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We report on an x-ray photon correlation spectroscopy experiment investigating the surface structure
and dynamics of colloidal particles suspended in a supercooled viscous liquid. The static structure factor
in the direction parallel and perpendicular to the surface reveals a more disordered structure at the surface
as compared to the bulk. The particles display heterogeneous ballistic dynamics parallel to the surface.
The particle dynamics in the direction perpendicular to the surface is much slower and does not show the

hallmarks of ballistic motion.
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Heterogeneous dynamics is a prominent feature of
glassy and jammed systems [1,2]. These systems have a
disordered liquidlike state in common with very slow
dynamics in which structural relaxation events occur
through correlated rearrangements of particle regions, so-
called cooperatively rearranging regions (CRR). The CRRs
are characterized by a length scale ¢ which increases as the
glass or jamming transition is approached [3,4], but the
exact relationship between jamming and glassy state is still
not identified. Because of the experimental difficulty to
confirm the existence of CRRs, a confined geometry where
the size of the system is comparable to ¢ seems to be an
ideal way to get more information on this specific behavior
usually observed in the bulk [5], and the free surface is
such a confined geometry. Moreover, it is important to
identify whether or not the breaking of symmetry and the
interactions at the interface play an important role in ultra-
slow dynamics as has been proposed, e.g., for the surface
glass transition [5-7]. Colloidal particles embedded in a
highly viscous liquid are a good model system for studying
heterogeneous dynamics as ballistic motion, and a peculiar
compressed exponential form of the intermediate scatter-
ing function has been reported before for bulk colloidal
systems [8] and nanoparticles in polymer melts [9].

The samples consist of silica particles dispersed in poly-
propylene glycol (T, = 186 K) with an average molecular
weight of 4000 g/1 (PPG 4000 purchased from Aldrich).
By measuring capillary wave relaxations we determined
the viscosity of the colloidal suspension at 7 = 250 K to
be 100 Pas, which is in good agreement with values found
for pure bulk PPG [10]. The silica particles are prepared by
polycondensation of tetracthoxy-silane according to a
Stober synthesis [11] and surface stabilized in a second
reaction step with 3-trimethoxy-silyl-propyl-methacrylate.
We expect the interaction to be close to a hard sphere
system. The samples have been characterized by means
of small angle x-ray scattering experiments. A diluted
suspension (volume fraction ¢ = 1%) was used to deduce
the particle radius (R = 270 = 32 A), and taking a con-
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centrated sample (volume fraction ¢ = 25%), the inter-
particle correlations in the bulk (interparticle mean
distance d = 660 A) were measured. The slow dynamics
in our system is caused by the high viscosity of the super-
cooled solvent.

To investigate the structure and the dynamics of the
concentrated suspension at 7 = 250 K at the surface, we
performed x-ray photon correlation spectroscopy experi-
ments under grazing incidence conditions using the coher-
ent x-ray beam of the ID10A beam line at the European
Synchrotron Radiation Facility with a photon wavelength
of A = 1.55 A [see Fig. 1(a)]. The energy bandpass of the
Si(111) monochromator leads to a longitudinal coherence
length &, = A2/AX = 1 um. A pinhole with a diameter of
20 wm is placed upstream of the sample in order to obtain
a collimated and transversely partially coherent beam. The
beam is then tilted vertically by a mirror onto the sample
surface resulting in an incident angle «; = 0.12°, which is
below the critical angle of total external reflection. This
leads to an evanescent wave with a penetration depth / of
about 100 A providing surface sensitivity on subsingle
particle level, since R > [ holds. The colloidal suspension
has been studied in an apparatus consisting of two nested
chambers. The outer cell was evacuated for thermal iso-
lation and the inner one contained a stainless steel trough
of 120 mm diameter and 0.2 mm height. Series of typically
500-1000 speckle images have been recorded at a regular
time interval of about 2.7 s (exposure time plus read out) by
a charge-coupled device (CCD) camera with 1340 X 1300
pixels and a pixel size of 20 X 20 um?.

We deduced the static structure factor from the time
average of the speckle pattern. Because the capillary waves
contribute to the static intensity, we introduce a static
surface form factor F2(gq,, ¢%), which depends on both
the wave vector transfer parallel to the surface, ¢,, and
the wave vector transfer perpendicular to the surface, ¢/,
within the liquid, taking the refractive index n of the
material into account [12]. By using the distorted wave
Born approximation we write for the form factor

© 2009 The American Physical Society
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FIG. 1 (color online). (a) Schematic setup of the experiment.
(b) Surface structure factor S as a function of the wave vector
transfer parallel to the surface. The lower curve is the bulk
structure factor. (¢) Surface structure factor S as a function of
the wave vector transfer perpendicular to the surface, ¢,. The
curves in (b) and (c) are scaled such that S = 1 for the largest g,
and g, values (not shown).
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where the first term describes the scattering from capillary
waves and the second term contains the particle form factor
F*(q,, q) in surface geometry. F?(q,, ¢.) has been nu-
merically evaluated by taking also the absorption effect
of the evanescent wave in the liquid into account. T;(«;)
and Tf(a f) are the transmission functions determined by
the incident («;) and the scattering (ay) angles, k is the
modulus of the incident wave vector, kp is the Boltzmann
constant, 7 is the temperature of the sample, y is the
surface tension of the liquid, Ap, is the difference in
electron densities between a silica particle and the sur-
rounding liquid, Vp is the volume of one particle, and N
is the number of particles per unit area. Averaging
F%(q,, q') over ¢! and ¢, and dividing each of the obtained
results by the measured intensity yields the two distinct
surface structure factors, S(g,) and S(gq.), respectively,
presented in Figs. 1(b) and 1(c)—the last one being plotted
as a function of ¢, assuming n = 1. Although the contri-
bution of background scattering did not allow for a proper
normalization of the structure factors, we can still discuss
the shape properties of the obtained curves. The surface

structure factor S(g,) and the bulk structure factor peak at
the same position in reciprocal space ¢, ~ 9.5 X
1073 A™', indicating a similar mean interparticle distance
in the surface plane and in the bulk of about 27/gq, =
660 A. However, the corresponding width of the surface
and bulk structure factors are strikingly different. The
surface structure factor has a width of approximately 4.4 X
1073 A~!, which is almost 3 times larger than the width of
the bulk structure factor. This shows that the distribution of
correlation lengths at the surface is broader; i.e., the liquid
structure at the surface is more disordered than the one in
the bulk.

The structure factor perpendicular to the liquid surface
S(g.) [Fig. 1(c)] also exhibits a peak reflecting a liquidlike
correlation between the position of the surface and the
mean position of the first layer of particles in the liquid.
S(g.) peaksat g, ~ 2.2 X 10‘02 A~!, which corresponds to
a length scale of about 290 A, a value close to the mean
particle radius of 270 A. Interestingly, the structure factor
displays nearly the same width (~3 X 1073 A™") as the
one parallel to the surface confirming the pronounced dis-
ordered state. These results demonstrate that the topmost
layer of the concentrated silica suspension exhibits a
liquidlike structure with the lack of one dimension leading
to a more loose-packed particle arrangement than in the
bulk.

Having characterized the static structure, we now ana-
lyze the dynamic properties of the particles at the surface.
We applied the time-resolved correlation method [13]
under grazing incidence conditions that allowed us to
obtain the temporal resolution of the surface dynamics.
The instantaneous degree of intensity correlation between
pairs of speckle images, c;, as a function of both the time
delay 7 between images and the absolute time ¢ has been
calculated according to

_ IO, + 7)pey,q
) peq,atllp(t + Thpeq,q

C[(‘Ir’ q;» Z, T) - 1» (2)

where 1,(7) is the scattered intensity at pixel p and time 7.
The brackets denote the average over rectangular regions
of pixels corresponding to a mean value of ¢, and g.. The
sample age r = 0 is defined by the first image recorded by
the CCD camera. The degree of correlation is displayed in
Fig. 2(a) at T = 250 K for several 7 values and for ¢, =
63X 103 A vand g, = 2.1 x 1072 A™1,

The c¢; curves exhibit random small drops superimposed
by a larger bump (around ¢ = 420 s), indicating the pre-
dominance of sudden changes in the speckle patterns and
suggesting therefore the presence of intermittent re-
arrangement events [14] at the sample surface. The tem-
poral fluctuations of the dynamics can be quantified by

calculating the variance of ¢;, 02, = (¢; — ¢;)? in analogy

to the dynamical susceptibility y,, which is often studied
in theoretical and numerical works on glass forming and
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FIG. 2 (color online). (a) Temporal fluctuations of the instan-
taneous degree of intensity correlation, c¢;, for ¢, =
6.3x 1073 A7l g.=2.1x10"2 A", From the top to the
bottom, 7 = 2.8, 28, and 83 s. (b) Normalized noise-free vari-
ance y as a function of 7 and for the same ¢,, ¢, as in (a).

jammed systems [3,15]. o2 (7) has been corrected by sub-
tracting the noise contribution due to the finite number of
pixels over which c; is calculated [16] and normalized by
the squared amplitude of the intensity autocorrelation
function g, — 1 [17]. The function y(7) is calculated be-
tween 0 = ¢ = 800 s and plotted in Fig. 2(b) as a function
of 7 and for the same ¢, and ¢, values as for the ¢; curves
shown in Fig. 2(a). y(7) exhibits a pronounced peak prov-
ing the existence of dynamical heterogeneities in a con-
fined configuration and supporting therefore the picture of
the existence of cooperative rearranging regions as ob-
served for many glassy or jammed systems [3,4,14—18].

Following [19] we can assume that N % N, X Xmaxs
where N is the number of particles moving cooperatively in
a single CRR and N, is the number of particles in the
scattering volume. The rather high value of Y., ~ 3 X
1072 indicates that there are approximately 30 CRRs
present at the illuminated surface with each CRR contain-
ing approximately 9 X 103 particles. We note that the here
observed value of y.« is similar to bulk measurements of
a colloidal gel [18], where also a small number of large
CRRs was observed.

We calculated the intensity autocorrelation function
22(q, q., 7) — 1 which characterizes the average dynam-
ics, by performing the temporal average of c¢;. Figure 3
shows g,(7) — 1 at T = 250 K for fixed ¢. (~1072 A™1)
and for several ¢, (6.5, 8.0, and 9.4 X 1073 A1),

We found that the functions are well described by a
compressed exponential (represented by a line in Fig. 3),
exp[—(7T,)#], where B = 2 is the compression expo-
nent and I, is the relaxation rate in the ¢, direction.
From Fig. 4(a) we see that I, is proportional to ¢,., indicat-
ing a ballistic motion of the particles parallel to the sur-
face, i.e., a linear growth of the average particle displace-
ment with time. The value of the compression exponent is
quite unexpected because it is commonly equal to 1.5
[8,17,20]. However, an exponent of 2 can be obtained by
using a model with a Gaussian distribution of particle
displacements in which a typical particle displacement
after one event has to be smaller than the length scale
probed 1/g, [8,17].
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FIG. 3 (color online). Intensity autocorrelation function

g(1) — 1 for a fixed ¢, (~1072 A~ and for three different
g, values. The lines are fits with a compressed exponential
decay.

We can compare the measured relaxation rate with the
relaxation rate of a freely diffusing particle given by I’y =
Dyq?. The free diffusion coefficient is calculated using the
measured viscosity and particle radius and we obtain D, =
6.8 X 10”7 m?/s. Figure 4(b) shows the ratio I'y/T",. The
ballisticlike dynamics of the particles is 1 order of magni-
tude slower than the dynamics of a freely diffusing particle.
Stress relaxation and elasticity are commonly believed to
be responsible for dynamical heterogeneities and ballistic
type of motions. Models using local deformation fields
induced by stress sources have been developed for explain-
ing the dynamic features observed [21,22]. Recent surface
sensitive x-ray scattering experiments revealed that the
solvent PPG 4000, but also other glass forming liquids,
displays pronounced low-frequency elastic behavior at the
surface in the supercooled phase [23-25]. The elasticity
becomes visible as a transition in the surface dynamics
from capillary modes to elastic modes at time scales of
seconds and longer. For PPG 4000 a low-frequency elastic
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FIG. 4 (color online). (a) Relaxation rate I', in the ¢, direction,
i.e., parallel to the surface. The solid line is a fit with I, « ¢,..
(b) Relaxation rate Iy calculated for a freely diffusing particle
normalized to the measured relaxation rate I', in the ¢, direction.
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FIG. 5 (color online).

(a) Relaxation rate I', in the ¢, direction,

i.e., perpendicular to the surface. The solid line is a guide for the
eyes only. Inset: The structure factor S(g.) in z direction and the
inverse of the g-dependent diffusion coefficient D.(g,) calcu-
lated from the data in (a). (b) Relaxation rate I calculated for a
freely diffusing particle normalized to the measured relaxation
rate I', in the ¢, direction.

modulus of 500 Pa has been reported at 7 = 250 K [23].
This elasticity provides a mechanism for the coupling of
the solvent to the colloidal particles which is responsible
for the dynamics observed. That is, the particles at the
surface are moving in a viscoelastic medium and the
motion of the particles induces local stress fields which
can be supported due to the elastic properties of the
solvent.

The relaxation rates I', in the ¢, direction perpendicular
to the surface have been deduced from the intensity auto-
correlation functions calculated for a fixed ¢, and several
q., vectors (data not displayed). Assuming that the motions
in both directions are independent, we write for the overall
relaxation rate I' = I', + I',. With this and the observed ¢
behavior, we can quantify both relaxation times. The be-
havior of I', shows a very different ¢ dependence by
comparison with I',. T",, plotted in Fig. 5(a), is now in-
versely proportional to g, around the structure factor peak
(g, ~2.2X 1072 A1), The inset of Fig. 5(a) shows the
structure factor S(g.) in the z direction and the inverse of
the g-dependent diffusion coefficient D.(q,) = Dyq?/T,
calculated from the data. We find that 1/D.(g.) is only
weakly reminiscent of the static structure factor S(gq.).

Figure 5(b) displays the ratio I'y/I",. We note that the
dynamics perpendicular to the surface is 3—4 orders of
magnitude slower than the free bulk diffusion which re-
flects the strong interaction between the free surface and
the particles in the first layer. The results show that the
particle motions parallel and perpendicular to the free
surface are very different regarding both the type of motion
and the relaxation times. This implies that the free surface
induces a decoupling of the particle dynamics parallel to

the surface from the particle dynamics underneath in the
bulk suspension.

In conclusion, x-ray photon correlation spectroscopy
under grazing incidence was used to determine the struc-
ture and the dynamics of the topmost layer of colloidal
particles suspended in a highly viscous liquid. The struc-
tural data show a more disordered state at the surface than
in the bulk. Two different types of dynamics have been
identified. Parallel to the surface, the particle motion is
ballistic and the dynamics is heterogeneous, supporting the
existence of cooperative rearranging regions. The hetero-
geneity is attributed to the viscoelastic properties of the
solvent. The dynamics perpendicular to the surface is much
slower due to strong surface-particle interactions, and the
q dependence is different from the direction parallel to the
surface.
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