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Dynamic behavior of Brownian particles close to a wall is studied by photon correlation from an
evanescent wave with variable penetration depth. Surface correlation spectra strongly differ from
the bulk measurements and are completely interpreted in terms of the combined wall’s mirror ef-
fect and evanescent-wave geometry. Relevance of these new effects to the light-scattering study of

surface dynamics is discussed.

PACS numbers: 05.40.+j, 68.45.—v, 82.65.—i

In this Letter, we wish to report the first complete
light-scattering study of the dynamics of free Brownian
particles in the immediate proximity of a reflecting
wall. The particles were probed by an evanescent
wave! with variable penetration range, and the scat-
tered light was analyzed at different angles with a
photon-correlation technique.? It will be shown that
the measured correlation spectrum, very different
from the single exponential expected in the bulk
geometry, may be simply and completely interpreted
in terms of the combined wall’s mirror effect and
evanescent-wave geometry with no adjustable parame-
ter. This effect is important and should be present in
all experiments attempting to measure fluctuation
dynamics at interfaces; it must therefore be accounted
for and distinguished from other factors affecting the
dynamics close to a surface, i.e., those due to the vari-
ous wall-fluid interactions generally referred to as
“surface effects.’”3

The evanescent-optical-wave technique is now well
established in the field of polymer physics* and
biophysics®>® for measuring various static properties,
such as density profiles,’ critical adsorption,? or sur-
face adsorption kinetics,” and monitoring the fluores-
cence!® from probes close enough to the wall to be ex-
cited by the evanescent field. One attempt to measure
dynamic properties by the evanescent wave from an
optical wave guide has been reported.!! However, as
the scattering particles were trapped in a multilamellar
film parallel to the guide, only their lateral diffusion
was measured and none of the new effects we have
studied could be detected.

Our experimental setup is shown in Fig. 1. The fair-
ly concentrated latex suspension (particle diame-
ter=0.09 um, c = 5x10~% g/cm?, i.e., mean distance
between particles =1 ym) is contained in a half
cylindrical cell, sealed by the flat surface of a larger
semicylinder glass prism. The sample holder is placed
on a precision turntable, so as to easily change the in-
cident angle 6, of the vertically polarized He-Ne laser
(30 mW at Ap=632.8 nm). The critical angle 6, of to-
tal reflection is given by the wusual relation,
sind, = n;/ng, where n;=1.48 and n; = 1.33 are the

refraction index of the glass and the suspension,
respectively. For 6; > 6., the incident wave vector in
the medium has a real component k; = 2w ng siné;/\g,
parallel to the flat surface of the prism, and an ima-
ginary component equal to the inverse of the penetra-
tion depth ¢, given by!?

&= (No/2mng) [sin%9; — sin?9, 1~ /2, ¢))

The variation of ¢ with 9, was checked by monitoring
the fluorescence intensity from a concentrated suspen-
sion of latex particles marked with rhodamine-B,!?
under the assumption that the density profile of the
particles was uniform even close to the wall. This
yielded for 4, a value 64.3° close to the value 64.0° de-
duced from the above refraction indexes. The light
scattered in the liquid at an angle # from the incident
wave vector k; is collected through the glass prism (at
an angle 9’ such that ng cos#’=n; cosf) by a mul-
timode fiber mounted on a rotating arm; photon corre-
lation spectra were recorded in the range 30°<46
=< 110°. Care was taken to align the optics in such a
way that (i) a sufficient local-oscillator wave was
mixed with the scattered light to ensure heterodyne
detection, and (ii) the direction of the incident light
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FIG. 1. Horizontal view of the experimental setup. Inset:
Scattering geometry; k; and k; are, respectively, the incident
and scattered wave vectors in the medium. The dashed lines
show the incident and detection directions in the glass prism.
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FIG. 2. Normalized autocorrelation spectra (circles) ob-
tained at different scattering angles, for a fixed penetration
depth. The dashed and solid lines are, respectively, the bulk
and surface correlation functions. The dotted line shows a
“bulk’’ correlation function (i.e., with the same illumination
profile as the surface function but no wall).

was tilted by a few degrees with respect to the horizon-
tal plane. As a result, any partial back reflections on
the cylindrical surface of the totally reflected laser light
did not reenter the cell at the same height as the
scattering volume; this eliminated any parasite ‘‘bulk’’
contribution to the scattered light.

Experimental correlation functions obtained at a
fixed penetration depth ¢ but for different scattering
angles are shown in Fig. 2, together with the single-

exponential decay expected in the bulk [see Eq. (4)]. |

g™ (q,1) =ffya2E,(r)E,(r') expliq- (r'—r1)]P(r, 1 ,t)drdr,

where E;(r) and E;(r') are the amplitudes of the in-
cident electric fields at points r and r’, and « is a con-
stant related to the scattering angle and the polarizabil-
ity of the particle as well as its size and shape.
P(r,r',t) represents the usual probability density for a
given particle to be at r at time zero and at r’ at time ¢,
and the integrals extend over the scattering volume V.
The phase factor is determined by the scattering vector
qa=k; — k,, where k; and k, are, respectively, the in-
cident and scattered wave vectors in the liquid. Note
that in the evanescent-wave geometry, k; is always
parallel to the flat surface of the prism, and its ampli-
tude k; only equals k, (given by 2mn;/\y) for 6,— ..
However, even for the smallest penetration depth
£=0.4 pm, the incident angle was at most 2.2° away

P,(r,r,t)=(4xDt) ¥ 2exp(—|r, —r,1%/4Dt) {expl — (z — z')%/4Dt] +expl — (z +2')?/4Dt 1},
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FIG. 3. Changes of the correlation spectra with the
penetration depth. The dotted line shows the best single-
exponential fit [yielding D = (1.89 +0.08)x10~8 cm? s™']
for a particular set of data (§=30° and £=0.4 um).

In Fig. 3 are shown correlation functions at different
penetration depths for two scattering angles. The
smaller the scattering angle and the penetration depth,
the more striking the difference between the experi-
mental results and the usual ‘‘bulk’’ correlation func-
tion. The highly nonexponential behavior of the
correlation function is emphasized in Fig. 3 where the
best single-exponential fit for one set of data is shown
with a dotted line.

To explain this new result, let us first recall that the
signal measured in a heterodyne light-scattering exper-
iment is the autocorrelation function g (q,7) of the
electric field scattered by a given particle,2

)

from 6. and one can use the usual relation, ¢
= 2k; sinf/2, with an error less than 1%.

For an ensemble of free Brownian particles with dif-
fusion constant D, the well-known expression!*

Pg(r,t',t) = (4wDt) " 2expl— |r—r'|/4Dt] (3)

yields, for a uniform illumination and isotropic parti-
cles, the usual single-exponential expression for the
normalized correlation function in the bulk,?

gs? (q,1) =exp(—Dg?t), (4)

which is shown with dashed lines in Figs. 2 and 3.

In the presence of a reflecting wall at z=0, the
translation symmetry is broken and expression (3)
must be replaced by'*

()

where z and r;; (z' and r};) are the components of r (r') normal and parallel to the wall. Obviously the mirror ef-
fect will come into play for times long enough for the distribution to reach the wall, but will be noticeable only if
the distribution has not flattened out by then. If the presence of the wall was only to limit the volume available to
the particle, its effect would be lost once the z integration in Eq. (2) is performed. The use of an evanescent wave,
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however, enables us to limit this integration to values a surface correlation function of the form

on the order of the penetration depth, ¢, small enough

for this effect to be observed. Indeed, the incident gV (q,t) =exp(—Dqit)g,(q,,t), (6)

electric fields E;(r) and E;(r’) appearing in (2) are no

longer constant but decrease exponentially as  where ¢, and q, are the components of q normal and

exp(—z/¢) and exp(—2z'/ £), respectively. parallel to the wall. After a double integration from 0
Using Egs. (2) and (5) with these new profiles yields  to « over zand z’, g,(g,,7) may be expressed in terms

) of the complementary error function:

g, (q,.t) =Relexp(Z?) erfc(Z)]— (1/¢,¢) Im[exp(Z?) erfc(Z)], @)

where Z = [(Dt)Y?/£1(1+iq,£) is a complex function of the two relevant dimensionless parameters, (Dt)Y?/¢
and ¢,¢. As long as (Dt )1/2/§ is small compared to 1, the leading behavior of the correlation function is simply

gV (q,t)=exp(—Dgit)[1—Dt(1/62+g)]. (8)

It decreases faster than gé” (q,t) as g,(g,,r) dies out not only if the scattering particle diffuses over a distance
1/q,, but also if it moves out of the scattering volume (i.e., if it diffuses over a distance ¢), the ratio of these two
mechanisms being governed by the second parameter ¢,¢. This effect cannot be seen on our data since over the
explored 6 and ¢ range, ¢,£ remains in the interval (2.5,10).

In the other limit, (Dr)Y2/¢ >> 1, the surface correlation function can be expressed as

gV (q1)=exp(—Dglt)[2/m(1+q2e2)11¢/ (D)2, 9)

This ¢~ /2 long-time behavior is simply a finite-volume effect. The probability of still finding the initial particle in
the scattering volume at time ¢ decreases as t~ Y2 The smaller qf, the larger this contribution is. Note that the
long-time ¢~ V2 evolution observed!'> !¢ for the number fluctuation function gy has the same finite-volume origin;
it must behave as 4/ 2 where d is the number of dimensions reduced to form the very thin scattering volume
(d =2 in the usual cylindrical bulk geometry). In the evanescent-wave geometry, which has an intensity profile
exp(—2z/¢), we have worked out!’ the analytical expression for gy :

en (1) = (1/(NY)[(1=2X?) exp(X?) erfc(X) +2X/Vml= (1/(N))[1/(V7X)], for X >>1, (10)
where X =2(Dr)V?/¢ and (N) is the average number I
of particles in the scattering volume ( = 10* in our ex- measured in the bulk (Q =0.06). All values found
periment). This signal, independent of the scattering for D agreed with the value measured in the bulk to
angle, was, however, negligible in our heterodyne ex- within 5% for £=0.8 um and 8% for £=0.4 um (see
periment. Table I), which proves the validity of Eq. (7) for a

To summarize the above discussion, we expect wide range of the parameters (D1)Y?/¢ and q,¢. The
g (g,,t) to present large deviations from bulk behavior remaining discrepancy, more pronounced for the

at intermediate or long time, provided ¢, is small smallest penetration depth, may have several origins,
enough for the light to probe the medium over dis- including a slowing down of the diffusion very close to
tances on the order of ¢. the wall due to wall-fluid-particle drag effects,!® possi-
Now, the measured correlation function g,(”(q,t) ble partial adsorption, and the fact that the particle’s
will provide information on its longitudinal component radius R is not quite negligible compared to £.
g, (g,.t) only if the transverse factor exp(— Dg?t) has Finally, to distinguish the wall’s mirror effect from
a slow enough time dependence, i.e., ¢, =<g¢,. This the finite-volume effect, we have shown with dotted
explains why measurements at 0=%7r + a, i.e., with lines on Fig. 2 the correlation function one expects
the same ¢,, exhibit different behavior. For example, with the same illumination profile, but in the abscence
in Fig. 2, measurements at §="70° (q,/q, = 0.7) show of the wall. It is obtained by omitting in Eq. (7) the
a distinct deviation from the bulk correlation function, term containing the imaginary part of exp(Z2)erfc(Z).
whereas for §=110° (gq,/q,=1.4), the surface and This ficticious correlation function decays much faster
bulk functions can no longer be distinguished. at short times, as most of the scattering power comes
The fits to the experimental data shown by solid from particles, initially at z/¢ << 1, which escape from
lines on Figs. 2 and 3 were computed from Egs. (6) the scattering volume by going to z < 0. At long time,
and (7) with a seven-term expansion!® for erfc(Z), the ¢~ Y2 behavior is again observed, but with half the
consistent with the experimental noise (==1072). amplitude computed from Eq. (9) for the wall case;
The penetration depth ¢ was derived from Eq. (1), and the mirror effect is responsible for this factor of 2.
the only adjustable parameter was the diffusion con- To summarize, we have shown that the surface
stant D, taking into account the sample polydispersity correlation function of free Brownian particles in the
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TABLE [. Diffusion constants (units 1078 cm? s™') obtained from the best fits with
Q =0.06 (shown by the solid lines in Figs. 2 and 3). The values in parentheses correspond

to Q=0.
0 D(£=0.8 um) D(¢=0.4 pum)
30° 4,68 £0.05 (4.46+£0.06) 444+0.12 (4.2240.13)
50° 4,66 £0.07 (4.46+0.09) 441+0.11 (4.21+0.12)
70° 471 £0.06 (4.51+0.07) s
90° 4.81 £0.07 (4.55+0.08) 476 £0.02 (4.54+£0.02)
110° 494+0.05 (4.68+0.07) R
2Bulk value.

vicinity of a reflecting wall may strongly differ from
the bulk function as a result of the combined effect of
the wall’s reflection and the finite scattering volume in
the evanescent-wave geometry. This introduces a long
tail (+="2?) behavior in the longitudinal part of the
correlation spectrum, but will be detected only if the
transverse correlation function decays on a larger time
scale. If the wall merely acts as a mirror, as we have
assumed in our experiment, the changes in the spec-
trum become negligible for §=90°. However, if
surface-fluid interactions result in a slowing down of
the transverse diffusion (critical surface transition,> for
example), the changes in the longitudinal component
will play an important role at all angles. Furthermore,
we expect the ¢t~ Y2 pehavior of the correlation func-
tion to be enhanced by the wall-drag effect. Very close
to the wall (z on the order of R, the particle’s radius),
the diffusion constant goes to zero linearly with z.2°
This creates a ‘‘trapping’’ layer which, in a similar way
as the illuminated layer of thickness £, brings into the
correlation function a ¢~ /2 behavior characteristic of
the probability for a given particle to be at a given time
t in a finite layer of the suspension. The relative im-
portance of this additional effect is on order of R/¢,
and it has been neglected in our presentation. Howev-
er, in a more general way, we expect important
changes in the correlation function when the longitudi-
nal length scale of the problem (particle’s radius,
wall-suspension interaction range, etc.) becomes on
the order of the optical penetration length ¢. This type
of study is currently being done!” with Brownian parti-
cles of radius R ~— &, it may be quite relevant for
studying surface-transition dynamics, which can be
viewed as the diffusion of a self-similar distribution of
droplets.?!
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