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We report on the velocity statistics of an out-of-equilibrium magnetic suspension in a spinner phase confined at a liquid interface.
The suspension is energized by a uniaxial alternating magnetic field applied parallel to the interface. In a certain range of the
magnetic field parameters the system spontaneously undergoes a transition into a dynamic spinner phase (ensemble of hydrody-
namically coupled magnetic micro-rotors) comprised of two subsystems: self-assembled spinning chains and a gas of rotating
single particles. Both subsystems coexist in a dynamic equilibrium via continuous exchange of the particles. Spinners excite
surface flows that significantly increase particle velocity correlations in the system. For both subsystems the velocity distribu-
tions are strongly non-Maxwellian with nearly exponential high-energy tails, P(v) ~ exp(—|v/vy|) . The kurtosis, the measure
of the deviation from the Gaussian statistics, is influenced by the frequency of the external magnetic field. We show that in the
single-particle gas the dissipation is mostly collisional, whereas the viscous damping dominates over collisional dissipation fc

the self-assembled spinners. The dissipation increases with the frequency of the applied magnetic field. Our results provide in-
sights into non-trivial dissipation mechanisms determining self-assembly processes in out-of-equilibrium magnetic suspension~

1 Introduction

Understanding fundamental mechanisms determining the be-
havior of out-of-equilibrium colloidal systems is an important
prerequisite for the discovery of new self-assembled materials
and structures at micro and nano-scales. Out-of-equilibrium
self-assembly holds a promise for a design strategy of complex
materials not generally available near thermodynamic equilib-
rium =12,

A series of experiments on granular gases driven me-
chanically 1320 or electrostatically 2!-*? and numerical simula-
tions 2%23-27 demonstrated that even dilute systems of macro-
scopic particles behave differently than molecular gases at
equilibrium. Due to the inelasticity of particle interac-
tions, the velocity distributions significantly deviate from the
Maxwellian velocity distribution. In particular, the high-
energy tails of the velocity distribution become stretched-
exponential, P(v) ~ exp(—|v/vo|§), where vy = <v2>l/2 is the
root mean squared (r.m.s.) velocity. The exponent & = 3/2,
expected from a kinetic theory for inelastic spheres with hard-
core repulsion, was indeed observed in a set of experiments
with vigorously shaken grains 4?8, However, in the majority
of systems the interactions between particles are not reduced
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to simple inelastic collisions with hard-core repulsion. Vis-
cous damping and long range magnetic interactions lead t~
nearly exponential high-energy tails with & ~ 1 in the system
of electrostatically driven magnetic grains??. For dense gran-
ular systems, the build-up of the velocity correlations with the
increase in the particle packing fraction led to a significant
deviation from the previously reported stretched-exponential
behavior with & = 3/2!°, The deviation was shown to be pro-
portional to the number of particles in the system. It was also
demonstrated theoretically that under an extreme driving con-
dition (the injection rate much smaller than the collision rate).
the high energy tail of the velocity distribution shows a powei-
law behavior??.

In this paper we focus on particle velocity statistics in an
out-of-equilibrium suspension of ferromagnetic particles at a
liquid-air interface. The suspension is driven away from equi-
librium by a uniaxial alternating magnetic field applied par
allel to the interface. The system demonstrates a variety o”
nontrivial dynamic self-assembled states 3* in a wide range
of the magnetic field parameters. Here we focus on a spinner
phase (strongly coupled micro-rotors) where dynamically a
sembled short spinning chains coexist with the gas of rotatine
single particles. In a steady state spinners (chains with at least
2 particles) and the gas are at a dynamic equilibrium and con-
tinuously exchange particles. However, particle interactions
within each subsystem happen to be very different. We carry
out a set of experiments at different frequencies of the ap-
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plied magnetic field within the boundary of the spinner phase,
and investigate how the particle interactions affect the veloc-
ity statistics. Due to mechanism of forcing involved (alternat-
ing magnetic field) and geometry of the experiment (in-plane
forcing) there are no out-of-plane components of the veloci-
ties. We find that the velocity distributions for spinners and
gas subsystems are distinctively different and strongly non-
Maxwellian, with nearly exponential high-energy tails. Our
results indicate that the velocity statistics of hydrodynamically
coupled magnetic spinners can be tuned in situ by the param-
eters of the driving field.

2 Experimental details

In our experiments ferromagnetically ordered nickel spheres
with an average radius of 45um ( 40 — 50um uniform size
distribution) are dispersed at a water-air interface and sup-
ported by a surface tension in a Scm round glass container.
The container is placed inside a pair of precision Helmholtz
coils. The coils create an alternating magnetic fields along the
liquid-air interface. The suspension was energized by an al-
ternating magnetic field, H%(¢) = Hysin(27ft), see inset to
Fig. 1a for the schematics of the experiment. The suspension
was maintained in a spinner phase (see Ref.3? for details of
other phases). The amplitude of the magnetic field Hy was in
the range of 27 — 31 Oe and the frequency f was in the range
of 35— 120 Hz. All results on the velocity statistics reported
here were obtained at a fixed low surface coverage ¢ ~ 1.6%
(high surface coverages produce different dynamic phases3!)
and fixed field amplitude Hy = 30.4 Oe. The x axis was cho-
sen to be along the driving field direction. Dynamics of parti-
cles is monitored by a high-speed CCD camera mounted on a
microscope stage. We recorded image sequences (1280x1024
resolution) at a frame rate of 400fps. Image and data analysis
of the time sequences were carried out using MatPIV, Imagel
and custom scripts.
The majority of experiments on velocity distributions in ~ Fig- 1 Spinner phase. (a) Snapshot of a spinner phase created at

driven granular/colloidal systems relied on the energy injec- /=60 HZ b.{().: 30.4 O‘e of the in-plane alternating magnetic field.
tion from the walls of the container (mechanical shaking 1320 One sees individual particles as well as short self-assembled

. . . spinning chains of particles. The image exposure time was
electrostatic charging from the walls?!?2, etc.) and provided P & P ge P

£ . . : intentionally set to a high value to visualize the blurring of chains
access to a quasi-2d velocity statistics. In our experiment, due to fast rotation. Arrows around the spinners show the rotation

however, the excitation mechanism is significantly different. direction of a randomly selected spinner. Inset: Schematics of the
We use an alternating magnetic field to drive the system out of  experiment. A uniaxial alternating magnetic field is applied parallel
equilibrium. Upon application of the magnetic field, all parti- to the water-air interface. (b) A snapshot of a typical hydrodynamic
cles are forced to respond the same way regardless of their po- surface flow distribution generated by a spinner phase (f = 70 Hz,
sition or orientation with respect to the container walls. Ferro- ~ Ho = 28 Oe) at the interface.

magnetic particles have to align their magnetic moments with
the instant orientation of the applied magnetic field. Due to a
strong pinning of the magnetic moment inside each particle,
the reorientation proceeds predominantly through mechanical
rotation of particles rather than rotation of the moment inside
the particle 3>33. Alternating magnetic field forcing along the
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Fig. 2 Root mean square (r.m.s.) velocity (V) of single particles
(a) and spinners (b) as a function of time. The dynamic spinner
phase was generated at f = 85 Hz, Hy = 30 Oe applied magnetic
field. Solid line is an average r.m.s. velocity of the corresponding
subsystem. (c) Frequency dependence of the ratio between the
number of single particles and spinners. Inset: The ratio as a

function of time at f = 85 Hz, Hy = 30 Oe.

liquid interface transfers torques rather than forces and enables
access to velocity statistics with no out-of-plane components
of the particles velocities. Particles’ rotations create local in-
terface deformations and hydrodynamic surface flows. In turr
the flows alter particle interaction profiles. The local mag-
netic order in suspension at equilibrium is governed by dipole-
dipole interactions between particles that naturally favor a for-
mation of head-to-tail chains. In contrast, the outcome of dy-
namic self-assembly in an alternating magnetic field is often
nontrivial $3473%. An intricate balance between magnetic and
hydrodynamic interactions gives rise to an unexpected spin-
ner phase in the system under study, see Fig. 1. The phase
is characterized by a well defined spinner’s length and a ra-
tio between total number of rotating chains and single parti-
cles. Furthermore, the ratio is controlled by the parameters
of the driving magnetic field3°. The system is dynamic by
nature: spinners and particles vigorously move over the inter-
face, collide, disintegrate and reassemble (see supplementary
Video 1 illustrating overall appearance of the spinner phas-
and Video 2 showing detailed dynamics). Correspondingly,
self-induced surface hydrodynamic flows evolve in a seen
ingly random manner, see Fig. 1b and supplementary Video
3. This flow velocity field was visualized by means of particlc
image velocimetry (PIV) of the tracer particles (10 — 15um
copper spheres) dispersed at the interface.

3 Results and discussions

To characterize the dynamic states at different frequencies of
the applied magnetic field, we measured the rnm.s. velocities
for the spinner and single particle subsystems individually.
While the instantaneous values of the rm.s. velocities fluc-
tuate as shown in Fig. 2a,b, their time averaged values pro-
vide an adequate description of the system state as a func-
tion of the applied magnetic field parameters. The ratio be-
tween the number of single particles and spinners is also ser
sitive to the parameters of the magnetic field. Due to vigorous
self-induced surface flows and long-range magnetic dipole in-
teractions, single particles and spinners are continuously in-
volved in interactions. Instantaneous ratio between number of
elements in the subsystem (either single particles or chains)
fluctuates, see inset to Fig. 2c. However, the time average.
ratio exhibits a well-defined trend, see Fig. 2c. As the fre
quency of the alternating field increases, the ratio decreases
and reaches almost one-to-one ratio at the frequencies above
100 Hz. While the spinner size decreases with the frequenc_
of the driving field the overall number of spinners increases
The characteristic zm.s. velocity of the spinners does not ex-
hibit monotonic behavior and fluctuates within 14% with the
excitation frequency. Above 120 Hz, a transition into a differ-
ent (wires) dynamic phase occurs?, that is not a focus of the
present study.
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Fig. 4 Representative distributions for vy and vy velocity components for single particles (a) and spinners (b). Displayed results correspond t
f =30 0e, Hy = 85 Hz. Solid lines depicts the Maxwellian distributions; dashed curves show a stretched exponential distribution with

£=3/2.

To characterize the self-generated surface hydrodynamic
flows, we calculate a flow velocity spatial correlation function,
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Fig. 3 Velocity spatial correlation function of the self-induced
surface hydrodynamic flows in a spinner phase. Distance is
normalized by the particle diameter d.

The results shown in Fig. 3 reveal a long-range spatial cor-
relations of the flows (of the order of 15-20 particle diame-
ters). The correlation length exhibits almost no dependence on
the frequency f. Such a large correlation length in the spin-
ner phase suggests that long-range hydrodynamic interactions
should dominate short-range magnetic dipole-dipole interac-
tions.

Both v, and v, particle velocity components along the in-
terface can be accessed by the means of a high-speed video
microscopy and particle tracking. Representative results for
spinner and single particle subsystems are shown in Fig. 4
Strikingly, even though the applied magnetic field is uniaxial
and aligned along the x-axis, the system exhibits practically
an isotropic spatial particle distribution and isotropic velocity
distributions (velocity distributions for both v, and v, compo-
nents coincide). That observation indicates that the large-scale
dynamics in the spinner phase is solely defined by the interac
tion profiles of the particles, and apparent anisotropy of the
driving is averaged out by the system response.

For both single particle and spinner subsystems the veloc-
ity distributions are clearly non-Maxwellian. The distributio
tails are significantly overpopulated compared to the Gaussian
distributions (shown as solid red curves) expected for non-
dissipative gases at equilibrium. The stretched exponential
distribution with the exponent & = 3/2 observed for dissipa-
tive granular gases with hard-core repulsion (shown as dasheu
curves in Fig. 4) also does not provide a good description of
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Fig. 5 Collision time as a function of the magnetic field frequency f
for spinners (diamonds) and single particles (circles). Amplitude of
the alternating magnetic field was set to Hy = 30 Oe. The dashed
lines are guides to the eye.

the data. To obtain insights into the origin of the apparent dif-
ferences in the resulting velocity distributions for single parti-
cles and spinners, we analyzed typical collision times in those
subsystems. The collision time is determined as a mean life-
time of a particle’s (or spinner’s) trajectories before any col-
lision occurs. The same analysis was performed at different
frequencies of the magnetic field within the spinner phase re-
gion. The results of the analysis are shown in Fig. 5.

For both subsystems the collision times demonstrate a
strong dependence on the frequency of the magnetic field. The
stronger dependence for the spinners (the collision time more
than doubles in a 40Hz window) reflects the fact that a spin-
ner creates a much stronger vortical flow than a single particle
due to their shape and size differences. Resulting flow acts
as a “protective bumper” by diverting incoming particles (due
to the centrifugal force exerted on the particle by a vortical
flow). Since the magnitude of the flow generated by a spinner
increases with the frequency, the depletion zone around the
spinner grows with the frequency as well. The fact that the
collision time for single particles substantially smaller than
that for spinners suggests that the collisional dissipation for
the single particles subsystem plays a bigger role than for the
spinner subsystem.

To quantify the deviations of the obtained velocity distribu-
tion from the Gaussian law we calculated the kurtosis of the
distributions in a range of frequencies within the boundaries

of the spinner phase. Kurtosis is defined as follows, k = <<VV24)>2

and characterizes a flatness (or peakedness) of a distribution.
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Fig. 6 Kurtosis of velocity distributions for spinners (triangles) anc
single particles (circles) as a function of the magnetic field
frequency f. Amplitude of the magnetic field Hy was fixed at 30 Oc.
The dashed lines are guides to the eye.

For pure Gaussian distributions k = 3. For stretched expo-
nential distributions with & = 3/2 the kurtosis is k ~ 3.76.
For systems with predominantly viscous dissipation, the ve
locity distribution is almost exponential %2 with the kurtosis
k = 6. For dominant magnetic interactions there is an excel-
lent agreement between the experiment and theory (thermally
forced Maxwell molecules*’) suggesting kurtosis k ~ 3.55%2.
In the later case even though the tails of the distribution are
close to simple exponential ones, its core remains approxi-
mately Maxwellian 2. Analysis of the kurtosis associated with
the velocity distributions provides an important clues on the
dominant forces underlying the complex dynamics of out-o*
equilibrium system and how they change in response to pa-
rameters of the external forcing.

We performed a set of experiments at different frequencies
of the magnetic field covering the entire range of the spinner
phase. Velocity distributions and the kurtosis for single par-
ticles and spinners have been extracted from the data. Thi
results are shown in Fig. 6.

Single particles and spinners demonstrate notably different
kurtosis of their distributions implying a significant difference
in the dominant mechanism of the energy dissipation in thes
two subsystems. Furthermore, the frequency dependence of
the kurtosis for both subsystems is strikingly different. As for
the single particles, the effect of the frequency on the kurtosis
is negligible: the kurtosis does not change in the entire fre-
quency range keeping its value at k ~ 4.4. In contrast, the ku1-
tosis for the spinner distributions is strongly influenced by the
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Fig. 7 Velocity distributions for single particles (a) and spinners (b) at different frequencies within the spinner phase. Each distribution is
normalized to be unity at its maximum. Velocity is normalized by the corresponding v,,,s values. Solid lines are pure exponential distributions
P(v) ~ exp(—|v/vyms|). Dashed curves are the Maxwellian distributions. All distributions have approximate Maxwellian cores. A crossover to

exponential behavior occurs for |v| > V.

frequency of the driving magnetic field. It grows from k£ ~ 4.8
at the low frequency boundary to k ~ 6 at the top boundary
(see Fig. 6).

For both subsystems there are two apparent dominant dis-
sipation mechanisms: collisional (due to inelastic collisions
with steric repulsions) and viscous drag. The single particle
subsystem of the out-of-equilibrium suspension exhibits the
kurtosis values that are much closer to the value of k = 3.6.
This observation indicates a dominance of short-range inelas-
tic collisions 4. In the case of spinners the kurtosis values on
the other hand are closer to a pure exponential value of k = 6
suggesting that viscous damping is a key dissipation mecha-
nism for the self-assembled spinners. As the frequency of the
magnetic field increases, the collisional dissipation for spin-
ners becomes even less important (likely due to the formation
of a “protective bumpers” around rapidly rotating spinners)
and the kurtosis reaches k ~ 6 at the high frequency boundary
of the spinner phase (see Fig. 6).

For the sake of comparison, we plot in Fig. 7 a set of nor-
malized velocity distributions obtained in the range of fre-
quencies within the spinner phase region. The velocity com-
ponents are scaled by corresponding v,,,,s values. In both cases
(single particles and spinners) the distributions predominantly
coincide. However, in the case of spinners one can clearly dis-
tinguish a tendency of the high-velocity tails to change grad-
ually their slopes with the frequency of the magnetic field

(Fig. 6b). In contrast, velocity distributions for single parti
cles do not follow this trend and sit on top of each other for all
frequencies. This effect has been already captured by the kur-
tosis analysis and manifests the stronger influence of the vis-
cous damping in the spinner subsystem. For both subsystems,
the core of distributions remain approximately Maxwellian
(dashed curves in Fig. 7a,b) even though the high-velocity tails
of the distributions are close to simple exponential. These re-
sults are in contrast with almost exponential distribution ob-
served for non-magnetic granular gases in liquids??. Con-
versely, similar Maxwellian cores were previously observed
in dry granular gases with strong magnetic dipole-dipole in-

teractions 22.

4 Conclusions

Out-of-equilibrium magnetic suspensions confined at a liq
uid interface and energized by an external uniaxial alternat-
ing magnetic field exhibit unexpectedly complex collective
dynamics. Under certain conditions controlled by the params

ters of the magnetic field, the suspension spontaneously breaks
the symmetry of the applied uniaxial field and new dynamic
spinner phase emerges. In this phase a fraction of the par-
ticles dynamically self-assemble into short chains (spinners)
rotating with the frequency of the applied field in either di-
rection. The spinners and remaining rotating single particles
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are in a dynamic equilibrium by assembly/disassembly and
collision processes. Viscous torques created by the spinners
trigger strong long-range surface flows at the interface. Both,
single particles and spinners, are advected by the self gener-
ated flows. The surface flows contribute to significant spatial
velocity correlations observed between the particles.

Both subsystems, i.e. spinners and single particles, exhibit
non-Maxwellian velocity distributions. High-energy tails of
the distributions are overpopulated and described by an almost
exponential law. Analysis of the kurtosis associated with the
velocity distributions revealed two distinctively different dom-
inant mechanisms controlling out-of-equilibrium dynamics of
hydrodynamically coupled rotators in a magnetic suspension.
We demonstrate that for the self-assembled spinners the vis-
cous damping dominates over collisional dissipation and in-
creases with the frequency of the magnetic field. In contrast,
a gas of single particles exhibits velocity distributions unaf-
fected by the magnetic field frequencies. Our experiments
suggest that velocity distributions in out-of-equilibrium mag-
netic suspensions are not universal and depend on the mech-
anism of the dissipation, and could be strongly influenced by
the parameters of the energizing fields.

Our results provide insights into non-trivial mecha-
nisms controlling self-assembly in out-of-equilibrium sys-
tems. Careful analysis of the statistical properties of distinct
dynamic phases helps identifying dominant dissipation mech-
anisms, e.g. short-range collisions vs viscous drag. These
results can be used, for example, in continuous coarse-grained
description of out-of-equilibrium suspensions. Observation of
spinner phase in the bulk of the fluid is another interesting ex-
tension of our work. This phase can be efficiently used, for
example, for bulk mixing.
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