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1. Introduction

Superparamagnetic colloids have been extensively used to gen-
erate tunable self-assembled structures. Due to the precise con-
trol in their fabrication–size, shape, magnetic properties– and 
the capacity to externally modulate their interaction, magnetic 
particles are suitable model systems to investigate self-assembly 
processes both in equilibrium an out of equilibrium.[1–7] 

Magnetic colloids adsorbed at a fluid interface are unique model systems to 
understand self-assembly in confined environments, both in equilibrium and out 
of equilibrium, with important potential applications. In this work the  
pearl-chain-like self-assembled structures of superparamagnetic colloids 
confined to a fluid–fluid interface under static and time-dependent actuations 
are investigated. On the one hand, it is found that the structures generated by 
static fields transform as the tilt angle of the field with the interface is increased, 
from 2D crystals to separated pearl-chains in a process that occurs through a 
controllable and reversible zip-like thermally activated mechanism. On the other 
hand, the actuation with precessing fields about the axis perpendicular to the 
interface induces dynamic self-assembled structures with no counterpart in  
non-confined systems, generated by the interplay of averaged magnetic 
interactions, interfacial forces, and hydrodynamics. Finally, how these dynamic 
structures can be used as remotely activated roller conveyors, able to transport 
passive colloidal cargos at fluid interfaces and generate parallel viscous flows 
is shown. The latter can be used in the mixture of adsorbed molecules and the 
acceleration of surface-chemical reactions, overcoming diffusion limitations.
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Understanding the aggregation of mag-
netic particles is also essential for their 
use in the fabrication of metamaterials,[8] 
as magnetic separation agents in, e.g., pro-
tein purification protocols,[9] as contrast 
agents in magnetic resonance imaging,[10] 
or as cell manipulation operators[11] among 
others.

Floating magnetic particles have also 
been extensively used in the bottom-up 
fabrication of different dynamic self-
assemblies, which develop order at the 
same time as dissipate energy. The strong 
confinement of a system of particles can 
dramatically influence both the nature 
of their interactions and the long-range 
order possible, permitting the existence of 
new structures and phases both in equi-
librium[12,13] and out of equilibrium.[12,14] 
Besides, the quasi 2D nature of these 
systems facilitates the experimental anal-
ysis of the structure and dynamics. In 
this regard, magnetic colloids adsorbed 

at liquid–liquid interphases have been proven to be suit-
able model systems to investigate the formation of static and 
dynamic arrangements of particles, and promising candidates 
to engineer novel functional planar structures unfeasible in 
bulk dipolar systems.[15,16,17] Grzybowski  et  al. studied dispa-
rate dynamic structures formed by rotating millimeter-sized 
magnetic disks, in processes ruled by the equilibrium between 
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magnetic attraction and hydrodynamic repulsion.[18] In a 
slightly different system, spinning ferromagnetic microdiscs 
with sinusoidal edge-height profiles exhibited both attractive 
and repulsive capillary interactions, which can be overcome by 
the torque generated via a fast-rotating field. Here, the change 
of the rotational velocity of the field induced the assembling 
and disassembling of the monolayer in different configura-
tions, ultimately determined by the directionality of the capil-
lary interactions.[19] Snezhko et al. reported on dynamic snake-
like and aster-like structures, formed via the application of an 
out of plane oscillatory field, due to the coupling between the 
surface waves generated at the fluid interface and the mag-
netic response of the particles.[16] They also explored pulsating 
clusters, single-particle-thick linear aggregates and/or dynamic 
monolayers of equally sized spinners generated when ener-
gized by an in-plane alternating field, at different amplitude 
and frequency of the applied field.[20]

When the magnetic micron-sized particles adsorb to a 
fluid–fluid surface, the trapping surface energy is typically 
orders of magnitude higher than both thermal and magneto-
static energy.[12] Hence, the translational motion of the parti-
cles occurs on the fluid interface while rotations are restricted 
to occur around the axis perpendicular to the plane of the 
interface, even when the particles are torqued by an external 
field.[21] As a result of the strong confinement, magnetic par-
ticles self-assemble in a set of unique arrangements, deter-
mined by the contact angle at the particle’s surface, the actua-
tion of the applied field and the anisotropic character of the 
magnetic interactions.[17,22] Under a constant field normal 
to the interface, the confined particles interact via a soft cen-
trosymmetric dipole−dipole repulsion, which induces spa-
tial ordering in relatively dense monolayers of monodisperse 
particles. In crowded conditions, such systems were shown 
to gradually pass through the three phases predicted by the 
Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY) theory 
-liquid, hexatic and hexagonal solid- as the ratio between the 
pair interaction and the kinetic energy of each bead increases, 
as a result of the progressive increase of the external field.[15] 
The tilting of the applied field with respect to the confining 
surface can reversibly transform the hexagonal order of the 
floating crystals into metastable structures with other planar 
crystal symmetries, such as oblique, centered-rectangular, rec-
tangular and square lattices.[23] It can also promote the unzip-
ping of chains laterally aggregated, the partial fragmentation of 
the chains or the gradual separation of the monomers and the 
abrupt colloidal explosion. The different dismantling mecha-
nisms are mainly governed by the tilt angle, but also heavily 
influenced by the thermal energy, the contact angle of the par-
ticles and the local magnetization.[22]

To further investigate how 2D confinement determines 
static and dynamic self-assembly when colloids exhibit aniso-
tropic interactions, we have performed a series of experiments 
in which magnetic microparticles adsorbed to a fluid interface 
were energized by applying constant and precessing fields, 
while continuously monitored with bright-field light micro
scopy. At this spatial scale, unlike the conditions prevailing 
when using larger particles,[16,21] the detachment energy domi-
nates over the magnetic, electrostatic, gravitational or inertial 
counterparts, and the confining boundary imposes a new plane 

of symmetry. Therefore, we will focus on the crucial role to be 
played by the orientation of the externally controlled field and 
analyze the effect of mutual time-averaged dipolar interactions 
has on the floating colloids. Due to the superparamagnetic 
character of the particles, magnetic dipole–dipole interactions 
only emerge in the presence of an external field, so we will 
also pay special attention to the time evolution of the transient 
structures that arise after applying the field, before reaching 
steady states. The findings could be useful in the design of new 
colloidal architectures, with new functionalities, while helping 
to explain the structures and transitions that are achieved when 
the particles are suspended in a viscous medium, with freedom 
of movement in three dimensions.

2. Results and Discussion

2.1. Static Self-Assembly of Floating Pearl Chains

2.1.1. Experimental Findings

Before the application of any external magnetic field, the 
micron-sized particles adsorbed at the fluid interface diffuse 
along the confining plane (see the Experimental Section), 
bearing a viscous drag unexpectedly larger than that felt in the 
bulk.[24] In the conditions of our experiments, the adsorbed 
particles are mostly immersed in the aqueous phase (see the 
SEM images of the magnetic particles obtained with the Gel 
Trapping Technique (GET) in ref. [22]). Hence, they do not dis-
play order due to long-ranged dipole–dipole electrostatic repul-
sions,[25] neither aggregate due to capillary interactions, even at 
high surface coverages.[26] The application of a constant field 
parallel to the interface induces the magnetization of paramag-
netic particles, and promotes the formation of linear aggregates 
oriented along the field direction.[2,27] As the particle number 
density and field strength increase, a range of structures are 
formed, from a disordered liquid phase to one-particle-thick 
linear chains and wider fibrous structures, made up of bundles 
of zippered chains in which particles in adjacent chains are dis-
posed out of registry by a radius distance.[1,2] Due to the super-
paramagnetic character of the components, all the described 
structures are stable only under the presence of the external 
field, while immediately disintegrate due to thermal fluctua-
tions once the applied field is switched off.

The magnetic energies, in the order of tens of kBT, are much 
smaller than interfacial energies, in the order of millions of 
kBT. Consequently, the paramagnetic particles are forced to 
remain confined on a flat surface, and the reorientation of the 
field out of the interface does not promote the out-of-plane 
rotation of the spheres, but the dipolar repulsion between the 
particles and the appearance of different disaggregation mecha-
nisms. Figure 1a shows the structures observed when bundles 
of superparamagnetic microparticles, previously formed under 
the influence of a field Hx applied in the plane of the interface, 
are exposed to static magnetic fields with different values of 
the component of the field perpendicular to the interface Hz. 
In zone I of Figure 1a, the particles maintain the formation of 
chains and bundles oriented along the horizontal component 
of the applied field. The gradual increase of the perpendicular 
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component Hz leads first to the unzip of the bundles into indi-
vidual chains, zone II, some of them still connected in hairpin 
configurations. The absence of such hairpin structures when 
the system is prepared in other initial conditions both in experi-
ment and in Brownian dynamics simulations[22] leads us to 
believe that those hairpin configurations are metastable states 
which eventually should separate into individual chains. For 
higher values of Hz, the linear structures disintegrate into their 
constituents, zone III, through different mechanisms (more 
details in ref. [22]).

In zone II, the aggregated chains maintain their integrity 
while they occasionally separate along the perpendicular direc-
tion. At the beginning of this process, one of the particles, 
usually located at one of the two ends, jumps over an energy 
barrier. Subsequently, the induced ejection is gradually propa-
gated along the chains contact area, as the adjacent particles 
in the chain are forced to follow the expelled colloid.[28] The 
probability of jumping increases with the tilt angle, defined 
as γ  =  |arctan  (Hz/Hx)| (compare the sequence of images in 

Figure 1b -i,ii and Movies S1 and S2: Supporting Information). 
Above γ  ≈ 38°, the chains initially forming a colloidal ribbon 
instantaneously separate (Figure  1b-iii and Movie S3: Sup-
porting Information).

In Figure  1c, the characteristic time t a v/c ≡  is plotted as a 
function of γ, where v is the longitudinal velocity of the zip-like 
separation, defined as the distance l covered by the longitudinal 
propagation per unit of time. In the range from 25° to 37°, tc pre-
sents an exponential dependence on the tilt angle tc ∝ 10−0.065γ.  
The inset in Figure  1c illustrates the temporal evolution of l, 
which is often interrupted for several seconds at low values of 
γ (see, for example, the time elapsed between the second and 
third frames in Figure  1b-i and Movie S1, Supporting Informa-
tion). For γ  > 30°, the propagation is apparently continuous 
along the bundle, while for γ  > 38° the chains separate almost 
instantaneously. The time taken for the onset of unzipping in dif-
ferent bundles after the perpendicular component Hz is applied 
is a random event. The distributions of such events for different 
field tilt angles γ are shown in Figure 1d. For intermediate values, 

Figure 1.  a) State diagram of a monolayer magnetic particles, 2.8 µm in size and adsorbed at an aqueous/decane interface parallel to the xy plane, under 
the action of a tilted field 

�� �� ��
H H Hx z= + . The area fraction is 0.22. In the zone I, the particles aggregate forming chains and bundles oriented along the 

x axis. In the zone II, the fused bundles split into the constituting chains, creating a striped pattern. In the zone III, most of the particles are isolated, 
and only some of them form small permanent aggregates. The dashed line separates the area where γ = |arctan (Hz/Hx)|< γc1 ≈ 20°, from the area lim-
ited by the dash-dotted lines, where γc1 < γ < γc2 ≈ 37°. In the area between the dash-dotted and the dotted lines, γc2 < γ < γc3 ≈ 56°. b) The sequences 
of video-microscopy images show the gradual/sharp separation of the chains forming different bundles for three values of γ (i, γ = 24.6° (Movie S1, 
Supporting Information), ii, γ = 35.1° (Movie S2, Supporting Information), iii, γ = 44.9° (Movie S3, Supporting Information)). c) Characteristic time of 
unzipping, /ct a v≡ , versus tilt angle of the applied field. In the range from 25° to 37°, this time has an exponential dependence on the tilt angle (red 
line). In the inset, the time evolution of the distance covered by the propagation, l, is represented for different values of γ. d) Relative frequency of the 
number of unzipping events started a time t after applying Hz, for different values of γ (black squares, γ = 22.5°; red triangles, γ = 28.3°; green circles, 
γ = 32.0°). The inset shows the data measured for the intermediate value, γ = 28.3°, in a linear-log graph. Here, the red continuous line highlights the 
exponential dependence of the relative frequency. In Figures b), c) and d), μ0H0 = 3.8 mT.
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γc1 ≤ γ ≤ γc2, a decaying exponential distribution is obtained, log 
(Relative Frequency)∝ − 0.11t for γ = 28.3° (see inset in Figure 1d), 
evidencing that not only the propagation of the unzipping pro-
cess but also its onset is consistent with an Arrhenius process.

2.1.2. Theoretical Discussion

Throughout this work, gentle magnetic fields are applied, 
and the paramagnetic particles remain in the linear regime 
where their magnetic susceptibility is constant. The potential 
between two induced dipoles m mi i

��� ���
,  separated by a distance 

r ij



 is maximally attractive (repulsive) for particles separated 
along a direction parallel (perpendicular) to the magnetic 
field. When the induced dipoles are tilted out of the con-
fining interface, the dipolar interaction between two parallel 
chains of sizes N1 and N2, oriented along the x axis and sepa-
rated by a distance Δy, can be decomposed in dd dd dd



= + ⊥U U U ,  

where ∑∑λ= −
− − ∆

∆ + −= =

2( / / ) ( / )

[( / ) ( / / ) ]
dd

1 1

2 2

2 2 5/2

1 2

U
x a x a y a

y a x a x ai

N

j

N
i j

i j
 

 and 

[( / ) ( / / ) ]
dd

1 1
2 2 3/2

1 2

U
y a x a x ai

N

j

N

i j
∑ ∑ λ=

∆ + −⊥
= =

⊥  arise from the inter-

actions between the induced moments parallel, m
���
�, and per-

pendicular, m
���

⊥, to the confining interface, respectively. Here,
m m

a k T
ij

i j
 



λ µ
π

= ⊥ ⊥
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B
,

, and xi are the x coordinates of particles. For 

a constant field of modulus H H Hz x= +0
2 2 , the vertical com-

ponent of the induced moments and the repulsion between 
the particles increase with the tilt angle, defined as γ =  |arctan 
(Hz/Hx)| (see Figure 2a).

In Figure  2b we represent the dipolar magnetic energy per 
particle of a bundle made of two long chains (N >> 1), Ubundle

dd , 
and of the two chains infinitely separated, U2chains

dd , as a function 
of γ. The energy of the bundle is smaller than that of separate 
chains for γ ≤ γc1 ≈ 20° (area below the dashed line in Figure 1a), 
but for γc1 ≤ γ ≤ γc3 ≈ 56° the configuration with two separate 
chains is energetically favorable (area between the dashed and 
dotted lines in Figure 1a). For γ > γc3 the monomers repel one 
another and they become isolated.

In Figure  2c we represent the magnetic energy of inter-
action per particle, U U U≡ −int

bundle
dd

2chains
dd , of two out-of-registry 

long parallel chains as a function of their lateral distance, 
for different values of γ. The energy profile evidences that 
for γ ≤ γc2 ≈ 37° there exists an energy barrier that separates 
the configuration of the two chains in contact from that in 
which they are far away (area below the dash-dotted line in 
Figure  1a). The energy barrier is located at a characteristic 
length named escape distance, which increases with the 
chain length.[29] The height of the energy barrier per par-
ticle, UB, is represented in the inset of Figure 2c, in units of 
thermal energy at room temperature. For γ ≤ γc1, the in-con-
tact configuration corresponds to the absolute energy min-
imum, and the chains remain in the bundled configuration 
(zone I of Figure  1a). For γc1  ≤ γ  ≤ γc2, the red area in inset 
of Figure 2c, the bundle configuration is metastable. In this 
range, which corresponds to the area between the dashed 
and the dashed-dotted lines in Figure 1a, the thermal energy 
of the system can promote the transition of the chains over 
the energy barrier, of decreasing height with increasing γ, 
to reach the lowest energy state of two chains located apart 
from one another. The repulsion promoted by the vertical 
component of the induced dipoles becomes comparable to 
the energy of the inter-chain bonds, being still much smaller 
than the bond energy between adjacent particles within the 
chains. Hence, the aggregated chains maintain their integ-
rity, but they can overcome the energy barrier and separate, 
beyond the escape distance. This dependence is reminiscent 
of a thermally activated Arrhenius process,[30] characterized 
by an attempt frequency and an energy barrier that decreases 
monotonically with the tilt angle (see inset of Figure 2c), and 
qualitatively explains the behavior described in Figure 1b–d. 
Since the end particles are less magnetized by the field gen-
erated by the rest of particles, the energy required to break 
the inter-chain bonds is lower at the ends than in interme-
diate sites, which explains the preferential disconnection of 
bonded chains at their ends.[22,31] As soon as the gap between 
chains is greater than the escape distance (in the range 
between 2a and 3a according to Figure 2c) they feel a repul-
sive interaction and separate.

Figure 2.  a) The scheme represents two linear aggregates of size N1 and N2 adsorbed on the plane xy and separated at a distance Δy upon the influ-
ence of a tilted field H0, with a tilt angle γ. The applied field induces in each particle moments parallel, 

���
�m , and perpendicular, 

���
⊥m , to the confining 

interface. b) Dipolar magnetic energy per particle of a bundle made of two long chains (N = 50) and of the two separated chains as a function of the 
field tilt angle γ. c) Magnetic dipolar interaction energy per particle between two long parallel chains, in an out-of-registry configuration, as a function 
of their mutual distance and for different tilt angles: γ = 0  (black), γ = 20  (red), γ = 30  (green), γ = 40  (blue). Inset: height of the energy barrier, 
which separates the configurations with the two chains in contact from the ones where the chains are located far away from one another, as a func-
tion of the tilt angle. The red shaded area identifies the region where the configuration in contact is metastable. These calculations are done with the 
parameters of the superparamagnetic particles employed in experiment (χv = 0.4 and radius a = 1.4 µm), and the intensity of the field used in related 
experiments μ0H0 = 3.8 mT (see Figure 1b–d).
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2.2. Dynamic Self-Assembly of Floating Pearl Chains

2.2.1. Experimental Results

When the applied field rotates in the plane of the interface  
H(t) = H0(cos ωt,sin ωt, 0), the adsorbed particles tend to 
assemble in planar hexagonal structures (zone I Figure 3a). The 
application of an extra static magnetic field perpendicular to the 
interface, Hz, causes a constant tilt of the field with the inter-
face, with a new tilt angle defined as γ =  |arctan (Hz/H0)|, that 
induces dismantling of the dynamically assembled structures.[6] 
The perpendicular component induces repulsive dipolar interac-
tions that promote the disintegration of the compact carpets in 
a cross-linked structure (zone II in Figure 3a) or a set of rotating 
small aggregates and monomers (zone III in Figure 3a).

The application of an elliptically polarized rotating field 

of high frequency, H H t e H t ex x y y

���
� �ω ω ω= +( ) cos( ) sin( )0 0 , with 

a field strength defined as H H Hx y( )≡ + / 20 0
2

0
2 , induces 

either the formation of stable out-of-equilibrium linear 
chains of particles nearly aligned along the x-axis (which is 
hereafter identified as the direction of the semi-major axis 
of the ellipse traced by the field), or the creation of rotating 

carpets of spinning magnetic particles (zone I, Figure  3b), 
depending on the value of the elliptic parameter β  
(H0x

2  − H0y
2)/(H0x

2  + H0y
2). The additional application of a 

constant field perpendicular to the confining plane favors the 
linear structures, zone II of Figure 3b, or the complete disas-
sembly of the structures, zone III of Figure  3b. The repul-
sive chains of rotating particles that emerge after applying 
the vertical component of the field (zone II in Figure  3b) 
make an angle ϕ** with respect to the x-axis, which depends 
on the β value (see Figure  3c). Our experiments suggest  
that the chain orientation is determined by the balance 
between the magnetic torque and the hydrodynamic drag 
under time-dependent elliptical actuations in the asyn-
chronous regime.[32] Indeed, very similar orientations are 
obtained for rigid chains formed with the same magnetic 
particles, discarding a relevant effect due to the rotation of 
the colloids. Although there is a torque on the chain caused 
by the hydrodynamic flows generated by the rotating mono-
mers, its effect should be subdominant for the cases studied 
here (see the Supporting Information). In Figure  3c, we 
show the equilibrium angle obtained in experiment as a 
function of β. For values of |β| < 0.2, gray zone in Figure 3c, 
the linear structures disintegrate.

Figure 3.  a) State diagram of a rotating planar aggregate made up of magnetic particles after being subjected to a precessing field following a circular 
trajectory about the axis perpendicular to the confining interface. In the zone I, the particles still form ordered colloidal carpets. In the zone II, the par-
ticles form cross-linked structures where the inter-particle bonds continuously break and reform. In the zone III, the planar aggregates disintegrate in 
the constituent monomers. b) State diagram of a planar aggregate made up of magnetic particles after being subjected to a field following an elliptical 
trajectory about the axis z perpendicular to the confining interface. In the zones I and III, the response of the planar aggregate is analogous to the one 
described in a). In the zone II, the rotating cluster transforms in a striped pattern of pearl-chain-like aggregates. The two dashed lines show the theo-
retically predicted transitions from carpet to chain and from chain to monomers. ( ( )(1)

0H Hz  and ( )(2)
0H Hz  in the main text). c) The angle φ** between the 

x axis and the chains formed by a precessing field, μ0H0 = 1.5 mT, μ0Hz = 2.6 mT as a function of β. In the grey zone, the linear structures disintegrate. 
In (a–c) ω = 125 rad s−1. d) The dependence of φ* with β is shown for different values of Hz/H0 (see Equation (2)).
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2.2.2. Theoretical Discussion

To understand the formation of such structures under high 
frequency elliptical fields we consider the time-averaged mag-
netic pairwise interaction between paramagnetic colloids,[4,33] 
taking into account local-field corrections due to the presence 
of the neighboring particles.[5,22] Although many-body interac-
tions can be relevant for concentrated suspensions of magnetic 
colloids under time-dependent fields,[6,34] only quantitative cor-
rections should be expected in the conditions of our experi-
ments[6] and the qualitative behavior here described should 
not be altered. When the applied field rotates in the plane of 
the interface at relatively high frequencies, f ω π= / 2  > 10 Hz, 
time averaging of the dipole–dipole interactions gives an effec-
tive attractive potential 〈Udd〉 = −(μ0m2/(8π(x + y)3)), isotropic in 
the plane of the interface, that leads to the formation of com-
pact and ordered clusters.[4,33] At the same time, the rotating 
magnetic field promotes the rotation of the composing beads, 
that in turn induces the rotation of the formed clusters at 
an angular frequency ωc, lower than the one imposed by the 
external field.[35] The torque applied on the rotating particles, 
always balanced by the viscous torque, appears due to the pres-
ence of a small permanent moment within the particles and the 
finite internal relaxation time of the particle magnetization. In 
the interfaces studied here, the viscous torque is relatively low, 
and the spinning particles attain angular velocities of the order 
of 10 rad s−1.[36]

The time-averaged magnetic potential of two confined and 
identical paramagnetic particles of radius a separated a distance 
r when the particles are under the action of a precessing field is 
given by (see the Supporting Information):

8
1 cos2 1 cos2 2( / )2

0 0
2

3
2 2

0
2dd



µ
π

χ β φ χ β φ( )( )= − + − − + ⊥U
H

r
H Hz � (1)

Here, φ is the angle between the particles center-to-
center vector and the major axis of the elliptic field, and 

a
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−

4
3 1 /12

3
V

V
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aχ π χ
χ
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4
3 1 / 24

3
V

V
 the magnetic 

susceptibilities in the particles center-to-center direction and in 
the perpendicular direction, respectively, when the two particles 
are in contact. χV is the volume susceptibility of the paramag-
netic particles. The angular range where two floating particles 
attract is delimited by:
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which is shown in Figure  3d as a function of β and different 
values of Hz. For angles φ < φ* the two particles attract, whereas 

they repel if φ > φ*. For H Hz 

χ χ< −⊥/ / 1/ 20
2 2 , the attractive 

region increases with decreasing |β | and decreasing values of 

Hz. For H Hz 

χ χ> −⊥/ / 1/ 20
2 2 , cases of circular actuations 

(with β  ≈ 0) are unstable and only cases with large values of 
β have attractive regions. The paramagnetic colloids can form 
magnetic carpets in a hexagonal lattice if the cone of attraction 

satisfies φ* > π/3. This condition results in the threshold line 

H
H

z


β χ β χ
χ

= − − +





⊥

⊥

2(2 ) (2 )
2

(1)
2 2

2

0 , which indicates the transi-

tion from carpet-like (for H Hz z< (1)) to chain-like (for H Hz z> (1) ) 

structures. Note that the carpets only form when 



β χ χ
χ χ

< −
+

⊥

⊥
2

2
2

2 2

2 2 .  

The transition from a configuration of chain structures to 
another of monomers in which magnetic colloids repel one 

another occurs at H Hz


β χ β χ
χ

=
+ − − ⊥

⊥
(

2(1 ) (1 )

2
)(2)

2 2

2 0. The pre-

dicted transition lines are represented in Figure 3b, in qualita-
tive agreement with experiment. The latter results qualitatively 
confirm the structure diagram depicted in Figure  3b, which 
shows that both, the application of Hz and the increased ellip-
ticity of the in-plane component, hinder the conformational 
change from a linear aggregate to a 2D compact cluster pro-
moted by the application of the rotating field.[37]

2.3. Interfacial Transport of Colloidal Cargos via the  
Hydrodynamic Flow Field Generated by a Micro-Roller Conveyor

2.3.1. Experimental Results

In the previous section, we illustrated how the application of 
the elliptic precessing field allows for the ordered dissemina-
tion of linear aggregates on the fluid interface. During the pro-
cess, the chains are quite stable, presenting slow convective 
displacements. Since the rotating component of the field exerts 
a torque on the individual particles, forcing them to rotate 
around an axis perpendicular to the surface, the dynamic struc-
tures can be used to generate flows in their proximities. The 
vortex flows generated by the chain-like aggregates are a mani-
festation of the external energy injection and can be employed 
in the active transport of floating non-magnetic colloidal cargos, 
which become dragged along the chain structures in a similar 
way to a roller conveyor.[7,33] The transport of the cargo can be 
easily reverted in the opposite direction by inverting the rota-
tion of the applied field. The generated flow, however, does not 
force the cargos to remain close to the vicinity of the aggregates, 
which are free to move away from the chains, in a process 
favored by the thermal agitation or the presence of convective 
flows (Figure 4a and Movie S4: Supporting Information). The 
cargos located on one side or another of the chain move in 
opposite directions (see Figure 4a,b and Movie S5: Supporting 
Information). Since all chains have the same rotation chirality, 
the flows generated by adjacent chains cancel out and the trans-
port mechanism is inhibited. As a result, in regions with high 
density of chains, chiral cargo transport can only take place 
along the edge or such regions. As the passive particle arrives 
to the end of the chain, it first orbits around it due to the effect 
of the flow generated by rotation of the last rotor.[38] Next, the 
cargo is translated in the opposite direction, the one favored by 
the rotation of the magnetic particles.

The transport mechanism is analyzed in Figure  4c, where we 
plot the time evolution of the relative velocity vrel of a cargo of 
radius A = 2.8 µm, together with the time evolution of the distance 
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d between the cargo center and the chain axis. vrel was calculated 
as the x displacement with respect to the transporting chain per 
unit time. The inset of Figure  4c shows that, in contrast to the 
dragging flow generated by an isolated sphere in the low-Reynolds 
number limit, that decays asymptotically as d−2 from the center of 
the spinner, the hydrodynamic flow generated by the chain can be 
phenomenologically seen to decay as d−ξ, with ξ = (1.15 ± 0.06).

2.3.2. Theoretical Discussion

To explain this experimental result, we must consider that the 
cargo is advected by the flow generated by the whole chain. The 
hydrodynamic flow generated on an adsorbed passive colloid by 
a long magnetic chain, directed along the x axis, whose compo-
nent particles rotate with er r z

�� �ω ω= , is approximately given by 
( ,0,0)u ux



=  with (see the Supporting Information):

u a
d

d A a

d

d A a
x rω ψ

ψ ( )=
+ −

+ −
+ + +









( )

1
1 ( )

2
2 2 2 2 � (3)

where Ψ = η1/η2, and η1, η2 are the viscosities of the decane and 
aqueous fluid phases, respectively. The direction of the flow is 
given by the sense of rotation. Note that the angular velocity ωr 
is determined by the balance between the magnetic and viscous 
torques on the rotating colloids, and thus the speed of the cargo 
ux decrease for increasing solvent viscosities. Equation (3) justifies 
the exponent 1 < ξ  < 2 obtained in the phenomenological expo-
nential fit of the flow dependence with d. In the inset of Figure 4c, 
the experimental data are properly fitted by Equation  (3), with 
ωr =  (4.0 ± 0.1) rad s−1 as the only fitting parameter. At the chain 
edges, the flow is dominated by the rotation of the last particle, and

u a a A
a A a A a A

er

� �ω ψ
ψ

≈ +
+ + −

+ −
+ +







θ( )
1

( ) ( )
1
1

1
2 ( )

3
2 2 3/2 3 � (4)

where we have assumed that the passive colloid is in contact 
with the chain, e ( sin ,cos ,0)θ θ= −θ  is the azimuthal unit vector 
and θ the angle between the cargo position vector from the 

last colloid in the chain r


 and the x axis. Equation  (4) qualita-
tively confirms the motion described by the passive particle in 
Figure 4b when it reaches the end of the chain.

3. Conclusion

The application of time-dependent magnetic fields has been 
shown to induce the formation of a large collection of dynamic 
self-assembled structures of magnetic colloids, encom-
passing unstable fronts, flocks and ribbons of ferromagnetic 
micro-rollers,[39] microtubes of magnetic Janus particles[40] or 
worms, walkers, carpets and sheets of superparamagnetic col-
loids.[4,7,33,41] Such complex assemblies are supported by a con-
tinuous injection of energy into the system,[42] and can be used 
as models to study a wide range of non-equilibrium pheno
mena, such as out of equilibrium organization (applicable 
to biological structures) or the transport of matter in the low 
Reynolds number regime.[43]

In this work, we have shown, both theoretically and in 
experiment, that the confinement at a fluid–fluid interface of 
paramagnetic colloids under external magnetic fields permits 
the emergence of new static and dynamical stationary struc-
tures which have not been observed in bulk dispersions. The 
modulation of the applied field leads to the transition between 
cross-linked aggregates and carpets, to new assemblies com-
posed by static and dynamic pearl-chain-like structures that 
can be used in new strategies of micro-manipulation. The latter 
are only feasible upon strong 2D confinement conditions, here 
optimally reached by using particles adsorbed at a water-decane 
fluid interface.

We have characterized the transition from bundles of chains 
to pearl-like-chain assemblies and isolated monomers, as a static 
component of the magnetic field perpendicular to the interface 
is added to a static field applied on the plane of the interface. 
We have found that such transition occurs due to a different 
dependence of the dipolar energies of bundles and chains on 
the field tilt angle, with a stronger monotonic increase in the 
former than in the latter, and we have determined the threshold 
angle γc1 that governs the transition from bundle to separate 

Figure 4.  a) (Movie S4, Supporting Information) The sequence of videomicroscopy images shows a non-magnetic polystyrene particle of radius  
A = 2.8 µm travelling along the horizontal thanks to the hydrodynamic flow generated by a pearl-like-chain of rotating particles, subjected to the action 
of an elliptical precessing field. b) (Movie S5, Supporting Information) The sequence of videomicroscopy images shows how the flow generated by 
the last colloid, at the chain edges, can redirect the cargo in the opposite direction. c) Time evolution of the distance d between the cargo center and 
the chain axis together with the relative velocity vrel of a cargo of radius A = 2.8 µm, calculated as the horizontal displacement with respect to the 
transporting chain per unit time. The inset shows the dependence of the relative velocity with the cargo-roller conveyor distance. The red line is a fit to 
the data in the form given by Equation (5). Here, the unique fitting parameter is ωr = (4.0 ± 0.1) rad s−1. In all these experiments, all the particles are 
adsorbed on the aqueous/decane interface, and μ0H0 = 3.0 mT, β = 0.83, μ0Hz = 2.1 mT, ω = 125 rad s−1.
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chains, with good agreement with our experiments. We have 
also shown how the dynamics of the transition depends on the 
field tilt angle. The evolution of the transition from bundles 
to chains occurs as a random activated process for lower tilt 
angles, while it is a deterministic almost instantaneous event 
for higher values of γ. For low angles, γc1 < γ < γc2, the bundled 
structure is a metastable state and the transition occurs as an 
unzipping mechanism that starts at an edge and propagates 
along the bundle, with a velocity which increases exponentially 
with the tilt angle, reminiscent of a thermally activated Arrhe-
nius event. For high angles, γ > γc2, the transition occurs instan-
taneously and simultaneously along the bundle.

Then, we have investigated the steady self-assembled struc-
tures of magnetic colloids that arise under circularly and ellipti-
cally polarized time-dependent rotating fields, on the plane of 
the interface, when we add a static component of the magnetic 
field perpendicular to the interface. We have detected a transi-
tion from rotating carpets of rotating magnetic particles to sta-
tionary pearl-chain-like assemblies of rotating monomers or to 
rotating isolated monomers, as a function of the tilt angle of 
the field with the interface and the degree of ellipticity of the 
time-dependent actuation. The results, rationalized with the 
help of a mutual time-averaged dipolar interaction between the 
paramagnetic colloids under the time-dependent field, which 
includes local field effects, explain the transitions observed in 
other non-confined systems, when colloids float on a solid sub-
strate.[4–7,24,25] We have derived analytic expressions for the tran-
sition lines in terms of the parameters of the field (ellipticity 
and magnitudes) and the particles (volume susceptibility), that 
are in good agreement with experiment and can help to explain 
the transitions observed in other non-confined systems.[7,37,41]

Finally, we have devised a new way for the steering of 
non-magnetic micron-sized particles along the parallel pearl-
like-chains of rotating magnetic colloids, all of them adsorbed 
onto the fluid interface. Unlike previous strategies developed 
for transporting objects trapped at fluid interfaces, which use 
interfacial physical effects such as Marangoni effects,[44] gra-
dients in concentration,[45] the self-generation of standing 
waves,[16c] magnetocapillary effects[46] or the modulation of the 
potential generated by asymmetrically adsorbed magnetic par-
ticles,[17] in this work the passive particles are dragged by the 
hydrodynamic conveyor belt generated by the rolling species, 
through a strategy that can be monitored via the application of 
suitable magnetic manipulation techniques and does not need 
of direct contact with the cargo. The chain structures created by 
such actuations demarcate lanes along which adsorbed cargos 
can be transported. The generated flows lack a component 
that attracts cargos to the linear aggregate, and the transport 
efficiency needs of a supplementary mechanism that helps to 
keep the cargos close to the activated micro-device, allowing for 
uninterrupted transport. In this regard, strategies based on the 
use of capillary interactions are good candidates, but they will 
require of particles with larger wetting angles, and/or larger 
or anisotropic particles, capable of induce long-ranged attrac-
tive interactions.[47] In addition to the use of these patterns of 
rotating colloids as a transport mechanism in fluid interfaces 
and microfluidic devices, they can be employed to mix adsorbed 
molecules or accelerate surface-chemical reactions, overcoming 
diffusion limitations. Besides, the capability of these dynamic 

structures to create hydrodynamic fluxes of opposite direction 
in different regions of the interface suggests that they could be 
employed to design 2D acoustic metamaterials.[48,49] These sys-
tems use regular arrangements of fluid flows to hamper sound 
propagation for certain frequency bands in the interior of the 
material while it is permitted at its edges.[49] The resulting 
structures can be transferred as mono- or multilayers onto solid 
supports for the production of materials with novel magnetic, 
optical, thermal and/or mechanical properties.[50] While experi-
ments were performed with particles of 1.4 µm radius a, the 
conclusions should hold for smaller particles (with radius in 
the hundreds of nanometers) for which both the magnetic and 
capillary interactions exceed thermal effects.

4. Experimental Section
The superparamagnetic particles employed in this work are spherical 
microparticles, composed by a polystyrene matrix evenly doped 
with superparamagnetic iron oxide nano-grains and stabilized in 
water by surface carboxylic groups, with average sizes of a  = 1.4 µm, 
density  ρ  = 1.3 gcm−3 and magnetic susceptibility  under static field  
χv = 0.4 (Dynabeads M-270, Invitrogen). The passive cargos consist 
of surfactant-free polystyrene microparticles with radius A  = 2.85 µm, 
negatively charged with sulfate functional groups and charge density 
6.2 µC cm−2 (Interfacial Dynamics, USA). All the colloidal solutions 
were washed twice in Milli-Q water to remove the surfactant that may 
have been employed during the synthesis. After sonication for 5 min, 
small volumes (10–100 µL) are injected with a Pasteur pipette into the 
subphase, close to a flat interface at 25 °C. The upper liquid phase was 
decane, with density ρ = 950 kg m−3 and viscosity η1 = 8.5 × 10−4 Pa s−1  
(Dow Corning Corporation), whereas the lower liquid phase was a 
solution of Dodecyltrimethylammonium bromide (DTAB) 5 × 10−6 m  
in water, with density ρ = 108 kg dm−3 and viscosity η2 = 8.9 × 10−4 Pa s.  
Since the heavy magnetic particles tend to sediment due to their 
relatively high size and density, they are led to the upper interface thanks 
to the field gradient created by approaching a neodymium magnet for 
several seconds. The cationic surfactant present in the aqueous phase 
screens the electrostatic repulsion between the negatively charged 
particles and the decane/aqueous interfase, allowing the colloids to 
breach the charged surface.[51] Since the surface energy of the system 
enormously decreases after the adsorption of the particles,[52] these 
become robustly arrested at the fluid interface.[53] The adsorbed particles 
are mostly immersed in the aqueous phase (see the SEM images 
of the magnetic particles obtained with the Gel Trapping Technique 
(GET) in ref. [22]), do not display order  due to long-ranged dipole–
dipole electrostatic repulsions,[25] neither aggregate due to capillary 
interactions, even at high surface coverages.[26]

The loaded interface is energized by a time-dependent external 
field, generated by of a pair of coils connected in series, aligned along 
the x and y axis, while a fifth coil is aligned along the optical axis, in 
the plane of the studied system. The x-y coils are connected to a 
power amplifier (Kepco BOP 2 × 20-10D) commanded by a waveform 
generator (National Instruments 9269), and the z coil is connected to 
a DC power supply (Tenma, 72–2805), and the resultant constant field 
is constant when applied along the xz plane, or precesses around the z 
axis at an angular frequency ω. The actuated monolayer is monitored 
with an upright optical microscope (BH2, Olympus) connected to 
a CCD camera (EO1312M, Edmund) equipped with a 40 × 0.65 NA and 
a 20 × 0.40 NA objective.

Supporting Information
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