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Multistability is an inseparable feature of many physical, chemical and biological systems which
are driven far from equilibrium. In these nonequilibrium systems, stochastic dynamics often induces
switching between distinct states on emergent timescales, for example, bistable switching is a natural
feature of noisy, spatially-extended systems that consist of bistable elements. Nevertheless, here we
present experimental evidence that bistable elements are not required for the global bistability
of a system. We observe temporal switching between a crystalline, condensed state and a gas-
like, excited state in a spatially-extended, quasi-two-dimensional system of charged microparticles.
Accompanying numerical simulations show that conservative forces, damping, and stochastic noise
are sufficient to prevent steady-state equilibrium, leading to switching between the two states over

a range of time scales, from seconds to hours.

Systems driven far from equilibrium, either through ex-
ternal fields or from active constituents, exhibit a diverse
range of collective phenomena. Although no universal
framework exists for describing nonequilibrium systems,
in many cases a steady state is reached where some as-
pects of equilibrium theories can be applied [1]. However,
nonequilibrium systems often never reach a steady state,
and constantly switch behavior [2]. In biological systems,
switching is a common theme in the regulation of the cell
cycle [3], gene expression [4], and neural activity [5]. Cer-
tain system features can affect switching behavior over
time, for example, stochastic noise can both facilitate and
hinder switching [6]. The role of noise is often discussed
in terms of stochastic resonance or stochastic facilitation,
where noise serves a constructive role to amplify switch-
ing between two states [7-9].

For spatially-extended systems such as a neural net-
work, the existence of collective switching between states
is supported by the bistable nature of the individual neu-
rons. Other well-known examples include arrays of diode
resonators [10] and nematic liquid crystals [11]. More
interestingly, bistable switching can emerge from collec-
tive system behavior, even if the system constituents are
not bistable. Bistability has been demonstrated in sev-
eral numerical studies on collective systems composed of
monostable elements [12-14]. However, observations of
similar behavior in experimental systems are lacking. Us-
ing an electrostatically-levitated, quasi-two-dimensional
collection of charged microparticles, here we show how
dynamical switching between distinct states can emerge
as a collective system behavior rather than a consequence
of bistable elements.

Ezperiments — Figure 1a shows the experimental con-
ditions for particle levitation. The micron-scale particles
are levitated in a weakly-ionized argon plasma [15, 16].
Direct visualization of the individual particles allows
using such “dusty” or complex plasmas as model sys-
tems for studying various condensed matter phenomena
[17, 18]. Gas pressure and plasma density control the
residual charge on the particles, and thus their ability

to form a crystalline lattice with little or no Brownian
motion (Fig. 1b), or a kinetic gas-like state (Fig. lc).
The particles interact via a repulsive, screened Coulomb
potential, where the typical screening length is Ap ~ 1
mm. The particles levitate at a vertical position defined
by a balance between gravity and electrostatic repulsion
from the negatively-biased aluminum electrode at voltage
Viias (Fig. 1d). Weak horizontal confinement is provided
by a gradient in ion density which keeps the negatively-
charged particles near the center of the electrode.

Our experiments use melamine-formaldehyde particles
obtained from microParticles GmbH. The mean diameter
of the particles was 9.46 pum, with a coefficient of vari-
ation, ¢, =~ 1.1%. This inherent polydispersity led to a
variation in the equilibrium height of the particles and
their corresponding vertical oscillation frequency. To re-
move “dimer” particles consisting of two particles stuck
together, we pulsated the plasma using the duty cycle on
the RF power supply (Seren model R301, 13.56 MHz).
The duty cycle was adjusted so that heavier particles
impacted the electrode, while smaller particles were levi-
tated once the plasma was re-initiated. The bias voltage
on the electrode was adjusted by varying the RF power
(~ 2-10 W) delivered to the plasma. Lower voltages were
achieved by detuning the matching network to reduce the
power. A 300 mW diode laser was used as a source for
the horizontal and vertical laser sheets (Laserglow Tech-
nologies). The thickness of the laser sheet was ~ 100 pm.
The particle motion was imaged from above and from the
side using USB 3.0 digital video cameras (Point Grey).
We tracked the particle positions using a python-based
software package [19]. Particle velocities were calculated
by subsequent differences in position in each frame.

Often condensed matter systems have some intrinsic
disorder and fluctuations. In complex plasmas, varia-
tions in particle size introduce quenched disorder, lead-
ing to non-reciprocal interactions [20] and melting of the
crystal under weak confinement [21, 22]. More impor-
tantly for our experiments, single particles experience
self-induced vertical oscillations at low gas pressures. A
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FIG. 1. (a) Diagram of the experimental setup. The particles were introduced into the vacuum chamber by mechanically
shaking the particle reservoir. The particles were illuminated using vertical and horizontal (not shown) laser sheets and imaged
using two cameras, one from above and one from the side. Central regions of crystalline (b) and gas-like (c) samples. (d) Side
view of the particle monolayer. Scale bars correspond to 5 mm. (e) Amplitude of vertical oscillation for a single particle as a
function of P for different values of Viiqs. Inset: Evolution of the z-position of a single particle. (f) Phase diagram of a system

consisting of 691 melamine-formaldehyde particles.

number of proposed mechanisms for the source of the ver-
tical oscillations have been suggested, initially, a delayed
charging of the particles [23] and subsequently, spatial
charge variation [24] and plasma sheath inhomogeneities
[25]. Although there is no consensus on the source of the
oscillations, they are crucial to the emergence of bista-
bility in our experiments. Figure le shows the amplitude
of vertical oscillation for a single particle as a function
of pressure, P, for two different values of Vj;,s. The in-
set shows the z-position of a particle in time, where the
characteristic oscillation frequency is ~ 20 Hz.

By varying P and Vj;,s, which control the dissipative
and interaction forces, respectively, we explore the sys-
tem behavior (Fig. 1f). We also observe a similar phase
diagram for smaller particles [26]. For large values of
P and —Vj;.s, the particles form a stable crystalline
monolayer. Initially, reducing P or —Vj;,s destabilizes
the monolayer as small fluctuations become more pro-
nounced. However, at low P and —Vj;.s, Ap increases
due to the low plasma density, leading to an increase
in the inter-particle distance and the formation of sta-
ble crystals. Surprisingly, in this regime we also observe
a “bistable” phase, where the particle monolayer con-
tinually switches between a crystalline state and a gas-
like state on a minutes-long timescale. This timescale

is not inherent in the dynamics of individual particles,
but rather emerges from the many-body dynamics of a
stochastically-driven system with damping.

Figures 2a-f show images from a typical bistable sam-
ple over 112 s (see Ref. [26] for the full evolution of similar
samples). The vertical oscillations play a key role here.
As the particles begin to oscillate vertically, they move
in-and-out of the laser sheet, as evidenced by the appar-
ent “holes” in the crystalline sample. Most of the parti-
cles oscillate in a synchronous fashion (see Ref. [26]) for
a side view). Since each particle’s oscillation frequency is
slightly different due to variations in particle mass, some
particles begin to move out-of-phase with the rest of the
sample. As the amplitude of vertical oscillation increases,
nonlinear interactions can lead to a nucleation of melting
in the sample, where energy is rapidly redistributed into
the horizontal degrees of freedom. Figures 2g-i show a
typical nucleation event in the sample. The redistribu-
tion of kinetic energy spreads at the speed of sound in
the crystalline lattice, roughly 1 cm/s (Fig. 2j), and is
reminiscent of similar phenomena observed in vibrated
granular layers [27].

After a nucleation event, the particles form a highly-
energetic, gas-like state. However, hydrodynamic damp-
ing causes the kinetic energy to decay and consequently



5 10 15 20
distance (mm)

-17
3X 10 . 10
NEA
> o
w {3 05
S ]
O 1 1 1 00 N 1 N N 1 N N 1 N N
0 200 400 600 800 0 200 400 600 800
time (s) time (s)

FIG. 2. (a)-(f) Image sequence showing one cycle of melting and recrystallization of a particle monolayer made from 691
particles. Some particles move out of the plane of the laser sheet during the vertical oscillations and instability periods so they
are not visible. (g)-(i) Sequence of images showing the nucleation of melting taking place in the central part of the sample.
The time between frames is 1 s. (j) Average horizontal kinetic energy per particle as a function of distance from the nucleation
event. (k) Average horizontal kinetic energy per particle and (1) six-fold bond orientational order parameter for P = 0.71 Pa
and Vpiqs = -6 V. The scale bars in all images correspond to 5 mm. The large noise visible during instability periods is due to

difficulties in tracking highly-energetic particles.

the particles are able to re-crystallize until the vertical os-
cillation of particles begins again, and the cycle repeats
itself for hours without modifying any external parame-
ters [26]. Switching between the two states occurs over
a wide range of time scales, depending on the environ-
mental conditions and sample size, although it is often
quasi-periodic. Figure 2k shows the horizontal kinetic
energy per particle, K E,, over a few bistable periods.
This switching can also be observed in the temporal evo-
lution of structural order of the sample, as evidenced by
the six-fold bond orientational order parameter [28], ¥g,
which is equal to 1 for a perfect hexagonal crystal and 0
for a completely disordered sample (Fig. 21).

Numerical Simulations — In order to understand the
essential ingredients for the emergence of bistability in
our system, we constructed a numerical simulation based
on our experiments. The simulation consists of interact-
ing charged particles with vertical and horizontal electro-

static confinement, resulting in a system of conservative
forces. We add two other forces on each particle: a hy-
drodynamic drag force as given by the Epstein law [15],
which relates the damping experienced by a particle to
the ambient pressure, and a spatially-uniform, Langevin
force in the vertical direction with relative strength 5.
The amplitude of oscillation is determined by a balance
between the stochastic forcing, 5, and dissipation due
to damping, . As discussed above, the nature of the
vertical oscillations is not well-understood. We initially
chose to drive the system using periodic forcing in the
vertical direction, however, this did not cause bistable
switching (see Ref. [26]). This is likely due to the fact
that a sinusoidally-driven harmonic oscillator responds
at the driving frequency, so that all particles move to-
gether, whereas a stochastically-driven harmonic oscilla-
tor has a peak response at its fundamental frequency,
leading to out-of-phase oscillations between neighboring



particles and melting of the crystal (Fig. 2g-i).

The numerical simulations used a custom molecu-
lar dynamics code which treated particles as point-like
spherical capacitors where the charge is proportional to
the particle voltage, V. Particle diameters were cho-
sen from a Gaussian distribution with mean = 10 pm
and coefficient of variation = ¢,. The quenched disor-
der in the system was due to variation in both mass and
charge among the particles. The inter-particle poten-
tial was Ul(ri;) = qigje "4/ P [(dmegryj), where g is the
charge on each particle, and r;; is the distance between
the centers of particle ¢ and j, and A\p = 1 mm. The
vertical confining potential was V,, = —x,22/2 and the
horizontal confining potential was Vj, = —xp, (22 + y?)/2,
where x, = 4.13 x 10 V/m? and x; = 2000 V/m?.
These values were chosen to satisfy the typical oscilla-
tion frequencies of particles in the experiment (i.e. 20 Hz
for vertical oscillations and 0.5 Hz for horizontal oscilla-
tions). The hydrodynamic drag force was F, = —ymv,
where m is the particle mass and -y is the damping coeffi-
cient. The stochastic force in the vertical direction used
to model the self-induced vertical oscillations was given
by F, = n(3,t)m+/Ato/At 2z, where (3, t) is a random
number chosen at each time step from a Gaussian distri-
bution with standard deviation 3, At is the time step in
the simulation, and Aty = 0.001 s. The particle positions
and velocities were advanced in time using velocity-Verlet
integration. Given the large parameter space, we used -y
=02s", 8=05m/s* V, =-6V, and ¢, = 1.25% as
default parameters unless otherwise noted.

There are two system properties which facilitate
bistable switching. The first is quenched disorder due
to variation of particles sizes, given by ¢,. The second
is dynamical noise derived from the vertical stochastic
forcing, given by [. Figure 3a-b shows the time evo-
lution of the ratio of horizontal to total kinetic energy,
Ayy = KE,,/(KE, + KE,,), for two values of ¢,. For
¢y, = 1.25%, which is close to the experimental value,
we observe bistable switching. For larger values of c¢,,
the system remains unstable and the energy is nearly
equipartitioned between the various degrees of freedom,
which corresponds to A, = 2/3. For ¢, < 0.75%,
the particles oscillate in-phase and the sample remains
crystalline. The switching timescales can be extracted
from the Fourier spectrum of A, as shown in Fig. 3c.
Bistable switching corresponds to a large Fourier ampli-
tude at low frequencies. If the system was self-organized
near a critical point in the dynamics, then one would ex-
pect a 1/ f behavior in the Fourier spectrum [29-31]. The
data shows good agreement with this scaling at higher
frequencies, but rolls off at low frequencies.

By varying both § and c¢,, we find that the intensity
of switching is maximized for intermediate values of both
quenched disorder and dynamical noise. Figure 3d shows
a heat map of the integrated Fourier amplitude below
f =0.02 Hz, which we use as a proxy for the intensity of
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FIG. 3. (a-b) Temporal evolution of A,, for two separate

values of ¢,. (c) Fourier transform of Agy from (a-b), and
one for ¢, = 0.25%. (d) Color map showing the integrated
amplitude of the Fourier spectrum below 0.02 Hz, as shown
by the gray region in (c), as a function of 8 and ¢,. (e) Color
map showing the integrated Fourier amplitude as a function
of v and V. (f-g) Average vertical oscillation amplitude of a
single particle as a function of 8 and ~.

switching. The map verifies that too little noise is insuf-
ficient to induce switching between the states, whereas
too much noise leaves the system stuck in the gas-like
state. However, 8 and ¢, can not be easily controlled in
the experiment. In order to better connect the simula-



tion with the experiment, in Fig. 3e we plot the switching
intensity as a function of Vp and y. The switching occurs
for a fairly narrow range of Vp and ~, which is consistent
with Fig. 1f. The agreement is good considering that in
the experiment, changing Vj;.s also changes the vertical
and horizontal confinement. Finally, in Figs. 3f-g, we
plot the average vertical oscillation amplitude of a single
particle as a function of 8 and -y, which also shows good
agreement with the typical amplitudes measured in the
experiment (Fig. le).

Summary — The experiments and simulations pre-
sented here display a broad class of nonequilibrium phe-
nomena in a single system with minimal ingredients and
rich dynamics. We have experimentally demonstrated
global bistability in a spatially-extended system com-
posed of non-bistable elements. Given the underlying
first-order phase transition between the condensed and
gas-like states, our experiment may be a realization of
self-organized bistability [32]. The inter-state switching
is facilitated by both quenched disorder and dynamical
noise. The time scales of individual stable and unstable
periods are not symmetric [26]. Durations of instabil-
ity are mostly determined by the damping time, whereas
the stability durations can be much longer and depend on
the nucleation of an energy-redistribution event. This is
a common property in many excitable systems [6], where
the relaxation path is more deterministic than the ex-
citation path. However, the distribution of switching
timescales in the experiment is narrower than in the sim-
ulation. This may be due to a weak periodic signal in
the experiment which couples with the noise to induce
switching. The source of the periodicity, in addition to
controlling the vertical oscillations through modulating
the electrode voltage, are subjects of current investiga-
tion in our lab.

Acknowledgments — This work was supported by the
NSF DMR Grant No. 1455086. We thank J.-J. Liétor-
Santos, E. R. Weeks, K. Wiesenfeld, R. Khomeriki, J.
Goree, I. Nemenman, G. H. Hentschel, F. Family, D. Hof-
mann, B. Beal, and C. Carter for fruitful discussions.

[1] D. Mukamel, in Soft and Fragile Matter: Nonequilib-
rium Dynamics, Metastability and Flow (PBK), edited
by M. E. Cates and M. R. Evans (SUSSP Publications,
Edinburgh, 2000) pp. 237-258.

[2] H. Hinrichsen, Adv. Phys. 49, 815 (2000).

[3] J. R. Pomerening, E. D. Sontag, and J. E. Ferrell Jr.,
Nature Cell Bio. 5, 346 (2003).

[4] H. Maamar, A. Raj, and D. Dubnau, Science 27, 526
(2007).

[5] A. Pigorini, S. Sarasso, P. Proserpio, C. Szymanski,
G. Arnulfo, S. Casarotto, M. Fecchio, M. Rosanova,
M. Mariotti, G. L. Russo, and M. M. J. Matias Palva,
Lino Nobili, Neuroimage 112, 105 (2015).

[6] B. Lindner, J. Garcia-Ojalvo, A. Neiman, and
L. Schimansky-Geier, Physics reports 392, 321 (2004).

[7] L. Gammaitoni, P. Hanggi, P. Jung, and F. Marchesoni,
Rev. Mod. Phys. 70, 223 (1998).

[8] B. McNamara, K. Wiesenfeld, and R. Roy, Phys. Rev.
Lett. 60, 2626 (1988).

[9] M. D. McDonnell and L. M. Ward, Nature Rev. Neurosci.
12, 415 (2011).

[10] M. Locher, G. A. Johnson, and E. R. Hunt, Phys. Rev.
Lett. 77, 4698 (1996).

[11] J. P. Sharpe, N. Sungar, M. Swaney, K. Carrigan, and
S. Wheeler, Phys. Rev. E 67, 056222 (2003).

[12] J. M. Vilar and J. Rubi, Phys. Rev. Lett. 78, 2886 (1997).

[13] D. Cubero, J. Cuevas, and P. G. Kevrekidis, Phys. Rev.
Lett. 102, 205505 (2009).

[14] G. Miloshevich, R. Khomeriki, and S. Ruffo, Phys. Rev.
Lett. 102, 020602 (2009).

[15] P. K. Shukla and B. Eliasson, Rev. Mod. Phys. 81, 25
(2009).

[16] R. L. Merlino and J. A. Goree, Phys. Today 57, 32
(2004).

[17] G. Joyce, M. Lampe, and G. Ganguli, Phys. Rev. Lett.
88, 095006 (2002).

[18] K. Siitterlin, A. Wysocki, A. Ivlev, C. Réath, H. Thomas,
M. Rubin-Zuzic, W. Goedheer, V. Fortov, A. Lipaev,
V. Molotkov, et al., Phys. Rev. Lett. 102, 085003 (2009).

[19] D. Allan, T. Caswell, N. Keim, and C. van der
Wel, trackpy: Trackpy v0.3.2. Zenodo. (2016), DOI:
10.5281 /zenodo.60550.

[20] A. V. Ivlev, J. Bartnick, M. Heinen, C.-R. Du,
V. Nosenko, and H. Léwen, Phys. Rev. X 5, 011035
(2015).

[21] L. Couédel, V. Nosenko, A. V. Ivlev, S. K. Zhdanov,
H. M. Thomas, and G. E. Morfill, Phys. Rev. Lett. 104,
195001 (2010).

[22] B. Liu, J. Goree,
085004 (2010).

[23] S. Nunomura, T. Misawa, N. Ohno, and S. Takamura,
Phys. Rev. Lett. 83, 1970 (1999).

[24] A. A. Samarian, B. W. James, S. V. Vladimirov, and
N. F. Cramer, Phys. Rev. E 64, 025402 (2001).

[25] D. P. Resendes and G. Sorasio, Phys. of Plasmas 9, 2988
(2002).

[26] See Supplemental Material at http://link.aps.org/ sup-
plemental/XXXX containing three movies of the experi-
ment and supporting data, including Refs. [33, 34].

[27] W. Losert, D. G. W. Cooper, and J. P. Gollub, Phys.
Rev. E 59, 5855 (1999).

[28] J. D. Brock, A. Aharony, R. J. Birgeneau, K. W. Evans-
Lutterodt, J. D. Litster, P. M. Horn, G. B. Stephenson,
and A. R. Tajbakhsh, Phys. Rev. Lett. 57, 98 (1986).

[29] P. Bak, C. Tang, and K. Wiesenfeld, Phys. Rev. Lett.
59, 381 (1987).

[30] L. P. Kadanoff, S. R. Nagel, L. Wu, and S. M. Zhou,
Phys. Rev. A 39, 6524 (1989).

[31] S. Manna, J. Phys. A 24, L363 (1991).

[32] S. di Santo, R. Burioni, A. Vezzani, and M. A. Mufoz,
Phys. Rev. Lett. 116, 240601 (2016).

[33] U. Konopka, D. Samsonov, A. V. Ivlev, J. Goree,
V. Steinberg, and G. E. Morfill, Phys. Rev. E 61, 1890
(2000).

[34] J. Pavlu, A. Velyhan, I. Richterova, Z. Nemecek,
J. Safrankova, I. Cermak, and P. Zilavy, IEEE Trans.
Plasma Sci. 32, 704 (2004).

and Y. Feng, Phys. Rev. Lett. 105,



