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Abstract
The suspension structure and assembly kinetics
of micrometer-diameter paramagnetic spheres
in toggled magnetic fields are investigated at
a constant field strength H = 1750 Am−1 while
toggling the field on and off over the frequency
range 0.3 < f < 5 Hz and duty ratio val-
ues (the fraction of time the field is on over
one toggle period) 0.05 ≤ ξ ≤ 0.8. Five
microstructures form after sufficient time in
the toggled field: fluid, columnar, percolated,
ellipsoidal-shaped, and perpendicular, and their
kinetic pathways are identified. For ellipsoidal-
shaped microstructures, diffusion-driven par-
ticle aggregation at early times gives way
to a fluid-like breakup. For columnar- and
percolated-structures, this coarsening arrests
before breakup. As the toggling duty cycle de-
creases, the range of frequencies for each struc-
ture narrows, giving way to an unstructured
fluid; below ξ < 0.1, only the fluid state is ob-
served. The existence of fluid, columnar, per-
colated, and ellipsoidal-shaped microstructures
agree well with those predicted by the theoret-
ical and computational work of Sherman et al.
(Z. M. Sherman, H. Rosenthal, J. W. Swan,
Langmuir 34, 1029–1041, 2018). Microstruc-
tures that connect perpendicularly to the mag-
netic field are identified for 0.1 ≤ ξ ≤ 0.3
and 1.6 < f < 3.7 Hz. Perpendicular mi-
crostructures also exhibit emergent dynamics
with continuous rotation, breakup, and coales-

cence events.

Introduction
Colloidal assembly is a promising approach for
creating ordered micro- and nano-structured
materials in a highly scalable process.1 Exam-
ples of assembled colloidal materials include
photonic2–4 and phononic5–7 crystals, inverse
opals for size-selective filtration,8–10 and sen-
sors.11,12 Colloids can self-assemble – natu-
rally, in the case of gem opals13,14 – due to
the hard-sphere crystallization transition 15 and
also by tailoring interparticle interaction po-
tentials through the use of externally-applied
fields,16–18 DNA hybridization,19–22 and deple-
tion interactions.23,24
Field-directed self-assembly is a straightfor-

ward way to control the interaction potential
and structure of colloidal suspensions. Sus-
pensions of polarizable colloids, in which the
dipole-dipole interaction is induced by an ex-
ternal electric or magnetic field, typically form
gel-like microstructures as the particles align
and form chains parallel to the applied field
in early stages of assembly.25,26 Later, these
chains interact laterally to form thicker, per-
colated fibrous structures.27 While such mi-
crostructural changes give rise to rapid and
reversible transitions of electro- and magneto-
rheology,28,29 the kinetically-arrested structure
under steady fields generally prevents the sus-
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pension from forming ordered, equilibrium par-
ticle arrays.30–32
In an effort to circumvent the kinetically-

arrested state in an external field, Promis-
low and Gast first made use of toggling, in
which the field is turned on and off periodi-
cally with a square waveform at a frequency
f .33,34 In a toggled magnetic field, paramag-
netic colloidal suspensions reach an energetic
minimum through the formation of large, spiky
ellipsoidal-shaped domains oriented with the
field33,34 Later, Swan and coworkers studied the
kinetics of this microstructural transition. 35,36
The growth of the magnetic particle domain
width with time 〈s(t)〉 followed an initial power-
law behavior 〈s(t)〉 ∼ tz with exponents z ∼
0.3 due to either a diffusion-limited surface
or bulk diffusion coarsening mechanism.37 At
longer times, the depercolation and the coa-
lescence processes cause a rapid growth of the
microstructure, which results in a cross-over of
the coarsening exponent to super-unity values,
z ∼ 1.5.
These previous experimental studies focus on

the effect of toggled fields at a constant duty
ratio ξ = 0.5. Here, ξ = ton/(ton + toff) is the
ratio of field-on time duration (ton) in one tog-
gling cycle period ton + toff = 1/f , where toff
refers to field-off time duration and f is the tog-
gling frequency. Recent computational and the-
oretical studies by Sherman and coworkers sug-
gest that varying toggling parameters (f and
ξ) affects the self-assembly kinetics, rate, and
mechanisms, as well as enhances the final crys-
tallinity of the self-assembled structure.38–40
An experimental investigation of the struc-

tures in magnetic colloidal suspensions as a
function of duty ratio and toggling frequency
is still lacking, despite a wide range of ap-
plications that would benefit from possibly
faster growth rates and robust organization into
defect-free crystalline states. In this article, we
address this need by studying paramagnetic col-
loids assembled in toggled magnetic fields. The
self-assembly kinetics are measured by observ-
ing changes in the suspension microstructure
with time. Microstructures are mapped onto
a state diagram and the correlation between
the structural phase and the growth kinetics is

Figure 1: (a) Experimental setup for magnetic
particle self-assembly. (b) Optical microscope
images show phase-separation and microstruc-
ture formation of self-assembling colloidal par-
ticles at f = 1 Hz and ξ = 0.35. Scale bar: 500
µm.
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made. Interestingly, we identify a narrow re-
gion of frequencies and duty ratios in which a
new class of perpendicular microstructures form
with wavy-shaped patterns that connect per-
pendicular to the applied field.

Material and Methods

Paramagnetic colloid suspensions

The magnetic suspensions are polystyrene par-
ticles containing iron oxide superparamagnetic
nanoparticles (diameter 2a = 1.05 µm, mag-
netic susceptibility χ = 1.4, saturation magne-
tization Msat ≈ 4 × 104A/m, Dynabeads My-
One). The particles are dispersed in ultra-pure
water (resistivity >18.2 MΩ·cm) at a volume
fraction φ = 5×10−3. A glass slide and a cover-
slip are sandwiched with a spacer of two 100 µm
thick rectangular double-sided adhesive strips.
The particle suspension is introduced by cap-
illary action into the rectangular cross-section
channel. Due to the high density mismatch be-
tween water and the particles (particle density,
ρp = 1.8 mg·mL−1), the colloids sediment and
initially form a uniform monolayer with approx-
imately 75% surface area coverage before the
experiment commences.

Self-assembly in toggled fields

For each self-assembly experiment, the sam-
ple is placed on an inverted optical micro-
scope (Zeiss Axio Observer) at the center of a
Helmholtz coil, which generates a magnetic field
perpendicular to the gravity and in the sample
plane (cf. Figure 1a). The magnetic field is ap-
plied and toggled on and off in a square-wave
with controlled duty ratio ξ and frequency f us-
ing a function generator (Agilent 33220A) and
three power transistors (IRF 840) connected in
parallel as the current switch for a DC power
supply (BK Precision 1621A). All of the exper-
iments in this work are performed by toggling
between H = 1750 A·m-1 and 0 A·m-1.
The interactions between the paramagnetic

particles are characterized by the induced

dipole strength

λ =
πµ0a

3χ2H2

9kBT
, (1)

which is the ratio of the maximum field-induced
attraction between the particles to the thermal
energy. Here, kB is the Boltzmann constant, T
the absolute temperature, µ0 the vacuum per-
meability, a the particle radius, and H the mag-
netic field strength generated by the coils in the
imaging region. The magnetic field strength is
in the linear magnetization regime of the parti-
cles and well below their saturation magnetiza-
tion. The corresponding dipole strength for the
field strength H = 1750 A·m-1 is λ ≈ 93.
After starting the toggling, the suspension

is imaged at regular intervals (1 frame / sec-
ond) under Kohler bright-field illumination us-
ing a digital camera (Canon EOS Rebel T2i).
Representative images of the the suspension for
f = 1 Hz, ξ = 0.35, and magnetic field strength
H = 1750 A·m-1 are shown in Figure 1b.
Small-angle light scattering (SALS) experi-

ments are performed with a laser of a wave-
length λ = 635 nm (Edmund Optics, Stock
#54-023). The laser passes through an aperture
with a 1 mm diameter before being reflected by
a mirror placed below the sample on the micro-
scope stage. A screen is placed 2.75 cm above
the sample and imaged with a camera. The
SALS setup provides a wavevector range q be-
tween 1.3 and 9.5 µm−1.

Results and Discussion
In the following results and discussion, we
present the effect of the toggled field duty cycle
on the suspension microstructure in three sec-
tions: first, we discuss the steady-state or “ter-
minal” microstructure of the suspension after
a long period of toggling. The toggling dura-
tion depends on the coarsening kinetics, which
are discussed second. Third, we present fur-
ther details of a new subset of microstructures,
dynamics, and kinetics observed for a narrow
range of duty ratios and frequencies, which we
call the perpendicular microstructure.
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Steady-state suspension structure
and state diagram

Representative images of the suspension mi-
crostructure are shown in Figure 2 for each tog-
gle frequency and duty cycle. We observe four
general structures: columnar, ellipsoidal, per-
colated, and perpendicular-shaped. These are
identified in the figure by green, blue, orange,
and red outlines. Columnar, ellipsoidal, and
percolated structures are similar to those re-
ported in previous studies at a single duty ratio
ξ = 0.5.36,41,42 The wavy-shaped perpendicular
structures are unique to this work and are dis-
cussed in detail later.
Suspensions in all of the toggled-field condi-

tions exhibit some amount of coalescence into
concentrated particle domains and subsequent
coarsening. For columnar and percolated struc-
tures, the coarsening slows and eventually ar-
rests. Under other toggle conditions, the par-
ticle domains break up into finite-sized “ellip-
soidal structures” aligned in the direction of the
magnetic field. The ellipsoidal shapes form via
a Rayleigh-Plateau instability.41,42 The occur-
rence of the Rayleigh-Plateau instability con-
firms that particles do not form a two dimen-
sional structure, but generate a flattened 3D
structure. The wavelength of the instability
enables one to estimate an effective viscosity
of the particle-dense domain as reported by
Bauer and coworkers.41 Percolated and colum-
nar structures occur at the highest and lowest
toggle frequencies, respectively.
The toggle duty cycle affects the final sus-

pension microstructure by shifting the tran-
sition frequency between the columnar, ellip-
soidal, and percolated states. At the duty cy-
cle ξ = 0.35, breakup into ellipsoids occurs in
a narrower range of frequencies, while at the
lowest toggle duty cycle, ξ = 0.1, no breakup
occurs at all.
Small-angle light scattering (SALS) is used

to characterize the suspension structure on the
lengthscale of the particles. Representative
SALS scattering patterns are shown in Fig-
ure 3 for a homogeneous suspension, fluid, per-
colated, columnar, ellipsoidal, and perpendicu-
lar structures. An isotropic pattern of a sus-

pension in the absence of an applied field in-
dicates that particles are homogeneously dis-
tributed. After applying the toggled magnetic
field, the scattering patterns at the lowest scat-
tering vectors q become anisotropic due to the
orientation of the assembling particles paral-
lel to the field direction. At higher scattering
vectors, the fluid, percolated, ellipsoidal, and
perpendicular structures exhibit distinct peaks
with a six-fold symmetry that indicates local
crystallinity in the condensed phases. The ra-
dial peak positions correspond to the average
distance between the particles, 1.4d. The peaks
are smeared for the fluid and percolated struc-
tures, and sharper for ellipsoidal and perpendic-
ular states. The columnar structure lacks such
peaks entirely, indicating a disordered struc-
ture at the particle level. The absence of
crystallinity for the columnar structure agrees
well that of a metastable fluid/fluid coexistence
phase observed in Brownian dynamics simula-
tions.40 We will return to comparisons with the
computational studies in more detail below.

State diagram. The final microstructures
are organized into the state diagram shown in
Figure 4a with representative images in Fig-
ure 4b. Each state is represented by the value
of toff and duty ratio ξ = ton/(ton+ toff). We use
the characteristic time required for a particle to
diffuse a distance equal to its radius in a solvent
with viscosity η, τD = 6πηa3/kBT to scale toff .
Isofrequency lines are also plotted in the figure
to highlight the other controlling experimental
parameter after the duty ratio.
A fluid-like, non-condensed phase (black

crosses) occurs at the lowest duty ratios ξ < 0.1
or at a high toggling frequency f > 20 Hz, as
the pulse width ton when the field is on is too
short to drive particle aggregation. An increase
in toff, corresponding to the decrease of the fre-
quency, at 0.04 < toff/τD < 1 leads to a ton long
enough to form particle-condensed microstruc-
tures. However, the condensed particles do not
relax and reorganize when toff is shorter than
τD, and therefore the suspension arrests in the
percolated microstructure (orange region).
For toff/τD ∼ 1, represented by the blue

region and symbols in Figure 4a, the parti-
cles rearrange repeatedly and the microstruc-
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Figure 2: Bright-field optical micrographs of the suspension microstructure. Toggled frequency (f )
and duty ratio (ξ) are varied at a constant field strength H = 1750 A·m-1. Green, blue, orange,
and red boundaries refer to columnar, ellipsoidal, percolated, and perpendicular microstructures,
respectively. The dimensions of each image are 1.5 mm × 1 mm.

2 μm-1

𝐻

Fluid Percolated

Ellipsoid PerpendicularColumn

No Field

Figure 3: Representative small angle light scat-
tering patterns for a homogeneous suspension,
fluid, percolated, columnar, ellipsoidal, and
zigzag-shaped perpendicular structure in the
toggled field strength H = 1750 A·m-1. The
field direction is oriented from the bottom to
top in each image. Scale bar: 2 µm−1

ture evolves towards a thermodynamically more
favorable state of ellipsoidal-shaped domains
through a Rayleigh-Plateau breakup. As ξ
decreases, the range of toff/τD values where
ellipsoids form also decreases. Instead, the
structure arrests into columns (green symbols).
This dependence of the microstructural state
on duty ratio can be attributed to toff being
few times longer than τD. When the field-
off time duration is too long, particles diffuse
outside the range of the capture radius (rc),
the distance between particles to have inter-
action potential of 1kBT , that can be defined
as rc = (8πµ0a

6χ2H2/9kBT )1/3 = 2aλ1/3 ≈
8.6a.36 In the case of toff > rc, particles are
no longer bound in the aggregated microstruc-
ture and the colloidal suspension coarsening ki-
netics slow. However, some conditions near
the boundary between the ellipsoidal- and the
columnar-structure state show slow growth ki-
netics at the late-stage of self-assembly. In this
respect, these structures are intermediate states
that may evolve into ellipsoidal structures given
enough time.
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Figure 4: Microstructure state diagram.
(a) Final microstructures for fluid-like (black
crosses), percolated (orange squares), ellip-
soidal (blue circles), columnar (green triangles),
and perpendicular (red diamonds) structures
are mapped into the diagram as duty ratio
ξ = ton/(ton + toff) versus toff/τD. The red solid
lines are isofrequency lines. (b) Corresponding
images of the colloidal microstructures.

The newly-identified phase of perpendicular
microstructures is observed within the range of
parameters 0.5 < toff/τD < 1 and 0.1 < ξ < 0.2,
shown as the red regime in Figure 4a (see also
f = 2 Hz and ξ = 0.2 in Figure 2).
Except for the perpendicular phase, the ex-

perimental state diagram is nearly identical to
the phase diagram for particle assembly with
toggled interactions between polarizable parti-
cles computed by Brownian dynamics simula-
tions.40 (Figure S1 in the Supporting Informa-
tion presents the phase diagram reported previ-
ously next to the experimental results.) In the
Brownian dynamics simulations, mutually po-
larizable colloids are modeled to calculate the
equilibrium phase diagram of suspension. The
inclusion of mutual polarization incorporates
both the external magnetic field and the local
induced field of the particles. Such a particle-
level simulation captures the interfacial energy,
osmotic pressure, and inter-domain interactions
that have been described in a domain-level
manner by Cutillas and coworkers.43 In the
Brownian dynamics simulations presented by
Sherman and Swan,39,40,44 hydrodynamic inter-
actions are not taken into account; however,
Fiore and Swan confirmed that there are no
qualitative changes in the results by perform-
ing Brownian dynamics simulations with and
without hydrodynamic interactions.45
In both the experiments and simulations,

comparable phases (fluid, columnar, perco-
lated, and ellipsoidal structures) are observed.
The resemblance of the phase boundaries be-
tween experiments and simulations is notewor-
thy; a fluid phase occurs at ξ < 0.1; perco-
lated structures occur at low values of toff/τD,
columns at high values, and ellipsoids at inter-
mediate to the two with a range of toff/τD that
increases with increasing duty ratio. However,
the simulation phase boundary is quantitatively
shifted towards lower toff/τD values. This dif-
ference may be attributed to the strength of
the polarizable interaction in our experiments
or the geometry of the samples. The field
strength H̃0,experiment = 11.6 is used in the ex-
periments, whereas H̃0 = 3 is the highest value
with a phase diagram reported for the simula-
tions. Here, H̃0 = H0

√
a3µf f/kBT with the sol-
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vent permeability µf. The geometry of the ex-
periments is also different. The experiments are
performed in a gravitational field, which adds
another contribution to the suspension energy 46

and pushes the aggregates into close proxim-
ity with a solid interface. Thus, it would not
be surprising if the hydrodynamic interactions
contributed to the apparently slower dynam-
ics,47 although microgravity experiments have
produced results that are similar to ground-
based experiments.35

Effect of duty cycle on the coarsen-
ing kinetics

We analyze the microstructure growth kinetics
by calculating the power spectrum of the time
series of microscopy images. Micrographs taken
every 20 s at a given toggling condition are used
to calculate the power spectral density along di-
rection perpendicular to the applied magnetic
field. The peak position is fitted at the max-
imum intensity (Imax) and the corresponding
wavevector (qm) is plotted with the time after
applying the toggling field in Figure 5a and 5b.
The qm and time t axes are normalized by the
wavevector qc at the corner time tc at which
the growth kinetics exhibit a change in scaling.
The wavevector qm represents the characteris-
tic length scale (Lc) of the microstructures with
the relation Lc = 2π/qm. Therefore, the power-
law behavior of structural growth can be seen
as qm ∼ 〈s(t)〉−1 ∼ t−z.
The suspensions follow one of two kinetic

pathways after a period of similar initial coars-
ening. The two paths are distinguished by
whether the microstructures condense into
finite-length domains or eventually arrest as
either columns or percolated structures (e.g.
states green or orange). For ellipsoidal mi-
crostructures shown in Figure 5a, the coars-
ening initially conforms the power-law behav-
ior with qm ∼ t−0.25 or t−0.33, which corre-
sponds to surface diffusion- or bulk diffusion-
mediated structural growth, respectively.37 The
late-stage growth kinetics undergo a crossover
of z from sub-unity to a super-unity expo-
nent z ≥ 1.5, which indicates faster growth
of the characteristic size scale of microstruc-

tures.35,36,48
The growth kinetics of percolated and colum-

nar structures in Figure 5b differs from the
ellipsoidal-shaped structures primarily at their
late stages. After the initial coarsening, which
follows similar power-law kinetics, the struc-
tural growth eventually stops, indicating the
absence of (or undetectably slow) inter-domain
coalescence or breakup.
The coarsening exponent z before the break-

through time is shown as a function of duty
ratio ξ in Figure 5c. The exponent does not
exceed the bulk-diffusion dominant growth rate
zbulk = 1/3 and generally, zsurf < z < zbulk
where zsurf = 1/4 is the exponent for the sur-
face diffusion growth.
All of the corner times tc for the breakup

events (Figure 5d) are in a good agreement
with the previous study performed at a con-
stant duty ratio ξ = 0.5.36 This breakthrough
time tc increases exponentially and it can be
scaled as exp[(0.92 s)f ] for f > 1 Hz; the coef-
ficient is comparable to the diffusive time scale
of the particles τD ∼ 0.92s−1. At low frequen-
cies, e.g. f < 1 Hz, the condensed state formed
during the field-on stage is partially lost due to
the particles diffusion further than the capture
radius of the interaction potential. This loss of
structure requires more cycles to generate the
break-up process and leads to a steep increase
in breakthrough time that consistent with the
approximation tc ∼ exp[−(7.9 s)f ] introduced
in the earlier study.36

Growth and dynamics of the per-
pendicular structure

This work identifies a new state, which we call
“perpendicular", identified as the red region in
Figure 4. It has a final microstructure that con-
nects orthogonally to the magnetic field and
occurs in a narrow range of toggle frequen-
cies and duty ratios: 1.6 < f < 3.7 Hz and
0.1 ≤ ξ ≤ 0.3. Here, we discuss the perpen-
dicular structure in more detail, including its
growth kinetics and dynamics.

Structural evolution. The growth and
breakup process for the perpendicular structure
are shown in Figure 6a. Instead of a homo-
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Figure 5: The microstructure growth kinetics of (a) ellipsoidal-shaped (conditions within a blue
boundary in Figure 2), (b) percolated and columnar structures (orange and green boundaries in
Figure 2). The maximum intensity peak wavevector (qm) is shown versus time (t) normalized by the
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duty ratio ξ at toggled frequencies f=0.33 (blue rectangle), 0.5 (red diamond), 0.66 (black circle),
1 (green triangle), and 2 Hz (magenta cross). Red and blue dashed lines indicate exponents for
diffusion (z = 1/3) and surface diffusion (z = 1/4) dominant aggregation, respectively. (d) The
critical time is plotted as a function of frequency (f) for the ellipsoidal state (blue symbols). Red
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geneous aggregation of percolated, column-like
structures (cf. Figure 7b), at the start of tog-
gling, voids that are empty of particles nucleate
sparsely throughout the suspension. The voids
grow, forming thick, but percolated columns
by t = 600 s and later, the deformation be-
comes more apparent and begins to break up
around t = 1000 s. However, instead of form-
ing isolated aggregates, the nascent structures
coalesce laterally (e.g. at t = 1200 s) and finally,
the colloidal suspension forms a connected, al-
ternating pattern perpendicular to the applied
magnetic field. The perpendicular structure
can span centimeters, as shown by the low mag-
nification image in Figure 6b.
In Figure 6a, we plot the maximum wavevec-

tor perpendicular to the field of the devel-
oping microstructure with time. Two distin-
guishable sets of curves emerge, indicated by
black and blue symbols. In the first first set
(black symbols), qm decreases before turning
upwards. This increase after the suspension ini-
tially coarsens reflects the micrograph sequence
discussed above: the aggregate widths decrease
by forming zig-zag pattern directly from the
thick percolated networks. In the second set
(blue symbols), qm exhibits an initial and more
rapid downturn, as if approaching a break-
through similar to the growth at the ellipsoidal
state, but then turns upwards as the perpen-
dicular state forms. A proximity to the state
boundary differentiates the two sets of curves.
The experiments represented by the blue sym-
bols lie near the perpendicular-ellipsoidal state
boundary in Figure 4a.
The downturn followed by an upturn of qm

in the experiments close to the state bound-
ary may reflect a competition of timescales,
since the onset of the downturn varies with
the state point conditions. Interestingly, the
wavevector decreases as a power law scaling
with time qm ∼ t−z for all of the perpendicular
states, with a dependence similar to those ob-
served for the early-stages of spinodal decompo-
sition, z = 1/6.49,50 One state-point in particu-
lar is reminiscent of a divergence of a relaxation
time near a critical point: at f = 3.43Hz and
ξ = 0.143 (blue diamond symbols), the power-
law decrease of qm extends for over 2000 sec-

onds.
Nucleation and phase diagram. To gain

further insight into the growth kinetics, we ob-
serve the contrast-enhanced grayscale time se-
ries micrographs in Figure 7a. The false color
images make it clear that the optical density,
and hence particle concentration, increases in
the vicinity of the voids (indicated by the emer-
gence of red colors). The voids continue to
grow, and later, the dense regions form into
periodic domains connected by small threads
of suspension. Eventually these domains follow
the process of forming the zig-zag pattern de-
scribed above. Comparing Figure 7a and Fig-
ure 7b, we see that the nucleation of voids is
quicker and growth becomes faster as the duty
ratio increases.
The formation of voids is characteristic of nu-

cleation phenomena, and motivates us to com-
pare the perpendicular cluster state points to
the phase boundaries estimated by the theoret-
ical thermodynamic equation of state (EoS) and
Brownian dynamics simulations for polarizable
particles in toggled fields by Sherman et al.40,44
We interpolate their fluid/fluid (F/F) coexis-
tence binodal and the fluid/solid coexistence
boundaries to the value of the magnetic con-
trast parameter β = (µp/µf − 1)/(µp/µf + 2) =
0.32 with µp representing the relative magnetic
permeability of a particle and µf the permeabil-
ity of the fluid. Further details of the interpo-
lation are provided in the Supporting Informa-
tion.
The interpolated F/F binodal line for β =

0.32 is shown in Figure 7c. We estimate that
the suspension volume fraction of the suspen-
sions is φ ≈ 0.45 based on the bulk volume
fraction and the sedimentation height (∼ 0.1a)
of the colloids.51 The perpendicular structure
state points, then, lie between the F/F (solid
line) and F/BCT (dashed line) boundaries. As
the duty cycle decreases, the corresponding
state points approach the F/BCT line. Con-
ditions where density fluctuation occurs (red
closed diamonds) are located below the F/F
line, but above F/BCT coexistence line (dashed
line). By contrast, conditions for the perpendic-
ular state evolving without the local nucleation
(red open diamonds) are located above the F/F
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Figure 7: The perpendicular state microstructure (a) at toff/τD = 0.66 and ξ = 0.124 and (b)
toff/τD = 0.66 and ξ = 0.26 over time are shown with adjusted brightness and enhanced contrast (left
panels) and false-color colormap (right panels). (c) (Left panel) The F/F and F/BCT coexistence
lines are interpolated for β = 0.32. A black solid line is the interpolated F/F binodal line. The
F/BCT coexistence line (dashed line) is also presented. Conditions where the optical fluctuation
is observed (i.e. the case shown in a) are plotted with closed red diamond symbols and those with
no optical fluctuation (i.e. the case shown in b) are plotted with open red diamonds. On the right
panel, the state diagram shown in Figure 4 is highlighted again with different axis,

√
ξH̃0 versus

toff/τD.

binodal line. This may indicate that magnetic
colloidal suspensions exhibit the density fluctu-
ation near the critical point. Additionally, the
absence of unique perpendicular pattern forma-
tion can be attributed to the limited simula-
tion size scale, which is far smaller than the
millimeter-scale perpendicular structure.

Emergent dynamics. After the perpen-
dicular structure reaches a steady state, it ex-
hibits emergent dynamics of a continuous rotat-
ing motion, breakup, and coalescence (see the
Supporting Movie V1). The rotation is high-
lighted in Figure 8 by tracking spikes at surface.
Here, at f = 2.2 Hz and ξ = 0.22, the rotational
velocity at is 0.71 ± 0.11 µm·s-1. Velocities at
different toggling conditions within the perpen-
dicular state boundaries range from 0.71 to 0.87
µm·s-1. Neighboring domains rotate in opposite
directions according to their angle with the tog-
gled magnetic field. For instance, in Figure 8,
domains oriented from the top-left of the image
to the bottom-right rotate clockwise. Neigh-
boring domains oriented from the bottom-left

to the top-right rotate counter-clockwise.
The rotational dynamics and the formation

of zigzag-patterned structures of colloidal ag-
gregates are similar to instabilities observed
for colloidal suspensions in electric fields.52–57
There are two models that have been proposed
to account for the origin of this perpendicular
morphology and rotational dynamics: a phase
lag between the induced dipole moments and
the applied field direction52,53 and the devel-
opment of inhomogeneous ion concentrations
leading to salt concentration gradients near the
aggregates, which in turn induces macroscopic
flow.54–56 The former mechanism is unlikely
for paramagnetic colloidal suspension given the
rapid Néel relaxation of magnetic moments of
magnetic nanoparticles in the order of nanosec-
ond during the field-off stage.58 But the latter
mechanism is also not associated with magnetic
colloids.
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Figure 8: The rotational dynamics of perpen-
dicular microstructures at f = 2.2 Hz and
ξ = 0.22 is highlighted. Spikes on domains are
tracked and the traces are presented. The di-
rection of the rotation is towards the colored
dot. Scale bar: 1 mm.

Conclusions
We studied the effect of duty ratio on the di-
rected self-assembly of suspension of paramag-
netic colloids in toggled magnetic fields. Several
structures, including ellipsoid, percolated, and
columnar, were observed in earlier studies; the
principal effect of the duty ratio is to narrow
the ellipsoid phase as the duty ratio decreases.
The expanded state diagram is in good agree-
ment with the recent Brownian dynamics simu-
lations and theoretical studies by Sherman and
Swan.40 Computational studies, however, did
not identify a new state that we observe over a
narrow range of toggling parameters (1.6 < f <
3.7 Hz and 0.1 ≤ ξ ≤ 0.3): the zigzag-like per-
pendicular state. The morphological evolution
of the perpendicular microstructure is unique
and differs from the other states. Particle-
empty voids first nucleate and form thick per-
colated columns. This local nucleation leads to
density fluctuations, which then grow orthogo-
nally to the applied field. The structures ex-
hibit emergent dynamics, repeating the contin-
uous breakup into small aggregates and coales-
cence between the aggregates with rotational
dynamics.
While we attempted to understand the per-

pendicular structure in the context of an inter-
polated state diagram, clearly the rich kinet-
ics and dynamics of these states deserve fur-
ther theoretical and computational study. Fur-
thermore, whether the results of this work ap-
ply to dispersions of ferromagnetic nanoparti-
cles and other dipolar fluids is also of interest,
given the large body and long history of work on
the subject.59–61 The ground state structures of
magnetic nanoparticles and the structure and
topology of particle clusters have been the sub-
ject of experimental62,63 and theoretical stud-
ies.64,65 In such dipolar fluids, the permanent
moment of the nanoparticles will likely compete
with, and possibly hinder, the field-directing
torques and translational forces of a toggled
field that ultimately give rise to coarsening and
breakup. Such arrest was reported recently in
microgravity studies of magnetic ellipsoids in
toggled fields.66 Nonetheless, the response of a
wider range of dipolar fluids in toggled fields
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deserve further attention, especially given their
potential to assemble unique nano- and micro-
structures.

Supporting Information
State diagrams from the experiments and sim-
ulations; interpolation method for the phase di-
agram (Supporting Information)
Growth of the perpendicular state at frequency
f = 2.47 Hz and duty ratio ξ = 0.124 (Sup-
porting Video V1)
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