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Topological protection ensures stability of information and particle transport

against perturbations. We explore experimentally and computationally the
topologically protected transport of magnetic colloids above spatially inho-
mogeneous magnetic patterns, revealing that transport complexity can be
encoded in both the driving loop and the pattern. Complex patterns support
intricate transport modes when the microparticles are subjected to simple
time-periodic loops of a uniform magnetic field. We design a pattern featuring
a topological defect that functions as an attractor or a repeller of micro-
particles, as well as a pattern that directs microparticles along a prescribed
complex trajectory. Using simple patterns and complex loops, we simulta-
neously and independently control the motion of several identical micro-
particles differing only in their positions above the pattern. Combining
complex patterns and complex loops we transport microparticles from
unknown locations to predefined positions and then force them to follow
arbitrarily complex trajectories concurrently. Our findings pave the way for
new avenues in transport control and dynamic self-assembly in colloidal

science.

The transport of microscopic colloidal particles suspended in fluids is
relevant for a wide range of physical and biological phenomena
including sedimentation’, drug delivery’™, self-assembly*”, microfluidic
devices®”, and active systems", External fields are often used to
control the motion of colloidal particles”™. These include spatially
uniform fields such as gravitational®, electric?, and magnetic*>* fields,
as well as spatially inhomogeneous fields such as the manipulation of
colloidal particles with optical tweezers®. Directed colloidal transport
can be achieved via Brownian motors® that combine non-equilibrium
fluctuations with spatially inhomogeneous energy landscapes”~.
Usually, the colloidal particles are transported along the same
direction but the simultaneous transport of different particles across

different directions is useful and even a requisite in systems of various
length scales. For example, the transport of cargo on traffic networks
requires organizing various subtasks simultaneously*’. Sorting of
microparticles driven on periodic lattices is possible because the
particles travel along different directions depending on, e.g. their
size®*, In biology, the metabolism and structural diversity of the cell
demand the regulation of a vast array of molecular traffic across
intracellular and extracellular membranes.

In previous work, we have shown that robust, multidirectional,
and simultaneous control of colloidal particles that differ in, e.g. their
magnetic properties can be achieved with topological protection®’,
As illustrated in Fig. 1a, paramagnetic particles are placed above a
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periodic magnetic pattern made of regions of positive and negative
magnetizations normal to the pattern. A uniform external magnetic
field of varying orientation drives the motion. The particles are trans-
ported following the minima of the periodic magnetic potential which
results from the interplay between the complex but static field of the
pattern and the simple but time-dependent uniform external field. The
orientation of the magnetic field varies in time-performing loops.
Hence, after one loop the orientation returns to its initial value. Loops
that wind around specific orientations induce the transport of the
colloidal particles by one unit cell of the magnetic pattern. During the
loop, minima of the magnetic potential cross from one unit cell to the
adjacent. Once the loop ends, the particle is in a position equivalent to
the initial one but in a different unit cell. The motion is topologically
protected in the sense that the precise shape of the loop is irrelevant.
Only the set of winding numbers of the modulation loop around
the specific orientations (the topological invariant) determines the
transport direction. The motion is therefore robust against
perturbations.

The specific orientations of the external field that are relevant to
control the motion depend on both the symmetry of the pattern® (e.g.
square vs. hexagonal) and the particle properties. Hence, particles with
different properties, e.g. paramagnetic and diamagnetic particles
above hexagonal magnetic patterns® as well as micro-rods of different
lengths’®, can be transported in different directions independently and
simultaneously using periodic patterns. However, the use of periodic
patterns imposes several limitations on the transport. All particles that
belong to the same topological class (e.g. identical paramagnetic
particles or rods of the same length) are transported along the same
direction, independently of their absolute position above the pattern
as schematically represented in Fig. 1a. In addition, the location of the
particles above the pattern is unknown a priori and it must be deter-
mined externally via, e.g. direct visualization via microscopy.

These limitations are overcome here using inhomogeneous (non-
periodic) patterns. We make either the symmetry, Fig. 1b, or the global
orientation, Fig. 1c, of the magnetic pattern dependent on the absolute
position above the pattern. As a result, the specific orientations of the
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Fig. 1| Periodic vs inhomogeneous patterns. a Periodic square pattern (a unit cell
is highlighted in yellow), b hexagonal pattern in which the symmetry phase ¢ varies
in space, and ¢ a pattern made of two square patterns rotated by an angle of 45°.
The patterns are made of regions with positive (black) and negative (white) mag-
netization normal to the pattern, see vertical arrows in (a). A polymer coating
protects the patterns and acts as a spacer for the paramagnetic colloidal particles
(orange) that are suspended in a solvent and move in a plane parallel to the pattern
(action space). The motion is driven by a uniform external field (green arrow). The
control space C (gray spheres) represents all possible orientations of the external
field. The orientation of the external field varies in time performing a loop (green
curves). Loops that wind around special orientations induce particle transport.
These special orientations are determined by the position of the fences and

external field that control the motion depend also on the space
coordinate. The direction of the transport can then be locally con-
trolled by the modulation loop of the external field and also via the
local symmetry of the inhomogeneous magnetic pattern. We can
imprint the complexity of the transport mainly to the pattern, and then
use simple loops to generate complex transport as illustrated in Fig. 1b.
Following this idea we create non-periodic patterns that transport the
particles to a desired position by just repeating simple modulation
loops. We also create patterns in which the colloidal particles follow
arbitrarily complex trajectories driven by a simple time-periodic
modulation loop. Additionally, we create simple patterns and encode
the complexity of the transport in the modulation loops as sketched in
Fig. 1c. This allows us to simultaneously and independently control the
transport of identical colloidal particles located at different positions
above the pattern. We design for example a complex modulation loop
that controls the transport of 18 identical colloidal particles individu-
ally and simultaneously. Beyond its fundamental interest, our work
opens a new route to control the transport in colloidal systems with
potential applications in reconfigurable self-assembly*®*,

Results

The plane in which the particles move (action space) splits into allowed
and forbidden regions. In the allowed (forbidden) regions the sta-
tionary points of the magnetic potential are minima (saddle points).
The boundaries between allowed and forbidden regions in action
space are the fences. The position of the fences in control space C (a
sphere that represents all possible orientations of the external field)
depends on the symmetry of the pattern and it determines the loops
that induce colloidal transport (see Fig. 1). An extended summary of
the transport in periodic patterns® is provided in Supplementary
Note 1 and Supplementary Figs. 1 and 2.

Here we focus on transport in inhomogeneous patterns. Sophis-
ticated transport modes can be achieved by adding complexity to
either the patterns, the loops, or to both of them. We see examples of
each type in the following sections. Details about the experiments and
computer simulations are given in the “Methods” section.

inhomogeneous patterns

bifurcation points in control space which depend on the local symmetry of the
pattern. Shown are the fences of square patterns for one (a) and two (c) different
orientations, as well as those of four hexagonal patterns with different symmetry
phases ¢ (b). We also indicate the bifurcation points (black circles) in (b) which are
those points where two fence segments meet. Next to the fences, we show the
corresponding unit cell of the pattern. In periodic patterns (a) all the particles
move in the same direction (orange arrows), independently of their position above
the pattern. In inhomogeneous patterns, a single modulation loop can induce
transport in different directions depending on the position of the particle above
the pattern. Complex particle trajectories can be generated using complex pat-
terns and simple loops (b) or simple patterns and complex loops (c).
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Fig. 2 | Pattern with a topological defect. a Magnetic pattern with a topological
defect in the symmetry phase ¢. The pattern is dissected into hexagonal cells
(green hexagons). The central cell (yellow) contains the defect. Enlarged
Wigner-Seitz cells of selected periodic hexagonal lattices with symmetry phase ¢
(see color bar) corresponding to their position in the pattern are shown. Next to
each enlarged cell, we plot a stereographic projection of the corresponding control
space and the modulation loop that attracts the particles toward the defect. Shown
are the fences (blue), the equator (violet), and both the active (green) and the
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inactive (red) subloops. The loop winds as indicated by the circular black arrow.
The two apparently open segments of the loop are actually joined at the south pole
of the control space (not visible due to the projection). The transport direction
(orange arrows) changes at the transition lines (black-dashed lines). b Illustrative
configurations of the position of transition lines (black-dashed lines) that give rise

to particle trajectories moving towards the defect (attractor) or away from it
(repeller). The particle trajectories are illustrated in orange.

Complex patterns and simple loops
There is a full family of periodic hexagonal patterns characterized by
the value of the symmetry phase ¢ (see the “Methods” section) and
illustrative examples in Fig. 1b. We render the symmetry phase a con-
tinuous function of the position, which creates an inhomogeneous
symmetry phase modulated pattern such as the example in Fig. 1b. For
slow enough spatial changes of the symmetry phase, the cells of the
modulated pattern deviate only weakly from the Wigner-Seitz cells of
corresponding periodic patterns with fixed values of the symmetry
phase. Hence, knowing how to control the transport in periodic pat-
terns is enough to control the transport in inhomogeneous situations.
We focus first on complex inhomogeneous patterns designed to
achieve locally different transport for a single specific task. Most of the
complexity of the transport is embedded in the pattern and therefore
the modulation loops of the external field are simple.

Topological defect in the symmetry phase

We show in Fig. 2 a symmetry phase modulated hexagonal pattern. The
details to generate the pattern are given in the “Methods” section. Each
time we wind around the center of the pattern we go through the full
family of hexagonal patterns exactly once (including the inverse pat-
terns with opposite magnetization) and return to the initial symmetry
phase. This introduces a topological defect at the center of the pattern
where the symmetry phase is not well defined.

The symmetry phase is constant along radial directions and the
modulation is weak everywhere except near the defect. To illustrate
this, we have dissected the pattern into hexagonal cells in Fig. 2a. We
also show enlarged Wigner Seitz cells of periodic patterns with a
symmetry phase corresponding to that of the radial ray of the inho-
mogeneous pattern. The Wigner Seitz cells of the periodic patterns
resemble closely the cells of the inhomogeneous pattern, even in the
proximity of the central defect. It is therefore expected that the
transport in the inhomogeneous pattern can be understood in terms of
the transport in periodic patterns.

The location of the fences in the control space varies substantially
as we wind around the defect in the action space. (See the stereo-
graphic projections of control space for selected values of the sym-
metry phase in Fig. 2a and Supplementary Fig. 1.) Hence, it is possible
to transport the microparticles into different directions depending on
the sector of the pattern. In particular, we can construct modulation
loops that use the central defect of the pattern as either an attractor or
a repeller of colloidal particles.

A stereographic projection of the modulation loop that attracts
the particles towards the defect is shown in Fig. 2a next to each
enlarged Wigner-Seitz cell. The loop is made of two subloops. Only
one of the subloops is active (green) for each value of the symmetry
phase ¢. The subloop is active in the sense that it induces net
transport for those particles located in sectors of the pattern with
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that value of ¢. The other subloop is inactive (red) in the sense that
after one complete subloop, the particle returns to its position and
hence there is no net transport. Using two subloops we control
simultaneously the transport direction in sectors of the pattern with
opposite magnetization (different values of the symmetry phase).
Note for example how the active subloop in regions with C4 sym-
metry (¢p = 0) becomes the inactive subloop in those regions with an
inverse pattern C (¢ =+ m1/3) and vice versa (see Fig. 2a). To induce
transport a subloop must wind around at least three bifurcation
points of the fences in control space C, as explained in the Supple-
mentary Note 1. Recall that control space is simply the surface of a
sphere in which each point corresponds to one orientation of the
external magnetic field. The bifurcation points are the points in
which two segments of the fences meet in C, see examples in Sup-
plementary Fig. 2.

The complete attractor loop, made of two subloops, induces four
different transport directions (along +a; and along +az) depending on
the value of the symmetry phase (see Fig. 2a). Here, a;, i=1,2,3 are
three lattice vectors of the periodic hexagonal pattern (see Fig. 2 and
the “Methods” section). The transition between the different transport
directions, e.g. from+as; to —a;, occurs at specific values of the sym-
metry phase that can be adjusted with the loop. See the transition lines
(dashed-black lines) in Fig. 2a.

By controlling the location of the transition lines we fix whether
the defect acts as an attractor or a repeller of particles (see Fig. 2b). In
both cases, the particles wind clockwise around the defect. Instead of
changing the position of the transition lines, we could also control
whether the defect attracts or repels microparticles by reversing the
direction of the transport. However, this requires a complete redesign
of the modulation loop. Simply reversing the direction of the mod-
ulation loop does not reverse in general the transport direction in the
whole pattern due to the occurrence of non-time reversal ratchets in
hexagonal patterns®*’,

a symmetry phase
[ aaa—— | ¢
-n/3 -m/6 0 /6 /3

27 /3

4m/3

Fig. 3 | Attractor and repeller of particles. a Trajectory of a colloidal particle
(randomly initialized) obtained with Brownian dynamics simulations above a pat-
tern with a central topological defect in the symmetry phase. The blue (orange)
trajectory is generated by the repetition of the attractor (repeller) modulation loop
that moves particles towards (away from) the defect. The pattern is colored
according to the value of the symmetry phase (color bar). The scale bar is 10a.

b Close-up of the region indicated by a yellow square in (a) and the trajectories
around the central defect. The background shows the local magnetization of the
pattern. ¢ Stereographic projection of the repeller loop (green) in C. The equator
(violet circle) and the fences of the C¢ and S¢ patterns as well as their inverse
patterns, C4 and S, (dashed curves) are also depicted as a reference. The fences
are colored according to the value of the symmetry phase. The two apparently open

C repeller loop

In Fig. 3a, b we show the trajectories of a colloidal particle located
above the defect pattern according to Brownian dynamics simulations.
The particle is randomly initialized above the pattern and then sub-
jected to several repetitions of the attractor loop shown in Fig. 2. We
also show the trajectory followed by the particle under the repetition
of the repeller loop, depicted in Fig. 3c. The repeller and the attractor
loops have similar shapes since they differ only in the values of ¢ at
which the transport direction changes. The corresponding experi-
mental trajectories are shown in Fig. 3d. In the experiments, there are
several colloidal particles that are initially located above the patternin
random positions. If the attractor loop is repeated enough times, one
colloidal particle will have reached the defect with almost certainty.
Once a particle reaches the defect it stays there. In the experiments,
further colloidal particles that try to enter the defect are repelled by
the particle already occupying the center via dipolar repulsion. We can
thus use the attractor loop to initialize one microparticle in the defect
center. Whereas the location prior to the action of the attractor loop
was unknown, it is known after the repeated application of the loop.
The topological initialization is robust to thermal fluctuations. Brow-
nian dynamics simulations of colloidal particles at higher temperatures
still initialize the location of the defect. We briefly discuss the effect of
finite temperature in the “Methods” section and Supplementary Fig. 4.

Encoding complex trajectories in the pattern

Patterns with spatial modulation of the symmetry phase can be used to
encode arbitrarily complex particle trajectories. The patterns are
designed to induce the desired trajectory when the particles are sub-
jected to the repetition of a simple modulation loop of the orientation
of the external field. The modulation loop transports particles along all
possible directions in hexagonal patterns, i.e. along +a; with i=1,2, 3,
but in a way that only one direction is active for a given value of the
symmetry phase. For example, particles on top of regions with Cgq
symmetry are transported towards-a;. The transport direction

d experiments

/3

5m/3

segments of the loop are actually joined at the south pole of the control space (not
visible due to the projection). The loop is made of two subloops winding clockwise,
as indicated by the circular arrows. d Experimental trajectories of several colloidal
particles (labeled with a numbered circle) above the same pattern with a topolo-
gical defect (yellow circle). The trajectories induced by the attractor (repeller) loop
are colored in blue (orange). Blue and orange trajectories correspond to different
experiments and have been superimposed in the figure. Note that under the
microscope regions with negative magnetization appear darker than regions with
positive magnetization, i.e. the opposite of our color choice in e.g. (b). The scale bar
is 10a and the lattice constant of one cell is approx. 14 pm. Movies of the simulated
and the experimental motion are provided in Supplementary Movie 1.
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Fig. 4 | Symmetry phase modulated pattern. a Stereographic projection of
control space showing the equator (violet circle), the closed modulation loop
(green-solid curve), and the fences of patterns with Ce, S¢, C¢ and S, symmetries
(dashed curves). The two apparently open segments of the loop are actually joined
at the south pole of the control space (not visible due to the projection). The fences
are colored according to the value of the symmetry phase (see the annular color
bar). The transport directions induced by the loop (orange arrows) change at
specific values of the symmetry phase ¢ as indicated by the transition lines (black-
dashed lines). b Symmetry phase modulated pattern (the color indicates the value
of the symmetry phase). A global rotation, ¢=m/2 in Eq. (6), makes one transport
direction (lattice vector as) parallel to the vertical axis. Particles above the pattern
and subjected to the repetition of the modulation loop in (a) write the letter "B".

b

Cc

experiments

Thin cyan lines show simulated particle trajectories for randomly initialized parti-
cles above the pattern. After several repetitions of the modulation loop, most
particles enter the stable trajectory, highlighted with a thick green-solid line.

¢ Experimental trajectories of colloidal particles above the pattern depicted in (b)
and subjected to the modulation loop shown in (a). The region shown in the
experiments (c) is smaller than that in simulations (b) due to the field of view of the
microscope. The inset in (c) is a close view of the region indicated with a yellow
circle in which we have altered the contrast of the image to better visualize the
magnetization. Under the microscope regions with negative magnetization appear
darker than those with positive magnetization. A colloidal particle (black dot) is
also visible in the inset. A movie of the motion in simulations and experiments is
provided in Supplementary Movie 2.

changes at specific values of the symmetry phase determined by the
modulation loop. In Fig. 4a we show the modulation loop together with
the representative fences and the resulting transport direction for
each value of the symmetry phase.

The detailed procedure to generate the patterns is described in
the “Methods” section and Supplementary Fig. 3. In essence, we first
draw the trajectories that the particles should follow by hand. Then, at
each position along the trajectory, we encode the transport direction
using the value of the symmetry phase. Finally, the value of the sym-
metry phase at each point in the complete pattern is calculated as a
spatially resolved weighted average of the symmetry phase along the
trajectory. As a result, the symmetry phase varies smoothly across the
pattern except for the occurrence of string-like topological defects in
the symmetry phase.

Figure 4b shows a symmetry phase modulated pattern together
with the corresponding simulated particle trajectories. The value of
the symmetry phase is color-coded (see color bar). The pattern is
designed to transport the particles along one stable trajectory that
forms a closed loop resembling the letter “B”. In Fig. 4b we have
highlighted the stable trajectory with a thick green line. Most particles
above the pattern either enter the stable trajectory or leave the pat-
tern. Occasionally one particle gets stuck in specific regions of the
pattern. This can potentially be avoided by the introduction of random
fluctuations in the modulation loop. In the presence of strong Brow-
nian motion, the stable trajectories broaden to a width of a few unit
cells, and additional stable trajectories might occur.

Corresponding experimental trajectories are shown in Fig. 4c.
Even though the agreement is not perfect, the experimental trajec-
tories follow closely the prescribed letter “B”, demonstrating, there-
fore, the potential of the method. Small variations in the position of the
fences due to the imperfections of the pattern are likely the reason
behind the deviations shown in the experiments. Fine-tuning the
modulation loop and the height of the particles above the pattern
would likely improve the results.

Simple patterns and complex loops
We follow now the opposite approach by encoding the complexity in
the modulation loop. We create simple inhomogeneous patterns by

concatenating large patches of periodic square patterns. The patches
differ in the global orientation of the lattice vectors given by a global
phase ¢ (see the “Methods” section). Each (simple) patch allows for a
rich variety of transport tasks. The task in each patch can be controlled
individually and simultaneously using rather complex modulation
loops in control space.

The fences of the C4 square pattern are four equidistant points on
the equator (see Supplementary Note 1). The four fence points in C
correspond to external fields pointing along the positive and negative
directions of the lattice vectors®*, i.e. along +a; and +a,. Therefore,
rotating the lattice vectors also rotates the position of the fences in
control space. Thus, it is possible to construct loops that wind around
different fences in C, and hence induce different transport directions,
depending on the orientation of the pattern . An illustration is shown
in Fig. 5a.

Since the fences are points in C it is in principle possible to
concatenate an arbitrarily large number of patches with different
orientations and control the motion in each of them independently.
In practice, limiting factors might appear due to e.g. imperfections
in the patterns that effectively make the fences in C extended
regions, the angular resolution with which the orientation of the
external field can be controlled, and the presence of Brownian
motion. Due to the limiting factors, two patterns can be resolved
independently if they are rotated by an angle of at least Ay. Hence,
the maximum number of patches that can be controlled indepen-
dently is (17/2)/Ay since after a rotation of /2 a C, pattern repeats
itself (and so do the fences).

With a resolution Ay = 5° it is then possible to control the motion
in up to 18 patches independently. As an example we program a single
loop in C that writes the first eighteen letters of the alphabet simulta-
neously, (see Fig. 5b and Supplementary Movie 3). Note that the letters
are rotated by an angle ¢. For simplicity, we have designed an algo-
rithm to write custom trajectories in a square pattern with global
orientation ¢ = 0. Next, we apply a global rotation to the modulation
loop to control the transport in patterns with a generic orientation ¢.
As a result, the trajectories are also rotated.

The loop that writes the first 18 letters of the alphabet contains
2086 simple commands. Each command is a small closed subloop that
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Fig. 5 | Simple patterns and complex loops. a Five square magnetic patterns (and
their corresponding control spaces) with a different value of the global orientation
¢, as indicated. The fences in C (blue circles) are four points located on the equator
(violet circle). The position of the fences depends on the value of ¢. The modulation
loop consists of four interconnected subloops that wind counterclockwise. A
subloop is active (green) if it winds around a fence point (blue circles) and inactive
(red) otherwise. The orange segments of the modulation loop simply connect the
different subloops. Depending on the value of ¢, the modulation loop induces
different transport directions (green arrows) or no transport at all. b A pattern
made of 18 patches with square symmetry and different global orientation ¢ (color
bar). A modulation loop controls the trajectories of particles above each patch

simultaneously and independently. The particle trajectories (black) write the first 18
letters of the alphabet. The length of the scale bar is 10a. A movie can be found in
Supplementary Movie 3. ¢ Experimental trajectories of colloidal particles above
four square patches rotated with respect to each other. A schematic unit cell
illustrating the global orientation is depicted in each patch. The length of the scale
bar is 5a and in this case, we use patterns with @ =7 pm. A unique modulation loop
transports the four colloidal particles simultaneously. The trajectories are colored
according to the time evolution from blue (initial time) to red (final time). A movie
showing the whole time evolution and a one-to-one comparison with computer
simulations is available in Supplementary Movie 4.

either transports a particle in one unit cell along the four possible
directions of the square lattice or leaves the particle in the same
position, similar to the loops in Fig. 5a. Even though an angular reso-
lution of Ay =5° is achievable experimentally, the number of com-
mands required by the complete loop exceeds our current
experimental capabilities. Nevertheless, we show in Fig. 5c, the
experimental trajectories of a simplified loop that writes low-
resolution versions of the first four letters of the alphabet. The loop
is made of 96 simple commands. The agreement with computer
simulations is essentially perfect, as we demonstrate in a one-to-one
comparison in Supplementary Movie 4.

The simultaneous control of the transport in several patches of
rotated square patterns is particularly simple due to the simplicity of
the fences in C. However, the same ideas apply to patterns with other
symmetry classes.

Here, we have initialized the particles in the desired positions within
their respective patches. As we discuss now, it is possible to automatize
this process by combining the patches with complex patterns.

Complex patterns and complex loops

Complete control over the colloidal transport is achieved by combin-
ing complex patterns and complex loops. In Fig. 6 we combine three C,
patches that differ in their global orientation ¢ and three hexagonal
patterns with a topological defect in the symmetry phase. The transi-
tion between both patterns occurs smoothly within a region of length
equivalent to approximately five unit cells of the square patterns.

We first make use of the patterns with a topological defect to
move randomly placed particles toward the defects. We simply repeat
the attractor modulation loop shown in Fig. 2 several times such that
the particles move and stay at the defects, see the blue trajectories of

the particles in Fig. 6. Once this initialization stage is finished we know
the precise position of the particles and can control them indepen-
dently. Using two simple loops we transport the particles downwards
from the defects to the square patches. We use one loop to move the
particles in the defect pattern (orange trajectories) and another loop
to move the particles in the transition region and the square patches
(green trajectories). Then, a relatively complex loop controls the
motion of the three particles independently. Each particle follows a
complex trajectory drawing either a square, a triangle, or a cross
depending on the value of the global orientation ¢ (red trajectories).
Experimentally we tested each part of the loop separately, as shown in
the insets of Fig. 6. Again, the agreement between simulations and
experiments is excellent. The small errors that occur in the experi-
mental trajectories, likely due to imperfections in the pattern, do not
affect the global shape of the trajectories. A movie of the whole pro-
cess is shown in Supplementary Movie 5.

Discussion

We have shown that the combination of a complex static magnetic
field with a simple time-dependent uniform external field of varying
orientation allows us to control the motion of several identical
microparticles independently and simultaneously. The transport
complexity can be broken down to a finite set of special orientations of
the external field. A modulation loop that winds around one of those
orientations induces transport along a known direction in a known
region of the pattern. The motion is topologically protected since only
the winding numbers of the modulation loop around the special
orientations (topological invariant) are important. Hence, it is rela-
tively simple to generate loops and patterns that induce arbitrarily
complex trajectories. Our ideas might be transferable to other systems
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300 a

Fig. 6 | Complex patterns and complex loops. Brownian dynamics simulations of
the transport of colloidal particles above a complex pattern made of three patches,
each one with a topological defect in the symmetry phase (top) connected to three
patches with square symmetry (down) rotated with respect to each other. The color
of the patches with topological defects indicates the value of the symmetry phase
¢. The color of the square patches indicates the global rotation ¢, illustrated with a
sketch of the magnetization. A unique complex modulation loop made of four parts
drives the transport in the whole system. In the first part, the repetition of the

attractor loop moves the particles toward the defects (blue trajectories) and lets
them wait there. The second part of the loop moves the particles downwards
through the patterns with defects (orange trajectories). The third part of the loop
moves the particles downwards in the square patterns (green trajectories). The last
part of the loop writes a custom trajectory (square, triangle, and cross) depending
on the global orientation ¢ of the pattern (red trajectories). Insets show the cor-
responding experimental trajectories. The length of the scale bars (yellow) is 15a.

in which the transport is also based on topological protection. These
include, solitons*, nano-machines***’, sound waves***°, photons***,
and quantum mechanical excitations®™.

The complexity of the transport is encoded in the magnetic
potential which varies in space and in time via the magnetic patterns
and the modulation loops, respectively. An alternative approach that
encodes the transport in the particle shape has appeared recently®.
There, Sobolev et al. find the shape of the rigid body that traces the
desired trajectory when rolling down a slope. We have restricted our
study to identical isotropic paramagnetic particles. However, as dis-
cussed in the “Introduction” section, colloidal particles with different
characteristics (e.g. diamagnetic and paramagnetic particles or parti-
cles with different shapes) might belong to different topological clas-
ses. The fences of particles belonging to different topological classes
are located in different regions in C. Above non-periodic patterns, the
control space of particles belonging to different topological classes
will also depend on the space coordinate. A precise control over the
transport depending not only on the position but also on the particle
characteristics is then possible. Therefore, beyond offering the possi-
bility to control the transport of identical microparticles simulta-
neously, our work also opens a new route towards dynamical self-
assembly in colloidal science. As an example, we have created a col-
loidal rod factory®® in which identical isotropic particles are trans-
ported toward a reaction site in which they self-assemble. Only when
they reach the desired aspect ratio, do the rods leave the poly-
merization site following the desired trajectory. The use of patchy
colloids>*® with, e.g. hybridization of complementary DNA strands* !
and other shape-anisotropic particles®>*> would offer more versatility
to create complex functional structures.

We have considered transport above patterns made of identical
patches rotated with respect to each other. It is also possible to com-
bine patches of patterns with different symmetries provided that their
respective fences do not overlap in control space. Moreover, a com-
bination of both, i.e. a pattern made of patches with different sym-
metries, e.g. C4 and Cg, that in addition are rotated with respect to each
other would substantially increase the number of tasks that can be
done simultaneously since their respective fences in control space do
not overlap.

In the experiments, the Brownian motion of the colloidal par-
ticles is negligible but it might play a role in other systems with
smaller colloids and/or at higher temperatures. Since the transport
is topologically protected, it is robust against perturbations such as
the presence of Brownian motion**. If we make Brownian motion
more prominent (e.g. by increasing the temperature or reducing the
particle size) the particles start to deviate from the expected tra-
jectories but overall the transport is robust. An example of Brow-
nian dynamics simulations at different temperatures is shown in
Supplementary Fig. 4. The topological protection will disappear
due to Brownian motion at sufficiently high temperatures and for
small enough particles. A possible solution would then be to
increase the magnitude of either the pattern field or the external
magnetic field such that the magnetic forces dominate again the
transport.

Our systems are very dilute and therefore direct interparticle
interactions and hydrodynamic interactions do not play any role.
However, it would be interesting to look at the effect of both super-
adiabatic forces®* and long-range hydrodynamic interactions® in
denser systems.
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Methods

System setup and computer simulations

Identical paramagnetic colloidal particles immersed in a solvent are
located above a magnetic pattern and are restricted to move in a plane
parallel to the pattern (xy-plane), which we call action space A (Fig. 1a).
The pattern contains regions of positive, tm, and negative, -m,
uniform magnetization along the z-direction (normal to the pattern).
The width of the domain walls between oppositely magnetized regions
is negligible. The particles are driven by a time- and space-dependent
external magnetic potential V,,(r 4,). The potential is generated by
the static but space-dependent magnetic field of the pattern Hy(r ;)
and a time-dependent but spatially homogeneous external magnetic
field Hex(¢). Here r, is the space coordinate in action space and ¢
denotes the time. The magnitude of the external field (constant) is
much larger than that of the pattern field, i.e. He, > Hy(r ) for any
position in A. Hence, the magnetic potential, which is proportional to
the square of the total magnetic field V.5 o¢ —(Hey + Hp) - (Heye + H,),
is dominated by the coupling between the external and the pattern
fields:

Vmag(rA't) = _UOXIJOHp(rA) ) Hext(t)- (1)

Here po is the vacuum permeability, y is the magnetic susceptibility of
the colloidal particle, and v, is the particle volume*”. We have omitted
the term proportional to Hey - Hexc in Vmag since it is just a constant and
therefore it does not affect the motion.

In the overdamped limit, the equation of motion of one particle
reads

Vl.'A == VA Vmag +n, (2)

where y is the friction coefficient against the implicit solvent, the
overdot denotes time derivative, V , is the derivative with respect to
r,, and n is a delta-correlated Gaussian random force with zero mean
that models the effect of the collisions between the molecules of the
solvent and the colloidal particle (Brownian motion). We define our
energy scale € as the absolute value of the average external energy that
a particle would have when the external magnetic field points normal
to the pattern. Hence, absolute temperature T is given in reduced units
kgT/c where kg is the Boltzmann'’s constant. We use the magnitude of a
lattice vector of the periodic pattern a as the length scale. The
timescale is hence given by t=ypa*/s. We use adaptive Brownian
dynamics®® to efficiently integrate the equation of motion. In the
experiments, the magnetic forces strongly dominate over the random
forces. Hence, random forces do not play any role. We use Brownian
dynamics simulations due to the overdamped character of the motion
in the viscous aqueous solvent. The code to simulate the colloidal
motion and to generate the modulation loops is available via Zenodo®’.

As the external magnetic field is homogeneous in space, it can be
solely described by its orientation. The set of all possible orientations
of Hey forms a spherical surface that we call control space C. A point in
C indicates an orientation of He,. We drive the colloidal motion by
performing closed loops of the orientation of He,. in C. Loops that wind
around specific points in C induce colloidal motion. That is, once the
loop returns to its initial position, the colloidal particle has moved to a
different unit cell of the pattern. The transport is topologically pro-
tected since the precise form of the loop is irrelevant. Only the winding
numbers of the loop around the specific points in C (which are the
topological invariants) determine the transport.

Experiments

The magnetic films with the desired patterns imprinted are thin Co/Au
multilayers with perpendicular magnetic anisotropy®® lithographically
patterned via a home-built®® keV-He-ion bombardment”. Further
details about the fabrication process can be found in refs. 37,71-73.

The patterns have lattice vectors of magnitude 14 pm if not stated
otherwise.

To reduce the influence of lateral magnetic field fluctuations due
to the fabrication procedure (which increases near the substrate) we
coat the magnetic pattern with a photo-resist film (thickness 1.6 pm).
The coating layer serves other two purposes: it protects the patterns
and it acts as a spacer between the colloidal particles and the pattern
(see Fig. 1), in order to secure the condition [Hex > |[Hp|. We then place
paramagnetic colloids of diameter 2.8 pm immersed in deionized
water on top of the pattern. The microparticles sediment and are
suspended roughly the Debye length above the negatively charged
coating layer on the pattern. The motion above the pattern is effec-
tively two-dimensional.

The uniform external magnetic field is generated with three coils
arranged around the pattern and controlled with a computer. The
magnitude of the external field is approximately 4 x 10 A/m. Standard
reflection microscopy techniques are used to visualize both the col-
loids and the pattern.

Square and hexagonal periodic patterns
Consider magnetic periodic N-fold symmetric patterns with either
N =2 (square patterns) or N =3 (hexagonal patterns). Examples of both
types are shown in Supplementary Fig. 1. In the limit of an infinitely thin
pattern located at z= 0, the magnetization is

M(l‘) = M(rl)a(z)ézr (3)

with () the Dirac distribution, €, the unit vector normal to the pat-
tern, r; = (x,y), and

Mix)=mysign(3 ) cos(@;- (r, ~b) = @)+ mo(@)), 4

where my, is the saturation magnetization of the domains. The wave
vectors q; in the square patterns are

_ —sin(mi/2 — ¢) .
qi_qo( cos(mi/2 — ¢) > =12 ©)

with magnitude go = 2r/a and a being the magnitude of a lattice vector,
which in square patterns can be defined with the wave vectors being
the reciprocal lattice vectors. That is, a; - q;= 2r6;; (see Supplementary
Fig. 1b). The global phase ¢ sets the orientation of the lattice vectors
with respect to a fixed laboratory frame.

In the hexagonal patterns, the wave vectors are

q- 0<—sm(2n‘1/3—¢)>’ =123 ©)
cos(2mi/3 — ¢)

with magnitude g, =4m/(av/3). Here, the three wave vectors can be

related to three (linearly dependent) lattice vectors via q; - a;= 2r6; for

i=1,2 and a;- qs =0 (see Supplementary Fig. 1b).

In both square and hexagonal patterns, the wave vectors point
into the N different symmetry directions. The translational vector b in
Eq. (4) plays a relevant role only in inhomogeneous patterns. In peri-
odic patterns, we usually set b=0.

In square patterns, the symmetry phase ¢ in the magnetization
(see Eq. (4)), simply causes a trivial shift of all Wigner-Seitz cells with
respect to the origin of the pattern. Hence, for simplicity, we set it to
zero. In hexagonal patterns however, the symmetry phase ¢ has a non-
trivial effect since it determines the point symmetry of the pattern (see
Supplementary Fig. 1c), and therefore the modulation loops required
to transport the colloidal particles”. The Wigner-Seitz cell of a hex-
agonal pattern contains in general three symmetry points with C;
symmetry (rotation through an angle 277/3 about the symmetry axis).
For special values of the symmetry phase, one of the three-fold
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symmetric points acquires a higher symmetry; either six-fold hex-
agonal C4 symmetry (for ¢ =0 and ¢ =+ 11/3) or S symmetry, i.e. a Cq
followed by a perpendicular reflection (for ¢ = + 11/6).

Finally, the parameter mq in Eq. (4), which is actually a function of
the symmetry phase ¢, alters the area ratio between up-magnetized
and down-magnetized domains. Following Loehr et al.”’, we use here
my(@) = Lcos(3¢)6y 5 (therefore in square patterns mo = 0) to ensure
that the average magnetization in hexagonal patterns is very small, i.e.

/M(rL)er =0. @)

Magnetic field of the pattern

To numerically compute the magnetic field of the pattern, H,(r), at the
desired position in action space we first discretize the pattern in a
square grid with resolution 0.03a and compute the magnetization at
the grid points via Eq. (4). Next, we compute the magnetic field at the
grid points by convolution of the magnetization with the Green’s-
function of the system:

1/ r, —r, +ze
Hp(r)sz(rL'Z)z 7/ dl‘l%
4 Ir, —r, +ze,

M(r). ®)
Here r, =(x,y) is the position coordinate in a plane parallel to the
pattern. We calculate the magnetic field at an elevation above the
pattern z=0.5a, which is comparable to the experimental value. As
usual, we perform the convolution in Fourier space.

To calculate the magnetic field at a generic, off-grid, position we
simply interpolate the magnetic field using bicubic splines.

Pattern with a topological defect
For the pattern with a topological defect shown in Fig. 2, the symmetry
phase varies with the position r, as

1 .
or )= 3 (g —arctan(qs - r €, - (r, X Q3)>’ &)

and the global orientational phase is set to ¢)=0 in Eq. (6). For our
choice of wave vectors (see Eq. (6) and Supplementary Fig. 1b), the
symmetry phase modulation is simply ¢(r )= (/2 — arctan(x,y)) /3.
Here arctan(y,x) returns the four-quadrant inverse tangent of y/x. The
symmetry phase varies therefore between ¢ = -11/3 and /3 as we wind
once around the origin. The topological charge of the defect located at
the center of the pattern (r, =0) is g = A¢/(2m/p) =1. Here A¢p=2m/3 is
the angle that the director rotates if we wind once counter-clockwise
around the defect, and p=3 is the p-atic symmetry of the director
field*. (The symmetry phase can be described with a 3-atic director
field for which the local orientations are defined modulo m/3.) Varying
the symmetry phase between -7/3 and m/3 also introduces a shift of
the unit cell, cf. the unit cells for ¢ =n/3 and -r/3 in Supplementary
Fig. 1c. To rectify this shift and avoid therefore discontinuities in the
magnetization of the pattern, we need to use a local shift vector in Eq.
(4) given by

o))
2

b(r)= —(a;+ay) 10)

The shift vector can be understood as a Burgers vector since it corrects
for the spatial distortion of the pattern around the defect.

Symmetry phase modulated patterns

To encode in the pattern the desired particle trajectories, we use the
drawing software Krita’>. We prescribe the stable trajectory on a square
image with a side-length of 1000 pixels. In Krita, we draw the desired

trajectory with a brush (thickness 1 pixel) that encodes the drawing
direction in the hue of the colored pixels. The drawing direction
directly translates into the transport direction that the particles will
follow above the pattern. This procedure results in an image that is
essentially empty except for the trajectory lines. We then map from
hue to the symmetry phase ¢. An example of the pattern at this stage is
shown in Supplementary Fig. 3a. The mapping from hue to ¢ is simply
a linear transformation.

Next, we give a value to the symmetry phase everywhere in the
pattern. To calculate the phase at a generic position r; =(x,y) we
average over all the prescribed phases along the trajectories. Each
phase along the trajectory is weighted with a weight function pro-
portional to 1/r2, with rq the distance between r, and a point on the
trajectory. Special care needs to be taken due to the periodicity of the
symmetry phase’®. We first transform the phases along the trajectories
into unit vectors, next we average the vectors, and then transform back
the averaged vector into a value of the symmetry phase. An illustration
of the pattern after this stage is shown in Supplementary Fig. 3b.
Finally, we use the value of the symmetry phase in the whole pattern to
calculate the magnetization via Eq. (4) (see Supplementary Fig. 3c).

Data availability

The code to simulate the system and to generate the modulation loops
is available at Zenodo®. All other data supporting the findings are
available from the corresponding author upon request.

Code availability

A code to perform the adaptive Brownian Dynamics simulations of the
colloidal particles as well as to generate the modulation loops is
available at Zenodo®.

References

1. Royall, C. P., Dzubiella, J., Schmidt, M. & van Blaaderen, A. None-
quilibrium sedimentation of colloids on the particle scale. Phys.
Rev. Lett. 98, 188304 (2007).

2. Yang, L. & Alexandridis, P. Physicochemical aspects of drug delivery
and release from polymer-based colloids. Curr. Opin. Colloid
Interface Sci. 5, 132-143 (2000).

3. Boyd, B. J. Past and future evolution in colloidal drug delivery sys-
tems. Expert Opin. Drug Deliv. 5, 69-85 (2007).

4. Beija, M., Salvayre, R., de Viguerie, N. L. & Marty, J.-D. Colloidal
systems for drug delivery: from design to therapy. Trends Bio-
technol. 30, 485-496 (2012).

5. McGorty, R., Fung, J., Kaz, D. & Manoharan, V. N. Colloidal self-
assembly at an interface. Mater. Today 13, 34-42 (2010).

6. Mallory, S. A., Valeriani, C. & Cacciuto, A. An active approach to
colloidal self-assembly. Annu. Rev. Phys. Chem. 69, 59-79 (2018).

7. Dijkstra, M. & Luijten, E. From predictive modelling to machine
learning and reverse engineering of colloidal self-assembly. Nat.
Mater. 20, 762-773 (2021).

8. Terray, A., Oakey, J. & Marr, D. W. M. Microfluidic control using
colloidal devices. Science 296, 1841-1844 (2002).

9. Holzinger, D., Lengemann, D., Géllner, F., Engel, D. & Ehresmann, A.
Controlled movement of superparamagnetic bead rows for
microfluid mixing. Appl. Phys. Lett. 100, 153504 (2012).

10. Lim, B. et al. Magnetophoretic circuits for digital control of single
particles and cells. Nat. Commun. 5, 3846 (2014).

1. Wang, L. & Wang, J. Self-assembly of colloids based on micro-
fluidics. Nanoscale 11, 16708-16722 (2019).

12.  Shin, S. Diffusiophoretic separation of colloids in microfluidic flows.
Phys. Fluids 32, 101302 (2020).

13. Abedini-Nassab, R., Sadeghidelouei, N. & Shields IV, C. W. Magne-
tophoretic circuits: a review of device designs and implementation
for precise single-cell manipulation. Anal. Chim. Acta 1272,
341425 (2023).

Nature Communications | (2023)14:7517



Article

https://doi.org/10.1038/s41467-023-43390-0

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

Koumakis, N., Maggi, C. & Leonardo, R. D. Directed transport of
active particles over asymmetric energy barriers. Soft Matter 10,
5695-5701 (2014).

Schakenraad, K. et al. Topotaxis of active Brownian particles. Phys.
Rev. E 101, 032602 (2020).

Martinez, R., Alarcon, F., Aragones, J. L. & Valeriani, C. Trapping
flocking particles with asymmetric obstacles. Soft Matter 16,
4739-4745 (2020).

Léwen, H. Colloidal soft matter under external control. J. Phys.:
Condens. Matter 13, R415-R432 (2001).

Erbe, A., Zientara, M., Baraban, L., Kreidler, C. & Leiderer, P. Various
driving mechanisms for generating motion of colloidal particles. J.
Phys.: Condens. Matter 20, 404215 (2008).

Reichhardt, C. & Reichhardt, C. J. O. Depinning and nonequilibrium
dynamic phases of particle assemblies driven over random and
ordered substrates: a review. Rep. Prog. Phys. 80, 026501 (2016).
Koéppl, M., Henseler, P., Erbe, A., Nielaba, P. & Leiderer, P. Layer
reduction in driven 2D-colloidal systems through microchannels.
Phys. Rev. Lett. 97, 208302 (20086).

Vissers, T. et al. Lane formation in driven mixtures of oppositely
charged colloids. Soft Matter 7, 2352-2356 (2011).

Li, P., Kilinc, D., Ran, Y.-F. & Lee, G. U. Flow enhanced non-linear
magnetophoretic separation of beads based on magnetic sus-
ceptibility. Lab Chip 13, 4400-4408 (2013).

Holzinger, D., Koch, I., Burgard, S. & Ehresmann, A. Directed mag-
netic particle transport above artificial magnetic domains due to
dynamic magnetic potential energy landscape transformation. ACS
Nano 9, 7323-7331 (2015).

Tierno, P., Golestanian, R., Pagonabarraga, |. & Sagués, F. Con-
trolled swimming in confined fluids of magnetically actuated col-
loidal rotors. Phys. Rev. Lett. 101, 218304 (2008).

Ashkin, A., Dziedzic, J. M., Bjorkholm, J. E. & Chu, S. Observation of a
single-beam gradient force optical trap for dielectric particles. Opt.
Lett. 11, 288-290 (1986).

Magnasco, M. O. Forced thermal ratchets. Phys. Rev. Lett. 71,
1477-1481 (1993).

Faucheux, L. P., Bourdieu, L. S., Kaplan, P. D. & Libchaber, A. J.
Optical thermal ratchet. Phys. Rev. Lett. 74, 1504-1507 (1995).
Hanggi, P. & Marchesoni, F. Artificial Brownian motors: controlling
transport on the nanoscale. Rev. Mod. Phys. 81, 387-442 (2009).
Matthias, S. & Miiller, F. Asymmetric pores in a silicon membrane
acting as massively parallel Brownian ratchets. Nature 424,

53-57 (2003).

Lee, S.-H., Ladavac, K., Polin, M. & Grier, D. G. Observation of flux
reversal in a symmetric optical thermal ratchet. Phys. Rev. Lett. 94,
110601 (2005).

Skaug, M. J., Schwemmer, C., Fringes, S., Rawlings, C. D. & Knoll, A.
W. Nanofluidic rocking Brownian motors. Science 359,

1505-1508 (2018).

Anderluh, A., Hemmelmayr, V. C. & Nolz, P. C. Synchronizing vans
and cargo bikes in a city distribution network. Cent. Eur. J. Oper.
Res. 25, 345-376 (2016).

Korda, P. T., Taylor, M. B. & Grier, D. G. Kinetically locked-in colloidal
transport in an array of optical tweezers. Phys. Rev. Lett. 89,
128301 (2002).

MacDonald, M. P., Spalding, G. C. & Dholakia, K. Microfluidic sorting
in an optical lattice. Nature 426, 421-424 (2003).

Ladavac, K., Kasza, K. & Grier, D. G. Sorting mesoscopic objects with
periodic potential landscapes: optical fractionation. Phys. Rev. E 70,
010901 (2004).

Lacasta, A. M., Sancho, J. M., Romero, A. H. & Lindenberg, K. Sorting
on periodic surfaces. Phys. Rev. Lett. 94, 160601 (2005).

Loehr, J. et al. Lattice symmetries and the topologically protected
transport of colloidal particles. Soft Matter 13, 5044-5075

(2017).

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Mirzaee-Kakhki, M. et al. Simultaneous polydirectional transport of
colloidal bipeds. Nat. Commun. 11, 4670 (2020).

Loehr, J., Loenne, M., Ernst, A., de las Heras, D. & Fischer, T. M.
Topological protection of multiparticle dissipative transport. Nat.
Commun. 7, 11745 (2016).

Phillips, C. L. et al. Digital colloids: reconfigurable clusters as high
information density elements. Soft Matter 10, 7468-7479 (2014).
Chakraborty, I. et al. Self-assembly dynamics of reconfigurable
colloidal molecules. ACS Nano 16, 2471-2480 (2022).

Solomon, M. J. Tools and functions of reconfigurable colloidal
assembly. Langmuir 34, 11205-11219 (2018).

Hendley, R. S., Zhang, L. & Bevan, M. A. Multistate dynamic path-
ways for anisotropic colloidal assembly and reconfiguration. ACS
Nano 17, 20512-20524 (2023).

de las Heras, D., Loehr, J., Loenne, M. & Fischer, T. M. Topologically
protected colloidal transport above a square magnetic lattice. New.
J. Phys. 18, 105009 (2016).

ge Chen, B. G., Upadhyaya, N. & Vitelli, V. Nonlinear conduction via
solitons in a topological mechanical insulator. Proc. Natl. Acad. Sci.
USA 111, 13004-13009 (2014).

Porto, M., Urbakh, M. & Klafter, J. Atomic scale engines: cars and
wheels. Phys. Rev. Lett. 84, 6058-6061 (2000).

Popov, V. L. Nanomachines: methods to induce a directed motion at
nanoscale. Phys. Rev. E 68, 026608 (2003).

Nash, L. M. et al. Topological mechanics of gyroscopic metama-
terials. Proc. Natl. Acad. Sci. USA 112, 14495-14500 (2015).

Yang, Z. et al. Topological acoustics. Phys. Rev. Lett. 114,

114301 (2015).

Mittal, S. et al. Topologically robust transport of photons in a syn-
thetic gauge field. Phys. Rev. Lett. 113, 087403 (2014).

Ningyuan, J., Owens, C., Sommer, A., Schuster, D. & Simon, J. Time-
and site-resolved dynamics in a topological circuit. Phys. Rev. X 5,
021031 (2015).

Hasan, M. Z. & Kane, C. L. Colloguium: topological insulators. Rev.
Mod. Phys. 82, 3045-3067 (2010).

Sobolev, Y. I. et al. Solid-body trajectoids shaped to roll along
desired pathways. Nature 620, 310-315 (2023).

Elschner, J. et al. Topologically controlled synthesis of active col-
loidal bipeds (2023) (in preparation).

Michele, C. D., Gabrielli, S., Tartaglia, P. & Sciortino, F. Dynamics in
the presence of attractive patchy interactions. J. Phys. Chem. B 110,
8064-8079 (2006).

Bianchi, E., Blaak, R. & Likos, C. N. Patchy colloids: state of the art
and perspectives. Phys. Chem. Chem. Phys. 13, 6397-6410 (2011).
Yi, G.-R., Pinge, D. J. & Sacanna, S. Recent progress on patchy col-
loids and their self-assembly. J. Phys.: Condens. Matter 25,

193101 (2013).

Kim, Y.-J., Moon, J.-B., Hwang, H., Kim, Y. S. & Yi, G.-R. Advances in
colloidal building blocks: toward patchy colloidal clusters. Adv.
Mater. 35, 2203045 (2022).

Geerts, N. & Eiser, E. DNA-functionalized colloids: physical prop-
erties and applications. Soft Matter 6, 4647-4660 (2010).

Michele, L. D. et al. Multistep kinetic self-assembly of DNA-coated
colloids. Nat. Commun. 4, 2007 (2013).

Shelke, Y. et al. Flexible colloidal molecules with directional bonds
and controlled flexibility. ACS Nano 17, 12234-12246 (2023).
Hernandez, C. J. & Mason, T. G. Colloidal alphabet soup: mono-
disperse dispersions of shape-designed LithoParticles. J. Phys.
Chem. C 1M1, 4477-4480 (2007).

Sacanna, S., Pine, D. J. & Yi, G.-R. Engineering shape: the novel
geometries of colloidal self-assembly. Soft Matter 9,

8096-8106 (2013).

de las Heras, D., Zimmermann, T., Sammidiller, F., Hermann, S. &
Schmidt, M. Perspective: how to overcome dynamical density
functional theory. J. Phys.: Condens. Matter 35, 271501 (2023).

Nature Communications | (2023)14:7517

10



Article

https://doi.org/10.1038/s41467-023-43390-0

65. Leyva, S. G., Stoop, R. L., Pagonabarraga, I. & Tierno, P. Hydro-
dynamic synchronization and clustering in ratcheting colloidal
matter. Sci. Adv. 8, eabo4546 (2022).

66. Sammiiller, F. & Schmidt, M. Adaptive Brownian dynamics. J. Chem.
Phys. 155, 134107 (2021).

67. Stuhlmdller, N. C. X. Drawing with colloids. Zenodo https://doi.org/
10.5281/zenodo.8413928 (2023).

68. Kuswik, P. et al. Colloidal domain lithography in multilayers with
perpendicular anisotropy: an experimental study and micro-
magnetic simulations. Nanotechnology 23, 475303 (2012).

69. Lengemann, D., Engel, D. & Ehresmann, A. Plasma ion source for
in situ ion bombardment in a soft x-ray magnetic scattering dif-
fractometer. Rev. Sci. Instrum. 83, 053303 (2012).

70. Chappert, C. et al. Planar patterned magnetic media obtained by
ion irradiation. Science 280, 1919-1922 (1998).

71.  Urbaniak, M. et al. Domain-wall movement control in Co/Au multi-
layers by he*-ion-bombardment-induced lateral coercivity gra-
dients. Phys. Rev. Lett. 105, 067202 (2010).

72. Kuswik, P. et al. Colloidal domain lithography for regularly arranged
artificial magnetic out-of-plane monodomains in Au/Co/Au layers.
Nanotechnology 22, 095302 (2011).

73. Jarosz, A., Holzinger, D., Urbaniak, M., Ehresmann, A. & Stobiecki, F.
Manipulation of superparamagnetic beads on patterned Au/Co/Au
multilayers with perpendicular magnetic anisotropy. J. Appl. Phys.
120, 084506 (2016).

74. Bowick, M. J. & Giomi, L. Two-dimensional matter: order, curvature
and defects. Adv. Phys. 58, 449-563 (2009).

75. Krita (Krita foundation, accessed June 2023) https://krita.org/.

76. Olson, E. On computing the average orientation of vectors and
lines. In 2011 IEEE International Conference on Robotics and Auto-
mation, 3869-3874 (IEEE, Shanghai, China, 2011). https://doi.org/
10.1109/ICRA.2011.5979562.

Acknowledgements

We thank Adrian Ernst for helping us to transfer the loops from the
simulations to the experiment. We acknowledge funding by the
Deutsche Forschungsgemeinschaft (DFG, German Research Founda-
tion) under project numbers 440764520 (T.M.F. and D.d.L.H.) and
531559581 (D.d.L.H. and T.M.F.).

Author contributions

N.C.X.S. designed the modulation loops and performed the computer
simulations. F.F. performed the experiments. N.C.X.S., F.F., T.M.F., and
D.d.L.H. conceptualized the research. P.K., F.S., and M.U. produced the
magnetic film. S.A. and Ar.E. performed the fabrication of the

micromagnetic domain patterns within the magnetic thin film. N.C.X.S.,
T.M.F., and D.d.LH. designed the patterns and wrote the manuscript. All
authors contributed to the different revision stages of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43390-0.

Correspondence and requests for materials should be addressed to
Daniel de las Heras.

Peer review information Nature Communications thanks Pietro Tierno
and the other anonymous reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:7517


https://doi.org/10.5281/zenodo.8413928
https://doi.org/10.5281/zenodo.8413928
https://krita.org/
https://doi.org/10.1109/ICRA.2011.5979562
https://doi.org/10.1109/ICRA.2011.5979562
https://doi.org/10.1038/s41467-023-43390-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Simultaneous and independent topological control of identical microparticles in non-periodic energy landscapes
	Results
	Complex patterns and simple�loops
	Topological defect in the symmetry�phase
	Encoding complex trajectories in the pattern
	Simple patterns and complex�loops
	Complex patterns and complex�loops

	Discussion
	Methods
	System setup and computer simulations
	Experiments
	Square and hexagonal periodic patterns
	Magnetic field of the pattern
	Pattern with a topological�defect
	Symmetry phase modulated patterns

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




