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Optimisation of the crystallisation
process through staggered cooling
In a nonvibrating granular system

A. Escobar?, R. E. Moctezuma? & F. Donado™*

We study experimentally the optimisation of the crystallisation process through a 2D-dimensional
system of magnetic particles under an oscillating magnetic field. The time-dependent magnetic

field fluidises the system, and by varying its magnitude, the effective temperature of the system is
controlled. The system exhibits fluid-like behaviour when the effective temperature is high and evolves
to a crystalline arrangement when the temperature is slowly lowered in linear cooling. We found that
replacing the linear cooling path with a staggered one let us find the conditions to crystallise the
system quicker than using linear cooling. We determine the minimum time required for the particles to
find their minimum energy configuration at each temperature step. We found that the crystallisation
time was considerably reduced using this method, which allowed us to optimise the crystallisation
time.
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The solidification process of a fluid using a controlled cooling profile is a fundamental issue both from scientific
and technological points of view. Solidification can result in a glass, a crystal, or a heterogeneous system
comprising amorphous and crystalline regions'~. If solidification could be fully understood and controlled,
materials with specific magnetic, optical, and electrical properties could be made and used in countless scientific
and industrial applications. The study of crystallisation has been a relevant topic for a long time because it is an
implicit process in obtaining different materials required for science and technological applications, including
even in the food and pharmaceutical industries’.

Although there is much information on the crystallisation process, direct observation of the motion
of atoms or molecules (“particles”) as a crystal is formed is still challenging. The required methods to get a
spatial and temporal resolution have not yet been developed®. Different electromagnetic waves or particle
scattering techniques have been used to study crystallisation. However, these methods are indirect by nature,
and the information obtained through them is still incomplete. Therefore, it is necessary to use complementary
techniques to fully understand the process at the particle level. Different model systems has been used for this
purpose: colloids’ !4, granular'>-?, big proteins??2, among others. Especially, colloidal and granular systems
have been widely useful to make important advances in the dynamics of phase transitions'®?*?*** since they can
be easily observed by videomicroscopy.

The crystallisation process can occur in different ways and under various conditions; its characteristics define
the final crystalline material properties and determine its applications**. Some methods used to obtain crystals
are based on the control of evaporation, precipitation, or cooling?®. The method’s goal is to modify and control
the saturation of the molecules of the crystal-forming fluid since solidification begins when the system reaches
supersaturation, which enables the formation of small aggregates of particles that evolve into crystals.

Natural cooling, where the environment thermally cools the system?’, favours the formation of several
nucleation centres that do not reach a large size, thus giving, as a result, the formation of polycrystals. A linear
cooling process, where the temperature gradually decreases, constantly increases the supersaturation. However,
the particles do not aggregate at the same rate, so the supersaturation is not controlled. This also leads to the
production of crystals that present some polydispersity, although to a lesser degree than in natural cooling.

A programmed cooling?®, composed of two linear coolings intercalating a steady stage at a constant
temperature, gives crystals with less polydispersity than for the cases of natural or linear coolings. Different
works have been carried out focused on finding the optimal conditions that favour the formation of larger
crystals and with better morphology*-*.
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To obtain crystals and optimised crystallisation time, we need to improve the cooling methods, and for that,
we need a detailed knowledge of the crystallisation process at the particle level. However, direct observation of
the crystallisation process requires very sophisticated methods to meet the size of the particles and the temporal
resolution needed. Thus, how can we shed light on the details that occur at the particle level? Macroscopic
models such as colloids and granular matter have been used to obtain information about solidification!81931:32,
Glass transition and crystallisation have been studied using these model systems. These models present the
advantage that direct observation at the particle level is possible because of the slow dynamics and because
particles are easily tracked by standard microscopy. Therefore, crystallisation can be observed in these systems
by varying physical quantities such as particle concentration, temperature, and inter-particle interactions.

We used a granular magnetic system under an alternating magnetic field to model crystal and glass-forming
fluids in previous works?*33-36, In Refs.2%36, we used linear cooling and examined in detail the initial formation
of the nucleus. We have observed that nucleation occurs, in most cases, in a two-step mechanism. In the
beginning, a disordered particle aggregate is formed as a first step. In the second step, the aggregate is rearranged
by interacting with the wandering non-aggregated particles. In those experiments, we used slow cooling to
ensure crystalline formation. For quicker cooling, we obtained disordered or mixed particle configuration. The
experiments started in a state of effective high temperature (66 G), which gradually decreased at a rate of 0.02 G
/ s until the particles reached a state of dynamic arrest (28 G)**.

The present study seeks to optimise the crystallisation process by configuring the cooling protocol. Instead of
cooling following a linear path, we use staggered cooling, where the temperature decreases in large steps, height-
steps (the method includes several steps), and the time the system remains at a constant temperature, width-step,
is varied to find the minimum time the system crystallises. We carry out various combinations of decreasing
height-steps and width-steps to find the condition to optimise the crystallisation time.

Our system is based on an ensemble of 131 steel balls of 1 mm in diameter magnetic particles settled on a
concave lens of -250 mm focus length and 50.8 mm in diameter in the middle of a Helmholtz coil arrangement,
Fig. 1a, under an alternating magnetic field, B = By sin(27 ft), which randomises particle motions®*®. Each
particle takes potential magnetic energy from the magnetic field and transforms it into kinetic energy. This
transformation occurs when the particle tries to align with the direction of the magnetic field. It rotates, and
because it is settled on the surface, rolls, acquiring kinetic energy. The spherical particle shape contributes to
the randomising of the motion because of its neutral equilibrium, Fig. 1b. Thus, the effective temperature, the
average of the kinetic energy, is controlled by the intensity of the magnetic field. Because the effective temperature
is proportional to the magnetic field amplitude, we characterise the effective temperature with the magnetic
field amplitude®®. The confinement imposed by the lens produces an effective pressure in the system, which is
the conjugate variable of the effective area occupied by the particles®. Varying the cooling protocol, we found
conditions to obtain crystalline final particle configurations, Fig. lc.

Local parameters characterised the structural evolution. For each particle, is determined the number of
nearest neighbours N by using Delaunay triangulation, the closest neighbours the particle is in contact with
NB, the sixth orientational order parameter 15, see Methods section, and the sixth-bond orientational order
parameter 1 which is calculated only considering the N particles. A particle surrounded by neighbours in

Fig. 1. (a) The experimental setup consists of magnetic particles in a shallow concave surface (diameter 55
mm) in the middle of Helmholtz coils (inner diameter 152 mm, outer diameter 179 mm). (b) A sinusoidal
input signal applied into a power amplifier produces an alternating magnetic field. The spherical particles have
permanent magnetic dipoles and the variable field makes them roll on the surface in random directions. (c)
One example of crystalline final particle configuration.
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a hexagonal configuration has 16 = 1. A value lower than 1 corresponds to the disordered case or simply to a
different arrangement from the hexagonal one.

Crystallisation time optimisation

We carried out experiments at different staggered cooling profiles. For each step-height we varied the step-
width to determine the minimum step-width for which the system crystallised. The step-width is the time the
system remains at the temperature reached after the sudden quench of a step-height magnitude. In Table S1,
see in Supplementary material, provided along with this manuscript, we report the maximum step-width case
where the system does not crystallise and the minimum step-width case where the system crystallises for each
step-height we used. The first experiment, E1, corresponds to the case of the linear cooling profile. This case
was obtained from previous work in a series of experiments where we varied the cooling rate®; it was observed
that for lower cooling rates, the system crystallises, and for higher cooling rates, the system shows disordered
or mixed configurations. The time each case we studied in our present work takes to crystallise is also shown.

Figure 2a shows the cooling profiles for the cases that crystallised in a minimum time for each step-height
series studied here. The absolute value of the slopes, |m/|, is more extensive in the profiles where the crystallisation
occurs faster. Figure 2b and ¢ show the final configuration for two cooling profiles having the same step-height
but different step-width. Figure 2d shows the data from Table S1, see in Supplementary material. Symbols are
coloured according to their average cooling rate. Here, we observe that the greater the slope, the shorter the
crystallization time, and this behaviour fits well to a sigmoidal growth function. Two regions are observed;
the upper one indicates the appropriate combinations of step-width and step-height to promote crystallisation.
Meanwhile, the lower region shows the corresponding combinations that produce amorphous or a combination
of amorphous and crystalline phases. Determining the maximum value of the derivative of the sigmoid function,
we found the step-height and step-width for which the crystallisation time is the minimum, which occurs for a
step of 5.83 G and a waiting time of 45 s, Fig. 2e. Experimentally, we have found that the minimum crystallisation
time is reached at a height step of around 4.5 G and a waiting time of 60 s. Even though both values are not
the same, the maximum value shown in the curve of the derivative is important, as optimal conditions exist to
minimise the crystallisation time.

We have observed that at values higher than the step-heights we studied, the system rapidly solidifies in an
amorphous configuration. It needs to be clarified whether it could crystallise if we wait enough time.

Here, we consider only step-height values for what crystallisation occurs. When the step-height the
time required for the particles to rearrange in each stage is large, the step-width is large, thus increasing the
crystallisation time. If the step-height and step-width are short, the number of cycles to reach the ordered
configuration increases, thus also increasing the crystallisation time. Therefore, we observe that intermediate
values of step-height and step-width minimize the crystallisation time.

{lm|

Time (s)

Derivative/sigmoidal growth fit

o B R R I
Step height (G)

Fig. 2. (a) Cooling profiles of the cases that crystallised in a minimum time for each step-height series studied
here. (b) and (c) show the final configuration for two different profiles having both a step-height of 4.4 G and
a step-width of 30 s and 60 s respectively. (d) The slopes of the profiles shown in (a) fit well with a sigmoid
function and some extra points are added where the system crystallised but the step width is not optimal. (e)
Derivative of the sigmoid function. The higher value of the curve indicates the optimal value of the step height
to minimise the crystallisation time.
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In our cooling process, crystallisation depends mainly on the intensity of the magnetic field. The formation
of a nucleus occurs within a range of magnetic field values where the energy is low enough for the particles to
explore positions of minimum energy and remain close to them.

Two-step nucleation process

At high temperatures, particles span most of the observation cell, see Fig. 3a. When the temperature decreases,
particles interact more frequently. Because of dipolar interactions and the effective pressure over the particles due
to the curved surface, particle concentration increases in the centre of the lens. The formation of a nucleus begins
with a stable aggregate formed when an ensemble of particles falls in a configuration of local minimum energy,
see Fig. 3b. This aggregate is amorphous, and although it could contain some ordered tiny grains, the entire
aggregate is disordered. This aggregate experiments a rearrangement by its interactions with the wandering free
particles surrounding the aggregate and by magnetic interactions between them and the field. At the same time,
the aggregate continues growing. New particles can be attached to it in two ways: individually or in small groups.
The nucleus’s formation ended when the aggregate’s central part was ordered; see Fig. 3c. Finally, the particles
have formed a single crystal, as shown in Fig. 3d. This process follows the two-step mechanism theoretically
proposed in the literature and is supported by some other experimental studies, see Refs.237-38,

The growth of the crystal occurs in a similar fashion: first, shells in disordered configuration around the
nucleus form, and then they are reordered by the effective interaction with the magnetic field and the pressure of
the free wandering particles. We will discuss this process in detail in the next section.

Figure 4 shows images of configurations at different stages obtained from different cooling profiles. The
appearance of the nucleus occurs when the magnetic range is between 50 G and 40 G. All the final configurations
shown in Fig. 4 are crystalline with similar shapes with ordered particle configurations in the hexagonal close-
packed arrangement. We can observe in Fig. 4, in the rectangle highlighted in yellow, photographs where a
nucleus is formed in each series. It is observed that particles in the periphery are in disordered configurations.
As the crystal grows in each experiment, as the temperature decreases, the periphery becomes ordered and part
of the crystal while a concentric new disordered periphery forms.

The case of step-height of 4.4 G was studied in more detail at two step-widths: one when the system did not
crystallise, the case with the larger step-width without crystallisation and one that it does, the case with the
shorter step-width when crystallisation occurs. In Fig.2b and ¢, are shown the corresponding two final particle
configurations. The analysis of the aggregates was characterized by using the following parameters: packing
fraction ¢2p, the average sixth-bond orientational order parameter 16, number of particles conforming to the
aggregate N, and the number of particles with five and six bonded neighbours. In Fig. 5 we show the evolution
of the structure of the system in the cases with and without crystallisation.

Fig. 3. Evolution of the structure for the case of step-height 4.4 G and step-width 60 s. (a) Trajectories span

all the surface, (b) Formation of an amorphous aggregate, (c) Re-arrangement of the central aggregates and
formation of an amorphous layer around an ordered nucleus, (d) Formation of an ordered aggregate with a few
particles around.
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Fig. 4. Structures formed at different stages in four different experiments. In the first column, we have the
case of linear cooling (E1). The next three columns correspond to experiments with a step-height where the
system crystallises in the shortest time (E6, E10, and E19). The row marked in green shows the stage where the
formation of the nucleus begins.

It is observed that the packing fraction shows rises and falls that coincide with each step-height change after
a step-width at a constant temperature.

In the case of a step-height of 4.4 G (Fig. 5), we observe that the packing factor when the system does not crystallise
oscillates around 50%, Fig. 5a, and around 70% when it does crystallise, Fig. 5b, which means that at the beginning,
if the packing fraction is lower than a threshold the crystallisation may no reaches. In both cases, the sixth-bond
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Fig. 5. Evolution of the structure in time, using a step-height of 4.4 G and step-widths of (a,c,e,g) 30s,

where the system did not crystallise, and (b,d,f;h) 60 s, when it did. The first row from the top is the packing
factor (a,b), the second row is the average sixth-bond orientational order parameter 1 (c,d), the third row is
the number of particles forming the aggregate (e,f), and the last row is the number of particles with five and six
bonded neighbours (g,h).

orientational order parameter, V6 grows slowly in each stage, and the overall curve presents an almost continuous
increase. For a step-width of 30 s, the values remain below 70% (c), indicating that the system is in disorder. On
the other hand, for a step-width of 60 s, this value exceeds 90% (d), meaning the system is almost in a hexagonal
arrangement. In Fig. 5e and f, the size of the aggregate over time is shown; as cooling occurs, the number N of adhered
particles grows. In these graphs, discontinuous curves are observed; the continuous regions corresponding to each
stage where the temperature remains constant are observed. When the step-width is 60 s (f), the plateaus are clearer
since the particles had more time to take their minimum energy positions, and the system reached a stationary state
before the temperature decreased again. For the case where there was no crystallisation (e), the increase of particles
stopped before that in the case that crystallises, and the plateaus did not reach a stationary state.

Interestingly, the main difference between the two experiments is observed in the curves showing the number
of particles with five and six neighbours in contact with a determined particle. In the disordered system Fig. 5g,
the number of particles with five neighbours increases significantly. In comparison, the number of particles
with six neighbours has a slight increase and remains below ten particles in the aggregate. In contrast, when the
structure reaches order, see Fig. 5h, both values increase similarly. However, the curve with five neighbours is
slightly higher until around 35 G (temperature in which the central aggregate is already consolidated). At this
point, it is observed that the curve of particles depicting six neighbours rises more rapidly, and the curve of
particles with five neighbours remains almost constant, although the crystal is quickly growing. An inversion of
the particle populations is observed, which determines the point at which the nucleus is consolidated.

Packing factor role in the crystallisation
Until now, we have observed that both the structural and dynamic parameters in the system evolve in plateaus,
which coincide with the periods in which the temperature changes from one step to another. Each plateau shows
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how, as the temperature decreases, the concentration increases, forming a layer of amorphous particles between
the centrally ordered aggregate and the free particles. This layer becomes ordered as time goes on due to the
collisions of the outermost particles. At some point, the saturation decreases, and another jump in temperature is
necessary for particle adhesion to continue. This behaviour is characterised by the packing factor of the adhesion
layer in each plateau (see Methods section). We use the cases with step-height of 4.4 G, with three step-widths
90 s, 60 s and 30 s for comparisons. In the diagram of Fig. 6a, we depict the relationship between the fraction
of area occupied by the particles and the magnetic field once the particles started to aggregate (~ 40G). For the
step-width of 30 s, a packing factor below 70% was obtained. It indicates that, although sufficient concentration
was generated to make the particles aggregate, the waiting time was not ideal for reaching the ordering stage.
The highest packing efficiency was reached when the step-width was 60 s, with an average above 75%. Here, the
concentration and the time in which the energetic conditions were maintained to achieve the aggregation and
the crystalline structure were adequate. In the third experiment, the temperature remained constant for a longer
time (90 s), and the packing factor was similar to the second case, with an average above 70%.

Figure 6 shows coloured regions in each graph. In the lower region (in orange), the particle concentration
is below than the necessary to form stable aggregates so that it could be seen as an unsaturated region. The
intermediate region (in yellow) could be considered the metastable zone, where growth is more likely to occur.
The concentration is even higher in the upper region (in green), indicating that the system gets ordered. An
optimum supersaturation above 70% must be reached at each plateau for the adhesion layer to form. When the
temperature remains constant, the saturation has to be maintained in the intermediate zone, allowing the particles
to be reorganised. Once the saturation is exhausted, the drop in temperature again generates supersaturation,
and the cycle is repeated until the crystal is formed. Figure 6b shows areas shaded in red, which indicate the area
fraction used to determine the packing factor in each region.

Our results show that the structural parameters evolve synchronously with temperature drop changes. In each
step, it can be seen how, as time goes on, the concentration increases, forming a layer of amorphous particles
between the central aggregate and the free particles, which becomes ordered due to the collisions of the external
free particles. The particles search for minimum energy configurations by exploring the surface; they can find it
if they have enough time. At some point, the saturation decreases, and another drop in temperature is needed
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Fig. 6. (a) Packing factor for the case where a step-height of 4.4 G and three step widths were used; 30 s (does

not crystallise), 60 s (crystallises), and 90 s (crystallises). Each colour depicts the saturation regions during the

cooling process: the undersaturated region in orange, the intermediate or metastable region in yellow, and the

supersaturated region in green. (b) The shaded regions indicate the area fraction used to calculate the packing
factor throughout the cooling.
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Fig. 7. Identification of the hexatic phase throughout the cooling process with the step-height of 4.4 G and
two different widths 60 and 30 seconds, where the system crystallises and where it does not. The particles are
coloured according to the number of nearest neighbours N, and the shaded region depicts the hexatic phase.

for particle aggregation to continue. Thus, there is an optimal concentration to form the amorphous layer and
its subsequent ordering. The impact of step-width on the process is profound. If the step-width is too short, the
optimal concentration remains elusive, and further ordering becomes impossible. Conversely, if the step-width
exceeds the optimal range, the crystallisation time significantly lengthens.

In the last stages of the solidification, we observed that the corresponding R4 and R5 regions do not meet the
criteria described in this section, even though the system crystallised. We observed that no additional layer of
particles surrounds this region. Particles adhere to the crystal following a more direct path, following a classical
mechanism.

Hexatic-like phase

The crystallisation process is, in a certain way, the inverse of the melting process; both processes share some
aspects. Thus, some attempts have been made to use melting theories to explain crystallisation with a wide
degree of success. In particular, in 2D systems, the KTHNY theory, developed in the context of melting, has been
used to describe crystallisation. This theory emphasises the role of topological defects and grain boundaries in
describing melting, proposing a two-step mechanism that includes the formation of an intermediate phase called
hexatic phase®. The phase transition dynamics can be explained in terms of the creation and dissociation
and the binding and unbinding of topological defects, such as disclinations and dislocations. A disclination is a
particle with five or seven neighbours; a dislocation is a pair of disclinations, one with five and one with seven
neighbours**#!. In brief, the melting process starts with creating pairs of dislocations due to thermal fluctuations.
When the pairs are disassociated, when there is an abundance of free dislocations, we have the hexatic phase; this
is the first step of the melting. In the second step, we obtained the fluid phase when dislocations are disassociated
to give free disclinations. Therefore, a footprint of the hexatic phase is the abundance of dislocations.

In this work, we have focused on finding the conditions to optimise the crystallisation time. Our results
agreed that nucleation is a two-step nucleation process, where an amorphous structure mediates the transition
from fluid to crystal. We analysed this amorphous structure to look for the existence of a hexatic-like phase by
identifying disclinations and dislocations. Figure 7 shows two series of particle configurations: a case where a
final crystalline configuration was reached, Fig. 7a, and a case where the final ordered configuration was not
reached Fig. 7b. In the figure, particles coloured in green are disclinations of seven neighbours, red particles
are disclinations of five neighbours, and the yellow particles are particles with six neighbours. In Fig. 7a,
disclinations are unbounded in the configuration at 66 G, as expected for the fluid phase. At 40 G, a region
where dislocations, pairs of disclinations, can be observed has been highlighted in blue. This small region can
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be identified as a hexatic phase. At 31 G, the nucleus has formed, and now a region of hexatic phase is formed
around the nucleus. Finally, for 18 G, an ordered crystalline configuration is reached. We highlighted hexatic
phase regions in Fig. 7b. However, the number of unbounded disclinations, the low number of dislocations, and
the quick cooling prevent the system from ordering. For the case of a step-width of 30 s, 7b, the time the system
remains at an effective temperature is not enough to let the particles reorder, letting the disclinations join to
form abundant dislocations. In contrast, in the step-width of 60 seconds, there is enough time for the formation
of abundant dislocations, which in the reordering process, disappear to give rise to an ordered region with
crystalline order. Rapid cooling does not allow the system to reach the local particle concentration necessary
to promote the formation of dislocations and then the ordering. Interestingly, we have found that the critical
particle concentration to promote ordering is around 70%. In Ref.*?, a study of 2D melting simulations, it was
shown that if the concentration does not exceed the value of 70%, the hexatic phase and later the ordered phase
are not reached. This opens up the possibility of further studying the feasibility of using melting theory in the
crystallisation process in this system.

Conclusions and outlook

We have shown that a staggered cooling profile notably affects solidification, allowing the system to crystallise
(or not) and affecting the solidification time. Each step-height case has a minimum step-width that enables the
system to crystallise. Finding the proper values in the step-height and step-width allows the system to have the
appropriate conditions in which the crystallisation time is optimised.

In terms of the two-step crystallisation theory, a staggered cooling protocol favours the formation of an
amorphous layer of particles when the temperature drops in the first step, and then in the second step, the
particle configuration evolves toward a more ordered configuration.

If the local particle concentration in a molecular crystal-forming liquid could be tracked in real-time, our
studies suggest practical methods to control and optimise crystallisation time. We could drop the effective
temperature very fast to reach values in the metastable region, then keep the temperature until the reorganisation
is observed and the particle concentration is around 77 %.

Methods
Packing fraction
The packing fraction is characterised by the fraction of area occupied by the particles; this is defined as follows;

n-Ap
Ap

¢2p =

where 7 is the number of particles in an area A, A, is the occupied area of one particle. For arbitrary fringes,
however, we need to account that the fringe could contain fractions of particles and that the A7 correspond to
a circular fringe. To calculate the packing fraction in our system, we made a digital treatment of the frame to
obtain a binary image where the particles are seen as dark circles. We obtained the intersection of the circular
fringe with the binary image and determined the total area occupied by particles and portions of the particles
inside the fringe. The area of the fringe is determined as a subtraction of areas of the circles that formed the
fringe. Then, we calculate the ratio between the area occupied by the particles in a given fringe and the area of
the corresponding fringe. We give the values of the packing fraction as a percentage obtained by multiplying the
fraction of the area occupied by the particles by 100. The maximum packing fraction of a compact hexagonal
arrangement is expected to be 91 %. This parameter is a useful structural measurement to characterise how
compact the particle configuration is.

Effective temperature

In our system, the magnitude of the alternating magnetic field plays the role of an effective temperature. The
connection between these two parameters is discussed in detail in Ref.*. In that work, it is shown that the energy
input U is proportional to the frequency and amplitude of the unsteady part of a magnetic field, By sin(27 ft),

dU
e 4pBof. (1)

Because of the friction of particles and the surface container and collisions between particles, not all the available
energy, 4B, f, is transformed into the particle kinetic energy. Although energy is quickly lost, it is compensated
by the continuous energy input coming from the unsteady magnetic field. This energy input prevents particle
motions from stopping. Thus, even though the system is not in thermodynamic equilibrium, but in a stationary
state, the statistical mechanics tools developed for equilibrium systems can be used®’. On the other hand, the
effective temperature can be calculated using the equipartition theorem for 2D systems,

2
L _
2mv =TE,
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where the Boltzmann constant is set as kg = 1 (as in vibrating granular systems). Since the effective temperature
is proportional to kinetic energy, which is proportional to B, when the frequency is kept constant, the effective
temperature is proportional to B,. In this work, we used B, as the effective temperature.

Orientational order parameter

The Delaunay-Voronoi plugin in Image] was used to generate the Delaunay triangulation, from which, for each
particle j, the nearest neighbour N; positions were determined. Some of the nearest neighbours might be in
contact with, but some of them may not, even if they are the closest. To determine the number of neighbours
linked or in contact, also known as the coordination number N g, a cutoff distance of 1.1 o is used as a cutoff
criterion (o is the diameter of the particle). Neighbouring particles closer than the cutoff distance are counted in
the number of linked neighbours IV; 5. Based on the information of the nearest neighbours V;, the orientational
parameter 1} was calculated for each particle j, which is defined as:

N
J 1 .
Py = —Nj g_l exp(166;i) (2)

where the sum on k is over the V; neighbours of particle j and 6 is the angle formed between the x-axis and
the vector pointing from j to k.

Data availibility
The authors declare that the data supporting the findings of this study are available within the paper, its supple-
mentary information files.
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