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Anisotropic dynamics of magnetic colloidal cubes studied by x-ray photon correlation spectroscopy
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Herein we present our results on the investigation of the influence of external magnetic fields on the anisotropic
collective dynamics of core/shell colloidal cubes having a hematite core and silica shell. Owing to the hematite
cores, these micrometer-sized particles possess permanent dipole moments, which are at an angle with respect
to the long diagonal of the cubes. As a result, they self-assemble into chains, which subsequently sediment to
form higher-order structures. Using multispeckle ultrasmall-angle x-ray photon correlation spectroscopy, the
anisotropic dynamics within these structures at the nearest-neighbor length scale was probed. The relaxation of
the intermediate scattering function follows a compressed exponential behavior along all the different directions
with respect to the external field—parallel, perpendicular, and at an angle ≈45◦—indicating hyperdiffusive
behavior. We believe that the inhomogeneous distribution of stress points originating from the interplay of ex-
ternal field-induced (both gravitational and magnetic) alignment of the chains are responsible for the anomalous
dynamics. The effective diffusion coefficients along and at ≈45◦ angle exhibit mild de Gennes narrowing, which
is not very common for hyperdiffusive dynamics. We rationalize our observations by considering a superposition
of diffusive and stress-induced ballistic processes and argue that depending on the azimuthal direction the relative
contribution from these two processes changes.
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I. INTRODUCTION

Colloidal hard spheres have played a significant role in
laying down the foundation of modern colloid science. How-
ever, with the emergence of a multitude of anisotropic, patchy,
and/or responsive colloids the focus has gradually shifted
from isotropic colloids to anisotropic ones. The self-assembly
of anisotropic colloids has captured the imagination of the
scientific community ever since the possibility to accomplish
their self-assembly was demonstrated. Taking advantage of
the shape anisotropy as well as the resulting anisotropy in
the interaction potential of different anisotropic colloids, re-
searchers have been able to manipulate their self-assembled
structures [1–14]. Despite the enormous progress that has
been achieved towards understanding the self-assembly of
stimuli-responsive anisotropic colloids, a deeper understand-
ing of their dynamical behavior is lacking.

In the case of magnetic colloidal suspensions, there is
always a competition between the thermal and dipolar interac-
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tions. The particles stay well dispersed as long as the thermal
energy wins over the dipolar interaction. However, in the pres-
ence of an external field, when the dipolar interaction becomes
strong enough to overcome the thermal energy, they start to
form chainlike aggregates. There is a scarcity of reports in the
literature on the mesoscopic dynamics at the nearest-neighbor
length scale for these systems undergoing chain formation.
One of the primary reasons behind this scarcity of knowledge
can be attributed to the fact that the scattering-based tradi-
tional techniques like dynamic light scattering (DLS) (used
to measure the dynamics of colloidal particles) are limited
by the opacity of the samples. Microscopy-based techniques
like particle tracking, on the other hand, are always limited
in quasi-two-dimensions. Thanks to the recent development
of two alternative techniques, namely, differential dynamics
microscopy and multispeckle x-ray photon correlation spec-
troscopy (XPCS), it is now possible to measure the dynamics
of turbid samples in three dimensions [5,15].

In recent times, synchrotron-based multispeckle XPCS us-
ing coherent x rays has emerged as an alternative technique to
study dynamics in diverse soft matter systems such as colloids
[16–18], polymers [19], gels [20–22], and supercooled liquids
[23,24]. Although the basic principle of XPCS is analogous to
that of DLS, the use of x rays instead of visible light allows
one to circumvent the problems related to multiple scatter-
ing and absorption that are often encountered in DLS when
opaque systems like magnetic colloids are investigated. Most
of the experimental studies reported in the literature that have
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used XPCS to study the dynamics of magnetic colloids have
predominantly been restricted to the use of spherical particles
[18,25–30]. It has been reported that spherical particles that
self-assemble into chains under the influence of an exter-
nal field exhibit anisotropic dynamics [30]. The presence of
anisotropy in the particle shape as well as in their interaction
potential would give rise to complexity in the self-assembled
structures and their resulting dynamics. When the particle
shape is inherently anisotropic, the external field profoundly
influences the overall interparticle interaction potential. The
field induces an additional magnetic dipolar contribution. The
combined anisotropy in orientation and interactions results
in the suspension dynamics to become anisotropic, with a
distinctly different behavior perpendicular and parallel to the
direction of the applied field. Only a handful of studies exist
in the literature that reports the dynamics of anisotropic mag-
netic particles [15,16,31,32].

In this paper, we report the translational dynamics of
colloidal cubes under the influence of an external mag-
netic field. Using XPCS in the ultrasmall angle regime we
have investigated the collective dynamics of field-induced
particle assemblies on length scales from mesoscopic di-
mensions of several particle diameters to distances below
the nearest-neighbor distance, i.e., smaller than the single-
particle dimension. Being made up of hematite cores and
silica shells, these particles self-assemble into chains, which
sediment and self-assemble into higher-order gel-like struc-
tures. Consequently, both the resulting scattering patterns and
the associated dynamics are highly anisotropic. Diffusion was
found to be anomalous in directions both parallel and perpen-
dicular to the field direction. In addition, it was also found
to be anomalous at an angle ≈45◦ (diagonal) to the direction
of the field. The correlation functions can be described by a
compressed Kohlrausch-Williams-Watts (KWW) exponential
function. With increasing field strength, structural correlation
builds up in a direction parallel and diagonal to the field di-
rection. Surprisingly, the effective diffusion coefficients along
these directions exhibit a mild de Gennes narrowing. In con-
trast, we observe neither the structural correlation nor the de
Gennes narrowing in a direction perpendicular to the field
direction.

II. EXPERIMENTAL SECTION

A. Synthesis

Micrometer-sized hematite cubes were prepared following
the gel-sol method proposed by Sugimoto and Sakata [33]. In
a typical synthesis, 20 g NaOH dissolved in 100 mL water
was quickly added to 50 g FeCl3 · 6H2O (Sigma-Aldrich,
99%) dissolved in 100 mL water under vigorous magnetic
stirring. Subsequently, the obtained condensed iron hydroxide
gel was aged at 10 ◦C for 8 days. The resulting precipitate of
the particles was then purified by repeated centrifugation and
redispersion cycles in water.

In the next step, the hematite particles were coated with
an additional silica layer by following Graf. et al. [34]. As an
initial step, the particles were coated with a sterically stabiliz-
ing layer by adding an excess of polyvinylpyrrolidone (PVP)
to an aqueous hematite particle dispersion while stirring. The
dispersion was stirred overnight and was finally washed with

FIG. 1. (a) A representative TEM image of core-shell hematite-
silica cubic colloids. (b) A schematic showing the direction of the
magnetic moment (red), which is oriented at an angle α with re-
spect to the long diagonal ([111] direction) of the cube. The orange
triangle indicates the [111] plane. (c) Experimental scheme for the
multispeckle ultrasmall-angle x-ray photon correlation spectroscopy
experiment. In this case, the x-ray beam, external magnetic field (B)
direction, and the direction of gravity (g) are perpendicular to each
other.

ethanol. The silica coating was performed in a 3-l round
bottom flask under mechanical stirring and ultrasonication.
A mixture of 1 l ethanol, 100 mL water, and 15 mL of 1
wt % tetramethylammonium hydroxide (TMAH) solution was
prepared and 75 mL of 5 wt % PVP-stabilized hematite dis-
persion in ethanol was added. Subsequently, using a peristaltic
pump tetraethyl orthosilicate (TEOS) solution was added to
the mixture at the rate of 16 mL/h. The TEOS solution was
prepared by mixing 10 mL of TEOS and 10 mL of ethanol.
To prevent aggregation, a solution of 20 g PVP in 100 mL
water was added to the dispersion, which was then sonicated
for 2 more hours and stirred overnight. The silica-coated par-
ticle dispersion was washed several times with ethanol and
then with water. Finally, the particles were redispersed in a
50-50 glycerol-water (wt-wt) mixture in order to prevent fast
sedimentation. It has been shown before that a water-glycerol
mixture can be used to slow down the dynamics in order to
match the speed of the two-dimensional (2D) detector without
any beam damage while measuring XPCS [35]. The final
concentration of the particles was ∼1 wt %.

B. Characterization and methods

The cube-shaped colloidal particles were characterized us-
ing transmission electron microscopy (TEM) (JEM-3000F)
[Fig. 1(a)]. By analyzing more than 100 particles in the TEM
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images, the average edge length of these particles was found
to be 935 ± 50 nm. Since the dimension of the hematite core
of these particles is large, they possess permanent magnetic
dipole moments. The direction of the dipole moment makes
an angle α = 12◦ with respect to the long diagonal ([111]
direction) as shown in Fig. 1(b) [36].

In view of the large size and high opacity of the particles,
we chose multispeckle ultrasmall-angle x-ray photon
correlation spectroscopy to probe their dynamics [37,38].
Experiments were performed at the beamline ID02, ESRF,
in a pinhole ultrasmall-angle x-ray scattering geometry. This
unique instrument allows XPCS measurements on particle
suspensions down to the μm−1 q range. A schematic of the
experimental setup is shown in Fig. 1(c). The dispersion was
filled in 1-mm capillaries, which were then flame sealed in
order to prevent evaporation of water. In the next step, the
individual capillary was placed vertically between two poles
of a permanent magnet as shown in Fig. 1(c). The strength of
the magnetic field at the sample position was then adjusted by
widening the gap between the poles. At the largest distance,
the field is of the order of the earth magnetic field, and we
will refer to this case as zero field B = 0. Due to the large size
of the hematite cores, these cubes self-assemble into dipolar
chains at the Earth’s magnetic field or the residual field from
the permanent magnet at the zero field position. As a result,
they sediment quite fast even when a water-glycerol mixture
was used as the solvent. The static and dynamic measurements
were performed at the bottom of the capillaries on the
sedimented sample at 25 ◦C using an x ray of wavelength
0.995 Å and a sample to detector distance of 30.7 m.
The two-dimensional x-ray detection was achieved using an
Eiger500K detector. The correlation functions were calculated
using the PyXPCS software package, developed at the beamline
ID10, ESRF. To obtain the direction-dependent correlation
functions, calculations were performed within three azimuthal
sectors, each defining a triangular region of interest along,
perpendicular, and at an angle of approximately 45◦ to the
field directions with an azimuthal width of approximately 45◦.

III. RESULTS AND DISCUSSION

Both DLS and XPCS provide information about particle
dynamics via a measurement of the intensity-intensity auto-
correlation function,

g(2)(�q, t ) = 〈I (�q, τ )I (�q, τ + t )〉
〈I (�q)〉2 , (1)

where �q is the scattering vector with magnitude q =
4π sin(θ/2)/λ, θ being the scattering angle. In both cases,
g(2)(�q, t ) is related to the decay of spontaneously created
density fluctuations of wavelength 2π/q. Particle dynamics
characterized by XPCS correspond to collective motion, and
the explicit q and time dependence of the measured correlation
functions depends on the relevant mechanisms responsible
for particle motion on these length and time scales. Given
the field-induced self-assembly of individual particles into
chains and their alignment, we do expect a highly anisotropic
structure and dynamics, and thus need to characterize these
properties accordingly along different principal directions in
the reciprocal space. Figure 2 represents the structure and

dynamics parallel to the direction of the external field. In
the static scattering profile along the direction of the field
[Fig. 2(a)], one can observe that at all field values there is a
well-defined peak at q = 0.0062 nm−1, which is in reason-
able agreement with the edge length (d) of the cubes and
likely the result of a structure factor peak that is related to
strong positional correlations. The presence of a peak in the
scattered intensity profile at zero magnetic field at such low
concentrations (1 wt %) indicates that due to their large dipole
moments, the particles self-assemble into higher-order struc-
tures like dipolar chains at the Earth’s magnetic field or at the
residual magnetism of the permanent magnet that was used.
The self-assembled structure becomes increasingly prominent
with increasing field strength as reflected by the increase in
the height of the structural correlation peak as a function
of field strength. The dashed lines in Fig. 2(a) represent the
q values at which we have measured the dynamics of the
system. Figure 2(b) represents the intensity autocorrelation
functions, g(2)

‖ (q, t ), for different q values. The intermediate
scattering function g(1)(�q, t ) is related to g(2)(�q, t ) via the
Siegert relation, g(1)(�q, t ) =

√
[g(2)(�q, t ) − 1]/β, where β is

the coherence factor of the experimental setup. Along the
direction of the field, g(1)

‖ (q, t ) can be described phenomeno-
logically by a KWW expression,

g(1)
‖ (q, t ) = exp[−(t/tc‖)γ ], (2)

where tc‖ is the relaxation time and γ is the KWW exponent
that depends on the mechanism responsible for the particle
motion. The mean value of tc‖ is 〈tc‖〉 = (tc‖/γ )	(1/γ ), where
	 is the Euler gamma function [39]. For a generalized KWW
model, g1(q, t ) can be considered as arising from a superpo-
sition of exponentials, which has a distribution function ρww

such that

exp(−[t/tc]γ ) =
∫ ∞

0
exp(−t/τ )ρww(τ )dτ. (3)

The gamma function correction takes this distribution func-
tion into account, and 〈tc〉 thus corresponds to an effective or
mean relaxation time.

For freely diffusing (Brownian motion) particles γ = 1 and
〈tc‖〉 = tc‖. In this case the relaxation time is related to the
collective diffusion constant D by 1/〈tc‖〉 = Dq2. However,
for most of our correlation functions, we found γ > 1, which
corresponds to a compressed exponential behavior that may
signify a hyperdiffusive process. Such a hyperdiffusive relax-
ation has, for example, been observed in colloidal gels, where
one finds γ ≈ 1.5 and 1/〈tc‖〉 ∝ q [40,41]. Given the different
characteristic q dependence observed for various relaxation
scenarios in colloidal fluids and solids, we have tried to fit the
relaxation rates 1/〈tc‖ 〉 shown in Fig. 2(c) with a power-law
behavior, 1/〈tc‖〉 ∝ qn‖ (continuous lines). We find a clear
variation of the exponent n‖ as a function of B as shown in
Fig. 2(d). Moreover, while the overall q dependence of 1/〈tc‖ 〉
is reasonably well described by a power law, one can observe
some systematic deviations of the experimental data around
the fitted lines (especially for 100 mT) around the location
of the peak in the static scattering intensity [Fig. 2(a)], rem-
iniscent of the relationship between the structure factor and
the q-dependent collective diffusion coefficient for strongly
interacting colloidal particles [42].
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FIG. 2. Dynamics at an angle 0◦ (parallel) with respect to the applied field. (a) Variation of scattered intensity I as a function of scattering
vector q at different magnetic fields. The vertical dashed lines represent the q values at which the dynamics was measured. The inset shows
a representative 2D diffraction pattern where the magnetic field (B) is along the horizontal direction at a field value of 50 mT. An azimuthal
sector average has been taken in the shaded region to study the dynamics along the direction of the field. (b) Intensity autocorrelation functions
for different q values indicated by the dashed lines in (a). The symbols represent the experimental data while the lines correspond to the fit
with the KWW model. (c) Observed variation of the relaxation rate 1/〈tc‖〉 as a function of q (symbols), which is fitted with the expression
1/〈tc‖〉 ∝ qn‖ (continuous lines). (d) The variation of the exponent n‖ as a function of B. (e) Variation of the effective diffusion coefficients
as a function of q for different field values. The lines are a guide to the eye. (f) Variation of the compressed exponent, γ , as a function of q.
Identical color scheme has been used for (a), (c), and (d). Error bars are smaller than the symbol size for (c) and (e).

We have tried to further investigate this point by defining
an effective diffusion coefficient, Deff = 1/(〈tc‖〉q2) shown
in Fig. 2(e) as a function of q; different colors correspond
to different field values. For all the field values measured,
1/Deff follows a similar trend as a function of q as the scat-
tering intensity (I) [Fig. 2(a)]. This particular behavior is
known as de Gennes narrowing, which for short-time collec-
tive diffusion can be mathematically expressed as Deff/D0 =
H (q)/S(q) where D0 is the free particle diffusion coefficient,
H (q) is the hydrodynamic function, and S(q) ∝ I (q)/P(Q)

is the structure factor [42]. The origin of de Gennes nar-
rowing can be attributed to the spatial correlations between
the nearest-neighboring particles and is an indication of the
sensitivity of the collective relaxation processes with respect
to the structure. XPCS (or DLS) measures the decay of den-
sity or concentration fluctuations on length scales of 1/q
[42,43]. In fluidlike systems, this occurs via collective diffu-
sion, which in turn depends on the volume-fraction-dependent
time-averaged structural correlations between particles on
these characteristic length scales. At the peak of the struc-
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FIG. 3. Dynamics at an angle 90◦ (perpendicular) with respect to the applied field. (a) Variation of scattered intensity I as a function of
scattering vector q at different magnetic fields. The vertical dashed lines represent the q values at which the dynamics was measured. The
inset shows a representative 2D diffraction pattern where the magnetic field (B) is along the horizontal direction at a field value of 50 mT.
An azimuthal sector average has been taken in the shaded region to study the dynamics along the direction of the field. (b) Variation of the
compressed exponent, γ , as a function of q. (c) Observed variation of the relaxation rate 1/〈tc⊥〉 as a function of q (symbols), which is fitted
with the expression 1/〈tc⊥〉 ∝ qn⊥ (continuous lines). (d) The variation of the exponent n⊥ as a function of B. The continuous line is a guide to
the eye. Identical color scheme has been used for (a), (b), and (c). Error bars are smaller than the symbol size for (c) and (e).

ture factor, i.e., at the nearest-neighbor distance, collective
diffusion is a measure of the dynamical relaxation of the
nearest-neighbor cage structure, which slows down with in-
creasing structural correlations (or peak height), as expressed
by the de Gennes narrowing. While de Gennes narrowing is
widely observed for diffusive motion [43,44], its occurrence
for hyperdiffusive motion is rare. For all the field values,
the “compressing exponent,” γ , lies approximately between
1 and 1.5 [Fig. 2(f)]. A similar trend has been reported earlier
for different systems with analogous dynamics [18,23,40,45].
However, for most of these cases γ ≈ 1.5 and 1/〈tc‖〉 ∼ q,
which we do not observe in our case; instead we observe a
mild de Gennes narrowing.

Figure 3 represents the structural and dynamical proper-
ties observed in a direction perpendicular to the direction of
the external field. The intensity profiles [Fig. 3(a)] show no
detectable structural correlations along this direction. Similar
to the parallel direction, g(1)

⊥ (q, t ) can also be described by the
generalized KWW model. Figure 3(b) exhibits the variation of
the compressing exponent, γ , as a function of q, which shows
that the value of γ along this direction lies between 1.25 and
2. However, in agreement with the missing structural features
in the intensity profiles, we do not observe any de Gennes
narrowing in this direction. Rather, the 〈tc⊥〉 data appear to
follow a power-law behavior with 1/〈tc⊥〉 ∝ qn⊥ [Fig. 3(c)],

where n⊥ is varying as a function of the external magnetic
field; starting from a higher value of 1.6 at the lowest field it
saturates at 1 at the highest field [Fig. 3(d)].

Figure 4 demonstrates the structure and dynamics along
≈45◦ (diagonal) with respect to the external field. From
Fig. 4(a) it is evident that even at the zero field there are
visible structural correlations, similar to those observed along
the direction of the field as shown in Fig. 2. Further, one can
fit the correlation functions with the KWW model to get the
correlation time (which is related to the effective diffusion
coefficient) and the KWW exponent γ [Fig. 4(b)]. Surpris-
ingly, in this case, the dynamics is also hyperdiffusive. Similar
to what has been observed along the parallel direction, we
again find characteristic deviations of 1/〈tcD〉 from a simple
power law, 1/〈tcD〉 ∝ qnD [Figs. 4(c) and 4(d)], which be-
come more pronounced with increasing field strength. When
plotting the effective diffusion coefficient Deff (q) instead, we
again observe a weak de Gennes narrowing [Fig. 4(e)]. The
compressing exponent γ varies between 1.0 and 1.5; the same
as that along the direction of the field [Fig. 4(f)].

The results summarized in Figs. 2–4 appear contradictory
and inconsistent when looking at them with our initial expec-
tations in mind. We expect the hematite cubes to align and
form chains in the presence of an external magnetic field,
and the chain size to increase with increasing field strength.
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FIG. 4. Dynamics at an angle ≈45◦ (diagonal) with respect to the applied field. (a) Variation of scattered intensity I as a function of
scattering vector q at different magnetic fields. The vertical dashed lines represent the q values at which the dynamics was measured. The
inset shows a representative 2D diffraction pattern where the magnetic field (B) is along the horizontal direction at a field value of 50 mT. An
azimuthal sector average has been taken in the shaded region to study the dynamics at an angle ≈45◦ with respect to the field. (b) Intensity
autocorrelation functions for different q values indicated by the dashed lines in (a). The symbols represent the experimental data while the
lines correspond to the fit with KWW model. (c) Observed variation of the relaxation rate 1/〈tcD 〉 as a function of q (symbols), which is fitted
with the expression 1/〈tcD 〉 ∝ qnD (continuous lines). (d) The variation of the exponent nD as a function of B. (e) Variation of the effective
diffusion coefficients as a function of q for different field values. The lines are a guide to the eye. (f) Variation of the compressed exponent, γ ,
as a function of q. Identical color scheme has been used for (a), (c), and (d). Error bars are smaller than the symbol size for (c) and (e).

Moreover, it has already been demonstrated that the dipole
moment of the individual hematite cubes lies in a particular
direction with respect to the long diagonal [36]. Therefore, the
chains will initially form at an angle with respect to the field.
Chain formation should result in well-defined structural order
along the chain axis, and therefore in a pronounced structure
factor with a peak at qmax ≈ 2π/rd , where rd is the length of
the long diagonal of a cube, along a direction of approximately
45◦ with respect to the field direction. Similar but weaker
structural correlations should then appear parallel and perpen-

dicular to the field, where we would see the corresponding
structural component of S(q) projected onto these two direc-
tions. However, this is not what we observe. Figures 2(a)–4(a)
show instead a pronounced peak in the intensity profile at
qmax ≈ 2π/d parallel to the field, a weaker peak with a similar
value of qmax at 45◦, and no detectable structural correlations
perpendicular to the field. We can understand this finding
by taking into account the size and density of the particles.
As the chains gradually grow in size, they start sedimenting
under the influence of gravity, and gradually self-assemble

035603-6



ANISOTROPIC DYNAMICS OF MAGNETIC COLLOIDAL … PHYSICAL REVIEW MATERIALS 5, 035603 (2021)

FIG. 5. Interplay between the external magnetic force, which is
trying to align the chains at an angle, and the gravitational force,
which is trying to minimize the gravitational energy by aligning them
parallel to the external magnetic field.

into a three-dimensional structure at the bottom of the sample.
Gravitational compression then tries to align these sedimented
chains parallel to the external field direction as illustrated in
Fig. 5, and we thus expect to find preferential chain alignment
along the field direction in the bottom of the sedimented
sample where our experiments were conducted. However, the
combination of the external field that tries to maintain the
most favorable chain alignment angle, the expected broad
chain length distribution, excluded volume chain-chain inter-
actions, and thermal motion will result in a three-dimensional
network of chains with preferred but incomplete alignment
along the field direction, but no well-defined stacking order
of the particle chains perpendicular to the field. As a result,
one would expect to observe structural correlations primarily
in the form of vertical lines perpendicular to the direction
in which the chains align as seen in the diffraction pattern
[Fig. 2(a) inset]. Peaks in the intensity profiles are indeed
observed along and at ≈45◦ angle with respect to the external
field [Figs. 2(a) and 4(a), respectively] but not perpendicular
to it [Fig. 3(a)].

This structural order also must have important conse-
quences for the dynamics on the relevant length scales
measured by XPCS. For dense suspensions of strongly cor-
related particles, where interparticle interactions result in a
q-dependent structure factor S(q), we expect the decay of
g(2) to strongly depend on the magnitude of q relative to
the position qmax of the nearest-neighbor peak in the struc-
ture factor S(q). We can understand this by considering that
the relaxation of these density fluctuations will be linked to
collective particle motion on the corresponding length scale,
and we expect that the underlying mechanisms responsible

for these collective dynamics will be strongly influenced by
the degree of correlation seen on these length scales. For
q � qmax, XPCS thus probes fluctuations whose wavelength
is much larger than the interparticle spacing, which is charac-
terized by the so-called gradient diffusion coefficient. Density
fluctuations on length scales of the nearest-neighbor distance,
on the other hand, are dominated by structural relaxation and
for q  qmax by small-scale motions of individual particles
within the cage of nearest neighbors. As described above, for
particles undergoing Brownian motion, the q-dependent diffu-
sion coefficient will follow the inverse of the structure factor,
i.e., Deff (q) ∼ 1/S(q). While we indeed see such a qualitative
behavior in the directions parallel and at an angle of 45◦ with
respect to the external field, where we see measurable struc-
tural correlations [Figs. 2(e) and 4(e)], the measured dynamic
properties are much more complex. Most importantly, we do
not see the typical exponential decay characteristic for Brow-
nian motion, or the subdiffusive behavior frequently observed
for hard-sphere particles in the vicinity of an arrest transition
or colloidal gels formed through irreversible aggregation of
individual particles. Instead, the correlation functions showed
a compressed exponential decay indicating so-called hyper-
diffusive dynamics.

The dynamics observed perpendicular to the field are sum-
marized in Fig. 3. Here we find a compressed exponential
decay of g(2)(q, t ) with γ ≈ 1.5, and a q dependence of relax-
ation times that follows a power law with a field-dependent
exponent that decreases from n ≈ 1.6 at zero fields to 1 at
maximum field strength. There are interesting and close simi-
larities with the behavior found for colloidal gels, which also
exhibit hyperdiffusive behavior [41,46]. There a mechanism
has been postulated where the gels locally collapse to form
small dense clusters, so-called “microcollapses.” Such a mi-
crocollapse leads to a deformation of the remaining part of the
gel, and thus induces long-ranged stresses. The accompanying
gradients in stresses in turn lead to temporary ballistic motion
of the remaining particles towards the collapsed region. It
has been shown in Refs. [43,44] that the contribution from
such ballistic motion leads to a hyperdiffusive exponent of
1.5 and a linear q dependence. In our case, the stress arises
not due to local microcollapses within the network structure
caused by ongoing aggregation processes but results from
the interplay between the external field-induced alignment of
the chains and the gravitational compression arising due to
sedimentation. Owing to the presence of these two competing
forces, a long-ranged stress field develops in the sedimented
structures. Relaxation of this stress field, which results from
the rearrangement of the individual particles and chains, is re-
sponsible for the compressed exponential behavior observed.

This is also supported by the fact that the resulting re-
laxation times shown in Fig. 3(c) decrease with increasing
field strength. If these relaxation processes characterized by
XPCS were due to the typical thermal motion of individual
particles and clusters, we would expect the thermal motion to
slow down and the corresponding relaxation times to increase
with external field strength due to the fact that the average
chain length will increase. Further, the typical diffusion times
over a nearest-neighbor distance corresponding to the particle
diameter (or 2π/qmax) for these large colloidal cubes can be
estimated as (2π/qmax)2/Deff (qmax). The measured relaxation
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TABLE I. Comparison of the effective diffusion coefficients and γ between different azimuthal directions.

Parallel Diagonal Perpendicular

B Deff (qmax)/D0 γ Deff (qmax)/D0 γ Deff (q = 0.00675 nm−1)/D0 γ

0 mT 0.82 ± 0.01 1.1 ± 0.04 1.66 ± 0.01 1.3 ± 0.04 1.8 ± 0.01 1.5 ± 0.11
50 mT 1.16 ± 0.01 1.1 ± 0.1 2.27 ± 0.01 1.5 ± 0.06 5.16 ± 0.01 1.8 ± 0.11
100 mT 2.07 ± 0.01 1.3 ± 0.08 4.14 ± 0.01 1.4 ± 0.11 12.22 ± 0.01 1.9 ± 0.14

times in Fig. 3(c) are 2–12 times smaller than that of free
diffusion (Table I) indicating that along this direction the
major contribution is from a ballistic process.

Another mechanism that could be responsible for the ob-
served decay in g(2)(q, t ) could arise from thermally induced
breaking of bonds in the field-induced assembly of particle
chains. We can estimate the lifetime of temporary bonds in
the chains (or particle escape time from the attractive well)
created by the attractive interaction between the particles in a
chain. An estimate of the escape time from the attractive well
using Kramers theory, namely, τb ≈ (�2/D0)exp(−ε/kBT ),
where � is the width of the potential, D0 the free diffusion
coefficient of an individual cube (0.08 μm2/s), and ε the
potential energy caused by the dipole-dipole interaction at
contact, leads to relaxation times of order 105 s. In these
calculations we have assumed magnetic properties (magnetic
moment/mass = 0.38 J/T/kg) and density (ρ = 5300 kg/m3)
of bulk hematite, which results in a magnetic moment for each
cube μ = 1.4682e−15 J/T. Considering the expression for the
contact potential to be ε = μ0

μ2

4πr3
d

(rd = √
3d), we found it

to be 14kBT . We have assumed a well width corresponding to
10% of the particle edge length. This high value of estimated
relaxation time clearly indicates that density fluctuations can-
not decay through thermal motion or spontaneous breakup
of the field-induced chains on the time scales measured by
XPCS, but favors a mechanism based on local stresses as
discussed above.

An explanation for the observed de Gennes narrowing par-
allel and at an angle of approximately 45◦ with respect to the
field is not so straightforward. Let us first have a look at the
variation of the KWW exponent γ that describes deviations
from an exponential decay of g(1)(q, t ) as a function of q
and field strength for the different directions. It is seen that
as the field strength increases from 0 to 100 mT, γ varies
from 1.1 to 1.4 along the parallel [Fig. 2(f)] and from 1.2
to 1.5 along the diagonal [Fig. 4(f)] direction, respectively.
When a process is diffusive the value of γ is 1 while a
value higher than 1 indicates a ballistic process. Further as
the field strength increases from 0 to 100 mT, the value of
Deff (qmax)/D0 increases from 0.8 to 2.1 along the parallel
and from 1.7 to 4.1 along the diagonal direction, respec-
tively (Table I). At higher concentrations when the particles
are undergoing (restricted) Brownian motion the short-time
cage diffusion coefficient Ds

eff (qmax)/D0 should decrease with
increasing volume fraction [42]. However, the fact that we
have Deff (qmax)/D0 ≈ 0.8 at zero field for the direction par-
allel to the field combined with γ ≈ 1 indicates that under
these conditions the diffusion of individual particles might
indeed contribute considerably to the observed decay of the
correlation function on these length scales, resulting in the

observation of a de Gennes narrowing. At higher fields, along
this direction, Deff (qmax)/D0 as well as γ become >1 though
the value of γ stays close to 1 (1.1 < γ < 1.4) indicating
that though the contribution from the ballistic process is in-
creasing, there is still a considerable contribution from the
diffusive process leading towards de Gennes narrowing. Simi-
lar behavior has also been observed for the diagonal direction.
However, the value of Deff (qmax)/D0 and γ is larger along the
diagonal direction than along the parallel one.

In these discussions we have not considered any contri-
butions from rotational diffusion, which in principle could
also be detected by XPCS for anisotropic particles [47]. The
scattering anisotropy of the cubelike particles used is not
large enough to result in a significant depolarization ratio and
thus measurable amplitudes for a contribution from rotational
motion to the intensity autocorrelation function for individual
particles. While this would be different for the large chains
formed, their rotational motion is effectively suppressed due
to the sedimentation-induced high concentration at the bottom
of the capillary where we have performed our measurements,
which can also be confirmed by optical microscopy. As a
result we have not considered any effect on the correlation
functions from the rotational motion of either the single parti-
cles or the chains.

We can therefore try to rationalize our observations by
considering a superposition of diffusive and stress-induced
ballistic processes. From the variation of the effective dif-
fusion coefficients and the magnitude of γ , we observe that
depending upon the direction of the scattering vector the
relative contributions from these two processes change. For
example, in the vertical direction, we do not observe the de
Gennes narrowing, and the value of γ is comparatively high.
This indicates dominating contributions from ballistic pro-
cesses. On the other hand, along the field direction not only do
we observe the de Gennes narrowing, but also the value of γ

is close to 1 at zero field, which indicates that the contribution
from the diffusive process is higher along this direction. A
variation of the q direction and the field strength thus allows
us to correspondingly highlight the different processes.

IV. CONCLUSION

Using ultrasmall-angle x-ray photon correlation spec-
troscopy, we have studied the collective dynamics of colloidal
cubes that are anisotropic in shape. Since the particles are
made up of hematite cores, we were able to introduce
anisotropy in their interaction potential with the help of an
external magnetic field. We found that along with all mea-
sured azimuthal directions, 0◦, 45◦, 90◦ with respect to the
external field, the intermediate scattering function exhibits a
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compressed exponential decay at higher field strength, with
the compressing exponent varying as a function of the direc-
tion and magnitude of �q and the field strength. In addition,
at 0◦ and 45◦ we observed structural correlation peaks along
with a mild de Gennes narrowing in the effective diffusion
coefficients at all magnetic fields. Our results qualitatively
match with the model described in Ref. [40] where the au-
thors attribute the discontinuity in the relaxation process to
intermittent yet sudden rearrangement events.

In the case of magnetic colloids studied in this paper, the
observed complex �q and field strength dependence of the mea-
sured autocorrelation function on the probed characteristic
length scales results from the rearrangements of the colloidal
particles in the chains due to a combination of thermal and
ballistic motion. The competition between the external mag-
netic and gravitational fields on the field-induced alignment
of the dipolar chains gives rise to a heterogeneous local stress
field which results in the ballistic motion of the particles. The
comparisons of Deff (qmax)/D0 and γ along different azimuthal
directions indicate that we have observed a weighted average
of the two aforementioned processes for which the weighting
factor depends on the azimuthal direction. In the perpendic-

ular direction, ballistic motion is dominant, whereas in the
parallel direction diffusive motion is dominant, while a mix
of the two is found in the diagonal direction. The use of a fast
two-dimensional detector in XPCS then allows us to probe
the various mechanisms responsible for density fluctuations in
the system through a variation of the magnitude and direction
of �q and field strength, which in turn affect the weight of
their contributions to the measured intensity fluctuations. The
success of our experiment paves a way towards exploring the
anisotropic dynamics of colloidal suspensions and soft gels
and solids at very low scattering vectors, which is important
for investigations of the collective dynamics of self-assembled
structures on mesoscopic length scales.
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