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Collective Directional Locking of Colloidal Monolayers on a Periodic Substrate
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We investigate the directional locking effects that arise when a monolayer of paramagnetic colloidal
particles is driven across a triangular lattice of magnetic bubbles. We use an external rotating magnetic field
to generate a two-dimensional traveling wave ratchet forcing the transport of particles along a direction that
intersects two crystallographic axes of the lattice. We find that, while single particles show no preferred
direction, collective effects induce transversal current and directional locking at high density via a
spontaneous symmetry breaking. The colloidal current may be polarized via an additional bias field that

makes one transport direction energetically preferred.
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Introduction.—Understanding the dynamic states that
emerge from interacting particles driven across periodic
potentials is relevant for a great variety of condensed matter
systems [1-4], ranging from electron scattering [5] to
vortices in superconductors [6,7], artificial spin ice [8],
skyrmions [9], granular [10], and active matter [11]. Beside
the fundamental insights, controlling the flow of microscale
systems across ordered landscapes can have direct tech-
nological applications such us particle sorting and frac-
tionation [12-18], processes that are relevant to both
microfluidics [19] and biotechnology [20].

An astonishing effect that arises when the particles are
driven through a regular array of obstacles or potential
wells is directional locking [21,22]. Such phenomenon
occurs when these particles move along periodic trajecto-
ries that are commensurate with the underlying lattice, in
general not aligned with the direction of the driving force.
An experimentally accessible model system that allows
investigating directional locking in real time and space, is
based on the use of microscopic colloidal particles. This
results from our ability to develop periodic potentials at the
microscale using a variety of external means. In previous
experimental realizations directional locking has received
much attention at the level of single particles, and it
manifested with the presence of a devil’s staircase structure
in the particle migration angle [21,23]. More recently,
orientational and directional locking were observed for stiff
clusters of microscopic particles driven by gravity across a
periodic array of holes, and the resulting complex dynamics
followed from competing symmetries between the two
crystalline surfaces [24].
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For disperse and interacting multibody systems, a direc-
tional locking effect may emerge even in the most sym-
metric situation, i.e., when the particles are driven exactly at
the middle of two crystallographic axes of the lattice. A
related example in condensed matter is given by an
ensemble of vortices in high 7, superconductors forced
to move across a honeycomb lattice of pinning sites.
Numerical simulations of the vortex system predict the
emergence of a transversal current which results from the
formation of the dimeric state in the interstitial region of
the lattice [25]. We also note that directional locking effects
have been recently reported on quasiperiodic substrates in
experiments [26] and on quasicrystalline substrates in
simulations [27], although these studies have been limited
to fixed density of the interacting particles.

Here we experimentally observe collective, density-
dependent locking effects and transversal currents when
a monolayer of paramagnetic colloidal particles is driven
across a lattice of cylindrical ferromagnetic domains. We
show that, when the particles are driven along a direction
that intersects two crystallographic axes, collective inter-
actions polarize the particle current along a preferred
direction, not aligned along the driving one. Such direction
results from a spontaneous symmetry breaking, and the
corresponding velocity density curve displays a bifurcation
diagram with two branches that can be destabilized via an
additional bias field. Although directional locking induced
by collective interactions has been predicted in different
theoretical works [12,25,28-30], we provide the first
experimental observation of this general effect.
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FIG. 1. (a) Polarization microscope image showing a small
portion of a magnetic bubble lattice with a schematic of the 12
possible directions. The particles are driven toward left along the
—1 —1 direction; the basic lattice vectors are chosen as
a. = (v/3a/2,+a/2). Scale bar is 10 um. (b) Energy landscape
of the magnetic lattice calculated at an elevation z = 0.7a
(Hy=0.06M,) for t=0, t=37/(4w), t=n/w, and =
27z/w (from left to right, the particle moves from right to left).
Schematics at the bottom shows one bubble in the FGF during the
different phases of the applied field. See Ref. [32] for details on
the calculation. (c) Microscope image of the same region showing
paramagnetic colloids driven towards left by a rotating field with
Hy =720 Am™', @ =25.1rads™" and g = —1/3. Superim-
posed are two trajectories of an individual particle (blue path)
and one in a dense collection (green path). Scale bar is 10 um, see
also video 1 in the Supplemental Material [32].

Experiment.—As a magnetic substrate we use a ferrite
garnet film (FGF) with uniaxial anisotropy which was syn-
thesized by liquid phase epitaxial growth [31] on a (111)
oriented gadolinium gallium garnet (GGG) substrate. The
FGF has composition Y, sBijsFes_,Ga, 0, (¢ = 0.51),
saturation magnetization M, = 1.3 x 10* Am™', and it dis-
plays a triangular lattice of cylindrical domains or “magnetic
bubbles,” with diameter D = 2.4 uym atzero field, and lattice
constant a = 3.4 ym, see Fig. 1(a). These cylindrical
domains were generated using a strong gradient field VB ~
0.2 T/m perpendicular to the film before the experiments,

and can be visualized by the polar Faraday effect, see
video 1 in the Supplemental Material [32]. For low ampli-
tudes, the size of the bubbles can be linearly tuned by a
perpendicular field H*' = H_Z, according to the relation
D =2a+/(H./M+ 1)[sin(z/3)/2z]. On this film we
deposit a water dispersion of paramagnetic colloidal par-
ticles with diameter d = 2.8 ym (Dynabeads M-270) and
magnetic volume susceptibility y = 0.4. In contrast to a
previous work [37], we create here a periodic substrate
composed of magnetic bubbles small enough to accommo-
date only one particle per unit cell. Before the experiments,
the FGF is coated with a 1 um thick layer of a positive
photoresist (AZ-1512, Microchem MA) using spin coating
and UV photo-cross-linking [38]. We use digital video
microscopy [39] to keep track of the particle positions
[x;(2),y;(¢)] with i =1, ..., N, and measure the instanta-
neous velocities v, ,, here v,(f) = (1/N) _;(dx;/dt), and
their mean values taken in the stationary regime [40].
Particle transport.—OQOver the FGF plate we displace
the colloidal particles via an external rotating magnetic
field elliptically polarized in the (X,%) plane, H™' =
[—H, sin (wt)Xx + H_ cos (wt)z], with frequency o and

amplitudes (H, H.). The total amplitude is given by Hy =

V(H2+ H?)/2 and the ellipticity parameter by S =
(H2 — H?)/(H? + H?) with € [~1, 1]. The applied field
modulates the stray field H**® on the FGF substrate, see
Ref. [32] for details, and generates a two-dimensional
traveling wave ratchet which drags along the particles in a
deterministic way (thermal noise is negligible). For
@ < 31.4 rads™!, the transport is field synchronized, and
the particles move ballistically with the speed of the
traveling wave, v,, = aw/(2z), more details are given in
the Supplemental Material [32]. Throughout this work, we
vary mainly the normalized particle density p = (Nd)/A
within the observation area A, and keep @ = 25.1 rad g1
constant, which corresponds to a synchronous speed
(vy) = V/30,,/2~—=11 yms~'. The field parameters are
fixed to Hy = 600 Am~! and = —1/3.

The single particle transport can be understood by
calculating how the energy landscape of a paramagnetic
colloid is altered by the applied field during one field cycle,
Fig. 1(b). When the field is parallel to the bubble mag-
netization, H**' = H % (t = 0), the energy minimum, and
thus the particle, is located at the center of the magnetic
bubble. For 7 = 7/(2w) and H*' = —H %, the in-plane
field H, deforms the landscape translating the particle to
the interstitial region. When the field is antiparallel to the
bubble magnetization (t = z/w, H™ = —H %), it induces
the nucleation of six equal energy minima at the intersti-
tial region. For 7 > 7/w, the interstitial minimum along the
-1-1 direction starts to disappear faster than the other two
along the —10, and 0-1 crystallographic directions, as
shown in Fig. S2 in the Supplemental Material [32].
These two minima produce two equivalent pathways along
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FIG. 2. Longitudinal velocity (v,) (blue open symbols) and
transversal one (v,) (black filled symbols) versus normalized
particle density p for paramagnetic colloids driven toward left.
Error bars are obtained from the statistical analysis of different
experimental realizations.

which the particle can be transported to reach one of the
two closest magnetic bubbles (f = z/w). Since these
pathways are energetically equivalent, the choice of the
particle is given by its initial position in the bubble minima,
which is influenced by noise as thermal fluctuations. As a
result, the single particle transport displays no preference
on the transversal () direction.

Results.—To investigate directional locking effects we
orient the magnetic substrate such that the driving direction
(X < 0)is exactly between the two symmetry axes, —10 and
0-1, Fig. 1(a) [41]. In this situation, single particles display
erratic trajectories, composed by an alternation of up and
down interstitial jumps and a vanishing transversal velocity
(vy) =0, Fig. 1(c). However, we find that for denser
systems the colloidal current polarizes following one of
the two crystallographic directions. For example, in
Fig. 1(c) the dense collection of particles flows along
the —10 direction ((v,) > 0). The observed phenomenon is
rather robust, and lasts as long as the particle density p or
the applied field are constant. The chosen direction results
from dynamically symmetry breaking: switching off and
later on the rotating field H**' can induce transport along
the complementary crystallographic direction, O—1, with a
negative velocity (v,) < 0. Moreover we find that along the
chosen path, the colloidal flow is highly ordered, with few
particle rearrangements. Now the particles form elongated
and compact clusters which keep their shape during
motion, as shown in Fig. S4 in Ref. [32], where we report
the corresponding evolution of mean cluster size and the
degree of clustering.

Figure 2 shows the current density diagram measured in
four different experiments, all of which conducted by
transporting the paramagnetic colloids towards left,

(v,) <0, corresponding images are illustrated in the four
left panels of Fig. 3. We measure a bifurcation dia-
gram showing two nearly symmetric branches starting
from p~0.05, and that reach a maximum separation
speed of ~8 ums~! for p €[0.17,0.27]. In all cases, the
mean longitudinal velocity remains constant to (v,) =
—10.3 yums~!. Above p~0.5 the two branches merge
and the bistability is lost for large clusters. In this situation,
the colloidal particles form a percolating network that
covers the whole potential landscape. Even if the particle
density is below close packing, the colloids have now
nearest neighbors which impede the formation of polarized
clusters moving along a defined crystallographic axis.
Further, we note that in the experimental data the two
branches are not exactly centered at (v,) = 0 indicating
that the magnetic field distribution is not exactly symmet-
ric, due to the presence of imperfections in the bubble
lattice, as double magnetic domains. These imperfections
create dislocation in the bubble array which may induce
change in the crystallographic direction of the driven
clusters, see also Fig. S4 in Ref. [32] for the case of
Figs. 3(b), 3(c). We further measure the distribution of
lateral displacement P(Sy) for all set of data, as shown in
Fig. 3. Here we find that P(8y) are Gaussian for both low
[p < 0.025, Fig. 3(a)] and high [p € [0.55,0.65], Fig. 3(d)]
densities where the branches merge. However at high
density the width of the Gaussian (6 =5 ym) reduces
by half the value at low density (¢ = 10.6 ym) due to the
high concentration of particles, and the corresponding
reduction of their lateral mobility. In contrast, for inter-
mediate density [p € [0.17,0.27], Figs. 3(b), 3(c)] we find a
bimodal distribution, which reflects the bistability reported
in Fig. 2.

The transverse polarization produces a dynamical syn-
chronization process between nearest propelling particles
in the clusters. We quantify this effect in Fig. 4 by
measuring the average distance between nearest neighbor
(nn) particles, (Ar) = (r;;(t) — r;;(0)),,. being r;; = |r; —
r;| and r; the position of particle i. For dilute density, the
particles are far away and dipolar interactions are unable to
form the clusters, thus (Ar) is observed to increase with
time in our experimental area. For intermediate densities
(p = 0.18) the particles form elongated clusters, and the
lateral jumps of the composing particles across the inter-
stitial region [Fig. 1(b)] are coherently synchronized. In this
situation the average distance between two particles is of
the order of the lattice constant a, where r;j~aVi,
(Ar) — 0. At high density the directional locking is lost
and the particles within the percolating structure display
uncorrelated upward and downward lateral jumps. Thus,
(Ar) raises but slowly due to the high particle density.

The collective directional locking at intermediate p
results from the formation of compact clusters kept by
attractive dipolar interactions. Via approximate expressions
of the magnetic field, see the Supplemental Material [32]
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FIG. 3. Experimental images with superimposed particle tra-
jectories for (a) p=0.02; (b) p=023 (c) p=0.16;
(d) p = 0.58. Lateral graphs show the distribution of the trans-
versal displacement of the particles P(Sy) for three different
regions of the diagram with p < 0.025 (top left), p € [0.55, 0.65]
(bottom left), and p € [0.17,0.27] (right). The P(Sy) at the top
(R? =0.85) and at the bottom (R? = 0.99) are fitted with a
Gaussian distribution, while the middle curve is a bimodal fit
(R? = 0.82), with R? the coefficient of determination.

for details, the dipolar interaction between two particles
with coordinates ry = (x1,y;) andr, = (x5, y,) =r; —ay,
i.e., separated by one lattice constant a and aligned along a
crystallographic axis, @, = (v/3a/2,+a/2) is reduced to

Ud(rl) & Fxx(l - 3'%%2) + Fzz - 3ny52125)127 (1)

where F,, = 2H®'(1)H}"(r,) and similarly for F,, F__,
and %, = v/3/2, $;» = £1/2. Potential (1) has a hexago-
nal structure with attraction along the crystallographic axes.
These interactions are caused by the interplay between
stray field and external modulation while evolving in time,
and is a complex and richer effect than that reported

10—
p (um”)
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separation distance, (Ar)/d
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FIG. 4. Normalized average distance between nearest neigh-
bors (Ar) versus time calculated for four densities.

before [36]. Our model neglects hydrodynamic interactions
suggesting that magnetic forces dominate the dynamics of
the system.

For intermediate densities, the dynamical state of our
driven monolayer is bistable, and switching between them
can be controlled by an additional bias field H, super-
imposed to the driving one. We demonstrate this feature in
Fig. 5, where the particle velocities are plotted as a function
of time for a low density case (p ~0.1) where (v,) =0,
while (v,) = —10 ums~!. The addition of a static, trans-
versal component —H |, (H ) to the rotating field during two
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FIG. 5. Velocities versus time for a dilute system driven to the

left, where density is slowly decreasing in time from p = 0.06
(t=035s) to p=0.06 (+ =250 s). The shaded regions indicate
the presence of an additional magnetic field H, = 200 Am™!
(blue) and —H, (pink). Right graph denotes the corresponding
evolution of the normalized particle density p. Inset shows the
direction of the applied bias fields with respect to the magnetic
lattice.
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time intervals ¢ € [36.5,70.6] s (r € [128.9,161.9] s)
polarizes the colloidal current along the 0—1 (—10) direction
with (v,) = —4.9 ums™" ((v,) = 4.6 ums™') while the
longitudinal current remains practically unaffected.
Inspection of how the bias changes the two energy land-
scapes, reveals that the applied field produces a preferred
energetic path during the particle excursion process, creat-
ing interstitial wells with unequal depths and thus trans-
versal rectification along the bias direction. The polari-
zation effect enables us to selectively control the transversal
rectification process, in contrast to the spontaneously
chosen transport path in the absence of bias. We also
stress the fact that our colloidal current is generated via
time-modulated homogeneous magnetic fields, and not via
external field gradients as in magnetophoresis [42], which
would impede the observation and control of transversal
current across the lattice.

To conclude, we demonstrate spontaneous directional
locking that emerges by collective interactions when a
monolayer of colloidal particles is driven across a periodic
substrate. Our results have been obtained with a specially
prepared single crystal uniaxial ferromagnetic thin film,
however they are more general and can be observed in other
condensed matter systems characterized by interacting
particles driven across a corrugated landscape. An example
of transverse response and bistability effects have been
reported in the past for vortex matter in high 7. super-
conductors [25] or electron scattering [43]. Also, the
understanding and control of the sliding process between
particles on a corrugated substrate may be of interest for
studying friction and adhesion phenomena [44]. Here we
add a mesoscopic model system for locking effects where
particle currents and fluctuations can be investigated in real
time and space and controlled by an external field.
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