thermal diffusiofSoret effect or flux ve-
vection roll model(Figs. 5 and § where the main flux di- |ocity in convection rolls. As a future work, it would be
rection is from the scattering volume to the top of the sampl&neresting to carry out a dynamic light scattering experiment
as also emphasized by the experimental temperature profilg, |ight absorbing particles under microgravity conditions,
Therefore, here we assume that motion of the sample "a§here no or a totally different convection pattern should be
much less influence on the deformation of the concentric ringq ;4. Also, the study of microscopitength scale about 1
pattern than a Soret effect within an asymmetric temperaturﬁm) and macroscopidength scale about 1 mnviscosity,
profile caused by gravity effects. given by diffusion coefficient and flux velocity, respectively,
in complex fluid systems is possible with our new tracer
V. CONCLUSIONS system. Using laser light of a different wavelength at low

In this paper, we have presented a detailed analysis d[ ter&icl]:[y,_the con;f/'eptlcin' OSC"?}'OSS tmay. be ds:ppressgd, ;’;md
oscillations found in time intensity correlation functions of € drfiusion coetncient Is readily determined from a simply

dynamic light scattering experiments on light absorbing Col_exponentlal correlation function.
loidal particles. The oscillations correspond to convection
flux of the scattering spheres, created by light absorption and
local heating of the sample, as has been confirmed indepen- Financial support from the Materials Science Center of
dently by measurements of the local temperature within théhe University Mainz is gratefully acknowledged.
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