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P H Y S I C S

Hydrodynamic synchronization and clustering 
in ratcheting colloidal matter
Sergi G. Leyva1,2†, Ralph L. Stoop1†, Ignacio Pagonabarraga1,2,3, Pietro Tierno1,2,4*

Ratchet transport systems are widespread in physics and biology; however, the effect of the dispersing medium 
in the collective dynamics of these out-of-equilibrium systems has been often overlooked. We show that, in a 
traveling wave magnetic ratchet, long-range hydrodynamic interactions (HIs) produce a series of remarkable 
phenomena on the transport and assembly of interacting Brownian particles. We demonstrate that HIs induce the 
resynchronization with the traveling wave that emerges as a “speed-up” effect, characterized by a net raise of the 
translational speed, which doubles that of single particles. When competing with dipolar forces and the underlying 
substrate symmetry, HIs promote the formation of clusters that grow perpendicular to the driving direction. We 
support our findings both with Langevin dynamics and with a theoretical model that accounts for the fluid-mediated 
interactions. Our work illustrates the role of the dispersing medium on the dynamics of driven colloidal matter and 
unveils the growing process and cluster morphologies above a periodic substrate.

INTRODUCTION
The directional transport of microscopic entities in fluid media 
occurs in several physical and biological processes ranging from the 
nanoparticle delivery in a microfluidic network (1, 2) to liquid slid
ing across topographic surfaces (3, 4), translocation of proteins (5), 
molecular motors (6, 7), or enzymes (8). At the microscale, thermal 
fluctuations can be converted into directed motion via the ratchet 
effect, which uses spatial or temporal asymmetries in the system to 
generate a preferred direction of motion (9, 10). Technological prog
resses in engineering external potentials have shown that colloidal 
particles represent an experimentally accessible model system to 
investigate ratchet transport effects (11–16). Beyond the colloidal 
domain, realizing particlebased ratchets may also be of interest for 
other research fields, since a similar transport scheme can be ex
tended to other systems on different length scales (17–20). However, 
many experimental realizations have focused on proposing scheme 
for single particles, or few interacting ones, neglecting the effect of 
the dispersing medium. Such effect may become important in 
manybody systems, affecting the particle transport and also lead
ing to unexpected emergent phenomena.

The dynamics of microscopic particles in liquid media often occurs 
at low Reynolds number (Re), where inertial forces are negligible 
and fluid mechanic laws become time reversible. Under such condi
tions, hydrodynamic interactions (HIs), namely, fluidmediated 
longrange interactions, may become important since they are 
excited by the diffusive or driven motion of the dispersed particles. 
These interactions have been invoked as essential in many physical 
and biological systems and lead to several fascinating phenomena 
from the spontaneous formation of vortex colonies (21) or the cir
cular path of the bacteria Escherichia coli (21), to the synchronized 
beating of cilia (22). Apart from biological systems, there are several 

examples where HIs play a crucial role in the organization (23–25) 
and dynamics (26–28) of micrometerscale particles. When consid
ering particles driven via a ratchet effect, the role of HIs has been 
often overlooked, giving more emphasis on other types of interactions 
such as steric (29), optic (30), electrostatic (31), or geometric (32) 
ones. Thus, understanding the role of HIs often hidden in such 
systems, although challenging, will shed light on novel physical ef
fects that could occur in other soft or biological systems on similar 
length scales.

Here, we investigate the collective dynamics and the effect of HIs 
in a ratcheting colloidal system based on a magnetic traveling wave. 
We show that, by raising the particle density, these interactions modify 
the particle dynamics, leading to a series of emerging phenomena. 
These include a “speedup” effect characterized by a substantial raise 
of the particle speed due to the resynchronization with the translating 
potential and a synchronized clustering during transport. In the latter 
case, we find a novel mechanism for cluster growth and morphology 
originated by the underlying symmetry of the substrate.

To elucidate the fundamental physical mechanisms in our system, 
we complement the experimental results with theory and numerical 
simulations.

RESULTS
The magnetic ratchet
Our driven colloidal system is based on a ferrite garnet film (FGF), 
which displays at zero applied field a pattern of parallel ferromag
netic domains with alternating up and down magnetization, and a 
spatial periodicity of  = 2.6 m (Fig. 1A). On the surface of the 
FGF, the stray field generates a sinusoidallike magnetic potential 
composed of a series of equispaced minima located at a distance . 
Above this platform, we deposit paramagnetic polystyrene micro
spheres with diameter d = 2.8 m and magnetic volume susceptibility 
 ∼ 0.4 (Dynabeads M270, Invitrogen). These particles are doped 
with nanoscale iron oxide grains, and they feature a paramagnetic 
behaviour acquiring an induced moment m = VHtot under an 
external field Htot, where V = (d3)/6 . Once above the film, the 
particles form a twodimensional (2D) monolayer with negligible 
outofplane motion due to the magnetic attraction toward the Bloch 
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walls. Further details on the preparation of the FGF film are given in 
Materials and Methods.

We manipulate and transport the particles above the FGF by 
applying an external rotating field elliptically polarized in the (x, z) 
plane with frequency f

  H(t ) ≡ [ H  x   cos (2ft )  e  x   −  H  z   sin (2ft )  e  z  ]   (1)

Here, Hx, Hz are the amplitudes along the x, z axis, where 
  H  0   =  √ 

___________
 ( H x  2  +  H z  

2  ) / 2    is the total amplitude. The elliptical polarization 
of the applied field is controlled by the parameter   = ( H x  2  −  H z  

2  )/
( H x  2  +  H z  

2 ) , which will be used to tune the dipolar interactions. Here, 
 > 0 ( < 0) corresponds to Hx > Hz (Hx < Hz), i.e., a higher in 
plane (outofplane) field component. This timedependent field 
modulates the stray magnetic field on the FGF surface and leads 
to a translating spatially periodic magnetic energy landscape, 

   U  m   = −  U  0   cos  [    2 _   (x −  v  m   t) ]     as shown in Fig. 1B. Here, U0 is the 

potential amplitude (see later) and vm = f is the speed of the traveling 
wave. As a consequence of this modulation, the magnetic landscape 
transports colloidal particles that are trapped in its energy minima.

Figure 1C illustrates the main feature of the singleparticle trans
port and combines experiments and simulation data (see later), 
demonstrating the quantitative agreement between both. By raising 
the driving frequency, we find two dynamic regimes, separated by a 

critical frequency fc = 6.7 Hz. The first regime is a phaselocked mo
tion (f < fc) where the particle moves with the speed of the travel
ing wave, vx = vm. For f > fc, the particle desynchronizes with the 
traveling wave (sliding regime), and its average speed decreases as 

  v  x   =  v  m  (1 −  √ 
_

 1 −  f  c  
2  /  f    2    ) <  v  m    (Fig. 1C). In the latter regime, the 

traveling wave becomes too fast and the loss of synchronization re
sults from the viscous drag that overcomes the magnetic driving. As 
we are interested in the collective resynchronization effect due to 
HIs, we drive our particles above fc, fix for all experiments the total 
amplitude H0 = 850 A m−1, and vary mainly  and the normalized 
surface density    ~   = N  (d / 2)   2  / A , where N is the number of parti
cles located in area A. An illustrative example of the difference be
tween synchronous and asynchronous regimes is shown in Fig. 1D 
(see also movie S1), which shows the evolution of the position along 
the driving direction for a single particle and a particle in a rhombic 
like cluster. In both cases, the driving frequency is f = 8 Hz ( = − 0.4) 
so that the position of the individual particle (image at the bottom) 
displays a series of characteristic oscillations due to the loss of syn
chronization with the traveling wave. These small delay leads to a 
reduction of the mean speed and thus of the slope. As we will dis
cuss in the next section, we find that a particle in a cluster displays a 
speedup effect for frequencies f > fc that enhances synchronization 
with the traveling wave, reaching a maximum speed equal to vm.

Particle interaction and speed-up
Above the FGF, the paramagnetic colloids interact mainly via di
polar forces and HIs. The first types of interactions (we come back 
to HIs later) can be tuned by varying the parameter  (33). For 
two particles above the FGF plane, the threshold ellipticity that sepa
rates the dipolar interactions from attractive to repulsive is given by 
    c   = − 1 + 2 / (3  cos  2   ϑ) , where ϑ is the polar angle that connects the 
x axis with the distance r between the particle centers. As shown in 
Fig. 2A, when particles are aligned along the x axis (ϑ = 0), magnetic 
attraction (repulsion) arises for  > − 1/3 ( < − 1/3), and close to 
c = − 1/3, such interactions are minimized. This dependence of 
dipolar interactions on  allows to manifest the effect of HIs in both 
attractive and repulsive scenarios.

Figure 2B shows the results of a series of experiments where we 
systematically vary the surface density    ~    and measure the collective 
particle speed along the driving direction (x),    v ̄    x   , for different values 
of , all in the asynchronous regime (f = 8 Hz > fc). We find that 
for    ~   > 0.2 , the colloidal particles resynchronize with the traveling 
wave reaching the maximum speed of vm = 20.8 m s−1, much higher 
than that of a single particle, for example, vx = 7 m s−1 for all  > 0. 
This remarkable speedup effect is rather robust, spanning a wide 
range of densities    ~   ∈ [0.2,0.65] . Further, this speedup is observed 
for both attractive and repulsive dipolar interactions  ∈ [ − 0.6,0.6], 
which leads us to exclude magnetic dipolar interactions as the main 
reason for the observed resynchronization. Collective velocities of 
the order    v ̄    x   ∈ [6,20.8] m  s   −1   correspond to relatively large Péclet 
numbers Pe ∈ [84,291]; thus, the generated hydrodynamic flow be
comes progressively more important and must inevitably affect the 
particle motion. Here, we calculate the Péclet number Pe as the ratio 
between the Brownian time B required by the particle to diffuse its 
own radius and the driven time D required to move its radius due to 
the magnetic landscape. Here, D = d2/(4Deff), where Deff = 0.14 m2 s−1 
is the effective diffusion coefficient of the paramagnetic colloid, and 
D = d/(2vx). We further note that for  > 0.2, the collective speed 

Fig. 1. The magnetic ratchet system. (A) Schematic of the magnetic traveling wave: 
A sinusoidal potential (wavelength  = 2.6 m) is generated above the surface of an 
FGF. The potential translates at a speed vm = f under the action of an elliptically 
polarized rotating field H with frequency f and ellipticity . (B) Calculated energy 
landscape of one driven particle showing the time evolution of low (high) energy 
corridors in blue (white). (C) Normalized single-particle speed vx versus frequency f 
from experiments (open symbols) and numerical simulation (filled symbols). 
Continuous lines are fit to the synchronous (blue) and sliding (red) regimes. (D) Nor-
malized position (x − x0)/ versus time t of a single particle (red line, bottom image) 
and a particle in a rhombic cluster (blue line, top image). In both cases, f = 8 Hz and 
 = −0.4, which corresponds to asynchronous regime for the individual particle, 
and x0 is the position at time t = 0 s. The movement of pair of particles in the asyn-
chronous regime is shown in movie S1.
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decreases at large densities,    ~   > 0.5  (Fig. 2B). In this situation, the 
strong dipolar forces induce the formation of elongated and com
pact trains (Fig. 2A, right), where HIs are weakened because of 
the reduced space between the particles. In this situation, the chains 
recover the asynchronous regime and the system displays an overall 
reduction of the average speed. We note that in our system, we never 
observe a reverse of the particle current due to the spatial symmetry 
of the translating periodic potential. However, a current reversal 
could be realized by either preparing a special magnetic modulation 
that would produce a spatially asymmetric potential (34) or adding 
a bias force against the flow that would tilt the potential.

DISCUSSION
Numerical simulation
The emerging dynamics observed in our driven colloidal system 
result from the combined action of different interactions, including 
magnetic dipolar and hydrodynamics ones. To understand their 
relative role in the system, we perform Brownian dynamic simula
tions (see Fig. 1C). For each particle i at position ri, we integrate the 
overdamped equation of motion

     d  r  i   ─ dt   =  F i  
ext  +  ∑ j≠i      F i  

dip  +  ∑ j≠i      F i  
int  +   v i  

H  +   (2)

where  is the friction coefficient,   F i  
ext   is the external driving force re

sulting from the traveling wave,   F i  
dip   is the total force due to mag

netic dipolar interactions,   F i  
int   accounts for the steric force with the 

rest of the particles, and  is a Gaussian white noise. These forces 

reproduce the isolated particle experimental speed, as shown in 
Fig. 1C. More details on   F i  

ext  ,   F i  
dip  , and   F i  

int   and the parameters used 
are given in Materials and Methods. To model HIs, we assume that 
the particles are embedded in a solvent and dragged by the fluid 
flow of velocity   v i  

H  , generated by the net force acting on the rest of 
the suspended particles,   F  i  ( r  i   ) =  F i  

ext ( r  i   ) +  ∑ j≠i     [  F ij  dip ( r  ij   ) +  F ij  int ( r  ij   ) ] . 
We account for this effect with

   v i  
H  =  ∑ j≠i  N     G  ij  ( r  i  ,  r  j   )  F  j  ( r  j  )  (3)

where Gij(ri, rj) stands for the BlakeOseen mobility tensor (35), which 
considers the effect of the close proximity of the substrate in the farfield 
approximation. Last,  represents a random force due to thermal 
fluctuation, with zero mean, ⟨⟩ = 0, and delta correlated, ⟨(t)(t′)⟩ = 
2kBT(t − t′).

By integrating Eq. 2, we find that the quantitative agreement with 
the experimental data can be obtained only by including HIs, even 
in the absence of dipolar forces. As a representative case, we show in 
Fig. 3A the collective speed    v ̄    x    for  = − 0.3, where dipolar interac
tions are slightly repulsive. If we disregard the induced flow,   v i  

H  ≃ 0 , 
and account only for steric and/or magnetic dipolar interactions, 
the average colloidal speed decreases with the particle density,    ~   , in 
contrast to the experimental observations. We note that at large 
densities, we identify numerically the transition to the asynchronous 
regime when    v ̄    x   ∼ 0.95  v  m   . When magnetic interactions are weak 
( = − 0.3), increasing    ~    raises the speedup effect and thus fc due to 
the hydrodynamic coupling between the particles. The effect is 
such that at    ~   = 0.6 , the new critical frequency fc = 10.3 Hz almost 
doubles that of a single particle (see Fig. 3B, bottom line). Increasing 
the magnetic coupling instead reduces the speedup effect: For 
attractive interactions ( > −0.3), the formation of chain weakens 
HIs, reducing the net particle speed. In the repulsive case ( < − 0.3), 
particles are forced to span a larger region and this reduces both the 
hydrodynamic coupling and fc, as shown in Fig. 3B (top line). We 
also note that commensurability between the particle size and the 
wavelength of the underlying pattern in 1D is also important for the 
synchronization with the moving landscape. By running the simu
lation along 1D with particles larger than , we find that full syn
chronization was not achieved in opposition to our 2D experimental 
setup. Thus, a smaller diameter allows the particles to be accommo
dated in consecutive minima and to be more easily driven by the 
magnetic landscape.

Theoretical model
To explain the observed synchronization effect, we consider a pair 
of aligned colloids displacing perpendicular to the FGF and take into 
account the interplay between the external potential and the HIs. 
We assume negligible thermal noise and start from the overdamped 
equation of motion of one particle i

     x ̇    i   =  F   e (x, t ) +   v i  
H   (4)

where the force due to the magnetic potential on such particle at 
position xi is

    F   e ( x  i  , t ) = − 16    U  0   ─ 


     H ─  M  s  
    e   −2 z  0  /  sin [2 (      x  i   ─ 


   − ft )  ]   (5)

Here, z0 is the particle elevation fixed by the balance between grav
ity and steric repulsion from the solid substrate,   U  0   =   d   3      0    M s  

2  / 6  
is the characteristic magnetic energy, 0 is the vacuum permeability, 

Fig. 2. Experimental current density diagram. (A) Experimental images showing 
translating repulsive particles ( = −0.9 < 1/3) and chains ( = 0.9 > 1/3) in the 
sliding regime with f = 8 Hz. Scale bar, 20 m (left). See also corresponding movies 
S2 and S3. (B) Collective particle speed    v ̄    x    versus normalized surface density    ~    for 
different values of . Dashed line corresponds to vm = 20.8 m s−1. Inset shows the 
corresponding linear raise of the particle flux  j =   ~     v ̄    x    versus    ~   .
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and Ms = 1.3 · 104 A m−1 is the saturation magnetization of the FGF 
film (36). We rewrite the equation of motion by rescaling length 
and time with  and 2/U0, respectively, and moving to the 
reference frame of the traveling wave via the change of variables 
q(t) = −x(t)/ + ft

     q ̇    i  (t ) =   ~ f   −    ~ f    c   [  sin [2  q  i   ] +    3d ─ 8    ∑ j≠i  N    G ̄   (    q  i  ,  q  j   )  sin [2  q  j   ]  ]     (6)

where   G ̄  ( q  i  ,  q  j   ) = 8  e  x   · G( q  i  ,  q  j   ) · e  x   , and we have introduced the 
dimensionless parameters     ~ f    c   ≡ 16  H  0    e   −2 z  0    /  M  s    and    ~ f   ≡ f     2  /  U  0   , 
where  = 3d is the viscous friction in a medium of viscosity . 
We note that the essence of the role played by the hydrodynamic 
coupling is captured already with the Oseen tensor; the substrate con
tributes quantitatively to the ratio     ~ f    h   /    ~ f    c   . For the OseenBlake tensor

    G ̄  ( q  i  ,  q  j   ) =   2 ─    ij  
   [  1 −   

1 +  ϵ  ij   +  3 _ 4   ϵ ij  2  
 ─ 

 (1 +  ϵ  ij  )   5/2 
   ]     (7)

where ij ≡ ∣qi − qj∣ and   ϵ  ij   ≡   (     2h _    ij  
  )     

2
  , while for the Oseen tensor,   

G ̄  ( q  i  ,  q  j   ) =   2 _    ij  
  . In Eq. 6, the contribution of the HIs appears from the 

second term in the right hand side, while in the absence of HIs, we 
obtain the singleparticle behavior characterized in Fig. 1C. In 
this case, the solution   q ̇   = 0  is only possible when    ~ f   <    ~ f    c   , where the 

particle is synchronized with the traveling wave. To analyze the im
pact of HIs, for simplicity, we assume that the particles are equidis
tantly distributed above the traveling wave with periodicity , which 
allows factorizing Eq. 6 as

     q ̇    i  (t ) =   ~ f   −    ~ f    c   sin [2  q  i   ]  [  1 +   3d ─ 8    ∑ j≠i  N    G ̄  ( q  i  ,  q  j   )  ]     (8)

Synchronous motion,   q ̇   = 0 , occurs when   sin [2  q  i   ] =   ~ f   /    ~ f    c   [  1 +  
3d _ 8    ∑ j≠i  N    G ̄  ( q  i  ,  q  j   )  ]    , which is allowed for frequencies     ~ f   <    ~ f    h   ≡    ~ f    c   [  1 +  
3d _ 8    ∑ j≠N/2  N    G ̄  ( q  N/2  ,  q  j   )  ]    . Since   G ̄  ( q  i  ,  q  j   ) > 0 ,     ~ f    h   >    ~ f    c   , HIs increase the 
frequency range where the synchrony with the traveling wave is 
sustained. In particular, HIs displace the critical frequency of an 
amount    ~ f   =    ~ f    h   −    ~ f    c   , which increases with the number N of colloidal 
particles. The confinement due the solid substrate decreases     ~ f    h    
monotonously as the colloids approach the wall; at contact,    ~ f   = 0 .

We further note that the momentum exchange with the substrate 
can alter qualitatively the range of frequencies over which the syn
chronization is sustained. For example,     ~ f    h    doubles its magnitude 
when the colloids come into contact with a slip substrate with 
respect to its magnitude in an unbounded medium. For a slip 
planar interface, we find that the OseenBlake tensor is given by 
   G ̄  ( q  i  ,  q  j   ) =   2 _    ij  

  [  1 +   1 _ 
 (1 +  ϵ  ij  )   1/2 

  ]    .

Colloidal synchronization and assembly
The hydrodynamicinduced synchronization is due to the net drag 
generated by the flow of the rest of the colloidal particles as they are 
propelled by the magnetic traveling wave. The underlying mecha
nism is already apparent when analyzing the motion of a pair of 
driven colloids, where Eq. 8 reduces to

    q  i   ̇   =   f ̄   −    ~ f    c   sin [2  q  i   ] −    ~ f    c     
 F  h   sin [2  q  j  ] ─ ∣ q  i   −  q  j  ∣

  , i, j = 1, 2(i ≠ j)  (9)

with Fh = 3d/4 the normalized strength of the HIs, and where, for 
simplicity, we disregard the effect of the substrate. Accordingly, in 
this case,   G ̄  ( q  i  ,  q  j   ) =   2 _ ∣ q  i   −  q  j  ∣

   and a pair of particles a distance  away 

will displace synchronously up to     ~ f    h   =    ~ f    c  (1 +  F  h   / ) . Figure 3C shows 
the trajectories for two colloids initially at a distance equal to  = , 
for which     ~ f    h   /    ~ f    c   = 3 / 2 . Above     ~ f    c   , the colloids slip with respect to the 
underlying moving substrate in the absence of HI, while they move 
synchronously due to the additional hydrodynamic drag until     ~ f    h   .

Equation 9 not only shows that already a pair of particles pro
duces hydrodynamic synchronization but also suggests a growing 
mechanism for colloidal clusters. Aggregates formed by synchronized 
particles travel faster than asynchronous colloids. After a collision, 
the particles attach to the synchronous cluster and increase their 
velocity to lock with the traveling wave. We can also apply our model 
to other driven colloidal systems that display HIs. For example, 
Lutz et al. (37) reported that optically trapped colloids subjected to 
a constant force on a toroidal potential display a speed enhancement 
due to HIs. As shown in the Supplementary Materials, if we apply 
our model to such situation, we find that HIs lead to an increase of 
the particle velocity, but only when the particles surmount the ener
getic barrier of the optical potential.

HIs also play a determinant role in the emerging colloidal mor
phologies. When  > −1/3, attractive dipolar interactions induce 

Fig. 3. Experiment and simulation results. (A) Normalized collective speed    v ̄    x    
versus surface density    ~    from experiments, empty squares ( = − 0.3 and f = 8 Hz > fc), 
and numerical simulation (Eq. 2) with HIs (filled circles), hydrodynamic and dipolar 
interactions (upper triangles), only dipolar interactions (lower triangles), and only 
steric interactions (diamonds). (B) Simulations: Critical frequency fc versus surface 
density    ~    (squares) field ellipticity  (cirles) for  = −0.3 (   ~   = 0.6 ). (C) Numerical 
integration of Eq. 9 with and without hydrodynamics for    ~ f   = 1.2 .
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chain formation along the direction of motion, x, due to the effective 
repulsion that the particles experience when moving transversally. 
However, we experimentally observe that, up to  ∼ 0.7, the particles 
selfassemble into traveling clusters with a characteristic rhombic 
like ordering spanning both directions; a typical case is shown in 
Fig. 4A with  = 0.4.

We characterize the aggregation process in terms of the cluster 
variance along the driving direction,     x   =   1 _  N  c  

   ∑ i=1   N  c       ( x  cm   −  x  i  )   2  , where 
xcm is the center of mass and Nc is the number of particles in the 
cluster. Figure 4C displays x, normalized by t, the latter being the 
variance of a perfect chain, when Nc particles are in close contact 
moving along a straight line. In the absence of HIs, x/t ∼ 1 for 
most of the cluster length, which corresponds to the situation de
picted in Fig. 4D. Similarly, as shown in the inset of Fig. 4B, the 
cluster anisotropy parameter  = ∣x − y∣ /(x + y) is maximal in 
absence of HIs, while it vanishes by increasing Nc with HIs. These 
results highlight that, in the presence of a periodic substrate, HIs 
and dipolar forces promote the formation of colloidal aggregates, 
with sizes and symmetries not allowed on a simple plane.

The rhombiclike ordering results from the competition between 
the size of the colloidal particles and the periodicity of the magnetic 
landscape, in the presence of dipolar and HIs. Dipolar interactions 
attract particles and set them in contact at a distance d. HIs synchronize 

the particles at a distance  along the driving direction (x). Thus, par

ticles at close contact have a transverse distance   l  d   =  √ 
_

  d   2  −     2     (see 

small inset in Fig. 4B). Thus, the contribution of HIs to the cluster 
morphology consists of a drag force that synchronizes particles, 
placing them at a characteristic distance  along the x direction. In 
the experimental system, we find that the ratio d/ = 0.92, which 
sets a transversal length between particles in the cluster of ld ≃ 0.28. 
Now, decreasing the ratio d/ gives a larger transversal length and a 
larger area covered by the clusters along the transverse direction. In 
contrast, increasing d/ to unity leads to the formation of synchronized 
particles that travel in the form of trains of particles. In such case, 
even at large  > 0, the synchronicity with the traveling wave is not lost 
due to the presence of HIs. We further note that rhombic ordering 
is reminiscent of the equilibrium structure predicted for 2D colloidal 
systems, with interactions that compete with the symmetry of an 
underlying substrate (38). However, the morphologies we observe 
develop from the interplay between the ratchet potential coupled to 
HIs and the magnetic dipolar interactions, as unveiled by our numer
ical simulations in Fig. 4B. The exclusion of HIs by setting   v i  

H  = 0  
leads to the formation of traveling chains, as shown in Fig. 4C.

To conclude, we have investigated the role of HIs on the collective 
dynamics of microscopic particles driven above a translating magnetic 

Fig. 4. Collective propulsion and assembly. Experimental (A) and simulation (B and D) snapshots of anisotropic clusters propelled by a rotating field with  = 0.4. 
Scale bar, 20 m (A). Bottom scheme in (B) illustrates the transverse distance ld. See movie S4. In (B) [(D)], the simulation was run with [without] HIs. (C) Simulations: 
Relative cluster dispersion x/t versus number of particles in the cluster Nc with (blue) and without (orange) HIs. Inset shows the corresponding cluster anisotropy ratio 
 = ∣x − y/(x + y)∣ versus Nc.
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potential. We find that such interactions lead to a substantial raise 
of the particle speed and favor colloidal arrangements congruent 
with the periodicity of the underlying substrate. We experimentally 
observe that such arrangement promotes the emergence of compact 
rhombic clusters along the potential domains. We rationalize the 
experimental observations with both theory and numerical simula
tions. Thus, our system leads to a variability of the morphology 
of synchronized clusters due to the interplay between the substrate 
symmetry, hydrodynamic, and dipolar interactions.

Traveling wave ratchets where directed transport is achieved via 
a sliding periodic potential are present in several soft and condensed 
matter systems. Examples with microscopic colloids, apart from our 
garnet film, include electrophoretic (39) or magnetically (40) driven 
particles above patterned substrates, and in other field include ac
tive particles (41), chemotactic fronts (42), defects and asperities in 
frictional sliding (43), or magnetic flux quanta (44). Thus, with our 
work, we investigate the role of the dispersing media on the collec
tive particle dynamics and show that it can lead to unexpected 
phenomena, which could have been overlooked in similar ratchet 
systems at high density. We also mention that recently, Belovs et al. 
(45) reported numerically the synchronization of puller type mag
netotactic bacteria under a rotating magnetic field. This work con
firms the general nature of the phenomena of synchronization due 
to HIs (46, 47), which we have experimentally observed here with a 
driven ratchet system.

Ratchet transport schemes have been invoked as simplified models 
to explain the complex dynamics that occur in many physical and 
biological systems (48), including micro and nanomachines (49–52), 
intracellular transport (53, 54), and even as a way to rectify active 
matter (55–58). With our colloidal model system, we show the im
portance of considering HIs and their crucial role in the collective 
organization of driven microscopic matter.

MATERIALS AND METHODS
Magnetic film and coating
The FGF was grown by dipping liquidphase epitaxy on a gadolinium 
gallium garnet substrate; more details can be found in a previous 
work (59). Before the experiments, we coat the FGF film with a 
1mthick layer of a photoresist (AZ1512 Microchem, Newton, MA) 
to prevent adhesion of the paramagnetic particles on the substrate. 
This process was performed via combination of spin coating and 
backing, following previous work (60). We wash the FGF in highly 
deionized water (MilliQ, Millipore) before each experiment.

Details of the numerical simulation
In our simulation scheme, we integrate the set of Eq. 2 where the 
remaining terms on the right hand side, apart from the fourth one 
(HIs), are described below. The external driving force that is produced 
by the traveling wave (36) is given by

    F   ext (x, t ) =  F  M   [  u  1  (t ) sin  (     2x ─ 


    )   −  u  2  (t ) cos  (     2x ─ 


    )   ]  e  x     (10)

where    u  1  (, t) =  √ 
_

 1 +    cos (2ft) ,   u  2  (, t) =  √ 
_

 1 −    cos (2ft) ,  and 
FM = 16H0e−2zU0/Ms.

  F i  
dip   is the dipolar interaction between the paramagnetic parti

cles. For two point dipoles (mi, mj) located at position (i, j), it is 
given by

   
 F   dip ( r  ij   ) =   3    0   ─ 

4  ∣ r  ij  ∣   4 
  ((   ̂  e    ij   ×  m  i  ) ×  m  j   + (   ̂  e    ij   ×  m  j  ) ×  m  i  )

     
 − 2    ̂  e    ij  ( m  i   ·  m  j   ) + 5    ̂  e    ij  ((   ̂  e    ij   ×  m  i   ) ·(   ̂  e    ij   ×  m  j   ) )  )   

    (11)

where     ̂  e    ij    is the unitary vector between particle i and j, rij = ri − rj, 
and 0 = 4 · 10−7 H m. Further, we consider induced point dipoles; 
thus, for a particle i, the magnetic moment is given by mi = VHtot(ri), 
where the instantaneous total magnetic field is given by the sum of 
the external magnetic field and the contribution from the FGF film, 
Htot = H + Hsub, i.e.

   
 H   tot  = ( H  x   cos (2ft ) , 0, −  H  z   sin (2ft ) )

    
 +    4  M  s   ─      e   −2z/ (cos  (     2xt ─ 


    )  , 0, − sin  (     2xt ─ 


    )  ) 

   (12)

Further,   F i  
int   is the interaction force between the particles that we 

derive from a Yukawalike potential, which accounts for both a 
shortrange repulsion due to electrostatic interactions and the finite 
particle size. The force between two particles at positions ri and rj 
can be written as

    F   int ( r  ij   ) =    U  Y   ─    Y      ∑ i≠j  N    [      ─  r  ij     (      ─  r  ij     +    ─    Y      e   −   r  ij   _    Y     )   − B ]    e  ij     (13)

The parameter UY quantifies the strength, and Y the character
istic decay length of the Yukawa potential between the interaction 
of a pair of particles, and  = d/2 denotes the radius of the particles. 
The parameter B is a constant ensuring that the force is zero at the 
cutoff interaction radius rc

   B =    ─  r  c      e   −   r  c   _    Y     (      ─    Y     +    ─  r  c     )     (14)

Last,  represents a random force due to thermal fluctuation, with 
zero mean, ⟨⟩ = 0, and delta correlated, ⟨(t)(t′)⟩ = 2kBT(t − t′).

To minimize the number of parameters used in the numerical 
simulation, we rescale length in terms of the radius of the particles 
 = d/2, time in terms of D = d/(2FM), and the magnetic field com
ponents in terms of the amplitude H0. Thus, Eq. 2 can be divided by 
the characteristic velocity FM/, and Eq. 11 in this dimensional units 
reduces to

    F ̄     dip  =    F   d  ─ 
 ∣  r ̄    ij  ∣   4 

   f(  r ̄    ij  ,  h   tot (  r  i   ̄   ) ,  h   tot (  r  j   ̄   ) )  (15)

where Fd is the dipolar strength   F   d  =   3    0   _  F  M   4   (V)   2   and  f(  r ̄    ij  ,  h   tot (  r  i   ̄   ),  
h   tot (  r ̄    j  ))  is a function that contains the dependences in Eq. 11 in
volving only the total magnetic field contributions on each particle 
and the unit vector between two particles. Further, we use a radius 
of rd ≃ 4.5 as dipolar cutoff radius is defined, which corresponds to 
a distance large enough so that contributions of the dipolar interac
tions are of the order  ∣  F ̄     dip ∣≃ 0.05 . As the dipolar force depends 
not only on distance but also on the joining direction between two 
particles, the force is imposed to be 0 at rd using

     F ̄     dip  =  F   d  (     
f(   ̂  r    ij  ,  h  i  ,  h  j  ) ─ 

 ∣  r ̄    ij  ∣   4 
   −   

f( ̂   r  ij   ,  h  i  ,  h  j  ) ─ 
 ∣ r  d  ∣   4 

   )     (16)
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Equation 2 can be finally rewritten in reduced units as

   
  d  r  i   ̄   ─ dt   =    U  Y   ─    Y    F  M      ∑ j≠i      ̄  (  r ̄    ij   ) +   F ̄     ext (  x ̄    i  ,  t ̄   ) +   F ̄     dip (  r ̄    ij  ,  h  i  ,  h  j   ) +

     
  1 ─  F  M       

3 ─ 4    ∑ j≠i  N      G ̄    ij  (  r ̄    i  ,   r  j   ̄   )  F ̄  (  r ̄    j   ) +  √ 
_

   2 ─ Pe        D   ─ dt      ̄  
    (17)

Here,   r ̄   = r /  ,  G( r  i  ,  r  j   ) =   3 _ 4  G ̄  (  r ̄    i  ,   r ̄    j  ) , and Pe is the Péclet number. 
In turn,    ̄   =   ̄  (  r ̄    ij  )  is the dimensionless Yukawa force between par
ticles i and j.

As typical experimental values, we use  = 2.6 × 10−8 m N−1 s−1 
and FM = 0.1 pN. The simulation parameters are estimated to be 
hsub = 15.3, Fd = 56.1, Yukawa force strength U0/FM = 300, Pe = 150, 
and Y = 1. Further, comparing the simulations for a single particle 
and the experiments (Fig. 1C) as a function of the frequency, we can 
estimate the characteristic time as D = 0.075 s.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo4546
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