Edinburgh Research Explorer
Anisotropic dynamics and kinetic arrest of dense colloidal
ellipsoids in the presence of an external field studied by
differential dynamic microscopy
Citation for published version:
Pal, A, Martinez, VA, Ito, TH, Arlt, J, Crassous, JJ, Poon, W & Schurtenberger, P 2020, 'Anisotropic
dynamics and kinetic arrest of dense colloidal ellipsoids in the presence of an external field studied by
differential dynamic microscopy', Science Advances, vol. 6, no. 3, eaaw9733.
https://doi.org/10.1126/sciadv.aaw9733

Digital Object Identifier (DOI):
10.1126/sciadv.aaw9733
Link:
Link to publication record in Edinburgh Research Explorer
Document Version:
Publisher's PDF, also known as Version of record

Published In:
Science Advances

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 09. Jan. 2023

SCIENCE ADVANCES | RESEARCH ARTICLE
MATERIALS SCIENCE

Anisotropic dynamics and kinetic arrest of dense
colloidal ellipsoids in the presence of an external field
studied by differential dynamic microscopy
Antara Pal1*, Vincent A. Martinez2, Thiago H. Ito1, Jochen Arlt2, Jérôme J. Crassous1†,
Wilson C. K. Poon2, Peter Schurtenberger1,3*

INTRODUCTION

Unlike their spherical counterparts, anisotropic particles exhibit a
richer phase behavior with enhanced complexity due to their orientational degrees of freedom. In addition to the usual gas, liquid,
crystal, and glass phases, anisotropic particles such as rods are
known to exhibit liquid crystalline phases. While most of the existing studies address structural properties, less is known about the
dynamic behavior of anisotropic particles. The most well-studied
systems in this regard are perhaps colloidal rods and ellipsoids
(1–9). However, because most of these studies involved particle
tracking, they are therefore limited to quasi-2D (two dimension)
and to self-diffusion. In bulk, several studies combining polarized
and depolarized light scattering report the average translational and
rotational diffusion coefficients (10–15) of different anisotropic
particles. In these systems, multiple scattering and absorption of
light at high concentrations make the measurement not only challenging but also sometimes impossible. As a result, most of the
studies were carried out in the dilute regime, and a systematic
description of the anisotropic dynamics approaching the ordered
or arrested glassy phase is still lacking for bulk systems.
Theoretical studies on ellipsoidal particles predict a kinetic phase
diagram as a function of packing fraction  and aspect ratio 
(16, 17). Depending on the aspect ratio, three types of glass transitions have been predicted, with the first one being the conventional
cage driven one that is also found for spherical particles, while the
other two have their origins related to the orientational degrees of
freedom. For nonspherical particles, a glass phase is predicted
consisting of nematic domains, where the interdomain orientations
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build an orientational glass. Experimentally, such an orientational
glass has only been reported for a system of very long and thin rods
(fd viruses) by Kang and Dhont (18) and Kang (19). Contrary to the
prediction by Schilling et al. (16, 17), particle arrest and the freezing
of the nematic domain texture were found to occur at the same
concentration. The experiments thus reveal that for these long rods,
there is a single glass transition, and both particle dynamics and the
nematic domain texture dynamics arrest simultaneously. It is also
important to point out that while the particles used by Kang et al.
resemble rods rather than ellipsoids, at these large axial ratios, we
would not expect notable differences in their behavior. The third
type of glass transition is predicted for nearly spherical ellipsoids
where the orientational degrees of freedom with odd parity flip
and freeze independently from the positions. Recent simulations
explored the dynamics around the glass transitions in 3D using ellipsoids of smaller aspect ratios ( = 1.25 prolate and 0.8 oblate).
Consequently, the two-step glass transition with the orientational glass
was not observed (20).
Despite a number of theoretical and simulation studies, opacity
or turbidity apparently acts as a road block in the direct experimental
investigations of concentrated anisotropic particles in 3D. This
obstacle can sometimes be overcome by changing the solvent and
matching the index of refraction of the particles, and in turn, it
affects the interparticle interactions, which is not desirable. Differential dynamic microscopy (DDM) is a recently developed high-
throughput technique that can overcome this limitation (21). In
DDM, a time series of digital video images is acquired in brightfield or phase-contrast mode using a fast camera fitted to an ordinary optical microscope. The averaged power spectrum of the
difference images is used to calculate the intermediate scattering
function (ISF), which describes the dynamics of the system. DDM
thus accesses the same dynamical quantity as dynamic light scattering
(DLS), but in contrast to DLS, can also be applied to absorbing samples and is less affected by multiple scattering.
DDM has already been successfully used (22) to characterize the
anisotropic dynamics of dilute colloidal ellipsoids over a wide range
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Anisotropic dynamics on the colloidal length scale is ubiquitous in nature. Of particular interest is the dynamics of
systems approaching a kinetically arrested state. The failure of classical techniques for investigating the dynamics
of highly turbid suspensions has contributed toward the limited experimental information available up until now.
Exploiting the recent developments in the technique of differential dynamic microscopy (DDM), we report the
first experimental study of the anisotropic collective dynamics of colloidal ellipsoids with a magnetic hematite
core over a wide concentration range approaching kinetic arrest. In addition, we have investigated the effect of
an external magnetic field on the resulting anisotropic collective diffusion. We combine DDM with small-
angle x-ray scattering and rheological measurements to locate the glass transition and to relate the collective
short- and long-time diffusion coefficients to the structural correlations and the evolution of the zero shear viscosity
as the system approaches an arrested state.
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Theoretical background: Anisotropic diffusion of oriented
prolate particles
For a dilute dispersion of noninteracting prolate ellipsoids with
semi-long and short axes, a and b, the isotropic translational diffu-

sion coefficient, Diso, can be expressed as the average over the diffusion
coefficients along the different axes (26)
1  D   + ─
2  D  	
	D iso = ─
3 a 3 b

(1)

where Da and Db are the translation diffusion coefficients along the
long and short axis, respectively.
In the presence of an external magnetic field B, the individual
silica-coated hematite (SCH) particles align with their magnetic
moments  being parallel to B. Because for hematite particles  is
perpendicular to the long axis of the ellipsoid, the particle orientation a is restricted to the plane perpendicular to B (27). However, a
can still rotate around the direction of B (Fig. 1A) (27–29). As a result,
the diffusion of the particles becomes anisotropic in nature (22).
For noninteracting particles, one would expect that with increasing
field, an alignment of the individual particles along with a slowing
down of the dynamics measured parallel to B develops. The diffusion coefficient decreases from Diso at zero field to a lower value Db in
the limit of high field when the particles are fully aligned. In contrast,
the dynamics perpendicular to B is expected to increase from Diso at
zero field to (Da + Db)/2 at high field. The field-dependent diffusion
coefficients, measured parallel and perpendicular to B, are given by (30)
2 (D    − D    ) S  (h )   ⎯
B→∞→   D  
  ∥(B ) = D iso  +  ─
D
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b 2
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(2)

with S2(h) being the second-order orientational order parameter

 − 1]  / 2 , where h deand can be expressed as S 2  (h ) = [  _
h
3(coth (h ) − h  −1)

notes the energy of the dipole moment  normalized by kBT such as
h = B/kBT. For a full description of the anisotropic diffusion, one
needs to define an azimuthal diffusion coefficient D(B, ) in terms
of azimuthal angle  with respect to the field direction such that it
satisfies D(B, ) = D∥(B) for  = 0 and D(B, ) = D⊥(B) for  = /2,
which can be expressed as
	
D(B,  ) = D ∥( B ) cos  2   + D⊥  ( B ) sin  2  	

(3)

This expression describes the anisotropic diffusion at any azimuthal
angle  with respect to the applied field.

Fig. 1. Field-induced alignment and visual appearance of magnetic ellipsoidal particles. (A) Schematic of arrangement of ellipsoids in the presence of an external
magnetic field with their shorter axes being parallel to the field direction. (B) Assortment of varied packing fractions of SCH suspension, which are confined between two
glass coverslips separated by a spacer of width 120 m. The opacity of the samples increases as the volume fraction  increases, as illustrated with the black lines on a
paper background positioned behind the samples, which become invisible for volume fractions above  = 0.004 (photo credit: Antara Pal, Lund University).
Pal et al., Sci. Adv. 2020; 6 : eaaw9733
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of scattering vectors q. We have exploited the advantage of DDM of
not being limited by the opacity of the samples to explore the anisotropic dynamics of a bulk colloidal system in the collective regime.
In this article, we report a detailed experimental study of the evolution of collective anisotropic dynamics of ellipsoidal colloids of
aspect ratio  = 3.76 as a function of volume fraction. Through a
combination of DDM and shear rheometry, we demonstrate the
existence of a glass transition at a volume fraction of  ≈ 0.52. DDM
reveals several regimes for the collective dynamics in our ellipsoidal
model system. At low concentrations, density fluctuations relax via
a single decay process, which can be characterized by a collective
diffusion coefficient D
 sc  . However, above a critical concentration,
due to interaction effects, a second decay process starts to develop,
which can be quantified by a long-time collective diffusion coefficient Dlc  . We find that D
 cs  can be scaled as 1/S(qDDM), S(qDDM)
being the structure factor measured at a q value, qDDM, which lies in
the same q range in which the DDM measurement has been done.
c
Furthermore, D
 l  can be scaled as 1/0, 0 being the zero shear viscosity of the system as expected (23–25). Our experiments thus
demonstrate that for hard ellipsoids in 3D, kinetic arrest occurs via
a scenario that is analogous to the one encountered for hard spheres.
Being made up of hematite cores coated with silica shells, these
particles are responsive toward an external magnetic field, which
helps them to align along a particular direction. We can thus use a
magnetic field to investigate the effects of a reduction in the rotational
degrees of freedom on collective diffusion and the location of the glass
c
c
 l   are isotropic at low magnetic
transition. Although both D
 s   and D
fields at all concentrations, they start to develop anisotropic features
as the field increases. This can be understood by the alignment of the
particles in the presence of a magnetic field. This anisotropy in diffusion coefficients along different directions not only becomes maximum along and perpendicular to the field direction but also increases
with the magnetic field. We show that not only the magnetic field results in an increasing decoupling of the particle diffusion parallel and
perpendicular to the field direction but also additional small-angle
x-ray scattering (SAXS) experiments reveal a possible change in the
dominating mechanism that leads to dynamical arrest.
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RESULTS AND DISCUSSION

In DDM, the intensity fluctuations are analyzed from the spatial
Fourier transform of a sequence of images to obtain the power spectrum, g(q, ). g(q, ) is directly related to the ISF, f (q, ), where q is
the wave vector of the fluctuations being probed and  is the delay
time (21, 31–33). The ISF, which represents the density-density
time correlation function, is a measure of the dynamics on the
spatial scale 2/q. By analyzing the ISF in different azimuthal directions with respect to the applied field B, we can determine the effective translational diffusion coefficients, D(B, ), of the particles as a
function of B. In the version of DDM we implement (22, 32, 33), the
incident light is completely incoherent, and the Fourier transform
of the intensity correlation function of the images is directly related
to the ISF by
	
g(q, ,  ) = A(q,  ) [1 − f (q, ,  ) ] + B˜(q, )	

(4)

Dilute regime: 0.002 ≤  < 0.04
A dilute SCH dispersion ( = 0.0002) was first examined following
the methodology described by Reufer et al. (22). At these concentrations, the particles are freely diffusive in nature, and the corresponding ISF along a particular direction can be described by a single
exponential relaxation mode as
f (q,  ) = exp (−  /   1) 	

(5)

where 1 is the relaxation time, which is related to the diffusion
coefficient D as D = 1/q21. The diffusion coefficients of the particles in the different azimuthal directions at a field value B, D(B, ),
were then obtained by fitting the experimentally obtained g(q, ) in
different directions with Eqs. 4 and 5. Figure 2A shows a representative set of experimental g(q, )’s at different q’s at an azimuthal
angle  = −10° along with the fits, covering the range 2 m−1 < q <
5 m−1. The diffusion coefficient is independent of q in the aforementioned q range, as one can see in fig. S1. At zero magnetic field, the
particles were found to be isotropically diffusive, as D(B, )
was found to be constant over all the azimuthal angles with D(B
= 0, ) = D iso = 2.15 m2/s (Fig. 2B, first blue curve). This value is
in good agreement with the diffusion coefficient determined by
DLS as Diso = 2.24 m2/s .

Fig. 2. Anisotropic dynamics in the dilute and semi-dilute regime. (Top) Dilute sample of volume fraction  = 0.002: (A) Variation of g(q, ) as a function of delay time,
, at different wave vectors q (2 m−1 < q < 5 m−1) at an azimuthal angle  = −10°. Symbols show the experimental data, while the lines represent the fits with Eq. 5.
q increases from blue to red. (B) Variation of diffusion coefficients, D(B, ), as a function of azimuthal angle  at different magnetic fields, which increases from blue (7.9
mT) to red (340 mT). The external magnetic field was applied at an angle  ∼ 25°. (C) Variation of diffusion coefficients along, D∥, and perpendicular, D⊥, to the applied
magnetic field (symbols) along with the fitting with Eq. 2 (solid line). Diso is also shown. (Bottom) Semi-dilute sample of volume fraction  = 0.041: (D) Variation of g(q, )
as a function of delay time, , at different wave vectors q (2 m−1 < q < 5 m−1). Symbols show the experimental data, while the lines represent the fit with Eq. 6. q increases
from blue to red. (E) Variation of diffusion coefficients, D(), as a function of azimuthal angle  at different magnetic fields, which increases from blue to red. (F) Variation
of diffusion coefficients along, D∥, and perpendicular, D⊥, to the applied magnetic field.
Pal et al., Sci. Adv. 2020; 6 : eaaw9733
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where A(q, ) is related to the transfer function of the optical image
system and the sample structure imaged and B
˜(q, )is related to the
camera noise. In another version of DDM (21, 31), semicoherent
incident light from a small aperture was used so that the detailed
physics is somewhat different.
In the current study, we have explored the dynamics of SCH
particles over a wide range of volume fraction, , starting from
 = 0.0002 to  = 0.51 (details of particles synthesis and characterization as well as the volume fraction calculation are provided in
Materials and Methods). Figure 1B illustrates the increased turbidity
of the dispersion with , leading to almost opaque samples above

 = 0.04. As a result, none of the traditional techniques could be
used to study their dynamics but DDM. Depending on the nature
of g(q, ), the whole concentration range can be divided into three
regimes: dilute, semi-dilute, and concentrated.

SCIENCE ADVANCES | RESEARCH ARTICLE

Semi-dilute regime: 0.04 <  < 0.21
As the volume fraction reaches a value around  = 0.04, the particles
start to noticeably interact with each other, which, in turn, affects
their dynamics. The ISF along a particular direction, f(q, ), can no
longer be described by a single exponential but with a stretched
exponential

	
f (q,  ) = exp {− ( /   1)    1}	

(6)

where 1 is the stretching exponent. The fact that  < 1 indicates the
presence of more than one relaxation process, and the resulting D =
1/q2 should then only be considered as an effective diffusion coefficient that represents the characteristic time scale of the system
(variation of  as a function of  is shown in fig. S3). Although we
could not observe much difference in g(q, ) (Fig. 2D) in comparison with the dilute regime, the effect is prominent in azimuthal diffusion coefficients D(B, ) at high fields (Fig. 2, E and F). One can
observe that with increasing field, D∥(B) still decreases as in the
previous case. However, for D⊥(B), the observation is quite different.
With increasing field, it first increases until around 30 mT and then
starts to decrease slowly (Fig. 2F). The initial increase is due to the
alignment of the short axis of the particles along the field. However,
the field-induced alignment freezes one of the rotational degrees of
freedom, which, in turn, affects the effective volume fraction of the
system. Because the effective excluded volume of an aligned prolate
is smaller than that of a randomly oriented one, the aligned system
has a lower effective volume fraction than the actual one, which
makes D⊥(B) decrease at higher fields (Fig. 2F).
Concentrated regime: 0.21 <  < 0.51
In the concentrated regime, a second slow relaxation mode starts to
develop in g(q, ) (Fig. 3A). This new relaxation mode is associated
with the structural rearrangements of the cages formed due to the
crowding of the particles, while the fast mode represents the rattling
inside the cages (17). At this concentration range, f (q, ) can be well
expressed by a double stretched exponential function representing
two different relaxation modes with two different characteristic
time scales, 1 and 2, as
	f(q, τ ) = α exp{  − (τ / τ  1)  β  1} + (1 − α ) exp{  − (τ / τ  2)  β  2}	

(7)

Fig. 3. Anisotropic dynamics in the concentrated regime. Concentrated sample of volume fraction  = 0.48: (A) Variation of g(q, ) as a function of delay time, , at
different wave vectors q (2 m−1 < q < 5 m−1). Symbols show the experimental data, while the lines represent the fit with the equation (Eq. 7). q increases from blue to
red. (B) Variation of short-time diffusion coefficients, Dcs (), as a function of azimuthal angle  at different magnetic fields, which increases from blue to red. (C) Variation
of the short-time diffusion coefficients along and perpendicular to the applied magnetic field. (D) Variation of the long-time diffusion coefficients, D
 cl (), as a function of
azimuthal angle  at different magnetic fields. (E) Variation of long-time diffusion coefficients along and perpendicular to the applied magnetic field.
Pal et al., Sci. Adv. 2020; 6 : eaaw9733
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Upon increasing the amplitude of the magnetic field, the alignment of the particles perpendicular to the field is promoted, which
is manifested by the stronger decoupling of the diffusion coefficient
along and perpendicular to the field (Fig. 2C). The particles were
found to start to align at about 15 mT and were almost fully aligned
for B > 300 mT. A sinusoidal shape was observed for D(B, ) as a
function of  that can be well described by Eq. 3 (Fig. 2B), which
allows us to obtain the values of D∥ and D⊥ as a function of B.
According to the theoretical predictions, D⊥(B) increases and D∥(B) decreases with field satisfying Eq. 2, which can be observed in Fig. 2C.
In addition, the measurements with decreasing fields superimposed within experimental error with those obtained for increasing
fields, confirming that the particles get reversibly aligned at these
concentrations (fig. S2). By fitting Eq. 2 to the observed D∥ and D⊥
(Fig. 2C), Da and Db were determined to be Da = 2.94 m2/s and
Db = 1.77 m2/s. The expected value for Da and Db based on the size
of the particles are 2.95 and 2.32 m2/s, respectively. The origin of
the discrepancy between the observed and expected value for Db is
discussed by Reufer et al. (22). These authors have argued that for
comparable systems, particle sizes obtained by transmission electron
microscopy (TEM) often suffer from the chosen threshold to find the
particle contours and that this introduces a systematic error in the
calculation of the expected D values. Moreover, the calculations assume
perfect prolate shape, and the small geometrical imperfections at the
tips of the ellipsoids also contribute to this discrepancy between measured and calculated values. Similar results were found up to  = 0.04.
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[H(q) and S(q) are the hydrodynamic function and static structure
factor, respectively] as is evident from Fig. 4A, which also shows the
variation of 1/S(qDDM) as a function of  (black squares). S(qDDM)’s
at qDDM = 10 m−1 (which is comparable to the wave numbers
probed by DDM) for different concentrations have been experimentally measured by SAXS (fig. S4). Experimentally, similar behavior has also been reported for spherical colloidal systems as well
as for globular proteins, polymers, and flexible rods (25, 35–39).
The normalized average long-time collective diffusion coeffic
cient, (D
 l  )   avg / D 0, is significantly smaller than the short-time diffuc
) / D ( D c) / D
sion coefficient as expected. In contrast to (D
 s     avg     0,   l     avg     0
decreases markedly as the system isc approaching an arrested state
(Fig. 4B, black squares). Because (Dl ) avg / D0 is associated with struc      with
      the reduced zero shear
tural rearrangement, it inversely  scales

viscosity of the system given by 0/sol, where 0 is the zero shear
viscosity of the sample and sol is the viscosity of the solvent
(Fig. 4B, magenta circles). The increase in viscosity of glass-forming
molecular liquids with decreasing temperature is well described by
the Vogel-Fulcher-Tammann (VFT) law (40–42). To use the VFT
law for colloidal systems, temperature should be replaced by 1/,
because the colloidal volume fraction  plays a similar role as the
temperature does for molecular glasses. The modified VFT expres_
F
sion   0  =   sol exp ( max − )  phenomenologically describes the rise

in the viscosity of a colloidal suspension with  and its marked
increase at  = max (43, 44). Here, 1/F is the fragility that accounts
for the deviation of the viscosity from an Arrhenius dependence
on  as the sample approaches the arrested state. For our case, we
find max to be 0.52 (Fig. 4B, blue dashed line). Variation of viscosity
as a function of  in colloidal suspensions has also frequently been
_
fitted with the Quemada relationship 
 0 =   sol(1 −     max)  to predict


−

the volume fraction max at which  diverges (45) ( is the parameter
characterizing the singular behavior and is ∼2 for many colloidal systems). By considering the Quemada model, max is also found to be
0.52 (Fig. 4B, orange dashed line). Similar concentration-dependent
 cs  )  avg and (Dcl  )  avg has been reported for another anisobehavior for (D
tropic colloidal system, namely, charged gibbsite platelets (14). Our
results thus indicate that collective dynamics of suspensions of hard
ellipsoids show a behavior that is quite similar to that of hard sphere
suspensions upon approaching a dynamic arrest, where caging is
the dominant mechanism. Given the close proximity of the arrest
transition with max ≈ 0.52 to the predictions for the isotropic-nematic
transition for ellipsoids with an axial ratio of  = 3.76 from simulations
(46), such an arrest scenario is not obvious (17), and we will further discuss this below when describing the effect of an applied magnetic field.
In the presence of an external field, the decoupling of the diffusion coefficients between parallel and perpendicular directions
increases with  (Fig. 5). The decoupling behavior for the short-time
dynamics can be quantified with the help of a decoupling parameter
c
( D
  ∥) / ( D
 s  )   avg. One can observe that for higher magnetic fields,
 ⊥  − D
the decoupling starts at very low concentrations, and it increases
with increasing  and finally reaches a maximum at the highest field
for the highest concentration.

Fig. 4. Concentration dependence of dynamic and structural properties. (A) Variation of normalized average short time diffusion coefficient (red circles) and 1/S(qDDM)
at qDDM = 10 m−1 (black squares) with  at the lowest filed. (B) Variation of normalized average long-time diffusion coefficient with  (black squares) at the lowest field;
magenta circles show experimentally observed variation of inverse of normalized zero shear viscosity with , while the dashed orange and blue lines represent the fit with
Quemada and VFT models, respectively. Variation of normalized long-time diffusion coefficients with , along parallel (blue diamond) and perpendicular (green triangle)
to the field at high (340 mT) magnetic field.
Pal et al., Sci. Adv. 2020; 6 : eaaw9733
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1 and 2 can be related to two different diffusion coefficients, namely,
the short-time diffusion coefficient, Dsc  (B, ), and the long-time
diffusion coefficient, Dcl  (B, ).
With increasing field, D
 cs  (B, )shows strong decoupling as a function of azimuthal angles , which can be well expressed by Eq. 3
(Fig. 3, B and C). For the slow relaxation mode related to the cage relaxation, the diffusion coefficient Dcl  (B, )also has an azimuthal decoupling as a function of  (Fig. 3D). However, the variation of Dcl∥ ( B) and
Dcl⊥(  B)with increasing field is very different from that for the fast relaxation mode (Fig. 3E). In this case, Dcl∥ (B) decreases with increasing
field and finally gets saturated, while Dcl⊥(  B) increases continuously up
to a very high value and then starts to decrease. This is an indication that
the cage dynamics is also anisotropic. Because the individual particle
already tries to align perpendicular to the field, it is much easier to
rearrange a cage along that direction than parallel to the field.
The average diffusion coefficients can be obtained by taking an
azimuthal average of the diffusion coefficients. At the lowest field,
the normalized average short-time diffusion coefficient, (Dcs  )  avg / D 0,
strongly increases as the system approaches a kinetically arrested
state as shown in Fig. 4A (red circles), where D0 is the free particle
diffusion coefficient. The variation of (
 Dcs  )  avg / D 0with  is expected
to follow the well-known expression (25, 34)
(Dcs  )  avg
H(q)
	─ = ─	
(8)
D 0
S(q)
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In the absence of a magnetic field, simulation (17) has predicted
the formation of domains with local nematic order to explain the
slowing down mechanism for aspect ratios  > 2. However, at low
magnetic fields, the SAXS experiments provide no evidence for any
nematic ordering as demonstrated with the 2D diffraction patterns
shown in (Fig. 6A). This changes markedly when going to larger
field strength, where a corresponding nematic order becomes
apparent (Fig. 6B). The fact that we find no evidence for the formation
of nematic domains in the absence of a field indicates that the slowing
down of long-time diffusion and the occurrence of an arrest transition
are the results of cage formation only. The question then remains
whether this scenario changes in the presence of a high field, where
the SAXS experiments reveal the formation of nematic domains. At
this point, it is worth looking more into the volume fraction dependence of the anisotropic diffusion coefficients perpendicular and
parallel to the field. Their normalized values (
 Dcl  ) ⊥ / D 0 and (Dcl  )∥   / D 0
are also shown in Fig. 4B and appear to follow the same scaling relation with volume fraction as previously observed for the average
c
normalized long-time diffusion coefficient (Dl )avg/ D0  in the absence
     anisotropic
  

of a field. Note that here we have normalized the
diffusion
c
coefficients with an additional constant factor such that (Dl )⊥/D0 and

            
(Dlc)∥ / D 0 superimpose with (Dlc) avg / D0 at the lowest concentration
where
diffusion could
to focus on the ef          long-time

      be
    measured
  
fect of volume fraction near arrest only. The data shown in Fig. 4B
indicate that dynamical arrest is governed by the formation of
nearest-neighbor cages only in all cases, irrespective of whether
nematic domains are present or not. These findings are in contrast
to the previously described simulations (17), which predicted that
for the axial ratio chosen in this study, arrest should be linked to
the formation of nematic domains. While the actual cage relaxation
dynamics may be influenced by the variation of the local order imposed
by the applied magnetic field (Fig. 6, C and D), these variations are
not visible within the statistical error of the data shown in Fig. 4B.
Pal et al., Sci. Adv. 2020; 6 : eaaw9733
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Fig. 6. Local structure based on small-angle scattering. 2D scattering pattern for 
= 0.3 at (A) 7 mT and (B) 300 mT. Panels (C) and (D) represent two models that are based
on the diffraction patterns to understand the local structures at low and high fields.

CONCLUSION

We have studied the field-induced anisotropic collective dynamics
of colloidal ellipsoids over a broad concentration range by exploiting the recently developed technique DDM. The chosen
model system, hematite-silica core-shell particles, has a number
of advantages. It not only provides us with a simple synthesis
route toward quite monodisperse prolate particles with tunable
axial ratios but also allows us to modify the rotational degrees of
freedom using external magnetic fields. However, the very high
scattering cross section for visible light combined with a strong
absorption has previously made it impossible to use the traditional
optical tools such as DLS or confocal microscopy to study diffusion at
high concentrations and thus characterize the arrest transition
expected to occur at high packing fractions. Our work now demonstrates that DDM can be extended to study samples with anisotropic
dynamics in the limit of high turbidity and high absorption.
Although the literature is replete with simulations concerning
the glass transition for ellipsoidal particles, there has been an almost
complete lack of experimental information on these systems. The
only study we are aware of for the ellipsoidal glass transition in bulk
is based on rheological measurements (45) for an axial ratio  = 4.8,
and no information on collective dynamics and complementary
structural information that would provide further insight into the
underlying arrest scenario has so far been presented. It is for this
reason that we have performed a systematic study of the structural
and dynamic properties of a model ellipsoid system using a combination of DDM, SAXS, and rheology. This has allowed us to study
collective diffusion in different concentration regimes and particularly look for the typical signatures of an arrest transition in the ISF
measured by DDM. We have characterized both short- and longtime collective diffusion upon approaching kinetic arrest. In the
absence of an applied magnetic field, we found that the inverse reduced zero shear viscosity and the long-time collective diffusion
6 of 9
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Fig. 5. Field-induced anisotropy of short-time diffusion and its concentration
dependence. Observed variation of the decoupling parameter (D⊥  − D∥ ) / (Dsc ) avg
as a function of external field and  (symbols). The lines are guide to the eyes and
not a fit.
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coefficient are following the same characteristic scaling relation that measuring at least 100 particles from TEM images using ImageJ. The
has previously been used to reproduce these quantities in hard sphere average particle semi-long, a, and semi-short, b, axes are found to be
systems. Moreover, we have been able to demonstrate that the arrest a = 148.5 nm and b = 39.5 nm, leading to an aspect ratio of  = 3.76.
transition for these ellipsoids is not linked to the formation of nematic domains, quite in contrast to previous computer simulations of Sample preparation
ellipsoids with comparable axial ratios (17). Furthermore, we have The concentrated SCH dispersions were prepared by centrifuging
also shown that the arrest mechanism appears to be similar in the the stock dispersion to the desired weight fraction, whereas more
presence and absence of the external field and linked to caging and dilute dispersions were obtained by diluting more concentrated
not influenced by the field-induced formation of nematic domains samples. To ensure the proper redispersion, the dense samples were
at volume fractions significantly smaller than max ≈ 0.52.
sonicated for 24 hours in a thermostated sonication bath. DDM
The combination of DDM and SAXS in the presence of an ex- samples were prepared by placing a 9-l drop of the sample between
ternal magnetic field has shown high potential for future studies. two coverslips separated by a 120-m spacer. Each sample was sonWhile more work will be required using additional complementary icated for about 2 hours before the preparation of the DDM sample
techniques, our results on the field dependence of the anisotropic cell. To avoid an eventual drift of the denser and more viscous disshort- and long-time collective diffusion and the average structure persions, cells filled with dense samples were let to relax typically
indicate no change in the dominating arrest mechanism with in- for 12 to 24 hours in a water-saturated atmosphere.
creasing field strength, despite the fact that nematic domains form
To convert the weight fraction into volume fraction, the density
at high field strengths already before arrest. Here, future experi- of a single core-shell ellipsoidal particle was determined with two
ments using x-ray photon correlation spectroscopy as a function of pair of semiaxes, a and b, representing the long and short axis,
field strength would allow us to probe the anisotropic short- and respectively. One pair is related with the core dimensions, acore and
long-time collective dynamics at much shorter characteristic length bcore, while the other is related with the whole particle dimension,
scales of order of the nearest-neighbor distance and using very apart and bpart. The core is composed of hematite with a density,
small scattering volumes (47). This should then allow us to investi- hem, and the shell is composed of silica with a density, sil. Because
gate the dynamics of cage relaxation in the vicinity of the arrest both silica and hematite are porous materials, it is necessary to intransition and its dependence on a field-induced local order and clude a porosity contribution in terms of volume fraction with rethe formation of nematic domains. Moreover, a systematic investi- spect to the overall particle volume. The porosity in the core (core
 ores) 
p
gation of the structural and dynamic properties of concentrated and in the shell (  shell
pores) are 0.26 (28) and 0.32 (50), respectively. Desuspensions of prolate ellipsoids when approaching kinetic spite of the fact that there are accessible and inaccessible pores (50),
arrest and the underlying arrest mechanisms as a function of we assumed that all the pores in the core are filled with silica, while
axial ratio is needed and will allow us to test the existing literature in the shell, they are filled with the solvent, which is water in our
on simulations.
case with density wtr. Therefore, the overall density of the particle
Until recently, such an endeavor would have been perceived as is given by
very difficult experimentally due to a lack of available model systems when using the traditional experimental tools such as DLS or
1   a   b2 
ρ  part  =  ─
  ρ   ϕcore  + 
 ρ  hem(1 − ϕcore
pores )}
[ core core{ sil pores
confocal microscopy. However, our study has shown that the type
a part b2p 

     

 (9)
art
of anisotropic systems that can be used to study the colloidal glass
2
2
shell
shell
+ ( a part bp  − 
 ){ ρ  wtr ϕpores  + 
 ρ  sil(1 − ϕpores ) }]
art a core bcore
transition can now be greatly extended, as turbidity becomes         	
a
minor issue when using DDM. This opens new avenues for exploring the dynamics of strongly interacting colloidal systems with a
Considering the densities, sil = 2.06 g cm−3, hem = 5.26 g cm−3,
large variety of shapes and chemical compositions. We believe that and wtr = 1.00 g cm−3 (28), and the dimensions from TEM as
our results will inspire future experimental studies on concentrated acore = 131 nm, bcore = 24.5 nm, apart = 148.5 nm, and bpart = 39.5 nm,
anisotropic particles and provide the basis for comparison with the- a particle density (part) of 2.64 g cm−3 can be observed. The followory and simulation.
ing expression can be used to calculate the volume fraction based on
the densities of the particles and the solvent, and the weight fraction (part) for each sample
MATERIALS AND METHODS
χ part/ ρ part
	ϕpart = ────────────────────────────────────────────────
   
     
 	
shell
2
Synthesis of the SCH
  )
 / a partbpart
 ) ( χpart/ρ part) 
( χpart/ρ part) + [ ( 1 − χ part) /ρ wtr] − ϕ p ores ( ( apartb2part − a coreb2core
Spindle Fe2O3 hematites were first synthesized in water following
(10)
the approach described by Ocaña et al. (48) and further coated 		
with a thin silica layer in ethanol using the method developed
by Graf et al. (49). After purification by repeated centrifugation/ Experimental technique I: DDM
redispersion cycles in water, the SCHs were kept in water as a The DDM setup consists of an inverted optical microscope
stock dispersion of 2.5 weight %. Details of the synthesis and char- (Nikon Eclipse TE200) equipped with a fast camera (Mikrotron).
The samples were imaged with a 40× objective in phase contrast
acterization of similar particles can be found elsewhere (28, 29).
mode. The sample stage was modified to install a solid core
electromagnet connected to a dc power source (0 to 2.7 A). To
Characterization of SCHs
The size and shape characterization of the ellipsoidal colloids were prevent an excessive heating of the coils, the electromagnet
carried out using TEM (TEM-CM100 microscope from Philips was water-cooled using an external thermostat. The magnetic
operating at 100 keV). Particle size distributions were calculated by field was measured at the sample position using a tesla meter
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(TL Atomic SMS 102), and the applied magnetic field in the sample
was derived from the calibration of the measured magnetic field
to the applied current. The measurements were performed with
increasing and then decreasing magnetic fields from 7.9 to 380.0 mT,
7.9 mT being the remanent magnetic field for the electromagnet.
The temperature of the sample was maintained with an accuracy
of 0. 1oC using a homemade sample holder connected to another
thermostat. Depending on the concentration of the samples,
the data acquisition mode has been varied from 200 to 500 frames/s.
Variation of diffusion coefficient as a function of q
In the range 2 m−1 < q < 5 m−1, the diffusion coefficient is independent of q. In fig. S1, we have plotted f(q, ) as a function of . q2
for different q values, and the collapsing of all of them indicates the
same fact.

Variation of stretching exponent  as a function of 
In the semi-dilute and concentrated regimes, we have used single
and double stretched exponential function(s) to describe the ISF.
We find the stretching parameter  to be less than 1 (fig. S3). This
indicates the presence of more than one single relaxation processes,
although there is no visual appearance of that in g(q, ) (Fig. 2D).
The presence of more than one single relaxation processes becomes
evident once the need to use double stretched exponential functions
for concentrated regime arises. In this scenario, we observed the
value of 1 abruptly acquiring a higher value as can be observed in
fig. S3.
Experimental technique II: SAXS
SAXS experiments were carried out at the cSAXS beamline of the
Swiss Light Source (Paul Scherrer Institute, Switzerland) with a
sample-detector distance of 7.160 m and an energy of 8.5 keV (corresponding to a wavelength of  = 0.1459 nm). The scattering
patterns were recorded on a single-photon counting PILATUS
detector (1475 pixels × 1679 pixels). The samples with different
concentrations were sealed in glass capillaries of 1 mm diameter
and 0.1 mm wall thickness and investigated at room temperature. A
horizontal magnetic field was produced with a water-thermostated
electromagnet such that the field lines were always normal to the
incident beam. The structure factor was calculated by dividing the
scattered intensity I with the experimentally obtained form factor
F(q) (fig. S4). The variation of 1/S(q) for different concentrations
(shown in Fig. 4A) has been calculated at qDDM = 10 m−1 (shown
by dashed vertical line).
Experimental technique III: Rheology
The rheological measurement was done by an ARES-RFS (rheometrics fluid spectrometer). The shear rate (̇ ) dependence of the
steady-state viscosity () was measured for different volume fractions (fig. S5). This variation can be explained with the help of Cross
model
  0  −   ∞
 	
(11)
	
 =   ∞  +  ─
1 + (Ċ )  m
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Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/3/eaaw9733/DC1
Fig. S1. Variation of f(q, ) as a function of . q2 for different q’s, which are collapsing together
( = 0.0002 and azimuthal angle  = −10∘) as the diffusion coefficient is independent of q in
2 m−1 < q < 5 m−1 range.
Fig. S2. Variation of diffusion coefficients at  = 0.0002.
Fig. S3. Variation of stretching exponent  as a function of  from semi-dilute and
concentrated regime.
Fig. S4. Variation of the structure factor at various  (0.004 <  < 0.3).
Fig. S5. Symbols represent the variation of viscosity as a function of shear rates for different
volume fractions, whereas the continuous lines show the fits of the experimental data with the
Cross model.
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