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1. Introduction

From the !rst observation of electrorheological (ER) "uids 
by Winslow [1], applications of ER "uids in hydraulic valves 
and pumps have been designed and to make use of their rapid 
transition from a "uid to a solid-like state in a strong electric 
!eld [2, 3]. Similarly, magnetorheological (MR) "uids, which 
operate on analogous principles in, but instead in magn-
etic !elds, have been investigated and used in applications 
including dampers, clutches, and brakes [4, 5].

The !eld-induced formation of microstructure is crucial to 
the development of MR "uid-based materials and thus, under-
standing the microstructure formation kinetics in response 
to a magnetic !eld is required to improve their performance. 
Magnetic particles are subject to !eld-induced interaction 
and as a result of the interactions, they form chain-like struc-
tures [6, 7]. Chain–chain lateral attractions by thermal "uc-
tuations lead to further aggregation and create denser, !brous 

and percolated, networks [8]. Under steady (dc) !elds, lateral 
aggregations among chains of particles stiffens as applying 
the !eld and decrease segmental motions of chains [9].

The !brous, percolated gel-like state of an MR "uid is a 
kinetically arrested, nonequilibrium state which is not the most 
energetically favorable suspension microstructure. However, 
such jammed microstructures can be driven to evolve into 
an equilibrium state, a body-centered tetragonal (BCT) solid 
[10]. One means to reach this equilibrium from the gel-like 
state is to toggle the magnetic !eld [6, 7, 11, 12]. By repeat-
edly switching the !eld on and off, the suspension particles 
rearrange without fully redispersing. Promislow and Gast !rst 
showed that toggled magnetic !elds lead to the evolution of 
an MR suspension microstructure. The suspension eventually 
forms elongated, droplet-like structures with conical spikes at 
the ends [11, 12]. In some cases, the phase separation kinetics 
follow a "uid-like coarsening, analogous to the Rayleigh–
plateau breakup into the !nal ‘droplet-like’ phases [7, 13, 14].

Recently, the kinetics of the transition in toggled !elds 
from a kinetically arrested phase into the equilibrium phase 
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have been clari!ed in microgravity experiments [6]. The 
growth of the microstructure !rst follows a diffusion-limited 
process, which is indicated by sub-unity exponent in a power 
law of the aggregate width evolution 〈s(t)〉 ∼ tz, where z is 
the exponent of power law (typically z ∼ 0.3, consistent 
with diffusion-mediated coarsening) and 〈s(t)〉 is the average 
aggregate size. After a period, which depends weakly on !eld 
strength and strongly on toggle frequency, the size of aggre-
gated columns composed of paramagnetic colloids increases 
due to coalescence, resulting in growth with a super-unity 
exponent, z ∼ 1.5.

Later, toggled magnetic !elds were applied to observe 
details of the aggregated microstructure in ground experi-
ments (under a normal gravitational force). These studies 
demonstrate that the pulse frequency plays a signi!cant role 
in the crystallization of magnetic spheres [7]. In the case of 
high toggle frequencies, colloids cannot escape the kinetically 
arrested phase due to the short timescale of particle diffusion. 
Since colloids are too mobile under very low pulse frequen-
cies to stay in the boundary where !eld-induced interaction 
is dominant over the Brownian diffusion, this condition is 
also not appropriate for particles to rearrange into the crystal-
line structure. In subsequent computational studies, Sherman 
and Swan showed that toggled interactions of particles lead 
to higher crystal quality with faster kinetics and the crystal 
growing mechanism is tunable by controlling toggling param-
eters [15, 16].

An emerging question is how an anisotropic shape of par-
ticles affects the aggregation kinetics and the microstructural 
and mechanical properties of MR "uids. The shape anisotro-
pies of magnetic particles give rise to inhomogeneous dipolar 
interactions and the anisotropic particles are expected to form 
unique structures [17, 18]. For instance, it has been computa-
tionally [19–21] and experimentally [22–24] shown that the 
structures of ellipsoidal shaped particles or high aspect ratio 
rods depend strongly on their aspect ratios.

This study employs magnetic ellipsoid-shaped colloids 
and follows the procedure of earlier microgravity experiments 
using spherical colloids to investigate the effect of particle 
shape on the growth of microstructures in MR "uids without 
particle sedimentation. The external toggled magnetic !eld is 
applied to ellipsoid suspension and the effect of toggling pro-
cess on the growth mechanism of microstructures is observed. 
The aspect ratio of the magnetic ellipsoids are varied to inves-
tigate the effect of particle shape on the assembly kinetics. 
The ellipsoids have a remnant magnetic moment and allow 
us to simultaneously study the effect of a permanent dipole 
attraction between particles.

We !nd that the magnetic !eld strength affects the attrac-
tion potential, and therefore, the assembly kinetics. However, 
a combination of contributions from the particle shape and the 
attraction potential (speci!cally, the presence of an interac-
tion due to magnetic remanence) results in structural pinning 
for large aspect ratio ellipsoids, causing less dependence of 
the !eld strength and toggling frequency, whereas the particle 
aggregation kinetics for small aspect ratio ellipsoids depend 
more strongly on the external magnetic !eld conditions. 
These results can be rationalized by the number of contacts 

long versus short ellipsoids are expected to make. Before dis-
cussing these results, we !rst present the experimental mat-
erials and methods in the next section.

2. Experimental

Magnetic ellipsoid particles are fabricated by the method of 
Ho et  al [25]. We start with spherical magnetic latex parti-
cles (diameter d = 2.5 ± 0.27 µm, Spherotech, Lake Forest, 
IL), which are polystyrene particles coated with magnetite 
nanoparticles. The latex particles are dispersed in a polymer 
solution (polyvinyl alcohol, PVA) and cast into thin !lms. 
The !lms are stretched uniaxially after heating the !lm above 
the glass transition temperature of the polystyrene particles, 
Tg ≈ 95 ◦C, in a hot silicone oil bath. After stretching, ellip-
soidal particles are recovered from the PVA matrix by dis-
solving PVA in a 7:3 water–isopropanol solution for 12 h. The 
solution is centrifuged and the particles are resuspended in 
the same water–isopropanol solution for 12 h. Next, the solu-
tion is heated to 50 °C–60 °C for 1 h. These centrifugation 
and resuspension steps are repeated three times in water–iso-
propanol mixture and !ve times in water. Figure 1(a) shows 
transmission electron microscope (FEI Talos F200C operating 
at 200 kV) images of two ellipsoids used in this paper with 
aspect ratio α = 2 and α = 4. The lengths in longer (L) and 
shorter (d) axis of ellipsoids are dα=2 = 1.99 ± 0.05 µm,  
Lα=2 = 4.30 ± 0.12 µm, dα=4 = 1.66 ± 0.05 µm, and 
Lα=4 = 6.57 ± 0.16 µm.

Each sample is held in a hermetically sealed glass capillary 
(inner diameter: 0.70 mm; wall thickness: 0.14 mm; length: 
approximately 50 mm). Before loading the particle suspension, 

Figure 1. (a) Transmission electron microscope images of magnetic 
ellipsoids used for experiments with aspect ratio α = 2 (left) and 
α = 4 (right). (b) Microgravity glovebox in the International Space 
Station (ISS) is schematically described. Sample cells are placed at 
the center (red dotted box) of Helmholtz coils. The microstructure 
is observed by two ccd cameras, RT and ST, that take images 
parallel and perpendicular to the applied magnetic !eld direction, 
respectively.
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one end of the capillary tube is sealed with an electric welder. 
The capillary tube is !lled with suspension of the synthesized 
ellipsoids (24.5 µl). The other end is then sealed with acety-
lene/oxygen torch. Complete sealing is examined by con-
necting the capillary to a vacuum and checking the pres sure 
drop and "ow in the capillary tube.

Figure 1(b) illustrates experimental equipments used in the 
ISS for microgravity self-assembly experiments. The magn-
etic ellipsoid suspension is placed at the center of Helmholtz 
coils to apply toggled magnetic !eld. The magnetic ellipsoids 
suspended in water (0.5% by volume) are subjected to toggled 
magnetic !eld and microgravity experimental condition on the 
International Space Station (ISS) allows us to observe micro-
structure formation driven solely by external !eld without 
catastrophic sedimentation of colloidal particles.

For quantitative analysis of magnetic !eld-driven inter-
action potentials between magnetic ellipsoids, magnetic 
properties of particles are measured by vibrating sample mag-
netometer (VSM). Figure 2 shows magnetization curves for 
two ellipsoidal particle with different aspect ratios, α = 2 
(black) and α = 4 (red). According to the VSM result, it is 
noted that aspect ratios affect saturation magnetization as 
marked by the plateau position of each ellipsoid. Enlarged 
VSM results shown in the inset reveal that both ellipsoids 
show remnant magnetization at zero magnetic !eld. Remnant 
magnetic moments (Mr) for ellipsoids with α = 2 and α = 4 
are Mr  =  1.8 A · m2 kg−1 and 1.4 A · m2 kg−1, respectively.

3. Results and discussion

In all of the experiments, the MR suspensions of ellipsoidal 
particles exhibit a transition from a system-spanning state in 
the absence of an external magnetic !eld to collapsed struc-
tures in a magnetic !eld (H  =  500 A m−1), as shown by 
snapshots of the experiments in !gure 3. In !gure 3, images 

showing parallel (RT view, left) and perpendicular (ST view, 
right) view to the applied magnetic !eld represent microstruc-
ture formation 5 min after turning on the toggled magnetic 
!eld. The initial state of the magnetic ellipsoid suspension 
with no magnetic !eld in insets shows that the magnetic ellip-
soids create few particle aggregated regions and the aggre-
gates and stable particles are homogeneously distributed over 
the sample. This aggregation can be attributed to remnant 
magnetization of the magnetic ellipsoids. When the external 
magnetic !eld is applied, the suspension begins aggregating 
and forming microstructures. The aggregates are column-like 
in shape from the RT and have a roughly circular cross-section 
when viewed by the ST camera.

The initial structure and its evolution in the externally 
applied !eld can be understood in terms of the magnetic 
particle interactions. Since the magnetic !elds used in the 
experiments (H  =  500–1500 A m−1) are in a range for which 
the magnetic moment is linearly proportional to the applied 
magnetic !eld, χ, the dipole–dipole interaction potential 
between two ellipsoids can be estimated by the magnetic 
susceptibility χ and the approximate expression of the point 
dipole model

Uαβ =
1

4πµ0r3
αβ

(I − 3r̂αβ r̂αβ) : mαmβ (1)

where µ0 is the vacuum permeability, rαβ is the center-to-
center distance between two particles, r̂ is the unit vector 
between two particle centers. mα is the magnetic moment of 
spherical particle α, which is de!ned as mα = 4

3πa3µ0χH for 
a magnetic particle of the radius a. Given the remnant magn-
etic moment Mr and particle shape, the magnetic moment is 
expressed as mα = Vpµ0(χH + Mr) =

4
3πa2Lµ0(χH + Mr), 

where L and a refer to the length half of the ellipsoid length 
and diameter, respectively. When two of the same magnetic 
particles α are contacted at their surface, the dipole–dipole 
interaction potential can be calculated using

Figure 2. Magnetic properties of ellipsoids and induced dipole–
dipole attractive potential. Magnetic moments, M, of ellipsoids 
measured with vibrating sample magnetometer (VSM) are plotted 
versus magnetic !eld, H. Black and red graphs indicate magnetic 
hysteresis loops for ellipsoids with aspect ratio, α = 2 and 4, 
respectively.

Figure 3. Images of magnetic ellipsoids (0.5% by volume) with 
aspect ratio α = 4 are taken by RT (left) and ST (right) cameras 
5 min after turning on external toggled magnetic !eld with !eld 
strength H  =  500 A m−1 and pulse frequency ω = 2 Hz. Insets 
show samples under no magnetic !elds. The images are processed 
to increase the contrast between particle-rich (black) and particle-
poor (white) region. Arrows indicate the direction of the applied 
magnetic !eld. Scale bar: 50 µm.
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λ =
U

kBT
=

(1 − 3cos2θ)m2
α

4πµ0r3kBT
, (2)

where the center-to-center distance r is

r = 2

√
a2L2

a2cos2θ + L2sin2θ
.

The dimensionless dipole strength λ is normalized by the 
Boltzmann thermal energy (kBT), a product of Boltzmann con-
stant kB and temperature T. The dipole strength characterizes 
the assembly behavior. When magnetic interactions are strong 
and the dipole strength is λ ! 1, the magnetic particles form 
microstructures due to the dominant dipole–dipole interaction. 
When λ ! 1, they are normally dispersed by Brownian motion. 
However, the remnant magnetic potential (see !gure S1, avail-
able in the online supplementary material (stacks.iop.org/
JPhysD/52/184002/mmedia)) induces an interaction on the 
order of 34kBT  for the α = 2 ellipsoids and 13kBT  for the 
α = 4 ellipsoids. This means that the magnetic ellipsoids 
tend to aggregate and form a percolated microstructure in the 
absence of the toggled magnetic !eld, which agrees with the 
observation presented in the ST view of !gure 3 (inset).

Further details of the structure formation are shown in 
!gure  4, in which we plot both the total intensity of trans-
mitted light through the samples and the RT and ST views 
of the suspension microstructures for ellipsoids with α = 2 
and 4 in !gures 4(a) and (b), respectively. As discussed previ-
ously, the suspension structures of both ellipsoid aspect ratios 
coarsen, forming column-like bodies. Only a small amount 

of light penetrates in the RT view, a notable difference to pre-
vious experiments with paramagnetic spheres, in which the 
column width could be monitored [6]. This indicates that the 
structure is unable to fully condense, likely due to the dipolar 
interactions induced by the remanent polarization of the ellip-
soids. Nonetheless, intriguing differences are observed for 
the two aspect ratios. Due to stronger magnetic remanence 
of ellipsoids with α = 2 as shown in !gure S1, particles are 

Figure 4. Transmitted light intensity depending on the !eld-applied time. Transmitted light intensities ( Itrans) through the samples of (a) 
ellipsoids with aspect ratio, α = 2 and (b) α = 4 from ST (black open rectangles) and RT (blue open circles) are estimated as a function of 
magnetic !eld-applied (H  =  500 A m−1 and ω = 2 Hz) time. Intensities are normalized by the initial light intensity (I0). (c) Images show 
aggregated microstructures corresponding to each state indicated by arrows with numbers in (a) and (b). Scale bar: 50 µm.

Figure 5. Coalescence of magnetic ellipsoid columns. Magnetic 
ellipsoids (0.5% by volume) with aspect ratio α = 4 are at 
H  =  500 A m−1 and ω = 2 Hz. Orange arrows indicate merging 
two coalesced columns. The direction of applied magnetic !eld is 
normal to image plane. Scale bar: 50 µm.
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initially more aggregated than higher aspect ratio ellipsoids 
according to initial aggregated microstructure formed under 
no magnetic !eld in !gure 4(c). When viewed along the !eld 
direction (ST view), the smaller aspect ratio ellipsoids form 
large aggregates, while the longer ellipsoids form many more 
smaller and dispersed columns. The total transmitted intensity 
captures these differences too. The intensity for α = 4 (!gure 
4(b)) increases more rapidly than the α = 2 sample after the 
application of the !eld, consistent with more disperse micro-
structures. In addition to lateral coalescence of the columns in 
this case, the intensity of transmitted light between columns 
increases, indicating that the columns are growing in length, 
as well. One mechanism for coarsening appears to be lateral 
coalescence between the columns, which is observed peri-
odically within the !eld of view. An example is illustrated in 
!gure 5. The time between images is shorter in !gure 5 (struc-
tures between 8 min and 15 min), which was only intended to 
illustrate a coalescence event. Over longer times, the number 
of aggregates in the !eld of view decreases, consistent with 
!gure 4.

Next, we analyze the area occupied by aggregates over the 
total image area, Aagg/Atot  from ST view images as a func-
tion of time the !eld is applied. (Figure S2 presents the corre-
sponding RT data, which exhibit little change, consistent with 
the images in !gure 4(a).) Again, due to the magnetic inter-
action between particles and the lateral interaction between 
columnar aggregates, the microstructure coarsens. The nor-
malized area of the aggregates decreases (!gure 6). For ellip-
soids with short aspect ratio (α = 2), the change in aggregate 
area depends strongly on !eld strength; coarsening occurs 
more rapidly at H  =  1500 A m−1 than 500 A m−1.

For small aspect ratio particles, the initial growth kinetics 
exhibits a power-law like trend, so the exponents z are esti-
mated over an initial region of growth (reported in table S1). 
The fastest kinetics, which occur at the higher !eld strength, 
exhibit power laws on the order of  ∼0.23–0.45, which is close 
to 0.3 for diffusion-mediated coarsening [26], but with inter-
mittent coalescence events that were illustrated earlier. Such 
a thermal process is similar to the coarsening kinetics that 
are observed in studies of MR suspensions of spherical par-
ticles [6]. At the lower !eld strength, slower growth kinetics 
dominate, where z ∼ 0.1. This is attributed to strong magnetic 
remanence which in turn, requires stronger magnetic strength 
to overcome the potential causing particle aggregation.

For longer ellipsoids (α = 4), there is little difference in 
the coarsening process at different !eld strengths. The effect 
of toggle frequency also depends on the particle aspect ratio. 
Short ellipsoids exhibit a modest dependence on the toggle 
frequency. At ω = 0.66 Hz, the suspensions coarsen more 
quickly, while coarsening slows as the frequency increases to 
2 and 20 Hz. This dependence is more clearly seen when the 
results are plotted together in !gure 7(a). Again, in contrast, 
longer ellipsoids exhibit little dependence on toggle frequency 
(see !gure 7(b)).

Another feature of the aggregate area plots are periodic 
oscillations at long times (!gure 6). These oscillations are 
attributed to the precession of the aggregates in the Earth’s 
magnetic !eld. The aggregates tilt depending on the location 
of the ISS, and their size in the ST view grows or shrinks. The 
period of the oscillation is approximately 2700 s, equivalent to 
one half of the ISS orbital period [27]. The emergence of this 
oscillation is a strong indicator that the length of the aggregates 

Figure 6. Particle distribution under the external magnetic !eld. The magnetic ellipsoids (0.5% by volume) aggregated area, Aagg, is plotted 
versus time, t. Area is normalized by the total area of the screen, Atot. Aagg/Atot values for ellipsoids with aspect ratio (a)–(c) α = 2 and (d)–
(f) α = 4 are displayed at different magnetic !eld strengths, H  =  500 A m−1 (red close rectangles) and 1500 A m−1 (blue open rectangles). 
Toggling frequency (ω) is set to (a), (d) 0.66 Hz, (b), (e) 2 Hz, or (c), (f) 20 Hz. Gray dashed lines illustrate the power-law behavior in the 
initial stage of microstructure growth.

J. Phys. D: Appl. Phys. 52 (2019) 184002
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increases with time, since this would lead to a larger magnetic 
moment that ultimately follows the direction of the weaker 
!eld of the Earth, much like a compass needle. The noise at 
the end of each measurement is the result of a translation of 
the sample to observe the overall structures throughout the 
suspension. These con!rm that there are no large variations or 
differences throughout the observable volume of the sample.

The results of these studies are different than the toggled-
!eld assembly of paramagnetic spheres under microgravity 
conditions, in which strong phase separation occurred with 
time to form larger and more de!ned columnar and droplet-
like structures [6]. Instead, the coarsening of the ellipsoid 
samples behaves more like the structural evolution of para-
magnetic suspensions in dc magnetic !elds [9, 28–30]. This 
effect is likely due to the strong dipolar interactions of the 
particles’ remanent magnetic interaction, which persist even 

as the !eld toggles off. The attractions limit their diffusive 
rearrangement that is the hallmark of the annealing process 
for paramagnetic suspensions. However, there are interesting 
and distinct differences in the behavior of ellipsoids with dif-
ferent aspect ratios. Toggling the !eld has an effect on shorter 
aspect ratio ellipsoids, but not on longer ones, and the aggre-
gated structures for the shorter ellipsoids are larger and less 
dispersed as individual columns. We attribute this difference 
to the higher contact number of the longer ellipsoidal parti-
cles. In their studies of self-assembling attractive Janus ellip-
soids, Shah and coworkers found that only high aspect ratio 
ellipsoids (α > 3.5) form structured !bers [24]. This aspect 
ratio regime in which ellipsoids form high contact number 
phase includes the high aspect ratio ellipsoid (α = 4). Thus, 
we expect that high aspect ratio ellipsoids !rst assemble into a 
!ber structure which is pinned by their remanent dipolar inter-
actions. Consequently, the pinning results in less dependence 
of the aggregation rate on magnetic strength and toggling fre-
quency, through a lateral !ber–!ber aggregation mechanism.

4. Conclusions

Colloidal interactions induced by magnetic and electric 
!elds are important for the formation of microstructure and 
response of magneto- and electrorheological "uids. Fields, 
when toggled, can also be harnessed for directed particle 
self-assembly. In this work, we studied driven suspensions 
of anisotropic magnetic nanoparticles free from gravitational 
sedimentation. The attractive interactions between the ellip-
soids due to their magnetic remanence lead to microstruc-
tures which are not fully dispersed. Toggling the !eld does 
not lead to phase separation as it does for paramagnetic sus-
pensions. Nonetheless, the toggled !eld does cause the sus-
pension to coarsen. The kinetics of coarsening and effects of 
!eld strength and frequency depend on the aspect ratio of 
the particles. Although they are prevented from fully redis-
persing when the !eld is off, shorter aspect ratio ellipsoids 
may rearrange more. Long ellipsoids coarsen in a manner 
similar to paramagnetic colloids in dc !elds, suggesting that 
their microstuctures are ‘pinned’ more by a higher number 
of contacts between particles. These results provide tanta-
lizing clues to how the interplay between particle shape and 
external !elds can be used to drive structural evolution in 
magnetic suspensions.
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