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Abstract: Two-dimensional colloidal crystals are of considerable fundamental and practical impor-
tance. However, their quality is often low due to the widespread presence of domain walls and
defects. In this work, we explored the annealing process undergone by monolayers of superpara-
magnetic colloids adsorbed onto fluid interfaces in the presence of magnetic field pulses. These
systems present the extraordinary peculiarity that both the extent and the character of interparticle
interactions can be adjusted at will by simply varying the strength and orientation of the applied
field so that the application of field pulses results in a sudden input of energy. Specifically, we have
studied the effect of polycrystal size, pulse duration, slope and frequency on the efficiency of the
annealing process and found that (i) this strategy is only effective when the polycrystal consists of
less than approximately 10 domains; (ii) that the pulse duration should be of the order of magnitude
of the time required for the outer particles to travel one diameter during the heating step; (iii) that the
quality of larger polycrystals can be slightly improved by applying tilted pulses. The experimental
results were corroborated by Brownian dynamics simulations.

Keywords: colloidal annealing; 2D confined systems; dynamic self-assembly; fluid interface;
superparamagnetic particles

1. Introduction

Well-controlled growth of two- and three-dimensional colloidal patterns is essential in
the development of photonic crystals, with different applications in electronics, sensors and
microlenses [1]. Using an external force to trigger and drive the crystallization process, as
well as to promote annealing and tempering, seems to be a logical route toward enhancing
the quality of microparticle-based nanocrystals [1–3]. In materials science, annealing
involves a heating–cooling cycle in which heat rates might be slow and carefully controlled,
whereas quenching entails heating the sample to a precise temperature below the critical
point. In this work, the structures under study are particle clusters trapped at the interface
formed by superparamagnetic particles due to the application of a rotating magnetic field
in the plane of the interface [4], while a crystalline order enhancement occurs after the
application of out-of-plane field pulses, which, analogous to what occurs at the atomic
level with increasing temperature, can promote the breaking of interparticle bonds and
an increase in the particle mobility. The objective of the study is to explore the parameter
space of the field able to promote order enhancement in colloidal planar polycrystals.

Thermal Brownian micro- or nanoparticles with tunable size, shape and interactions
have been used as model systems to understand the physical mechanisms controlling static
and dynamic self-assembly, the formation of disordered aggregates and gels or to corrob-
orate the physics underlying different phase transitions [5,6]. In processes leading to the
formation of equilibrium phases and static self-assemblies, the system tends to reversibly
reach local or global minima in the free energy landscape, and consequently, the pattern
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of the equilibrium configuration depends on the interparticle interactions. Although the
equilibrium states can be reasonably predicted by thermodynamics, a proper explanation
for the kinetics of the process remains challenging [6]. On the other hand, in dynamic
self-assemblies, the promoted structures are continuously dissipating energy, which plays
a relevant role in the main features of the out-of-equilibrium structure [7]. Understanding
the different mechanisms governing these processes is of practical importance. For instance,
controlling the growth of two- and three-dimensional colloidal patterns is essential for the
design, synthesis and development of smart materials [8], such as photonic crystals [9–12],
micro-transporters [13] or data storage devices [14].

In colloidal materials formed with self-assembly methods, microparticles, unlike
nanoparticles, tend to form low-quality crystals comprised of different domains of hundreds
of particles oriented along random directions, in which crystal-void interfaces and defects
are widespread [8,15]. To have control over the structural order and the averaged size of the
crystal grains, which is mandatory in the manufacture of materials with improved physical
properties, it is common to use annealing strategies based on the controlled application
of external stimuli that promote both the melting of defective areas and the subsequent
recrystallization [16–20]. In atomic and molecular engineering, where it was first defined,
annealing is a process of adjusting the grain boundary density of a polycrystalline material,
such as a metal, ceramic material, rocks, proteins or ice, by heating and then cooling at
a controlled rate [21,22]. This process, essential in macromolecular, biotechnology and
a variety of metallurgical, geological and meteorological phenomena, has a major influence
on material properties such as yield strength or electrical conductivity, both in 3D and
2D [23,24]. At the microscale, annealing processes can be tracked directly by optical
microscopy [25] and promoted by the use of holographic optical tweezers [19], crystal
agitation [18], the inclusion of active particles [2,26] or the use of tunable colloids that are
periodically exposed to different conditions, in the vicinity of their melting points [17].

In this context, the interactions between colloidal particles, and thus the melting and
crystallization processes, can be regulated in real-time by applying externally generated
fields [1,3]. For example, Bevan and co-workers designed a closed-loop control scheme
that allows switching from polycrystalline states to a single-domain crystal through the
monitored application of an electric field [27,28]. Alternatively, different authors have used
strategies similar to the heat treatment of metals, in which external fields were introduced
cyclically. By alternating the external field, the systems switched intermittently from high-
temperature states, where small fields induced weak attractions, to low-temperature states,
where strong fields induced strong attractions, so kinetically arrested suspensions were
allowed to periodically relax and find lower energy states through local rearrangements
of the suspension structure [29–31]. Kao et al. found that if the disorder is produced by
thermal diffusion, the optimal cyclic conditions arise when the deactivation duration is
about half the characteristic melting time of the system [32].

The present work focuses on the development, study and optimization of an adjustable
annealing mechanism applied to finite 2D colloidal polycrystals. In finite 2D polycrystals
formed by attractive colloids, premelting occurs even before the melting point is reached
when the value of the chemical potentials of the liquid and solid phases coincide [33]. This
process is favored at the contour and at defects, as these zones have higher free energy than
the internal areas of the crystal [34]. Pre-melting can occur as a complete process, in which
the crystal surface melts into a liquid layer that increases in size as it approaches the melting
point, or as an incomplete premelting, in which the liquid layer increases as it approaches
the melting point but remains finite [6]. In finite 2D crystals with thermal premelting,
first-order melting occurs from both edges and within the bulk through a grain-boundary
mediated mechanism [35]. In freezing, the presence of defects plays a minor role, and the
increase in the particle attractions causes larger chemical potential differences and a faster
crystallization rate [6]. Consequently, in finite 2D colloidal crystals, annealing is affected
by multiple factors, such as crystal size, heating and cooling rates, the presence of defects,
inter-particle interactions or the application of external fields. The effects of these issues
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on the annealing mechanism are still poorly understood, especially in colloidal systems,
where they have not yet been studied in depth, even though colloidal interactions are much
simpler than atomic ones. As a consequence, these systems remain the simplest model for
the study of annealing mechanisms.

In this study, we use magnetic colloids adsorbed on a fluid interface as a model
system to study annealing cycles in 2D. The use of magnetic colloids in the study of
the annealing of 2D colloidal polycrystals is justified since they allow the induction of
interparticle interactions with different characteristics—range, anisotropy and intensity—
easily tunable by the action of an externally applied magnetic field of moderate intensity.
In the explored configuration, in which the particles are forced to reside in the plane of the
interface, the particles have easily tunable attractive and repulsive interactions, isotropic or
anisotropic, through modulation of the external magnetic field so they can be assembled
or disassembled in a controlled manner [4,36,37]. Concretely, the adjustment of the angle
between the confining interface and the precessing applied field, which here plays the
role of temperature in molecular systems, allows for accelerating or decelerating both the
melting and the freezing rates [38–40]. Next, we study in detail the effect of polycrystal size,
pulse duration, pulse slope and pulse frequency on the efficiency of the annealing process.
The applied methodology has an important advantage over other annealing strategies used
in colloids, where the melting of metastable defective states is driven by thermal energy in
a temperature range that may not differ much from room temperature [27,28,32,35], thus
extending the capabilities of colloidal crystals to understand solid-state phenomena under
thermal annealing.

2. Materials and Methods
2.1. Magnetic Colloids

The colloidal suspension consists of superparamagnetic beads coated with polymer
ending with a carboxylic acid group immersed in deionized, ultrapure water (Dynabeads®

M270, supplied by Invitrogen). The particles consist of a highly cross-linked polystyrene
matrix in which superparamagnetic grains of γ-Fe2O3 and Fe3O4 are uniformly dispersed.
The microspheres are relatively monodispersed, with a radius of a = 1.4 µm and retain the
superparamagnetic character of iron oxide grains. The magnetic field required to saturate
the magnetization of the particles is of the order 100 kA/m, and the particle susceptibility
χ = 0.4 [41]. In addition, they exhibit excellent dispersibility and easy handling in a variety
of aqueous media. The presence of the surface carboxyl groups confers a negative charge
to the microparticles, and the screened electrostatic repulsion prevents particles from
irreversible coagulation at a minimum primary energy. To eliminate possible residues, the
dispersions were washed three times in a 5.2 mM solution of SDS (sodium dodecyl sulfate)
before the experiments. During the first step of this process, the particles were attracted to
the bottom of an Eppendorf with the help of a neodymium magnet. In successive steps,
the system was kept at rest for a couple of hours to allow the particles to precipitate gently,
minimizing the formation of permanent aggregates. At the end of each of these steps, the
aqueous medium was replaced with deionized water and the mixture was homogenized in
an ultrasonic bath to break up any aggregates that may have formed during washing.

2.2. Adsorption at the Fluid Water/Decane Interface

To attract the particles to the water/decane interface and facilitate the adsorption
process, a neodymium magnet is used. The decane was previously passed through an alu-
mina column three times to remove any contaminants. The adsorption of the particles at
the interface can be facilitated by using salts or cationic surfactants, but we have chosen
not to add them, as it has been observed that they not only favor adsorption but also the
formation of permanent aggregates, which hinder crystallization [42]. Once adsorbed on
an oil/water fluid interface, the magnetic particles are preferentially submerged in the
aqueous phase due to their hydrophilic character, which accounts for a small value of the
contact angle and a small influence of capillary and electric dipole interactions [39]. Hence,
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the structures formed are determined almost exclusively by the character and strength
of the imposed magnetic interactions. During the experiments, the laden water/decane
interface is confined by a hollow, non-magnetic glass cylinder to reduce the drift motion
generated by convention effects, which are difficult to eradicate in such systems. After
preparing the particle-loaded fluid interface, the non-adsorbed particles fall into the aque-
ous sub-phase as soon as the magnet is removed, while the adsorbed particles remain in
the plane of the fluid interfaces due to the relatively high value of the trapping energy.

2.3. Field Generation and System Monitorization

The application of a magnetic field allows the colloidal particles to be externally
energized. Current-carrying coils oriented orthogonally to each other are used to generate
constant, rotating or precessing fields. The fields generated by this coil configuration can
reach 10 mT and are uniform in the field of view of the microscope, which minimizes the
generation of magnetic forces and avoids the occurrence of unwanted collective movements.
The formation of magnetic colloidal crystals adsorbed at the fluid interface together with the
file-induced annealing process was visualized in real-time by bright field optical microscopy.
Particularly, an Olympus BH2 optical microscope with a 20 × 0.25 NA objective and
a working distance of approximately 1 cm connected to an Edmund EO1312M CCD camera,
was employed. The laden and confined fluid interface was placed on the stage of this
microscope, in the center of the coil assembly, and the magnetic fields were applied for the
magnetization of the adsorbed colloidal particles. VirtualDub video editing software was
used to process the recorded videos, and ImageJ software was used to determine the central
position of the particles. The fact that colloids and domain walls can be visualized directly
using a bright field microscope makes them ideal candidates for modeling melting and
crystallization processes. The adsorption method and the experimental setup are shown in
Figure 1a. In the experiments, the temperature was approximately 298 K.

2.4. Formation of the Polycrystals

In the first stage of this study, a rotating field is applied in the horizontal plane from
the combination of two sinusoidal components, 90◦ out of phase, oriented along the X
and Y axes, amplitude Hx and Hy, and with identical angular frequency ωx = 2π fx =

ωy = 2π fy, characterized by the field strength H0 =
√

H2
y + H2

x . At low frequencies, this
time-dependent field forces the formation of elongated structures that vibrate or rotate,
synchronously or asynchronously, with the applied field [43]. If the frequency of the field
is higher than 10 Hz, however, an averaged attractive potential promotes the formation
of circular assemblies or chains composed of rotating particles, which, in turn, rotate or
vibrate in the plane of the field [37,44]. When Hx and Hy are similar, the application of the
high-frequency rotating field induces an isotropic effective attractive dipolar potential at
the interface plane, 〈Udd〉 = −

[
µ0m2/8π

(
x2 + y2)3/2

]
, where µ0 is the vacuum magnetic

permeability and m is the induced magnetic moment in the particles, and promotes the
formation of two-dimensional colloidal polycrystals. In these self-assembled polycrystals,
crystalline domains with hexagonal order and composed of tens of particles are randomly
oriented. When the local monomer density is adequate, the crystallization process occurs
in the range of tens of seconds, and the resulting polycrystals are well separated and
dispersed across the fluid interface (Figure 1b shows a sequence of images of the polycrystal
formation). Once formed, the rotating field is replaced by a time-dependent field resulting
from the combination of two oscillating perpendicular fields applied in the plane of the
interface with different frequencies (Figure 1b, t = 120 s). The latter still promotes isotropic
attraction between the particles but prevents rotation of both the constituent particles and
the resulting polycrystals, which could have some effect on the annealing process. In
Figure 1b, we show the evolution of the polycrystal orientation in the 90–95 s range with
that in the 120–130 s range. The stability of the colloid structures resulting from the above
methodology has been characterized in Figure 1c, where the promotion of these circular
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symmetrical structures is observed in the white area, while in the blue and green areas, the
particles tend to form linear or partially disordered structures. The described strategy is
repeated in each experiment after melting any eventual structure previously formed, so that
a polycrystalline configuration is always used as a starting point in each annealing process.
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Figure 1. (a) Magnetic particles are attracted to a water/decane interface with the help of a magnet to
facilitate the adsorption process. After the magnet is moved away, the non-adsorbed particles fall
into the aqueous sub-phase, while the adsorbed particles remain in the plane of the fluid interfaces
due to the relatively high value of the trapping energy. To reduce the drift motion generated by
convention effects, the laden water/decane interface is confined by a hollow, non-magnetic glass
cylinder. Finally, the adsorbed magnetic particles are magnetized by the field generated by a pair of
coils connected in series, aligned along the X and Y axes and a fifth coil aligned along Z, the optical
axis of the microscope. (b) The image sequence shows how the application of the high-frequency
rotating field, fx = fy = 20 Hz, at the interface plane promotes a crystallization process, which,
at relatively high particle densities, occurs in the range of tens of seconds. From t = 120 s, the
rotating field is replaced by the combination of two fields with different frequencies, which still
promotes isotropic attraction between the particles but prevents rotation of both the constituent
particles and the resulting polycrystals (please, compare the images taken at t = 120 s and 130 s).
Scale bar: 20 microns. (c) Diagram of configurations showing the regions where crystal formation is
observed after application of the in-plane rotating field. The white area represents the conditions
where the attraction between colloids causes the particles to form a polycrystal composed of different
domains with hexagonal order. In the blue zone, the colloidal particles form linear aggregates or
are scattered by the thermal noise itself, and the green zone represents the onset of the premelting
zone, a transition zone between the two previous configurations. Here, the continuous lines represent
constant field values.
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2.5. Pulse Effect

To induce the restructuring of the formed 2D polycrystals and to explore the possibility
of improving their spatial and orientational order, a series of magnetic field pulses are
applied to the system. The series of magnetic pulses, applied outside the plane interface, is
given by the following expression:

Hpulso = Hmax
z · 1

4

{
1− |sin(ωpulset)|

sin(ωpulset )

}
·
{

1 + |sin[ωpulse(t−τp)]|
sin[ωpulse(t−τp)]

}
ẑ+

+Hmax
x · 1

4

{
1− |sin(ωpulset)|

sin(ωpulset )

}
·
{

1 + |sin[ωpulse(t−τp)]|
sin[ωpulse(t−τp)]

}
x̂

(1)

where Hmax
z and Hmax

x are the maximum values of the field components along the Z and
X axes, respectively. This value is given by the sum of the amplitude of the square wave
Ai and the field offset H0

i , Hmax
i = Ai + H0

i (i = z, x). In Equation (1), τp is the pulse
duration and ωpulse = 2π

T = 2π fpulse the angular frequency of the square wave. The
inter-pulse relaxation time is defined as τr = T − τp, where T stands for the wave period
(Figure 2a). The combined application of the time-dependent field in the interface plane and
the out-of-plane square pulses causes the induced moments on the particles to tilt outward
from the interface. As the particles are strongly confined in the plane of the interface, the
reorientation of the magnetic moments does not cause the orientation of the structures
formed outside the interface but modulates the angle γ between the induced moments and
the line connecting the particles, and thus the intensity and character of the anisotropic
magnetic dipole interaction. When both fields are applied simultaneously, during the
pulse duration, the attraction induced by the in-plane component of the field, responsible
for holding the crystal together, is partially balanced by the repulsion promoted by the
out-of-plane field, which can eventually cause the partial disintegration of the structure and
allows the reconstruction of the colloidal crystal. In the dipole–dipole approximation, the
time-averaged potential of two paramagnetic spheres adsorbed on a planar fluid interface
when under the action of a field in precession about the Z axis can be expressed as the sum

of the in- and out-of-plane contributions, 〈Udd〉 =
µ0χ2

2πr3

(
(Hmax

z )2/2− H2
0

)
[37]. Hence, if

we define the tilt angle of the field with respect to the interphase as γ = atan
(

Hmax
z
H0

)
, and

the effect of mutual induction is ignored, the critical angle that separates the attraction and
repulsion between two adsorbed particles is αc = 54.7◦ [44]. We have corroborated that
for smaller angles there is no change of order due to the application of the pulse while
above this value, the repulsion induced by the pulse is comparable to or greater than the
attraction due to the in-plane field.

2.6. Degree of Alteration of the Order during the Annealing Process

The change of the hexagonal order is quantitatively studied through the 6-fold bond-
oriental order function g6(r, t), where r is the radial distance. For a site k whose nearest
neighbor interparticle vectors are labeled by j form angles θkj from a given reference
direction, this order function is expressed as follows:

g6(r) =
〈ϕ∗6,k(0)·Ψ6,k(r)〉

ρ(r)
=

1
N

∣∣∣∣∣∑
N
k=1 ϕ∗6,k(0)·Ψ6,k(r)

ρk(r)

∣∣∣∣∣ (2)

Here, ϕ∗6,k(0) =
1
6 ∑6

j=1 e−i6θkj is the complex conjugate of the local order parameter

of particle k, Ψ6,k(r) = ∑N
k=1 δ(r− rk)ϕ6,k is the angular average of the orientational order

density parameter, N is the number of particles and ρ(r) = ∑N
k=1 δ(r− rk) refers to the

microscopic particle density. In a monolayer of particles exhibiting low hexagonal order,
g6(r) is expected to exhibit a value close to zero. In large crystals, g6(r) is expected to show
peaks with values close to 1 and remain constant over a significant range of distances. In
small crystals and polycrystals, a rapid decrease in the function is expected. The temporal
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orientational function, ϕ6(t), measures the time evolutions of the orientational order and is
defined as follows:

ϕ6(t) =
1

2N2

∣∣∣∣∣ N

∑
k=1

N

∑
j=1

e−i6θkj(t)

∣∣∣∣∣ (3)

To describe the time evolution of the degree of order of the crystals we have followed
different methods. In the first one, a linear curve has been fitted to the first 7 maxima of
g6(r, t) before any pulse is applied to the system, f0(r, t0) = a0(t0) · r + b0(t0), and just
before each new pulse i, fi(r, t) = ai(t) · r + bi(t), see Figure 2b, so that the dimensionless
parameter ξi is defined as follows:

ξi ≡
ai − a0

|a0|
=

ai
|a0|
− 1 (4)

and ξ ≡ 〈ai〉steady−a0
|a0|

represents the average taken over the last steady cycles, when the
polycrystal no longer evolves appreciably after the application of new pulses. Here, it
is important to stress that ξ, which describes the degree of ordering in each individual
polycrystal, is normalized by a0, which is different for each specific initial configuration. The
function is positive when an improvement in order is observed

(
〈ai〉steady > a0

)
, negative

when the crystalline order degrades
(
〈ai〉steady < a0

)
and approximately zero when the

degree of order does not change significantly
(
〈ai〉steady ≈ a0

)
. The two next approaches

are only applied to polycrystals composed of a relatively low number of domains, typically
less than 10. In the first one, we measure the area Si of the largest region composed of
connected particles having ϕ6,k > 0.8 (Figure 2c), just before each pulse i + 1, when the
polycrystal has reached a steady state. Hence, we assess the time evolution of the area
fraction, defined as the change in the area of the dominant domain divided by the total area
of the polycrystal (Figure 2d). The change in the surface of the predominant domain is also
measured in relation to its initial area, S0, as α = 〈Si〉−S0

S0
, where 〈. . .〉 represents the average

is taken over the last steady cycles. In the second method, we follow the time evolution

of the parameter ε ≡
〈

ϕ6 ,min,i〉steady−ϕ6,min,1

ϕ6,min,1
. Here, ϕ6,min,1 is the minimum value adopted by

ϕ6(t) during the application of the first pulse, and 〈ϕ6,min,i〉steadythe average taken over the
last steady cycles (Figure 2d). This minimum value taken by ϕ6(t) during the application
of each pulse is related to the area of the seeds, i.e., those crystalline zones that remain
roughly unaltered during the application of the pulses. In summary, Figure 2d shows the
time evolution of ϕ6(t), ξi and the fraction of area covered by the predominant domain, all
magnitudes required to calculate the different order parameters ξ, α and ε.

2.7. Simulations

The annealing process observed in the two-dimensional magnetic colloidal system
under the magnetic pulse provided by Equation (1) was assessed with Brownian dynamics
(BD) simulations. In BD simulations, the effect of the solvent on the trajectories is approxi-
mately incorporated by means of a random contribution, in the framework of the Langevin
equation [45,46]. The particle position ri(t + ∆t) is expressed as follows:

ri(t + ∆t) = ri(t) +
D
kT ∑

j 6=
Fij∆t + ξ(2D∆t)1/2ŵ, (5)

where ξ
^
w is a stochastic Gaussian vector of zero mean and unitary variance. D stands for

the (short-time) diffusion coefficient of the particles, experimentally determined from the
mean squared displacement under field-free conditions, and k is the Boltzmann constant
and T is the absolute temperature. The force acting on particle i mediated by particle



Nanomaterials 2023, 13, 397 8 of 15

j is denoted as Fij. This term comprises both, the excluded volume interaction and the
magnetic contribution.
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Figure 2. (a) Series of pulses are applied outside the planar interface to induce the restructuring of 

the formed 2D polycrystals and to explore the possibility of improving their spatial and 
Figure 2. (a) Series of pulses are applied outside the planar interface to induce the restructuring of
the formed 2D polycrystals and to explore the possibility of improving their spatial and orientational
order. The pulses, applied perpendicular to the fluid interface, are determined by the square wave
amplitude Az, the field offset H0

z , the pulse duration τp and the period of the square wave T. (b) In
the first method, the degree of alteration of the hexagonal order during the annealing process is
evaluated by following the change in the slope of the linear fit at the first 7 maxima of g6(r, t) after
each pulse. (c) In an alternative strategy, the degree of alteration of the hexagonal order during the
annealing process is evaluated by following the change in the area of the predominant crystalline
domain after each pulse, defining this area as the surface covered by the largest region (area colored
in orange) composed of connected particles having ϕ6,k > 0.8 (particles colored in yellow). (d) The
upper plot shows the time evolution of ϕ6(t), while the lower graph shows the time evolution of
both, ξi and the fraction of area covered by the predominant domain. Here, ξi is the relative change
in the slope of the line fitted to the first maxima of g6(r, t) after each pulse i. The measured data,
corresponding to the polycrystal presented in c, show that the system reaches a stable conformation
after 10 pulses (red dashed line).

The excluded volume term was taken into account in the hard sphere framework,
and particles overlap was avoided by a modification of the method proposed by Schaertl
and Sillescu [47] as follows. In a time step, all particles move simultaneously according
to Equation (5). If overlapping occurs between two particles, they are separated in the
direction of their relative position vector. If the particles continue to overlap after this step,
the initial position of the particles is restored.

The magnetic force contains an effective In-plane attractive force and an out-of-plane
repulsive pulsating force, induced by the magnetic field expressed in Equation (1). In the
dipolar approximation [48], the force between the magnetic dipole moment of particles
i (mi) and j (mj), separated by a distance rij, can be expressed as follows:

Fij =
3µrµ0

4πr4
ij

m2[(m̂i•r̂ij
)
m̂j +

(
m̂j•r̂ij

)
m̂i +

(
m̂i•m̂j

)
r̂ij − 5

(
m̂i•r̂ij

)(
m̂j•r̂ij

)
r̂ij
]

(6)



Nanomaterials 2023, 13, 397 9 of 15

where µr is the relative magnetic permeability. The values of the magnetic dipole moments
are evaluated on-the-fly in each configuration under the condition proviso Htotal >> Hdip. In
this regime, the following equations hold:

mi =

(
1− χ

24 ∑
j 6=i

1
r3

ij

)
Ĥext

total +
χ

24 ∑
j 6=i

Ĥext
total•rij)

r5
ij

r̂ij, (7)

where Hext
total represents the total external magnetic field applied on the system and χ is

the magnetic susceptibility under static field. Finally, dimensionless variables are defined
as follows: (i) lengths are reduced using the experimental particle diameter σ, (ii) times
are reduced with τ = σ2/D, (iii) magnetic field intensities are divided by µ0H0 and, finally,
(iv) energies are reduced with the thermal energy kT. Because of the very strong magnetic
interaction induced by the pulse magnetic field in the Z-direction, the integration time
were ∆t/τ = 10−9. The simulations were run in a squared box and seeded with the exper-
imental coordinates of a medium-size cluster (N ≈ 330 particles) obtained for values of
µ0Htotal = 5.5 mT, τr/τ = 6 × 108 and τp = 0.15 s. As usual, during the analysis of the
trajectories, the drift of the center of mass of the simulation box is subtracted during the
dynamics [49].

3. Results

Throughout the remainder of this paper, we will explore how the application of the
pulses can alter the order of the formed 2D colloidal polycrystals. Considering that in all
the performed experiments fx = 20 Hz, fy = 60 Hz, Ai = H0

i and γ = 57◦, the parameter

space to explore is H0, Hmax
z , the pulse tilt angle, β = atan

(
Hmax

z
Hmax

x

)
, fpulse, and τp.

3.1. Effect of the Pulse Duration τp

In the next series of experiments, the effect of the duration of the periodical application
of a pulse of vertical fields on the final order of the colloidal polycrystals is studied. Here,
a Z-axis square field is applied, keeping constant the set of fixed parameters, β = 90◦,
µ0Hmax

x = 0.0 mT, µ0Hmax
z = 2.0 mT (5.5 mT or 8.0 mT), while varying the pulse duration. It

is important to note that in each experiment, the maximum value of the pulse frequency is
strongly determined by the chosen pulse time, the applied field strength, or the size of the
polycrystal since when pulses are too frequent, polycrystals cannot be completely reformed
before the next pulse occurs. To ensure stabilization of the system after each pulse, the
period of the perpendicular actuation used in the experiments was varied when increasing
the pulse duration, between 10 and 20 s, for µ0Hmax

z = 2.0 mT, or between 5 and 10 s for
µ0Hmax

z = 8.0 mT.

3.1.1. Small Polycrystals

First, we analyze small polycrystals, consisting of between 100 and 500 particles, which
after being subjected to the protocol described in Section 2.4 form less than 10 domains
(Figure 3a). As mentioned above, the experiments were performed on different initial
polycrystalline configurations. Figure 3b shows the dependence of the order parameters ξ,
α and ε on the pulse duration τp. Short pulses, τp < 0.1τc, where τc is defined as the average
time it takes for the outer particles to travel a distance equal to the particle radius when
subjected to only one external pulse, do not perturb the system sufficiently to promote
any improvement in the order of the assembled structures, and the values of ξ, α and ε
remain practically zero. In the interval between 0.1 τc < τp < 2 τc, the pulses are capable of
inducing partial disordering of the structure. For the chosen set of field parameters, the
application of the pulses shows some effectiveness and ξ, α and ε take positive values. Over
this range of crystal sizes, field strengths and pulse durations, first-order fusion emerges
preferentially at crystal edges and grain boundaries, expanding over the entire area of the
smallest domains [6,16]. At the end of each pulse, the surviving bigger domains serve
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as crystal seeds for the growth of new domains so that the larger domains grow at the
expense of the smaller ones, similar to what happens in ferromagnetic materials when
an external field is applied [50]. This mechanism resembles the Ostwald ripening, where
small clusters dissolve in favor of larger ones that are energetically more favorable. The
mechanism is quite robust so that after a few pulses, most of the particles are part of the
predominant domain, and the application of new pulses only induces disorder of the outer
particles, which at the end of each new pulse are mostly incorporated into the dominant
domain [51] (see Video S1 and Figure 3a). For values of τp > 5τc, the outer particles travel
such a distance that the displacements of the inner particles are allowed, and a highly
disordered fluid state is promoted along the entire area of the polycrystals. At the end of
each pulse, the in-plane field again promotes freezing, but the fact that in each post-pulse
configuration, the assembly is disordered, and the particles are separated causes them to
preferentially self-assemble into new polycrystalline configurations, so ξ, α and ε adopt
zero or negative values. Besides, Figure 3b shows how the trends measured under different
field strengths tend to collapse when the pulse duration is normalized by τc. Here, τc = 0.1,

3.5 and 5 s when µ0Hext
total = µ0

√
H2

0 + (Hmax
z )2 = 2.0 mT, 5.5 mT and 8.0 mT, respectively.

As expected, the optimal pulse duration that helps to improve the order in polycrystals
decreases with increasing field strength and approaches the time that the outer particles
need to travel a radius distance. This above result is corroborated by preliminary Brownian
dynamics simulations as presented in Section 3.2.

3.1.2. Large Polycrystals

In large polycrystals comprised of more than 500 particles, the strategy based on the
application of magnetic field pulses along the Z direction is less efficient, and we only detect

positive values of ξ at relatively high field strengths, µ0Hext
total = µ0

√
H2

0 + (Hmax
z )2 = 8.0 mT,

when applying slightly longer pulses than those measured on small polycrystals (Figure 4a).
In these large polycrystals, the mobility of the inner particles is strongly hindered by the
presence of the surface region so that when the pulse duration is short, premelting is only
detected in the peripheral zones (see Video S2). Increasing the pulse duration allows the
inner parts to melt while pushing the outer particles away. The result is a disordered
solidification of the corona and only an incomplete improvement of the order in the core.
To enhance the effect that the pulse can have in increasing the order of large polycrystals,
we have applied inclined pulses, resulting from the simultaneous application of pulses
along the Z and X axes. The variation of the pulse tilt angle, β, affects the symmetry of the
interaction between particles during the application of the pulses. Under the action of the
resulting elongated precessing field, the attraction becomes stronger, and the structures
formed tend to stretch in the favored direction (Figure 4b). In principle, this imposed
configuration can improve the order of the crystals, as it favors the growth of domains
oriented along the X direction, or it can worsen the order of the crystals by generating
gaps and voids in the structure. Figure 4c shows how, as β decreases, there is a slight
enhancement in the hexagonal order due to the formation of the privileged direction in
the crystal.
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Figure 3. (a) The sequence of microscope images shows how the application of a consecutive series
of field pulses oriented perpendicular to the fluid interface, where particles are adsorbed, allows
the melting of grain boundaries and defects, thus improving crystallinity. (b) In small polycrystals
composed of between 100 and 500 particles, the pulse application can alter the values taken by
the parameters ξ, α and ε, which evaluate the degree of enhancement of the hexagonal order and
are defined throughout the text. These parameters take positive values when the pulse duration
is close to the time it takes for the outer particles to travel a radius of distance under the action

of the pulses, τc. µ0Hext
total = µ0

√
H2

0 + (Hmax
z )2 = 2.0 and 8.0 mT for the black circles and the red

squares, respectively.

3.2. Simulations Results

Here we present the results for one of the simulations carried out using the method
explained in Section 2.7. As can be seen in Figure 5, when applying the pulses of field that
promote the precession of the induced dipoles about the perpendicular to the confining
flat boundary, a qualitatively similar behavior to that presented by the experiments has
been observed, with an improvement in the global hexagonal order, ϕ6(t), and of the
local hexagonal correlation, g6(r, t). In this experiment, three different pulses of duration
τp = 0.15 s were applied every 5 s. Consequently, ϕ6(t) increases from 0.1 to 0.3 while the
function g6(r, t) decays more slowly with distance.
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Figure 5. (a) Time evolution of ϕ6(t) along the Brownian dynamics simulation, during the applica-
tion of three different pulses, alongside snapshots representing the system at the beginning of the
simulations, at 4 s (black), 9 s (blue) and 14 s (red). (b) Hexagonal order correlation function for the
following three different times: 4 s (black), 9 s (blue) and 14 s (red) that correspond with the snapshots
of the system shown in panel (a). The simulation has been run for τp = 0.15 s, µ0Hext

total = 5.5 mT,
µ0H0 = 3 mT, T = 2π/ωpulse = 5 s, fx = 20 Hz and fy = 60 Hz.

As it clearly appears, simulations can be used not only to corroborate experimental
findings by eliminating experimental factors that make characterization difficult, such as
the occurrence of permanent aggregates between colloids, and by controlling the initial
configuration, size and number of domains of the clusters, but also to study other systems
that are difficult to access experimentally, such as mixed systems of two different types of
particle sizes with radii smaller than 1 micron, for which the resolution of the microscope
does not allow the correct identification of individual particles within the clusters.
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4. Discussion

Understanding the mechanisms of annealing is fundamental in metallurgy or materials
science, where this strategy is used to increase its ductility and reduce its hardness, making
it more workable [52,53]. In this work, we introduce a new annealing mechanism for
2D polycrystals in which colloidal monolayers of superparamagnetic particles, adsorbed
at a planar water–air interface, are melted and crystallized by the action of a pulsed
magnetic field that periodically precesses about the axis perpendicular to the interface. By
studying the field-induced annealing process in real space by microscopy and by computer
simulations, we have investigated the dependence of different order parameters, which
reflect the degree of crystallinity of the studied polycrystals, as a function of their size as
well as the main characteristics of the applied pulses (duration time, frequency, intensity,
inclination). We have found that the proposed strategy is most effective when the pulse
duration is strong and long enough to promote disorder in the smaller, peripheral domains
but weak and short enough to allow some domains to survive, which act as seeds for the
next crystallization. The annealing of larger polycrystals is more difficult, as the application
of intense pulses needed to melt the inner part of the polycrystals also causes excessive
corona disorder. In these systems, only the application of inclined pulses, which promote
the formation of aligned domains, was able to generate a slight improvement. The results
here described can be useful in the construction of photonic crystals—an ordered array
of interstitial voids that act as a diffraction grating when the interstitial spacing is similar
to the wavelength of the incident light—the synthesis of single-crystalline nanoparticles,
to achieve ultranarrow surface lattice resonances [54], or as an ideal basis for focused ion
beam milling. In addition, analogous methods could be used in the controlled production
of 2D mesocrystals, aggregates of nanocrystals with aligned crystalline axes, when the latter
have magnetic properties and relatively large sizes [55]. In the near future, we want to
address the study of binary monolayers composed of particles of different sizes or explore
the effect of applying more gradual excitations. In this context, the predictive information
encompassed by computer simulations seems to be crucial for the following several reasons:
(i) the trajectories are free from eventual undesirable but unavoidable experimental events
such as the formation of irreversible clusters that may blur the observable results; (ii) it
allows to explore conditions that are experimentally demanding. All these features will be
exploited in a forthcoming publication.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13030397/s1, Video S1: Application of pulses improve
crystallinity. Video S2: In large polycrystals, upon the application of short pulses, premelting is only
detected in the peripheral zones.

Author Contributions: J.M.-R. and M.H.-F. carried out the experiments. J.M.-R. and F.G. performed
numerical simulations and theory. F.M.-P., F.G. and C.V. supervised the work. Funding acquisition,
F.M.-P. and C.V. Writing—original draft preparation, F.M.-P. All authors discussed and interpreted the
result of the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work has been funded by the Ministry of Science and Innovation (Grants No. PID2019-
105343GB-I00 and PID2019-105195RA-I00) and the project EUR2021-122001.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank Andrés González-Banciella and Alba Camino for initial experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Demirörs, A.F.; Pillai, P.P.; Kowalczyk, B.; Grzybowski, B.A. Colloidal assembly directed by virtual magnetic moulds. Nature 2013,

503, 99. [CrossRef] [PubMed]
2. van der Meer, B.; Filion, L.; Dijkstra, M. Fabricating large two-dimensional single colloidal crystals by doping with active particles.

Soft Matter 2016, 12, 3406.

https://www.mdpi.com/article/10.3390/nano13030397/s1
https://www.mdpi.com/article/10.3390/nano13030397/s1
http://doi.org/10.1038/nature12591
http://www.ncbi.nlm.nih.gov/pubmed/24141949


Nanomaterials 2023, 13, 397 14 of 15

3. Zahn, K.; Lenke, R.; Maret, G. Two-Stage Melting of Paramagnetic Colloidal Crystals in Two Dimensions. Phys. Rev. Lett. 1999,
82, 2721. [CrossRef]

4. Yan, J.; Bae, S.C.; Granick, S. Rotating crystals of magnetic Janus colloids. Soft. Matter. 2015, 11, 147.
5. Glotzer, S.C.; Solomon, M.J. Anisotropy of building blocks and their assembly into complex structures. Nat. Mater. 2007, 6, 557.
6. Li, B.; Wang, F.; Zhou, D.; Peng, Y.; Ni, R.; Han, Y. Modes of surface premelting in colloidal crystals composed of attractive

particles. Nature 2016, 531, 485. [CrossRef]
7. Whitesides, G.M.; Grzybowski, B. Self-Assembly at All Scales. Science 2002, 295, 2418. [CrossRef]
8. Li, B.; Zhou, D.; Han, Y. Assembly and phase transitions of colloidal crystals. Nat. Rev. Mater. 2016, 1, 15011. [CrossRef]
9. Shipway, A.N.; Katz, E.; Willner, I. Nanoparticle Arrays on Surfaces for Electronic, Optical, and Sensor Applications.

ChemPhysChem 2000, 1, 18. [CrossRef]
10. Lu, Y.; Yin, Y.; Xia, Y. A Self-Assembly Approach to the Fabrication of Patterned, Two-Dimensional Arrays of Microlenses of

Organic Polymers. Adv. Mater. 2001, 13, 34.
11. Hochbaum, A.I.; Fan, R.; He, R.; Yang, P. Controlled Growth of Si Nanowire Arrays for Device Integration. Nano Lett. 2005, 5, 457.

[CrossRef]
12. Shah, A.A.; Schultz, B.; Zhang, W.; Glotzer, S.C.; Solomon, M.J. Actuation of shape-memory colloidal fibres of Janus ellipsoids.

Nat. Mater. 2015, 14, 117.
13. Martinez-Pedrero, F.; Tierno, P. Magnetic Propulsion of Self-Assembled Colloidal Carpets: Efficient Cargo Transport via

a Conveyor-Belt Effect. Phys. Rev. Appl. 2015, 3, 051003. [CrossRef]
14. Castriciano, M.A. Functional Nanostructures for Sensors, Optoelectronic Devices, and Drug Delivery. Nanomaterials 2020, 10, 1195.

[CrossRef]
15. Lobmeyer, D.M.; Biswal, S.L. Grain boundary dynamics driven by magnetically induced circulation at the void interface of 2D

colloidal crystals. Sci. Adv. 2022, 8, eabn5715.
16. Wang, Z.; Wang, F.; Peng, Y.; Zheng, Z.; Han, Y. Imaging the homogeneous nucleation during the melting of superheated colloidal

crystals. Science 2012, 338, 87. [CrossRef]
17. Peng, Y.; Wang, Z.; Alsayed, A.M.; Yodh, A.G.; Han, Y. Melting of Colloidal Crystal Films. Phys. Rev. Lett. 2010, 104, 205703.

[CrossRef]
18. Wei, Q.H.; Wu, X.L. Grain boundary dynamics under mechanical annealing in two-dimensional colloids. Phys. Rev. E 2004,

70, 020401.
19. Irvine, W.T.M.; Hollingsworth, A.D.; Grier, D.G.; Chaikin, P.M. Dislocation reactions, grain boundaries, and irreversibility in

two-dimensional lattices using topological tweezers. Proc. Natl. Acad. Sci. USA 2013, 110, 15544. [CrossRef]
20. Li, W.; Peng, Y.; Zhang, Y.; Still, T.; Yodh, A.G.; Han, Y. Shear-assisted grain coarsening in colloidal polycrystals. Proc. Natl. Acad.

Sci. USA 2020, 117, 24055. [CrossRef]
21. Dosset, J.L. Practical Heat Treating: Basic Principles, 1st ed.; ASM International: Almere, Netherlands, 2021.
22. Kriminski, S.; Caylor, C.L.; Nonato, M.C.; Finkelstein, K.D.; Thorne, R.E. Flash-cooling and annealing of protein crystals. Acta

Crystallogr. Sect. D 2002, 58, 459. [CrossRef]
23. Presenda, Á.; Salvador, M.D.; Vleugels, J.; Moreno, R.; Borrell, A. Fretting fatigue wear behavior of Y-TZP dental ceramics

processed by non-conventional microwave sintering. J. Am. Ceram. Soc. 2017, 100, 1842. [CrossRef]
24. Zhang, X.; Han, J.; Plombon, J.J.; Sutton, A.P.; Srolovitz, D.J.; Boland, J.J. Nanocrystalline copper films are never flat. Science 2017,

357, 397. [CrossRef]
25. Crocker, J.C.; Grier, D.G. Methods of Digital Video Microscopy for Colloidal Studies. J. Colloid Interface Sci. 1996, 179, 298.

[CrossRef]
26. Ramananarivo, S.; Ducrot, E.; Palacci, J. Activity-controlled annealing of colloidal monolayers. Nat. Commun. 2019, 10, 3380.
27. Tang, X.; Rupp, B.; Yang, Y.; Edwards, T.D.; Grover, M.A.; Bevan, M.A. Optimal Feedback Controlled Assembly of Perfect Crystals.

ACS Nano 2016, 10, 6791. [CrossRef]
28. Zhang, J.; Yang, J.; Zhang, Y.; Bevan, M.A. Controlling colloidal crystals via morphing energy landscapes and reinforcement

learning. Sci. Adv. 2020, 6, eabd6716.
29. Swan, J.W.; Bauer, J.L.; Liu, Y.; Furst, E.M. Directed colloidal self-assembly in toggled magnetic fields. Soft Matter 2014, 10, 1102.

[CrossRef]
30. Sherman, Z.M.; Swan, J.W. Dynamic, Directed Self-Assembly of Nanoparticles via Toggled Interactions. ACS Nano 2016, 10, 5260.

[CrossRef]
31. Sherman, Z.M.; Swan, J.W. Transmutable Colloidal Crystals and Active Phase Separation via Dynamic, Directed Self-Assembly

with Toggled External Fields. ACS Nano 2019, 13, 764. [CrossRef]
32. Kao, P.-K.; VanSaders, B.J.; Glotzer, S.C.; Solomon, M.J. Accelerated annealing of colloidal crystal monolayers by means of

cyclically applied electric fields. Sci. Rep. 2021, 11, 11042.
33. Bechinger, C.; Frey, E. Phase behaviour of colloids in confining geometry. J. Phys. Condens. Matter 2001, 13, R321. [CrossRef]
34. Dash, J.G. History of the search for continuous melting. Rev. Mod. Phys. 1999, 71, 1737. [CrossRef]
35. Du, D.; Doxastakis, M.; Hilou, E.; Biswal, S.L. Two-dimensional melting of colloids with long-range attractive interactions. Soft

Matter 2017, 13, 1548. [CrossRef]

http://doi.org/10.1103/PhysRevLett.82.2721
http://doi.org/10.1038/nature16987
http://doi.org/10.1126/science.1070821
http://doi.org/10.1038/natrevmats.2015.11
http://doi.org/10.1002/1439-7641(20000804)1:1&lt;18::AID-CPHC18&gt;3.0.CO;2-L
http://doi.org/10.1021/nl047990x
http://doi.org/10.1103/PhysRevApplied.3.051003
http://doi.org/10.3390/nano10061195
http://doi.org/10.1126/science.1224763
http://doi.org/10.1103/PhysRevLett.104.205703
http://doi.org/10.1073/pnas.1300787110
http://doi.org/10.1073/pnas.2013456117
http://doi.org/10.1107/S0907444902000112
http://doi.org/10.1111/jace.14769
http://doi.org/10.1126/science.aan4797
http://doi.org/10.1006/jcis.1996.0217
http://doi.org/10.1021/acsnano.6b02400
http://doi.org/10.1039/C3SM52663A
http://doi.org/10.1021/acsnano.6b01050
http://doi.org/10.1021/acsnano.8b08076
http://doi.org/10.1088/0953-8984/13/20/201
http://doi.org/10.1103/RevModPhys.71.1737
http://doi.org/10.1039/C6SM02131J


Nanomaterials 2023, 13, 397 15 of 15

36. Martínez-Pedrero, F.; Benet, J.; Rubio, J.E.F.; Sanz, E.; Rubio, R.G.; Ortega, F. Field-induced sublimation in perfect two-dimensional
colloidal crystals. Phys. Rev. E 2014, 89, 012306.

37. Martínez-Pedrero, F.; González-Banciella, A.; Camino, A.; Mateos-Maroto, A.; Ortega, F.; Rubio, R.G.; Pagonabarraga, I.; Calero, C.
Static and Dynamic Self-Assembly of Pearl-Like-Chains of Magnetic Colloids Confined at Fluid Interfaces. Small 2021, 17, 2101188.
[CrossRef]

38. Helseth, L.E.; Wen, H.Z.; Hansen, R.W.; Johansen, T.H.; Heinig, P.; Fischer, T.M. Assembling and manipulating two-dimensional
colloidal crystals with movable nanomagnets. Langmuir 2004, 20, 7323. [CrossRef]

39. Martínez-Pedrero, F.; Ortega, F.; Codina, J.; Calero, C.; Rubio, R.G. Controlled disassembly of colloidal aggregates confined at
fluid interfaces using magnetic dipolar interactions. J. Colloid Interface Sci. 2020, 560, 388. [CrossRef]

40. Martínez-Pedrero, F.; Ortega, F.; Rubio, R.G.; Calero, C. Collective Transport of Magnetic Microparticles at a Fluid Interface
through Dynamic Self-Assembled Lattices. Adv. Funct. Mater. 2020, 30, 2002206. [CrossRef]

41. Helseth, L.E. Self-assembly of colloidal pyramids in magnetic fields. Langmuir 2005, 21, 7276. [CrossRef]
42. Martín-Roca, J.; Jiménez, M.; Ortega, F.; Calero, C.; Valeriani, C.; Rubio, R.G.; Martínez-Pedrero, F. Rotating Micro-Spheres for

adsorption monitoring at a fluid interface. J. Colloid Interface Sci. 2022, 614, 378. [CrossRef]
43. Helgesen, G.; Pieranski, P.; Skjeltorp, A.T. Nonlinear phenomena in systems of magnetic holes. Phys. Rev. Lett. 1990, 64, 1425.

[CrossRef]
44. Osterman, N.; Poberaj, I.; Dobnikar, J.; Frenkel, D.; Ziherl, P.; Babić, D. Field-Induced Self-Assembly of Suspended Colloidal
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