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We experimentally investigate the structural behavior of an interacting colloidal monolayer being

driven across a decagonal quasiperiodic potential landscape created by an optical interference pattern.

When the direction of the driving force is varied, we observe the monolayer to be directionally locked on

angles corresponding to the symmetry axes of the underlying potential. At such locking steps, we observe

a dynamically ordered smectic phase in agreement with recent simulations. We demonstrate that such

dynamical ordering is due to the interaction of particle lanes formed by interstitial and noninterstitial

particles.
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Particles which are driven across periodic substrate po-
tential landscapes show a number of intriguing phe-
nomena. Depending on the direction of the applied
driving force F, the orientation of the particle’s motion
can substantially deviate from F but is locked in to direc-
tions determined by the substrate’s symmetry [1,2].
Examples of such kinetically locked-in states include
atom migration on crystalline surfaces [3], driven charge
density waves [4], and flux flow in type-II superconductors
[5–7]. Also, it has been demonstrated that directional lock-
ing can be employed for sorting colloidal particles accord-
ing to their size, refractive index, or chirality [8,9]. In
contrast to the above examples, which have been carried
out with diluted systems, only little is known about direc-
tional locking in the presence of non-negligible particle
interactions. Then, the competition between interparticle
forces and those with the substrate leads to complex dy-
namical ordering phenomena [10]. Interestingly, dynami-
cal ordering is not limited to periodic surfaces but is also
found on vortex lattices driven across quasiperiodic and
disordered pinning sites [11–14]. Recently, directional
locking and dynamical ordering were even predicted for
interacting colloidal systems on quasiperiodic substrate
potentials [15]. However, both an experimental demonstra-
tion and a microscopic understanding of such ordering
transitions on quasiperiodic substrates are still missing.

In this Letter, we experimentally demonstrate dynamical
ordering of a colloidal monolayer on a quasiperiodic opti-
cal interference pattern [16]. When the direction of the
driving force is varied with respect to the substrate, we
observe directionally locked states with smecticlike order,
in agreement with recent predictions [15]. We demonstrate
that this is due to the interaction of particle lanes formed by
interstitial and noninterstitial particles. When the angle of
F deviates from a substrate symmetry direction, the col-
loidal monolayer partitions into domains which are aligned
along different symmetry directions of the substrate.

Our experiments are performed in a thin sample cell
with 200 �m height which is filled with an aqueous sus-
pension of charged polystyrene spheres with diameter � ¼
1:95 �m. Because of their surface charge, they interact via
a screened Coulomb potential �ðrÞ / expð��rÞ=r where
��1 is the Debye screening length which is estimated to
about 160 nm. A quasiperiodic light field is created by
interfering five laser beams with identical linear polariza-
tion and wavelength � ¼ 532 nm [Fig. 1(a)]. These beams
form inside the sample cell a continuous light distribution
with decagonal symmetry which imposes optical forces
onto the colloidal particles and thus acts as a potential
landscape with adjustable potential depth [Fig. 1(b)]. To
highlight the quasiperiodic order, we have represented
potential sites exceeding 50% of the maximum laser inten-
sity as dark (red) dots. Such deep potential wells are
aligned along rows which are distributed according to a
Fibonacci sequence with separation distances L ¼
12:1 �m and S ¼ 7:5 �m along the y direction. The
length scales are set by the intersection angle of the laser
beams. To avoid buckling effects and vertical particle
fluctuations, an additional vertically incident laser beam
exerts an optical pressure onto the colloids towards the
bottom of the cell. The sample cell is mounted on an xy
piezo stage which allows lateral translations with velocities
u in a range of 0.1 to 10 �m=s. Because of viscous Stokes
forces F ¼ �effu, this leads to a lateral driving force onto
the colloidal monolayer. The effective drag coefficient �eff

is obtained from the short-time particle diffusion coeffi-
cient and exploiting the Einstein relation [17]. All experi-
ments were carried out at a particle density slightly below
the crystallization threshold where the colloids form a fluid
in the absence of the optical landscape and for F ¼ 0.
Figure 2 shows how the structure of a colloidal mono-

layer changes when a driving force F is applied at different
angles � with respect to the symmetry directions of the
quasiperiodic substrate [dashed lines in Fig. 1(b)]. We have
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chosen values of � ¼ 0�, 20�, and 36�, i.e., the first and the
last angle corresponding to a symmetry direction and one
in between. The particle density was adjusted to � ¼
0:023=�m2, leading to a filling fraction 	 � 2 being de-
fined by the ratio of deep potential sites [dark (red) dots in
Fig. 1(b)] and the total particle number [Fig. 1(c)]. For the
chosen laser intensity I ¼ 6:4 �W=�m2, the monolayer
forms a quasicrystal for F ¼ 0, as inferred from the tenfold
symmetry in the structure factor (data not shown). For a
driving force F ¼ 291 fN, all particles become mobile and
travel with rather constant velocity across the potential
landscape. In order to visualize the structure of the moving
colloidal monolayer, we have applied a tiling algorithm
which is based on a Delaunay triangulation of snapshots of
the particle positions (for details, see [18]). Because these
tilings are only subjected to little fluctuations when the
monolayer moves across the quasiperiodic substrate, in the
following we discuss configurational snapshots rather than
time-averaged quantities.

Within the tiling representation, particle positions
correspond to the vertices of the tiling pattern shown in
Figs. 2(a)–2(c). Obviously, for � ¼ 0� and 36�
[Figs. 2(a)–2(c)], the square and triangular tiles are aligned
in bands which are locked to a symmetry direction of the

substrate. The corresponding structure factor [insets of
Figs. 2(a)–2(c)] suggests a smecticlike phase with high
periodic order along the bands and only little periodicity
perpendicular to them. In contrast, no such dynamical
ordering is found when the direction of F deviates from
symmetry directions, as shown exemplarily for � ¼ 20� in
Fig. 2(b). Here, the ring structure of SðkÞ indicates a liquid
colloidal state having only short-range order.
The formation of dynamically ordered phases is associ-

ated with discrete locking steps, which can be identified
by the mean colloidal velocity along the y direction hvyi¼
1=N

PN
1 vi � ŷ as a function of the driving angle � [Fig. 2(d)].

Instead of a monotonic increase, we observe pronounced
plateaus (arrows) around � ¼ 0� and 36� where the parti-
cle’s motion becomes locked to the structure of the under-
lying substrate. The directional locking extends over an
angular range of approximately 10� and is centered around
multiples of 360�=10, reflecting the tenfold rotational
symmetry of the substrate. To demonstrate the higher
degree of order on the locking steps, we also determined
the fraction of sixfold coordinated particles P6 ¼P

N
i 
ðzi � 6Þ as a function of the direction of the driving

force. As seen in Fig. 2(e), P6 peaks at the position of the
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FIG. 2 (color online). (a)–(c) Tiling of particle configurations
with squares and triangles in blue and green for (a) � ¼ 0�,
(b) 20�, and (c) 36�. For (a) and (c), tiles arrange in bands which
are aligned in the direction of F, while no such ordering is found
in (b). The insets show the structure factor SðkÞ which displays
(a),(c) smectic ordering and (b) a moving fluid, respectively. The
scale bar corresponds to 20 �m. (d) The y component of the
average velocity as a function of � exhibits pronounced plateaus
at � ¼ 0� and 36� (arrows) demonstrating directional locking.
(e) Fraction of sixfold coordinated particles P6 vs �.

FIG. 1 (color online). (a) Five laser beams form a continuous
decagonal quasiperiodic potential landscape inside the sample
cell, which is mounted onto an xy piezo stage for application of
lateral viscous forces. (b) Measured intensity distribution with
deep potential wells represented as dark (red) dots. The pattern
displays decagonal symmetry, and the predominating motifs are
pentagons and flowers (indicated with solid lines). Deep poten-
tial wells are aligned along symmetry directions and form a
Fibonacci sequence (dashed lines). (c) Particle positions super-
imposed with the quasiperiodic potential for I ¼ 6:4 �W=�m2.
Particles at deep potential wells and at interstitial positions are
marked as large (blue) and small (green) bullets, respectively.
The scale bar corresponds to 20 �m.
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plateaus, which demonstrates a higher amount of periodic
order in the locked-in states in correspondence to Figs. 2(a)
and 2(c). In addition to the angle dependence, we also
studied how P6 depends on the amplitude of the driving
force. For � ¼ 0�, we observe a continuous increase and
the onset of a saturation value above F � 290 fN (Fig. 3).

Our results are in good agreement with recent numeri-
cal studies and support the idea that long-range order
rather than translational symmetry is the essential
ingredient for locked-in transport [15]. Contrary to our
experiments on a continuous quasiperiodic lattice, the
simulations were performed on substrates composed of
discrete pinning sites distributed according to a Penrose
tiling. This difference may account for the absence of a
square phase in our experiments which has been ob-
served in the simulations [15].

To understand the origin of dynamical ordering on a
microscopic level, in Fig. 4 we show particle trajectories
for F ¼ 47; 87; 291 fN and � ¼ 0�. The underlying qua-
siperiodic substrate potential is plotted as a grey scale
background. For F ¼ 47 fN, which is slightly above the
depinning threshold, particles at deep substrate pinning
sites remain localized while weakly pinned interstitial
particles move in the direction of the driving force
[Fig. 4(a)]. As a result, trajectories of interstitial particles
form lanes in the direction of F. These lanes develop
predominantly between lines of deep substrate potential
wells separated by the distance L because there the sub-
strate is rather shallow [see Fig. 1(b) and arrows in
Figs. 4(a), 4(c), and 4(e)]. The trajectories’ x components
of interstitial and noninterstitial particles located in adja-
cent lanes are plotted in Fig. 4(b) as thick red and thin black
lines, respectively. When the driving force is further in-
creased to F ¼ 87 fN, also previously pinned particles are
set into motion and the entire monolayer moves in the
direction of F [Fig. 4(c)]. However, interstitial and non-
interstitial particles behave differently, as seen in Fig. 4(d).
While interstitial particles move with rather constant ve-
locity across the surface, noninterstitial particles show a
pronounced stick-slip motion due to their interaction with
the underlying deep substrate potential wells. As a result of

the additional electrostatic pair potential, the motion of
particles becomes correlated along the y direction, which
then leads to a coupling between interstitial and noninter-
stitial lanes. Further increasing the driving force finally
leads to the above described dynamically ordered phase.
Figure 4(e) shows the trajectories for F ¼ 291 fN. Here,
the velocities of noninterstitial and interstitial particles
become identical and the entire system moves with rather
constant velocity across the substrate, which then leads to
the smecticlike phase observed above [Fig. 4(f)].
Dynamical ordering is most pronounced when the par-

ticle densities within lanes composed of interstitial and
noninterstitial particles are almost identical, as this is the
case for 	 � 2, as shown above. Under these conditions,
neighboring lanes have the same effective interaction,
which favors a rather equidistant lane spacing. This is
achieved by a small shift of particle lanes out of the
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FIG. 3 (color online). Fraction of sixfold coordinated particles
P6 as a function of the driving force for � ¼ 0�.
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FIG. 4 (color online). (a),(c),(e) Particle trajectories superim-
posed to the quasiperiodic potential for (a) F ¼ 47 fN,
(c) F ¼ 87 fN, and (e) F ¼ 291 fN applied along one of the
symmetry directions (� ¼ 0�). Deep potential minima are
aligned along symmetry axes and form a Fibonacci sequence
of lines along the y direction. Interstitial particles move on lanes
along rows of shallow potential minima lying between two
L-spaced lines (see arrows). Characteristic motifs are marked
with hollow red circles; the laser intensity was set to I ¼
6:4 �W=�m2. (b),(d),(f) x coordinate vs time for three succes-
sive trajectories of two adjacent interstitial and noninterstitial
lanes. Interstitial and noninterstitial trajectories are marked with
thick (red) and thin (black) lines.
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substrate potential well centers and thus leads to an average
lane distance of d ¼ 6:4 �m [see Fig. 4(e)]. Because
particle exchange between lanes is strongly suppressed,
this further supports the formation of dynamically ordered
structures. In general, the formation of a dynamically
ordered phase has been predicted to strongly depend on
the filling fraction 	 [15]. This is in good agreement with
our observations that for, e.g., 	 ¼ 1:28, only disordered
phases are observed in our experiments.

Finally, we also investigated the force dependence on the
particle trajectories when F deviates from a symmetry
direction, i.e., for � ¼ 18�. For F ¼ 87 fN, mainly inter-
stitial particles are mobile and form lanes which are
aligned along substrate symmetry directions � ¼ 0�, 36�,
and 72� [Fig. 5(a)]. A further increase to F ¼ 115 fN leads
to spatially extended domains (composed of interstitial and
noninterstitial particles) having different lane alignments
� ¼ 0� and 36� [Fig. 5(b)]. The orientation of these do-
mains is obviously determined by the direction of the
previously, i.e., at lower F, formed lanes of interstitial
particles which couple to the motion of the noninterstitials
[see the domain boundaries marked in Figs. 5(a) and 5(b)].
The formation of such dynamic domains requires the
sudden change of the direction of particle trajectories as
this is seen in our experiments [highlighted trajectories in
Fig. 5(b)]. Such symmetry breaking phenomena in driven
monolayers on ordered surfaces have been also predicted
on periodic substrate potentials where the entire monolayer
will lock to one of the symmetry directions [19]. This is in
contrast to our experiments, where the monolayer parti-
tions into domains which are locked to different angles.
We assume that this is due to the higher rotational symme-
try of quasiperiodic vs periodic surfaces, which requires
smaller kink angles in the particle trajectories. Finally, for
F ¼ 174 fN, directional locking is lost and all colloids
follow the direction of the applied force [Fig. 5(c)].

In conclusion, we have experimentally investigated the
behavior of a monolayer of interacting particles driven
across a substrate with quasiperiodic symmetry. We find
that directional locking is not limited to periodic substrates
but also occurs on quasiperiodic potentials which lack
translational symmetry. In addition, we demonstrate that
the microscopic origin of dynamical ordering transitions is
due to the interaction of particle lanes formed by interstitial
and noninterstitial particles.
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FIG. 5 (color online). Particle trajectories for � ¼ 18� and
(a) F ¼ 87 fN, (b) F ¼ 115 fN, and (c) F ¼ 174 fN. The light
intensity of the interference pattern is I ¼ 6:4 �W=�m2. The
insets show the direction of the driving force relative to two
symmetry axes.
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