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Magnetic microparticles suspended on the surface of liquid and energized by vertical alternating magnetic
field exhibit complex collective behavior. Various immobile and self-propelled self-assembled structures have
been observed. Here, we report on experimental studies of mixing and surface diffusion processes in this
system. We show that the pattern-induced surface flows have properties of quasi-two-dimensional turbulence.
Correspondingly, the surface advection of tracer particle exhibits properties of Brownian diffusion.

DOI: 10.1103/PhysRevE.80.011310 PACS number�s�: 45.70.�n, 87.19.ru, 47.63.Gd, 75.50.Tt

Fundamental mechanisms governing collective behavior
and self-organization in nonequilibrium systems with com-
plex interactions continue to attract significant attention in
the scientific community. There is a large number of theoret-
ical and experimental works focused on collective behavior
in a broad class of systems spanning from granular materials
�1–9� to suspensions of live bacteria �10–13�. Although these
systems have obvious fundamental differences in the specific
interaction mechanisms between the elements, the manifes-
tation of collective behavior often shows a certain degree of
similarity.

Recent studies of complex collective behavior in systems
of magnetic microparticles suspended on a liquid-air inter-
face brought to light a new intriguing phenomenon—
dynamic self-assembled magnetic structures—called mag-
netic “snakes” �14–17� due to their eye-catching similarity to
living snakes. It was demonstrated �16� that each snake was
accompanied by four large-scale hydrodynamic vortices in-
duced on the surface of the liquid �vortex quadrupole�. The
strength of the vortices can be effectively tuned by the fre-
quency and amplitude of the external magnetic field. Further
investigation revealed that the snakes demonstrate additional
�secondary� instability with respect to self-induced surface
flows: at increased driving frequencies the snakes may spon-
taneously break the symmetry of the surface flows and turn
into self-propelled entities �18�. The number of swimming
snakes increases with the number of magnetic particles on
the surface of fluid. In such a multiple-snake state all the
snakes strongly interact with each other by means of surface
flows, creating a nonperiodic recurring motion on the liquid
surface. One anticipates that the interplay of these nonsteady
flows generated by multiple interacting snakes will effec-
tively mix the surface of the liquid.

In this paper, we characterize the mixing properties of the
multiple-snake state. We demonstrate that the flow dynamics
induced by moving snakes has a signature of quasi-two-
dimensional turbulence: the power spectrum of the velocity
fluctuations shows a power-law behavior. Consequently, a
passive tracer diffusion in such a pattern-assisted velocity
field shows properties of conventual two-dimensional
Brownian motion.

Our experiments were conducted on 90 �m nickel
spherical particles suspended on the surface of water and
supported by the latter’s surface tension. Our experimental
setup is similar to that used in Ref. �15�. A glass container

�7 cm in diameter� containing particles suspended on water
�5 cm depth� is placed in the center of a pair of magnetic
Helmholtz coils capable of generating a vertical magnetic
field of up to 170 Oe. An alternating magnetic field is used to
energize the system. The trajectories of the microparticles are
monitored by a fast charge-coupled device camera mounted
above the container on top of an optical microscope stage.
The acquired images are then processed using a particle im-
age velocimetry �PIV� technique in order to extract the ve-
locity fields of the surface flow dynamics. In most of our
earlier experiments �15,17� the number of microparticles sus-
pended on the surface of the liquid and the range of param-
eters of the external magnetic field were selected to guaranty
a formation of a self-assembled single snake structure. While
a single snake produces rather fast large-scale surface flows
at its ends, the snake itself typically remains immobile due to
the balanced symmetry of self-generated flows at the ends of
the snake. Increase in the number of particles and/or the
frequency of external magnetic field promotes a formation of
multiple snakes which are in turn unstable with respect to
self-induced flows and become mobile swimmers �18�. These
magnetic swimmers are self-propelled due to a spontane-
ously developed intrinsic asymmetry of their vortex flows.
The snakes swim erratically and actively interact with other
snakes in the container, resulting in a highly disordered and
nonperiodic structure of the surface velocity field. Figure 1
illustrates a typical velocity field in the regime of multiple
swimmers. Remarkably, whereas some snakes swim, other
snakes may temporary rest in the vicinity of the container’s
wall, with their tails actively wiggling from side to side.
Eventually, a swimmer may come by and either adsorb or
destroy them. Both processes lead to a rather rapid transport
of tracer particles and stirring at the surface of fluid; see
movie �19�. The rate of this chaotic mixing and the possibil-
ity to control it by means of an applied magnetic field is an
interesting and nontrivial issue. Our system demonstrates re-
current evolution of these dynamic snakelike structures
which are self-assembled and annihilated in a succession
over several seconds. To characterize an effective mixing
rate related to the averaged kinetic energy fluctuations of the
fluid �or “effective temperature”� in this system, we intro-
duce a rms velocity of the surface flows. While instantaneous
values of the rms velocity fluctuate �being dependent on the
number and configuration of snakes�, averaged over time and
space values provide adequate characterization of the dy-
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namic state. Figure 2 �panel A� depicts typical behavior of
the rms velocity plotted as a function of time. Apparently, it
is sensitive to the parameters of the external excitations �fre-
quency and amplitude of applied magnetic field�. Corre-
sponding dependencies are shown in Fig. 2 �panel B�. In-
deed, one can see broad peaks in the rms velocity of the
system at amplitudes around 110 Oe and frequencies of
about 160 Hz. There is a simple explanation for the origin of
these peaks: exciting the system with low frequency and/or
amplitude does not supply enough energy, whereas at too
high frequencies the magnetic particles stop responding to
the applied field due to their inertia. Moreover, at too strong
ac magnetic fields the particles prefer to form a triangular
lattice �with the dipole moments of particles oriented along
the field direction� resulting in nonzero but significantly sup-
pressed diffusion. Thus, there is an intermediate range of
driving parameters where excitation of surface flows by ex-
ternal periodic excitation of particles is the most efficient.
Apparently, this range coincides with the one of existence of
dynamic self-assembled snake patterns and strongly depends
on the magnetic properties of the particles involved in self-
assembly: increased magnetic moment per particle would
shift up the amplitude and frequency ranges of the external
driving field used to generate our snake patterns �see Refs.
�8,15��.

To further characterize the mixing properties in our sys-
tem we study the diffusion of passive nonmagnetic tracers on
the surface of the liquid. As a tracer we use a light-weight
glass bead of about 0.5 mm in diameter. In contrast to our

previous experiments where a large bead was used to sup-
press one of the vortex pairs of the snake, the present smaller
and lighter particle introduces only a small perturbation to
the flow dynamics.

Typical trajectories of the tracer are shown in the top
panel of Fig. 3. The position of the tracer is tracked in each
frame of the acquired image sequences and the mean square
displacement, ri, of the tracer was extracted from the data.
Particle’s diffusion coefficient D was defined as following:

�r2� = 4Dt , �1�

where t is time. The Brownian character of the tracer’s mo-
tion can be illustrated by the radial probability density func-
tion, which for a two-dimensional diffusion process is given
by

P�r,t� � r exp�−
r2

4Dt
	 . �2�

Panel B in Fig. 3 shows the radial probability density P�r� at
time t=1.2 s. A fit to Eq. �2� agrees closely with the obtained
experimental data, providing a clear evidence for Brownian-
type motion of the tracer. Alternatively, the diffusion coeffi-
cient D can be extracted from the mean square displacements
of the tracer positions. Figure 4 �panel A� shows the typical
dependence of the mean square displacement of the tracer
particle as a function of time. The diffusion coefficient is in a

FIG. 1. �Color online� Top picture: snapshot of typical velocity
field induced by the dynamic multisnake pattern. Bottom picture:
snapshot of a typical vorticity field generated by the dynamic pat-
tern at the interface.

FIG. 2. �Color online� Root mean square �rms� velocity of the
surface flows. Panel A: typical evolution of rms velocity during one
experiment. Panel B: dependence of rms velocity on the frequency
and amplitude of applied magnetic field. Amplitude dependence
was studied at f0=100 Hz; frequency dependence was examined at
H0=119 Oe.
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good agreement with that extracted from the fit to a radial
probability density function. To investigate the dependence
of the diffusion coefficient D on the parameters of applied
magnetic field, the above procedures have been carried out
for different values of amplitudes and frequencies of the
magnetic field; the results are presented in Fig. 4 �panel B�.
One sees that the diffusion coefficient is roughly a constant
over a broad range of the applied magnetic field parameters.
Certainly, one should keep in mind that this kind of behavior
exists only in the range of parameters where swimming
snakes are present in our system. Further increase in the
frequency or amplitude of applied magnetic field affects the
process of self-assembly itself: particles stop reacting on al-
ternating magnetic field above 300 Hz. On the other hand,
too high amplitude of the magnetic field destroys snakes and
produces just a regular triangular lattice of magnetic particles
on the surface. Apparently, as one approaches the region of
excitation parameters where dynamic self-assembled snakes

are not favorable, a decrease in the diffusion coefficient is
observed with a subsequent suppression of the diffusion.

Additional information on statistical and transport proper-
ties of our system was obtained from the analysis of spatial
and temporal velocity correlation functions of the surface
flows. To calculate the correlation functions, we first ex-
tracted the surface flow velocity fields by the means of par-
ticle image velocimetry �20� for different parameters of the
applied field. We used the same nickel particles as tracers on
the surface that were not incorporated into the snake struc-
tures. While these tracers are not completely passive �since
they interact with the external driving field� they still provide
a rather good characterization of the surface flows. A typical
spatial correlation function is presented in Fig. 5 �panel A�. It
has pronounced oscillations around zero; this feature is com-
mon for spatial correlations in the presence of large-scale
vortex structures in the system. Indeed, due to the vortices,
the velocity’s directions are well correlated resulting in a
negative contribution to the correlation coefficient. As the
correlation length we selected the position of the first observ-
able bump on the spatial correlation curve. As depicted in
Fig. 5 �panel B�, variations in the amplitude and frequency of
the external magnetic field produce almost no effect on the
spatial correlation length of the system �the same trends are

FIG. 3. �Color online� Top panel: typical examples of tracer
particle trajectories. Starting positions has been moved to the origin.
Bottom panel: radial probability density P�r� of a tracer at t
=1.2 s. H0=120 Oe, f0=150 Hz. Solid line is the best fit to Eq.
�2�. Diffusion coefficient extracted from the fit, D=0.033 cm2 s−1.

FIG. 4. �Color online� Panel A: mean square displacement as a
function of time. Panel B: dependence of the diffusion coefficient D
on the frequency and amplitude of applied magnetic field. Ampli-
tude dependence was examined at f0=100 Hz; the frequency de-
pendence was studied at H0=119 Oe. Curves extracted from the
analysis of mean square displacement of a passive tracer are shown
with triangles. Curves obtained by examining temporal autocorrela-
tion functions of the surface velocity field are shown with circles.
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observed when one selects the position of first zero in the
correlation curve as the correlation length�. In order to ex-
tract the dependence of correlation time on the amplitude and
frequency of the applied magnetic field, we performed sev-
eral experiments, each producing around 3600 curves for ev-
ery value of frequency or amplitude. A typical temporal cor-
relation function is depicted in Fig. 6 �panel A�. The
temporal correlation function provides an alternative way to
estimate the diffusion coefficient. For a two-dimensional mo-
tion, the diffusion coefficient can be calculated as

D =
1

2



t0

�

�v�t��v�t0��dt�. �3�

Here, the integrand is an autocorrelation function of the
velocity field. Diffusion coefficients extracted from the cor-
relation functions are presented in Fig. 4 �panel B�. The re-
sulting curves are close to those previously obtained from the
tracking of the passive tracer. However, the diffusion values
extracted from the tracer positions are typically slightly
higher than that obtained from the correlation functions. We
believe that this discrepancy is due to the fact that nickel
particles used in the PIV analysis are not perfectly passive
tracers: their magnetic interactions slightly reduce the actual
value of the measured velocity field.

Correlation analysis also allows us to investigate the en-

ergy spectrum of turbulent fluctuations in our system. Since
the characteristic Reynolds number associated with the mo-
tion of snakes, Re�500–1000, is not very high, we expect
that the hydrodynamic turbulence in our system should not
be well developed. Nevertheless, we extracted the Kolmog-

FIG. 5. �Color online� Panel A: spatial velocity correlation func-
tion �H0=145 Oe, f0=100 Hz�. Panel B: dependence of the corre-
lation length on the frequency and amplitude of applied magnetic
field. Arrow indicates position of the first bump on correlation func-
tion. Amplitude dependence was examined at f0=100 Hz; fre-
quency dependence was examined at H0=119 Oe.

FIG. 6. �Color online� Panel A: temporal velocity correlation
function �H0=119 Oe, f0=120 Hz�. Panel B: correlation time as a
function of frequency and amplitude of external magnetic field.
Amplitude dependence was studied at f0=100 Hz; frequency de-
pendence was examined at H0=119 Oe.

FIG. 7. �Color online� Typical energy spectrum of the surface
flows �f0=100 Hz, H0=119 Oe�. The dashed line shows fit to two-
dimensional Kolmogorov law E�k��k−3. Energy spectrum of a
three-dimensional turbulence: E�k��k−5/3 �dashed-dotted line�.
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orov energy spectra E�k� �energy density E per unit wave
number k� from our experimental data. An example of the
energy spectrum curve in logarithmic scales is shown in Fig.
7. Although the size constrains of our system limit the values
of wave number k to only one decade, an approximate
power-law behavior can be observed. Our results show that
the scaling of the energy spectra is consistent with the be-
havior of a two-dimensional well-developed isotropic turbu-
lence E�k��k−3 �21� yielding an exponent slightly smaller
than 3. Thus, although our system is formally three dimen-
sions �the depth of the container is comparable to the con-
tainer’s diameter�, these results indicate that the stirring of
the water’s surface by swimming snakes is essentially a two-
dimensional phenomenon, i.e., the flows are localized near
the surface.

To conclude, we conducted studies of mixing and tracer
diffusion processes in a system of driven magnetic particles
at the water-air interface. The diffusion coefficients in the

regimes of multiple self-assembled swimmers were extracted
independently from the analysis of mean square displace-
ment of passive tracers and by examining the temporal auto-
correlation functions of surface flows. Both methods yield
similar results.

We also established that pattern-induced surface flows
demonstrate properties of a quasi-two-dimensional turbu-
lence despite the fact that the geometry of our experiment is
three dimensional one.

Our studies provide important clues related to the mixing
properties at the air-water interface and more generally at the
interface of two immiscible fluid interfaces �e.g., oil-water�
perturbed by magnetic particles. One may think of a possible
application of our studies for a noncontact interfacial stirring
for compact chemical reactors and mixers.
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