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ABSTRACT: Active magnetic colloids are capable of rich
collective behavior and complex self-organization. The interplay
between short- and long-range interactions taking place away
from equilibrium often results in a spontaneous formation of
localized dynamic microstructures. Here we report a method for
guided self-assembly and control of self-organized colloidal
vortices emerging in a ferromagnetic particle ensemble
energized by a uniaxial alternating (ac) magnetic field. The
structure of a vortex composed of rolling magnetic particles can
be stabilized and manipulated by means of an additional
strongly localized alternating magnetic field provided by a
minicoil. By tuning the parameters of the localized field, we

effectively control the dimensions and particle number density in the vortex. We find that the roller vortex self-organization is
assisted by field-induced magnetic “steering” rather than magnetic field gradients and is only possible while the system is in the
active (magnetic rollers) state. We demonstrate that parameters of the emergent vortex are efficiently tuned by a phase shift
between alternating magnetic fields. The method for assisted self-organization of rolling magnetic colloids into a vortex with on-
demand characteristics suggests a new tool for active matter control and manipulation that may lead to a development of new

approaches toward the guided microscopic transport in active particle systems.

Bl INTRODUCTION

Active particles are self-propelled units which are powered by
the energy stored in the environment or provided by external
fields. There are two major classes of active systems: biological
agents (from microorganisms and insects to animals and
people)' ™ and synthetic agents (ranging from self-propelled
microparticles to robots and vehicles).””"" While mechanisms
of self-propulsion may be intrinsically different, many systems
show common features: transition to collective motion with
the increase in concentration manifested by an emergence of
large-scale flows, vortices, and coherent dynamics struc-
tures.' >

The complexity of the observed collective behavior
originates from a fine interplay between long- and short-
range interparticle interactions, and noise in the system.'’~*°
Because of an out-of-equilibrium nature and high degree of
stochasticity in active systems, a fine control of emerged large-
scale structures on an individual level is a challenging task.
Emerged dynamic states (vortices, flocks, and flows) may
randomly self-organize, disintegrate, or travel through the
system. However, the motion of active particles can often be
rectified and ordered by specifically designed geometrical
constrains. A stationary system of active vortices could be
induced in hollow wells”'~** or imposed by a microscopic
pillar array.”* Soft gravitational confinements could be
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efficiently used to constrain and stabilize a magnetic roller
vortex.”>*® Although the above approaches may effectively
enforce a positional order of the self-organized vortices, they
provide no tunability. Once formed, the vortices maintain
positions, order, and sizes. Introduction of the additional
reconfigurable fields into the system allows overcoming such
limitations and creates the possibility of on-demand structures
with adjustable characteristics.

In this article, we report a new method for the controlled
self-assembly of localized vortices composed of active
ferromagnetic rollers energized by a uniform uniaxial ac
magnetic field. The method relies on the use of an additional
tightly localized in space ac magnetic field with a relatively
small amplitude (fraction of the driving magnetic field). We
characterize the emerged vortex and demonstrate the
reversibility of its configurations in response to changes in
the parameters of the localized magnetic field. Finally, we
explore the underlying mechanism of the vortex self-
organization and dynamics in the presence of a local field
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Figure 1. (a) Schematics of the experimental setup. (Inset) Rolling of a spherical magnetic particle with a permanent magnetic moment m in the ac
vertical magnetic field. (Main panel) A small solenoid (ferritic core is not shown) creates a nonuniform local magnetic field and traps the rollers.
(b) Azimuthally averaged tangential velocity vy profile (left axis, blue open circles) and particle number density py (right axis, green squares) in a
vortex versus the distance from the vortex center r. The green dotted horizontal line indicates the selected cutoff py = 1.4 mm™> The solid and
dashed magenta vertical lines mark the core radius R, and the vortex radius R ., (c) Snapshot of particles in the vortex (left) and vortex velocity
field (right) as obtained by particle image velocimetry. Dashed and solid lines encircle the core and the vortex, respectively.

nonuniformity and show that it stems from the motility of the
active magnetic particles. The discovered mechanism is new
and differs from the one reported earlier for active magnetic
roller systems,”® where passive scatterers were used to adjust
the dynamics of the vortex structure.

B EXPERIMENTAL SECTION

Ferromagnetic nickel spheres with a diameter of 137 + 13 ym (Alfa
Aesar) were magnetized with a rare-earth permanent magnet (0.5 T).
The average remnant magnetic moment per particle is Im| =2 X 107
A m% The particles were then placed into a flat-bottomed glass
container filled with isopropanol. A pair of Helmholtz coils (20 cm in
diameter) was positioned around the container to create a uniaxial
homogeneous oscillating magnetic field B® = B{ sin(2xft)z,
perpendicular to the bottom of the container, where B and fy are
respectively the amplitude and frequency of the driving field. In a
certain range of the driving field parameters, the particles
spontaneously break the symmetry of a rockin% motion with the
external driving field and start a steady rotation.”>*” In the presence of
the interface (solid bottom of the container), a steady particle rotation
leads to a horizontal displacement: rolling (Figure la inset). The
initial direction of the rolling of each particle is selected randomly
since the uniaxial magnetic field is used (no-rotational field) to
energize the system. The rolling direction may change because of
particle shape irregularities or as a result of interparticle interactions.
In the course of rolling, each particle generates strong hydrodynamic
flows. The magnetic and hydrodynamic interactions of particles lead
to self-organization into dynamic flocks and vortices in a certain range
of the excitation field parameters and above a certain critical particle
number density.”> The frequency of the driving field fy = 40 Hz was
selected to promote a stable vortex phase in the system.”**°

A small solenoid with a ferritic core was mounted under the bottom
(2 mm thick) of the container (Figure 1a). The radius of the solenoid
coil R, = 3.9 mm and the total length of L ,; = 10 mm were chosen
to be comparable with the size of vortices emerging in the active
magnetic roller system. The solenoid was energized by a separate
power supply to create a nonuniform ac magnetic field B in a small
area above the solenoid. For the sake of simplicity, we characterize the
magnetic field B€ by the maximum value of its vertical component
measured with a Hall probe at the bottom of the glass container (2
mm above the coil; see the sketch in Figure 1a, main panel) B¢ =B§
sin(27f 5t + &). The field amplitude Bf and the phase shift J relative to

BP are the main parameters used to control the emerged vortex.
Importantly, even if the solenoid is not energized, the presence of the
ferritic core modifies the uniform magnetic field B® generated by the
pair of driving coils, creating a perturbation Bf. Correspondingly, the
total magnetic field may be represented as B = B® + Bf + B, where
the first two terms are proportional to the current in the large coils.

The dynamics of the emerged vortex was recorded with a fast
CMOS camera (IDT, 60 fps, 0.013 mm/pixel at 0.16X magnification)
mounted on a stereomicroscope (Leica). The velocity field of the
magnetic roller vortices was extracted from the sequence of images by
a standard PIV (particle image velocimetry) technique using the
MatPIV package for Matlab. The position of the vortex “eye” was
detected by finding the local minimum/maximum of the magnitude of
the velocity/vorticity field. For the characterization of the vortex
spatiotemporal configuration, we determine the core and vortex radii,
vortex angular velocity, and pair distribution function. The vortex core
radius R, was defined as an average of all radii at which the
tangential velocities were larger than 0.95 of the maximal measured
velocity (solid lines in Figure 1b,c). The rotation of a vortex core
resembles a “solid” body rotation. The vortex radius R,y Was
defined as the distance at which the particle number density, py,
decreased below a selected threshold of 1.4 mm™ (corresponding to
0.02 area fraction) shown as dashed lines in Figure 1b,c. The vortex

. 1 vN ' .
angular velocity o = & I 7" was estimated as an average of
angular velocities of all particles within the vortex core, where vy, is the
tangential component of a particle velocity and 7, is the distance from
the vortex center. Similarly, the pair correlation function g(r), which
reflects the probability of finding a particle at a distance r from a
reference particle, was calculated only for the particles within the core.
R, oiew @ and g(r) under the same experimental condition were
additionally averaged over 400 realizations.

B RESULTS AND DISCUSSION

Hydrodynamic and magnetic interactions in the system of
magnetic rolling colloids lead to the emergence of a collective
motion and large-scale coherent structures (flocks, clusters,
: : . o 25,26,28
and vortices) in a certain range of excitation parameters.
However, the onset of collective behavior requires the local
particle number density to be above a critical threshold, which
is often hard to achieve in a spatially unconstrained system. In
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Figure 2. Vortex formation and disassembly in response to changes in phase shift . (a) A series of snapshots illustrate the disassembly of an
initially stable roller vortex. The phase shift between the driving field and the small solenoid field, &, was changed from 90 to —90° at t = 0. (b)
Reassembly of a vortex. § was changed from —90 to 90° at t = 0. For both (a) and (b), the scale bars are S mm, BY = 8.59 mT, and B§ = 0.15 mT.
See also Supporting Information Video S1. (c) Schematic illustration of the magnetic steering mechanism. The radial component of B¢, marked as
B,.q (magenta arrow), applies a torque (shown green) pointing in or out of the plane of the panel to steer the particle with the magnetic moment m
(black arrow). Regardless of the initial particle orientation, the steering direction is either away from the solenoid center (top panel) for § = —90°
or toward it (bottom panel) for § = 90°, for all rolling directions (the left and right sides of each panel) and at all ¢ values (compare top and bottom
particles shifted half of a field period in time). The sketches demonstrate the vector orientation at instances of maximal torque at each period fgt = k

and half-period fzt = k F 1/2 for integer k.

our experiments we demonstrated that the field created by the
additional solenoid may locally confine the motion of rollers
and effectively constrain the system (soft confinement because
particles still have a chance to leave the region). Importantly,
such a constraint may be adjusted in the course of the
experiment. The soft confinement of particles by local
magnetic field inhomogeneities leads to an increase in the
local particle number density and triggers self-organization into
a stable vortex with controllable characteristics (Figure 2 and
Videos S1 and S2). The chirality of the resulting vortex
(clockwise or counterclockwise rotations) is spontaneously
selected by the system. The magnetic field of the small coil B¢
stabilizes the structure of the vortex by preventing the loss of
the particles to the gas phase and restricting the motion of the
vortex core that might destabilize the structure and lead to a
spontaneous transition to a flocking state.”® To elucidate the
mechanisms of self-organization, we tested the system behavior
in a wide range of parameters within the solenoid technical
specifications B§ = 0..0.4 mT and phase shifts § = —180°...
+180° while the frequency was fixed at fz = 40 Hz to support
the stable rolling of the magnetic particles. The range of the
driving field amplitude B was between 8.5 and 9.5 mT. The
amplitude of perturbation field Bf induced by the ferritic core
was around 1 mT at the bottom of the container. No
significant effects of the earth’s magnetic field on the motion of
rollers have been detected.

When the small solenoid is energized and B€ is in phase with
the driving field (6 = 0°), the rollers start to concentrate
around the solenoid center, and when enough particles are
accumulated, a roller vortex spontaneously emerges. However,
when BC is below a certain threshold, the vortex is not in a
stable state: particles constantly leave or join the area above the
small solenoid, and the vortex is transient as it perpetually falls
apart and reassembles. We found that a stable vortex requires
amplitudes above B§ = 0.1 mT at § = 0°. The field of the

secondary coil alone is not enough to nucleate the vortex. To
fix the number of particles in the vortex n, all particles not
involved in the vortex were removed from the system with a
pipet. The radius of the stable vortex R, at 6 = 0° is not
affected by changes in the field amplitude BS (Figure 3a, red
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Figure 3. Dependence of the vortex radius and the angular velocity @
on (a) the small coil magnetic field B§ and (b) the driving magnetic
field Bf. Magnetic rollers not involved in the roller vortex were
removed from the system to keep the number of particles, n, in the
vortex constant.

triangles). The increase in the driving field amplitude Bf and,
correspondingly, B slightly decreases the vortex size (Figure
3b) as a result of an increase in the field gradients pushing the
particles closer to the center of the ferritic core. If the phase
shift is changed to 0 = 90°, then the vortex behavior becomes
dramatically different. In this case, the increase in B§ makes the
vortex much tighter, while the angular velocity @ remains the
same (Figure 3a, green triangles). At amplitudes of the field
above 0.4 mT, the particles in the center of the roller vortex
become too close to each other, triggering clustering of the
rollers and destruction of the collective vortical motion.

The assembly of a roller vortex in the presence of the
steering coil occurs only for —30°<6 < 210° with the highest
stability achieved at § = 90°. Switching the phase between 6 =
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Figure 4. Manipulation of a vortex structure. (a) Number of the particles n confined in the roller vortex as a function of the phase shift 5. The green

C

line marks the peak in n. (b) Numerical calculation of the normalized amplitude of the radial field component of B* = B/ (uNI) of a finite
solenoid (L q)/Reoy = 2.56) at the surface of the glass container (z/R.; = 3.08) for ft = k plated as a function of the normalized distance from the
solenoid axis r/R_;. The maximum peak at § = 90° corresponds to the maximum of 7 in (a). (c) Number of particles, , confined in a vortex, vortex
radius R,oe, and a characteristic interparticle spacing, 4, in the active roller vortex as a function of the steering solenoid field amplitude BS.

90 and —90° in the course of the experiment results in either
the formation or disassembly of the vortex, proceeding through
the capture or release of the rollers, respectively (Figure 2 and
Supporting Information Video S1). The observed vortex
behavior and its nontrivial response to changes in the phase
shift, §, stem from the mechanism of the roller vortex self-
organization. The system is active (magnetic particles are self-
propelling) by nature, and the formation of vortices originates
from the activity and aligning interactions between rollers
facilitated by magnetic and hydrodynamic coupling.”** In
case the roller trapping mechanism is facilitated only by a local
magnetic field gradient, the strongest pull toward the center of
the solenoid due to the nonuniformity of B is expected to be
achieved at 6 = 0. However, the vortex is most stable at § =
90°. To explain this experimental observation, we analyze the
motion of an individual roller and its interaction with the
magnetic fields.

As previously demonstrated,” internal magnetic moments of
rollers rotate in synchrony with the driving alternating
magnetic field BP: the spinning magnetic moments are vertical
when BP is maximized and horizontal when BP = 0. Therefore,
for § = 90°, the solenoid field B® is maximized when the
magnetic moments or rollers are horizontal. The radial
component of B® acts on the magnetic moment of the roller
m, which results in a torque 7 = m X B that steers the
magnetic particles inward toward the vortex for 6 = 90° or
outward for 6 = —90° for both clockwise and counterclockwise
vortices (Figure 2c). The response of the system is immediate,
and the phase reversal can be efficiently used to create the
vortex on demand. The analysis of the obtained experimental
data shows that the primary mechanism of the rollers’

confinement and subsequent formation of a vortex is
synchronized magnetic particle steering rather than a gradient
attraction. The robust steering is possible only when
frequencies of both driving and solenoid fields are equal and
the phase shift 6 between them is constant.

To obtain detailed insights into the process of directed
vortex self-organization and to develop a general method of
vortex control after dynamic self-assembly, we performed a set
of additional experiments with a significantly larger number of
rollers in the container in a gas roller phase than the number of
particles that could be potentially confined by the steering coil
to form a spontaneous vortex. The rollers were uniformly
distributed over the container and freely moved around the
self-assembled vortex at an approximate number density of 0.4
mm~% Such an experimental configuration allowed us to
directly observe the trapping and release of particles in
response to the changes of the phase shift 5 and B“.

The maximal number of particles confined by the small coil
and forming a vortex is observed for & close to the optimal
value of 90° (Figure 4a and Supporting Information Figure
S1). When the phase shift approaches 0 or 180° a large
number of particles leave the vortex, followed by a 30° range
with transient vortices only. To gain detailed insight into this
behavior and the torques acting on the rollers, we calculate the
dimensionless radial field component® B* = BS;/(uNI),
where p is magnetic permeability of the ferritic core, N is the
number of turns, and I is the ac current amplitude through the
solenoid. We perform the numerical calculations of the radial
field components for a plane at the position of the rollers,
above the small solenoid (z/R.; = 3.08, where the origin is
placed in the center and the z axis is aligned with the solenoid
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axis), for different § values to determine the direction and the
amplitude of the radial field. For clarity, we present only results
calculated at a specific moment in the field’s oscillation cycle
when the steering torques are maximal at B + Bf = 0 (ie,
sin(2zfgt) = 0, or, more specifically, when fyt = k for any
integer k). As we can see in Figure 4b, B¥ is zero at the central
axis of the solenoid, which coincides with the vortex eye and
has a maximum at R_;. As a consequence, 7 exhibits the
strongest steering close to R and no steering at the center of
the vortex. The number of particles in the vortex, n, drastically
decreases for 0 > & > 180° because the steering torque 7 drives
rollers away from the solenoid central axis, yet some rollers
remained in an area close to the center where steering torques
are negligible. Spontaneous self-assembly of the roller vortex
still occurs, provided a local particle number density is above a
threshold. When B* is further increased in the regime of
“outward” steering (210 < § < 330°), no vortex was observed
(Figure 4a). The onset of the effective magnetic steering of
active rollers is observed at B = 0.1 mT, which is a tiny
fraction of the driving field amplitude. This corresponds in our
system to only ~2 nNm steering torque defined at the B* peak
value that is sufficient for the effective steering of a roller.

For the characterization of particle ordering in the vortex
stabilized by a steering coil, we calculated the pair correlation
function g(r) for the rollers in the vortex core (Figure 4c,
inset). The presence of short-range order in the vortex is
manifested by a well-defined peak in g(r). A characteristic
interparticle distance in the vortex, a, is determined from the
position of this peak. The structure of the self-organized vortex
formed at optimal 6 = 90° can be further manipulated by the
amplitude of the steering coil BS. At each value of B, we
determined the vortex radius Ry, the number of particles
trapped in the vortex n, and the typical distance between
particles a (Figure 4c). In contrast to the previous set of
experiments, where the roller gas was removed from the
system, the number of particles in the vortex n is increasing.
Remarkably, while the number of particles involved in the
vortex n increases with the field amplitude B, the vortex size
R.orex decreases. The latter is accompanied by a shortening of
a, which eventually leads to clustering in the vortex core.
Active magnetic rollers begin to form clusters when the particle
number density reaches 12.5 mm™2 This process triggers the
demagnetization of the rollers locked in the clusters and
inevitably leads to the vortex disassembly.

B SUMMARY AND CONCLUSIONS

We introduced a new approach to controlling and manipulat-
ing the complex dynamics of active magnetic colloids.
Although the uniform magnetic field energizes the particles,
turning them into rollers and driving the ensemble away from
equilibrium, an independent, much smaller in amplitude
localized ac magnetic field enables guided self-assembly of
particles into a dynamic vortex with a spontaneously selected
chirality. Our studies reveal that the size of the emerged
vortices and the number of particles involved are controlled by
the amplitude of the local field and the phase shift between the
driving and local fields. We find that the roller vortex self-
organization is assisted by a field-induced magnetic “steering”,
relying on the activity of the particles, and does not originate
from the local magnetic field gradients. The new mechanism
allows the use of significantly smaller fields to control the
active vortex structure and dynamics. The fast response of the
vortex to changes in the magnetic field parameters enables the

assembly of vortices with on-demand adjustable characteristics.
This new approach may be further extended toward the
systems of multiple self-assembled vortices independently
controlled by a lattice of microsolenoids enabling the design
of complex active multivortex states in colloidal ensembles for
the purpose of targeted cargo transport or controlled localized
mixing.
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