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The dynamic properties of nanoparticles suspended in a supercooled glass forming liquid are studied by
x-ray photon correlation spectroscopy. While at high temperatures the particles undergo Brownian motion
the measurements closer to the glass transition indicate hyperdiffusive behavior. In this state the dynamics
is independent of the local structural arrangement of nanoparticles, suggesting a cooperative behavior
governed by the near-vitreous solvent.
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The glass transition of supercooled liquids [1] is an
intriguing phenomenon which continues to receive a con-
siderable amount of interest, both from an experimental
and a theoretical point of view. For molecular liquid glass
formers, supercooling leads to an increase in rigidity and
finally a vitrification due to complex molecular processes
which still are poorly understood. It is believed that ther-
mally activated motion (hopping) [2] between different
minima configurations of the energy landscape [3] gets
important in the supercooled state. The transition to land-
scape dominated dynamics and dynamical heterogeneity
was found to happen at temperatures higher than the calo-
rimetric glass transition temperature Tg [4,5]. Several stud-
ies have been reported where probe molecules were used to
investigate the local molecular dynamics of liquid glass
formers (see, e.g., Refs. [6,7] ), but here we focus on the
hydrodynamic behavior of larger tracer particles in a super-
cooled solvent. X-ray photon correlation spectroscopy
(XPCS) was employed to probe the dynamics of silica
nanoparticles suspended in the glass-forming liquid pro-
panediol, and the data indicate a transition from Brownian
motion to hyperdiffusive behavior as Tg is approached.

Sterically stabilized colloidal silica, from EKA
Chemicals (16 nm radius) and Duke Scientific (250 nm
radius), was delivered suspended in water and has previ-
ously been characterized by small angle x-ray scattering
(SAXS) [8,9]. The water solvent was substituted by 1,2
propanediol (Sigma-Aldrich) using a thorough distillation
and centrifugation procedure and the samples were filled
into cylindrical quartz capillaries (diam. �1:5 mm) which
were sealed to prevent evaporation. The melting tempera-
ture of pure propanediol is Tm � 245 K and Tg was mea-
sured by differential scanning calorimetry [10] to
170� 2 K for all investigated samples (including pure
propanediol). For the x-ray measurements the capillaries
were placed in a thermostated Cu sample holder and good
thermal contact was ensured by application of low tem-
perature conducting grease. The sample holder was situ-
ated in a vacuum chamber (�10�7 mbar) operating in the
range �100–400 K with a stability better than 0.01 K.
Static SAXS measurements showed that the size and poly-

dispersity of the silica particles and their interactions did
not change after the solvent substitution.

The experiments were performed at the Troika beam line
ID10A of the European Synchrotron Radiation Facility
(ESRF). A collimated 8 keV undulator beam was reflected
from a single bounce Si(111) monochromator and a down-
stream Si mirror was employed to suppress higher order
light. An adjustable aperture was used to select the ‘‘co-
herent part’’ of the beam. The fringes produced by the
aperture scattering were removed by careful positioning
of guard slits a few cm upstream of the sample. A pixelated
2D detector (Medipix-2 [11] ) was recording the scattering
patterns �2:3 m downstream of the sample. The detector
consists of 256� 256 pixels each having an area of 55�
55 �m2. Each pixel is single photon sensitive and the
detector has essentially no dark current because the upper
and lower detection limits and gain can be set for each
pixel. For every measurement thousands of frames were
recorded and subsequently analyzed by the multispeckle
XPCS method [12] to obtain a set of temporal correlation
functions in the accessible q range.

Figure 1 shows a series of correlation functions taken on
a dilute (�� 1%) suspension of R � 250 nm particles
(corresponding to an average interparticle distance of
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FIG. 1 (color online). Normalized correlation functions (sym-
bols) measured at q � 0:027 nm�1 on a dilute suspension of
250 nm spheres at different temperatures. Solid lines are fits with
the KWW expression.
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about 1800 nm) and obviously the dynamics is getting
slower as the temperature is lowered. Interestingly, the
shape of the correlation functions is also changing
(Fig. 1) and this can be quantified by fitting with the
Kohlrausch-Williams-Watts (KWW) expression [13]

 g�2���� � � exp��2�����	 
 1; (1)

where � is the Kohlrausch exponent, � is the relaxation
rate, and � is the contrast. The contrast of the correlation
functions obtained in the setup was about 20% with a slight
q dependence as expected for the given sample-detector
distance and the sizes of pixels and pinhole. In the inves-
tigated temperature range 240–205 K the KWW expres-
sion fits the data well and reveals a transition from simple
exponential relaxations (� � 1) to compressed exponential
behavior (� > 1) at low temperatures (Fig. 1).

Parameters extracted from the KWW fits are shown in
Fig. 2. At the highest temperatures (220–240 K) a free
diffusive behavior is observed with � � D0q2 and � � 1;
this means that the particles behave like noninteracting
Brownian walkers in a Newtonian liquid. The kinetic
energy for the motion is delivered by thermal excitations
and the friction is due to the particle’s size and shape, and
the viscosity � of the solvent. Assuming spherical particles
and a radius of 250 nm the viscosity of the solvent can be
estimated from the fitted values of the free diffusion coef-
ficientD0 and one finds� � 1:6, 5.1, and 16 Pa � s for T �
240, 230, and 220 K, respectively.

Significant deviations from the above picture appear at
lower temperatures (215–205 K), as shown in Fig. 2. The
change in slope of the dispersion relation from n� 2 to
n� 1 [Fig. 2(a)] indicates a transition to a ballistic type of
motion (� / q). At 205 K the slope is close to unity and a

stagnation of � at small q, i.e., large length scales, is
evident. A similar phenomenon has previously been ob-
served in supercooled fragile liquids [14] and associated
with dynamical heterogeneity. Moreover, the correlation
functions change from simple to compressed exponential
decays. For T < 220 K the exponent � is larger than unity
and a clear q dependence is observed [Fig. 2(b)]. In a
number of recent experiments, compressed exponential
decays with � > 1 have appeared as a common feature
of jammed, nondiffusive systems [15–19] and a micro-
scopic model, based on relaxations of elastic strain defor-
mations as energy source for the particle motion, was
proposed [20,21]. Nonequilibrium aging dynamics also
seems to be a common property of jamming in soft con-
densed matter [15,16,18,19] but in the time range covered
here (a few hours) we have not observed any aging effects.

Our data indicate that the intermediate scattering func-

tions f�q; t� �
��������������������������
�g�2� � 1�=�

q
can be written as

 f�q; t� � exp���qnt��	: (2)

Such behavior can be described by the continuous time
random walk model [22,23] where the displacement of a
particle in the time interval t consists of N discrete steps.
Hence, the intermediate scattering function is determined
by the number of steps N, and by the degree of decorrela-
tion h�q; N� they produce, and one can write

 f�q; t� �
X1

N�0

Pt�N�h�q; N�; (3)

wherePt�N� is the probability ofN events occurring during
the time interval t. For simplicity, Pt�N� is usually taken as
a Poisson distribution Pt�N� � exp���0t���0t�

N=N! with
1=�0 as the mean time between events. The decorrelation
h�q;N� of the intermediate scattering function can be
modeled and it was argued [24,25] that

 h�q; N� � hexp��iN�q �R�i; (4)

where the averaging is performed over all particles and all
orientations of q. The parameter � has a value between 0
and 1 and R is the particle displacement due to a single
step. It is important to note that � determines the nature of
the particle motion: if � � 1 the total displacement due to
N steps will be NR, i.e., the particle will move in the same
direction (ballistic motion). � � 1=2 defines the special
case of Brownian motion while �< 1=2 and �> 1=2
describe the subdiffusion and hyper-diffusion regimes,
respectively. To calculate the average in Eq. (4) it only
remains to define an appropriate distribution P�R� of par-
ticle jumps. Assuming that the dilute suspension of non-
interacting particles is analogous to an isotropic gaslike
system, a Gaussian distribution of R is used and one
obtains

 h�q; N� ’ exp���qN���2	; (5)
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FIG. 2 (color online). (a) ��q� and (b) ��q� obtained from fits
of Eq. (1) to the data. Solid lines are fits with a simple power law
� / qn; dashed lines are guides for the eye. ��q� is not shown for
230 and 240 K as it is unity and would overlap the 220 K data.
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where � is the average length of a single jump [21].
Equation (5) marks a profound difference with respect to
the aforementioned jammed systems: in those cases P�R�
was described by the so-called Levy flights P�R� �
R��1
p� with p � 3=2, which implies a maximum value
of 3=2 for � in agreement with their experimental results
[25]. When � � 1 the choice of a Gaussian distribution
implies �! 2 for q! 0 in good agreement with our data
[see Fig. 2(b)].

Using Eqs. (3) and (5) the intermediate scattering func-
tion f�t� can be calculated as shown in Fig. 3(a) and 3(b)
with � � 1 and the given values of � and �0. Fits with the
KWW form show an almost perfect agreement, which
justifies the use of Eq. (1) to extract � and � from the
correlation functions. Hence, by calculating f�t� from
Eq. (3) theoretical curves for ��q� and ��q� can be gen-
erated and used to model the data. For every temperature
the fits were performed simultaneously on both data sets
��q� and ��q� since they are strongly coupled in the model.
The measured q dependence of � and � are shown in
Figs. 3(c) and 3(d) together with the best fits, and the
obtained parameters imply a change of � from 1=2 (free
diffusion) to 1 (ballistic motion) and of �0 from 2.0 to
0:09 s�1 upon cooling from 220 to 205 K. The temperature
variations of all fit parameters are shown in Fig. 4. It is
noteworthy that while � stays roughly unchanged (mean
�8 nm) excluding an avalanche-type behavior with in-
creasing particle displacements, �0 and � show an inter-
esting and nontrivial temperature dependence: above
220 K the dynamics is diffusive with � � 1=2 and an
exponentially decreasing �0 caused by the corresponding
increase in viscosity as the temperature is lowered. Below
220 K a fast transition to ballistic motion (� � 1) is seen

together with a rapid decrease in the jump frequency �0.
Around 205 K, however, there are indications that �0

stagnates and hence the translational diffusion of nano-
particles is no longer slowed down according to the in-
crease in solvent viscosity. Attempts to measure below
205 K failed since signatures of microcracks and possibly
crystal formation appeared in the small angle scattering.

The onset of ballistic motion in a system of dilute nano-
particles suggests that the solvent imposes a preferential
direction of motion. As a logical consequence one would
expect that particles sufficiently close to each other tend to
move cooperatively. However, experimental evidence of
this idea cannot be obtained with a dilute suspension, in
view of the large interparticle distance. For this reason, a
concentrated suspension with volume fraction �� 20%
was prepared; the solvent was propanediol as before, and to
facilitate measurements in the vicinity of the structure
factor peak, silica particles of 16 nm radius were employed
(corresponding to an average interparticle distance of
about 40 nm). A multispeckle XPCS analysis was applied
to calculate the correlation functions that were fitted with
the KWW form, and the results are shown in Fig. 5. Here,
the dispersions � versus q at the highest temperatures show
dips at q� 0:17 nm�1 which correspond to the peak in the
structure factor S�q�. This so-called ‘‘de Gennes narrow-
ing’’ is a generic feature of diffusing particles in concen-
trated suspensions demonstrating the slower decay of the
most probable density fluctuations due to caging by neigh-
boring particles. Surprisingly, upon cooling this effect
vanishes (see Fig. 5) while the peak in S�q� remains at
the same position (not shown). This is a clear indication of
cooperative behavior induced by the solvent in the same
temperature range where the onset of ballistic motion was
observed in the dilute sample.

In conclusion, XPCS was used to directly quantify the
q-resolved hydrodynamics of colloidal nanoparticles sus-
pended in a supercooled molecular glass former. The data
unambiguously show the diffusive motion changing into a
hyperdiffusive dynamic behavior in the supercooled state.
Here, the dynamics is event dominated with a character-
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FIG. 3 (color online). (a), (b) Calculated f�t� (symbols) ac-
cording to Eqs. (3) and (5) at different q; solid lines are fits with
the KWW form. (c) ��q� and (d) ��q� data obtained at 205 K (�)
and 220 K (4); the fits (solid lines) with the model (see text)
yield ��;�0; �� � �5:4 nm; 0:09 Hz; 1� and (6.2 nm, 2.0 Hz, 0.5)
for 205 and 220 K, respectively.
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FIG. 4 (color online). Temperature dependence of the fitting
parameters �, �0, and � (inset).
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istic frequency �0 and the particles develop a strong ten-
dency to move ballistically (� � 1), at least for the short-
time decay of f�t� which is discussed here. The average
step size � is rather unaffected by the transition and hence
no indication of a diverging length scale [26] is present in
the data. In addition, we observe cooperative behavior of
probe particles in a concentrated suspension. We relate the
observations to changed solvent properties and possibly
elasticlike stress relaxations of the supercooled liquid.
However, the dynamic behavior reported here is funda-
mentally different from earlier reported studies on jammed
systems where �! 3=2 for q! 0 was found. In the near
vitreous state it is well known that the translational diffu-
sion is decoupled from the viscosity. Computer simulations
have evidenced that jumping between local minima of the
potential energy landscape gets important at temperatures
around 1:2Tg [1] involving the cooperative motion [27] of
larger regions and dynamical heterogeneity. Our experi-
ments show that a dilute colloidal suspension of nano-
particles in a supercooled solvent develops hyperdiffuse
behavior at �215 K (1:26Tg) but the detailed connection
with the glass transition remains an open question. Further
studies are planned, e.g., to elucidate possible influences of
the particle size and morphology [28].
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FIG. 5 (color online). ��q� for the concentrated (�� 20%)
suspension of 16 nm silica particles determined by multispeckle
XPCS. The figure illustrates the disappearance of the dip in � at
q � 0:17 nm�1 (‘‘de Gennes narrowing’’) at low temperatures.
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