
Journal of Physics Communications

PAPER • OPEN ACCESS

Self-assembly of magnetic spheres: a new
experimental method and related theory
To cite this article: Sándor Egri and Gábor Bihari 2018 J. Phys. Commun. 2 105003

 

View the article online for updates and enhancements.

You may also like
Exact solutions admitting isometry groups
Gr  Abelian G3
M Ziad

-

A dynamical model for fractal and compact
growth in supercooled systems
Ho-Kei Chan,   and Ingo Dierking

-

Functional renormalization group for
multilinear disordered Langevin dynamics
II:Revisiting the p = 2 spin dynamics for
Wigner and Wishart ensembles
Vincent Lahoche, Dine Ousmane Samary
and Mohamed Tamaazousti

-

This content was downloaded from IP address 193.6.168.14 on 12/09/2023 at 09:20

https://doi.org/10.1088/2399-6528/aadfc9
/article/10.1088/2399-6528/aaecb2
/article/10.1088/2399-6528/aaecb2
/article/10.1088/2399-6528/aaecb2
/article/10.1088/2399-6528/aaecb2
/article/10.1088/2399-6528/ab8b33
/article/10.1088/2399-6528/ab8b33
/article/10.1088/2399-6528/acd09d
/article/10.1088/2399-6528/acd09d
/article/10.1088/2399-6528/acd09d
/article/10.1088/2399-6528/acd09d


J. Phys. Commun. 2 (2018) 105003 https://doi.org/10.1088/2399-6528/aadfc9

PAPER

Self-assembly of magnetic spheres: a new experimental method and
related theory

Sándor Egri1 andGábor Bihari1

Department of Experimental Physics, University ofDebrecen, 18/a Bem tér, H-4026Debrecen,Hungary
1 Authors towhomany correspondence should be addressed.

E-mail: egris@science.unideb.hu and bihari.gabor@science.unideb.hu

Keywords:magnetic spheres, single spheres, chains, self-assembly

Supplementarymaterial for this article is available online

Abstract
Simple experimentalmethodwas developed to examinemagnetic self-assembly ofmacroscopic
magnetic spheres of 3mmand 5mmdiameters in the lack of externalmagnetic field.Magnetic force
driven aggregationwas followed up by video recording andwas analysed in detail to identify the
processes that lead to the creation of clusters (chains, pairs, circles, etc). Self-aggregation of randomly
distributed single spheres, pairs and triplets were examinedwith thismethod aswell. Applying several
liquidmediawith different viscosity helped to characterize the aggregation processes regarding the
kinetic energy of collisions. The results were comparedwith results of previous experimental works
and computer simulations of aggregation ofmagnetic nanoparticles andmagnetic-dipolar systems.
Besides to earlier described rings and chains that represent the lowest potential energy of the systemof
idealmagnetic dipoles in two dimensions, we observed several other structures during the
experiments. Themost frequently appearing clusters were investigated by directminimization of the
potential energy function of these structures.

Introduction

According to the general definition, self-assembly is the autonomous organization of components into patterns
or structures without human intervention [1]. It plays an important role inmany practical applications in
differentfields of physics and technology like creation of novelmolecular biomaterials (nanofibres and
bionanotubes) [2], and building of nanostructures and nanodevices [3, 4]. It also took place during the
preplanetary condensation of the early Solar System, andwas observable inmagnetic colloids from
magnetotactic bacteria [5, 6]. Aggregation of the suspendedmagnetic particles takes place in the ferrofluids [7–9]
and changes the visco-elastic properties ofmagneto-rheological fluids [10].

Self-assembly ofmagnetic particles (e.g. cobalt nanocrystals)was examined on nano [11–13] and
microscales [14] several times earlier, and the formation of chains and circular structures was reported.
Relaxation processes of dipolarmagnetic systems towards equilibriumhave been investigated either by creating
and studyingmacroscopic scalemodels [15–17] or using computer simulations [14, 18, 19].

Neodymiummagnetic spheres (known as bucky balls or zenmagnets) serve as a goodmacroscopicmodel of
themagnetic particles, because theirmagneticfield is very similar to thefield of the idealmagnetic dipole [20].
Calculations ofMessina et al [21] that based onMonte Carlo simulations and directminimization of the
potential energy function had shown, that theminimal energy state realized by different structures according to
the number of the constituents. Until three spheres the linear chain, between 4 and 13 spheres the ring formhas
minimal energy, while above 13 balls, a stacked 3D structure of connected rings creates theminimal energy state.
In the case of higher number of dipoles there is an intense and still open discussion about the lowest energy
configuration. Instead of the suggested tube-like geometry it was found that for aboutN>1300 particles a
round cluster of densely packedmagnetic balls with an fcc lattice is an energetically preferred arrangement [22].
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According to newfindings elongated rod-like structures can even outmach the structures reported earlier in the
casesN>=460 [23]. It was suggested recently that in 2D the onion-like structures are preferable for higher
numbers ofmagnetic dipoles [24].

In an earlier experiment of Kun et al. themodels ofmagnetic nanoparticles were smallmagnet bars attached
to larger cork disks, whichwerefloated on the surface of water [15]. Themotion of themodel particles was
described by taking into account the interaction of point like dipoles and by the Stokes drag force exerted by the
fluid. It has been found that the structure of the aggregates strongly depends on the initial concentration of the
dipoles. The direction of the chain-like structures were oriented by the direction of the Earth’smagnetic field.

Wewere using neodymiummagnetic spheres in the experiments, freelymoving on a glass plate. In some
cases differentmediawere applied to dissipate the kinetic energy. Video recording allowed us to track the
formation of chains and closed circular structures, for the detailed understanding of the processes that lead to
the creation of these forms. Due to the stronger interaction compared to the earlier experiments, ourmethod
was suitable either for studying fast aggregationwith large kinetic energy and for observing the effect offluid
resistance. Influence of the Earth’smagnetic fieldwas not observable.

Due to the higher kinetic energywe have observed previously unpredictedmechanisms that createdwider
range of closed clusters thanwere observed before. The potential energy of these simple clusters was determined
by directminimization of the potential energy of the dipoles as the function of the direction of theirmagnetic
momenta.We suggest, that these clusters represent the localminima of themulti-dimensional potential energy
function. In some cases we have found similarmagnetic frustration that described earlier [25] aswe found
different – circular or dipolar –magnetic structures with similarly low potential energies in the case of
geometrically identical clusters.

Description of the experiments

Wedeveloped a simple device for the experiments. The observed events took place on a thin, 50 cm×70 cm
large glass plate with awooden frame. The glass was glued into the frame, to avoid any leakage offluidmedia.
Four aluminium legs were holding the framed glass plate at 30 cmhigh. A closelyfitted iron platewas placed
under the glass plate. The iron plate wasfixed to awooden grid and two holding arms. In this way, we could
reduce the gravitational bend of the plates so, that the gap between the glass and iron plates were less than 1mm
at any point (see figure 1).

We placed neodymiummagnetic balls to the glass plate in an even but randomdistribution. If the balls were
at least 3 cm apart from each other, their interactionwith the iron plate were stronger thanwith each other, so
the balls were infixed positions.We have examined themagneticmoments of thefixed balls and experienced
that themoments were always vertical – perpendicular to the iron plate – randomly in upward or downward
direction. The experiment was started by the sudden drop of the iron plate bywhich the attraction between the
magnetic balls became dominant. The resulting quick aggregation process wasfilmed at 50 frame per second, so
we could not only observe the final results, but the steps of the clustering aswell.

In thefirst series of experiments we did not apply anyfluidmedia in the framed glass plate, so themagnetic
ballsmoved quite fast, against only a slight friction between the balls and the plate.

About 200 pieces of 5mm largemagnetic balls were placed 3–4 cm apart from each other on the glass plate,
before dropping the underlying iron plate. The following pictures are showing the course of a typical experiment
(figures 2–6, graphs 1 and 2).

After the analysis of the experiments, we have identified several processes of aggregation, andwe concluded
the following general observations:

During the self-assembly process, the first stage is the formation of dimers by pair-interactions. As the
interactions are anisotropic, themovements of the balls towards each other are quite often non-linear. The
anisotropic forces are often causing non-central collisions, and thus a large proportion of dimers are created

Figure 1.The picture of the experimental arrangement.
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with considerably large angularmomentum. These two interesting features – the non-linearmovement and the
creation of quickly rotating dimers – can be repeated easily with simplemanual two ball experiments, without
using any equipment.

The next stage of the aggregation process is the interaction of dimerswith dimers or single balls. The
interaction of dimers with single balls can create rotating or non-rotating trimers during the collisions. The

Figure 2. 0.08 s after the drop/start. There are still solitary,motionless balls. Several cases of pair-interactions and formation of pairs –
dimers – are observable. In some cases, non-linearmovement of the balls can be noticed. The central collisions are creating slow-
moving dimers, while non-central collisions are resulting in quickly rotating dimers. Formation of three ball chains – linear trimers–
are also observable by the interaction of dimers and single balls. Some of the trimers are also rotating.

Figure 3.Enlarged parts of the above picture: Central collision, non-central collision, non-linearmovement, dimer rotating around
the centre ofmass, formation of a trimer, rotating trimer. The blurred image of the balls indicates the large speed of them and helps us
to assume themagnitude of the speed. theObserving the length of the traces and knowing the time of the exposition the speed can
reach up to 0.5m s−1. The frequency of rotation can reach up to 25–30Hz.

Figure 4. 0, 18 s after the drop: longer chains of 4–8 balls are forming. Some of the chains are strongly vibrating, wobbling, the blurred
picture of some balls suggest large kinetic energy. On the left side in themiddle, a 6 ball ring, on the lower right side a 4 ball ringwas
formed of short chains.
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dimer-dimer interactions usually creating 4 ball chains. In rare cases two quickly rotating dimers can join each
otherwith opposingmagneticmoments, thus forming a 4 ball ring. Theoretical considerations have already
proven [14], that this large kinetic energy is necessary to overcome a potential barrier that separates the 4 ball
chain from the 4 ball ring.

This process can create 5 or 6 ball rings as well, from the rotating dimers and trimers and single balls.We
found that the creation of 5 or 6 ball rings is less probable than the appearance of 4 ball rings.We have seen the
formation of a 7 ball ring in this way only once. As themagnetic field of these small rings is basically closed into
the ring, these 4–6 ball rings do not interact with other forms on the scene and thusmeaning a dead end in the
evolution of the aggregation process.

The next stage of the self-assembly is the growth of chains. The shorter chains can join each other or absorb
single balls if any remaining. During this stage, single balls are disappearing from the scene.When chains with at
least 8 balls are created, two processes can lead to the creation ofmore complex forms:

1. In some cases, the magnetic moments of linear chains are forming a larger circular structure, and the
dragging forces between the ends of the chains can link together these chains, and so, forming large rings.
We have observed a case when all the balls on the scene formed one singlemacroscopic structure.

Figure 5. 0, 38 s after the drop: Longer chains are formed bymerging of shorter chains and by absorbing the remaining single balls. The
collision of single balls into themiddle part of a chain causing vibration of large amplitude, which can lead to the joining of the two
ends of the chain, thus forming a large ring.

Figure 6. 0, 88 s after the drop: The set run out of single balls, only a few pairs are left – a quickly rotating dimer can be seen in the upper
right corner. Beside it, the last single ball is going to impact to a chain. This impact will lead to strong vibration, and the joining of the
two ends of the chain, thus forming aD letter shape. The samemechanism formed the two droplet shapes and the broken line shape.
The large ring in themiddle was formed by the joining of three smaller chains.
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2. Another unexpected process is observed, that can form rings, broken lines, droplet shapes or D-letter
shapes. The initial stage of this process is a single ball, which is going to impact themiddle of a chain. A
collision at the end of a chainmeans the simple absorbing of the ball, however, the impact in themiddle can
cause such a strong vibration, that the two ends of the chain approaching each other, thus starting an
attraction and closing the structure.

The impacting ball quite often deforms the line of the balls where it builds into the chain. The breakpoint,
created this way ismade of three balls, which form an equilateral triangle, forming a 60° angle between the two
parts of the chain. This process creates a broken line shape if the kinetic energy is not enough to join the two ends
of the chain.With larger kinetic energy, the free ends of the chain join each other, thus forming a droplet shape.
In some cases the two sides of the chain have different length, which can cause that the two endsmeet again in
60° angle, thus forming another breakpoint andfinally aD letter shape.

Due to these processes, the final stage of the aggregation process is the following:Most balls joins long linear
chains. Themagneticmoments of these long chains often forming large-scale circular structures, but only rarely
happens that these linear chains join each other into large rings. Besides the long linear chains, some circles,
droplet orD-letter shapes appearing, containing 10–20 balls. Even less frequently, small rings of 4–6 balls are
appearing in the picture, usually only one at an experiment including 200 balls.

Theoretical background (figure 7)
The interaction between uniformlymagnetized spheres can be analysed theoretically as an interaction between
point-likemagnetic dipoles, with the limitation that their distance rij�2R, where R is the radius of the solid
magnetic spheres [21]. The potential energy of the two sphere systemdepends on themagneticmoment vectors
(
 

m m,1 2) and the relative position vector of the theoretical point-like dipoles at the centre of the spheres (

r12).

Generally, for the dipoles denoted by i and j [5]:
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A simple calculation for two dipoles shows, that in the case of r12=2R the potential energy has aminimum
when


r ,12
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m2 are parallel (merging fields). The potential energy function has two inflection points when
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and
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m2 are parallel or antiparallel, but perpendicular to
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r ,12 while the function has an absolutemaximumwhen

m1 and
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m2 are antiparallel and parallel with

r12 as well (opposing fields, see figure 7).

To calculate the potential energy of amultiple ball system, one has to add the potential energies of all possible
pair interactions between the balls. Our expectation is that the system evolves to the direction of the energy
minimum, so the calculations have tofind those forms, where the potential energy per ball value isminimal:
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During the experiments, however there are some limitations, which can cause different final results. Analytical
calculations and numericmethods aswell can prove that theminimal energy state for two or three dipoles is the

Figure 7.The potential energy as the function of the angle (rad) between

r12 and


m1 (horizontal axis) and


r12 and


m2 (vertical axis). The

distance of the balls r12=2R. Red colour shows the lowest potential energy, through yellow, green and blue to the highest values.

5

J. Phys. Commun. 2 (2018) 105003 S Egri andGBihari



linear chain form,with parallelmagneticmoments. (For point-like dipoles in spheres with radius R, on a planar
surface)Nevertheless, in the case of 4 ormore such dipoles, the closed ring formhas the lowest possible potential
energy [14]. Between the linear chain form and the ring form, however there is a potential energy barrier, which
is the highest for 4 balls, and even though lowering, still considerably high at 8–10 balls. Itmeans that the chains
ofmagnetic dipoles need additional energy to close their ends into circles.

In earlier studies the creation of closed rings were explained by results of direct numeric simulations, where
nearby chains with antiparallel polarisationwere attached to form closed structures [14]. In our case the
interaction between the neodymiummagnetic balls wasmuch stronger than in other experiments, therefore we
could recognise other evolutionary processes that ended in closed structures. In our experiments for example, a
single dipole could impact the side of a chainwith such a largemomentum, that the transferred kinetic energy
was enough for the ends of the chain to overcome the potential barrier and join each other. In the first step of the
process, the strike of the impacting ball deforms the chain, and this deformation propagates towards both ends
of the chain as aflexible wave. The amplitude of the deformation becomes larger as thewave reaching the free
ends of the chain and the kinetic energy of the impacting ball is concentrated onto the last balls of the chain. If the
impact reached the chain in themiddle, both sides of the chain swing forward at the same time, and at their
maximum reach, they can interact with each other, thus closing the chain into a ring.

Thismechanism, that closesmiddle sized chains into rings, have an important effect on the final result of the
aggregation process. In the case of such closed ring forms, themagnetic field of the dipoles are concentrated
within the structure itself and therefore this structure becomes inactive regarding themagnetic aggregation
process. Thus, the appearance of these closed forms can prevent the formation of large-scale structures.
Nevertheless, if this closing process becomes less dominant – for example by adding a liquidmedia to regulate
the kinetic energies of balls – than the building up of longer chains can continue. In this case, there is a chance for
the chains to form large-scale structures and sometimes all the dipoles on the scene can join each other in one
single structure.

Geometric andmagnetic structures forming during self-assembly (table 1)
Tounderstand further the self-assembly of thesemagnetic dipoles, we decided to examine the structures
themselves that form as an intermediate orfinal stage of the process.We used experimental and theoretical
methods aswell. In the experimental way, we formedmanually those sets of dipoles which appeared during the
previous aggregation experiments. After themanual creation of chains, rings, droplet orD letter forms, wemade
themagneticfield of the structure visible byfine iron powder. To avoid the contamination of these strong
magnets with the iron powder, first wefixed the structure into plasticine, than coveredwith a thin glass plate and
a paper sheet. Pouring thefine iron powder to thewhite paper revealed themagnetic field of the structure in
detail. Unfortunately, in the immediate vicinity of the structure themagnetic fieldwas usually so strong that the
iron powder attracted to the structure, creating a characteristic white, empty zone around it. Even so, the
pictures served useful details about these structures.

To examine the structures in a theoretical way, wefixed the structure in a coordinate system.During the
calculations we tried tominimize the potential energy function by changing only the direction of themagnetic
moments of the dipoles, while the balls had afixed position as a boundary condition. The calculations are
performed by the IGORPRO5.5 program, the optimizationwaswritten by the built in function based on the
Newton StepMethod.

For the better transparency, we have chosen a practical unit for the potential energy (Uo), and the potential
energy (U) of every structure is given in this unit. TheUo unit is the potential energy of two dipoles of which the
magneticmoments are parallel to each other but perpendicular to the axis laid through the point-like dipoles.

Dimer
In the case of two dipoles, the potential energy isminimal, when

 
m m,1 2 and the axis are all parallel to each other.

In this stateU=−1Uo. This is perfectly in tunewith the experiments, as only such dimmers with dipolarfield
could be preparedmanually frommagnetic balls (See cell D2, table 1).

Magnetic rods or cubes can form another kind of dimer when themagneticmoments are antiparallel.
Obviously, themagnetic cubes cannot roll freely as the spheres, so there are potential barriers between the
different directions of themoments. Due to this, a stable antiparallel state can exist as a localminimum in the
potential energy. Cell C2 shows a couple of twomagnetic spheres with antiparallelmagnetization. In the case of
spheres, the size of the dipoles are always smaller than their distance, so this state is unstable under any
circumstances.

This basic distinction between the two low energy states becomes important when examiningmore complex
clusters. The stable dimer formwith parallelmoments has a dipolar field, while the antiparallel state has a
circular field. Our observations suggested, thatmore complex forms can usually be categorized into these two
kinds of structures. Regardless of the geometric form, the structure of themagnetic field better describe the
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clusters, than the geometric form alone. For example, we observedD letter like shapes during self-assembly. But
this form can exist with circular and dipolar fields as well. Only the examination of themagnetic field helped to
determine, which state created during self-assembly.

Trimer
Threemagnetic balls can create two different geometric forms.One of them is linear (See cell D3), while the
other is a triangle (See cell C3). The linear formhasminimal potential energy if themomenta are parallel to each
other and fall to the axis defined by the line of the centers. The dipolar fields of the balls are compensated
between the balls, as the north pole of a ball is touching the south pole of the other, so themagnetic field is weaker
besides the line of the balls. However the last poles of the chain are not neutralized, so the outburst of the
magnetic field can be observed at the two ends of the chain. These two poles are creating a large dipolefield,
which is similar to that of themagnet bars.

Table 1.Table of relative potential energies (below) andmagnetic structures of the studied clusters. Themagneticfield of a single
neodymiummagnetic ballmade visible by iron powder (R=25mm) can be seen at the upper-right corner of the table.
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The other possible trimer form is the triangle. This formwas scarcely observed during our self-assembly
experiments.When shapedmanually, this triangle easily ‘jumped out’ to form a linear chain. Theory supports
this observation as the linear formhas lower potential energy than the triangular form. A similar, triangular
shape appears at the breakpoint of larger chains. However, in that case, themagneticmoments set to other
directions, so the similarity to the triangular trimer form is only geometric.

Tetramer
Fourmagnetic balls can arrange in three different shapes in 2 dimensions. The fourth possible shape is the
3-dimensional tetrahedral form,which is very unstable. As for nowwe are examining two- dimensional self-
assembly, we neglect the 3-dimensional forms hereafter.

The linear chain of the fourmagnetic balls is one of themost common shapes that forms during thefirst
stages of the aggregation process (See cell D4).With its strong dipolar field, it can attract single balls or other
chains aswell, to create longer chains. The potential energy per ball value decreases as the chains built longer.
The theoretical limes of the potential energy for the infinite chain is approximately 2, 404 [21].

Even though themost common form that four balls create during self-assembly was the linear chain, we
observed rarely the appearance of the four-ball ring shape aswell (See cell C4). This ring formhas a slightly lower
potential energy than the linear form, however a high potential barrier obstacles its creation.We have never
observed that a linear tetramer transforms into a ring – the only possible way is the direct creation of this ring
shape from two quickly rotating dimers.

There is a third possible form that four balls can form: a rhomboid shape. It never appeared during self-
assembly, andwhen formedmanually, it easily transformed into the rectangular form. This observationwas not
a surprise though, as this rhomboid formhas higher potential energy than that of the rectangular form, so only
adhesion and friction can stabilize temporarily this shape.

Our calculations found two possiblemagnetic structure for the same rhomboid geometry of four balls (Cell
VD4, VC4).Manually we could formonly the second one, which is still quite unstable.

Pentamer
Forfivemagnetic balls, theminimal energy state is the ring form. Even though there is a considerable energy shift
between the linear and circular (See cells D5, C5) forms, we have never seen the transformation between the two
– probably due to the abovementioned potential barrier. Five ball rings could only be formed directly by the
collision of a rotating dimer and trimer, or two dimers and a single ball.

There is a third possible geometric design forfive balls, which has some importance. This is a forerunner of
theD letter formswe observed: 3 and 2 balls in two closelyfitted chains (Cells VD5, VC5). Althoughwe have
never observed such formduring self-assembly on its own, this structure can turn up as part of other larger
structures, sowe examined its properties. The calculations showed that at theminimal energy state themagnetic
moments of this structure arrange in a circular form, creating a circularmagnetic field. Due to this, when
manually creating this state, it spontaneously jumps out to form a ring.

Identical geometry but differentmagnetic structure characterizes another possible state. In this case, the
magneticmomenta are roughly parallel, and thus, this state has a strong, dipole-like field. Even though this
magnetic structure has higher potential energy than the circular one, it is stable. So this geometric form can exist
only in this higher energy state, as the lower energy state spontaneously reshapes itself into a circle.

Hexamer
During the experiments, we couldmostly observe linear, and only rarely circular forms of 6 balls. The linear
chains were never transformed into circular forms. The appearing rings were formed by two rotating trimers,
and in one case a rotating dimer, a rotating trimer and a single ball joined to create a 6 ball ring. These rare events
could happen only in the first step of the aggregation, at a high density of balls.

Compared to the strong dipolar field of the observed linear structures, the small rings have a veryweakfield
outside the circle of the balls (See at the bottomof the table). Thus, it is quite unlikely that a small ring attracts
other balls or structures. Itmeans that this form is usually a dead end in the process of aggregation.

Droplet shape
During the experiments droplet-like shapes formed sometimes – less frequently than simple ring forms.
Although the shape has usually formedwith larger ball numbers, for the sake of simplicity, we indicate here the
potential energy of a 7 ball structure. The picture in the bottom-left corner of the table shows the directions of
magneticmoments in theminimal energy state. In the case of themanually formed 7 ball ring the potential
energy is slightly lower than that of the 7 ball droplet form. As the protruding dipolar area of the droplet shape
becomes less dominant when ball numbers are growing, the potential energies of droplets and circles are nearing
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each other. The experiments have also shown, that those droplet structures, which has some kinetic energy in the
formof vibrations, can easily transform into a ring shape.

D letter shape
TheD letter shape is formedwhen two breakpoints appear on a circular structure. Usually, such formoccurs
when an impacting single ball hits a larger chain of balls slightly off themiddle of the chain. In this way, the first
breakpoint forms at the place of the impact, while the other at themeeting point of the two joining ends of the
chain. TheD letter form is due to the different length of the sides.We observed sometimes the forming of lens
shapeswith equal side lengths.

Theoretically, there are two differentmagnetic structuremay exist with the sameD letter shape. In one of
them, themagneticmoments are opposite in the two sides of theD shape. In the other, similarly directed
magneticmoments are creating the two sides. In the first case, themagnetic field of the balls is circular, while in
the other they form a strong dipolefield. Due to the formation process, we expect that only the circularly
magnetized form appears in self-assembly. The experiments support this conjecture aswe have never observed
D letter shapewith the dipolar field. See the picture in the table.

According to our observations, in the case of these small clusters static friction between the balls does not
plays significant role in the orientation of themagneticmomenta and in the stabilization of the structures. In the
case of clean, not painted or erodedmetal surfaces static friction forces aremuch lower than themagnetic forces.
In some cases the gradient of the potential energy surface – the force –might be small enough around local
minima. In that cases the effect of the frictionmight be observable.

Further experimental developments
Concluding thefirst series of experiments, we could follow two possible directions to develop the experimental
methods further. First, we tried to set a denser distribution of balls on the scene, hoping that it will promote the
formation of large-scale structures during aggregation.Nevertheless, it was impossible to increase significantly
the distribution density of single balls, as their interaction started to prevail despite the stabilising effect of the
iron plate below, and spontaneous chain reactions of self-assembly followed.We tried to solve this problemby
distributing dimers and triangular trimers on the plate instead of single balls.

The other direction of development was the application of different liquidmedia on the glass plate. For this
experiment series, the framewas levelled thoroughly and filled so that all balls were coveredwith the fluid. The
most relevant results were observedwhenwe appliedwater as a low viscosity fluid and very high viscosity
silicone oil.

Regarding thefirst direction of development, the use of dimers increased the density only slightly, as the
strong dipolar field of the dimers prevented the creation of a dense distribution. At the same time, the use of
dimers simplified the aggregation processes and did not lead us to the observation of newphenomena. The lack
of single balls and rapidly rotating dimers decreased the probability for the creation of closed forms. Due to the
low levels of kinetic energy, the formation of longer chains was favoured.

Completely different results followed, whenwe used triangular trimers as the initial state. As these trimers
have a relatively weak field outside the triangular structure, they could be set on the plate with quite high density.
Figure 8 shows a typical case of the trimer aggregation. Clearly, several trimers did not join the aggregation
process, due to their weak attraction. There is a large area in themiddle, where the trimers are still intact.Where

Figure 8.The result of an experiment startedwith triangular trimers.
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the aggregation started, it resultedmostly in various closed forms. Themost common shapewas the six ball ring,
which formed by the simplest interaction of two trimers. However, three ormore trimers could also interact
simultaneously, which resulted inmore complicated forms. The instability of these triangular trimers could also
lead to the formation of chains aswell: whenever a straightening trimer formed a short chain, the other trimers
joined in linear form aswell, and built the chain further.

In the other series of experiments, we tried to reduce the kinetic energy of the collisions by the use of liquid
media. The use of water slightly reduced the probability of the creation of circular shapes. Themedium
prevented the long term rotation of dimers and trimers, nevertheless small rings were still appearing. Single balls
that impacted into chains were also created circular structures, but with a lesser probability. In this way the
aggregation process favoured the creation of long chains and sometimes large structures were formed. Chains of

Graph 1. shows the number of the solemagnetic poles (chain ends) as the function of the time from the beginning of the aggregation
in a typical experimentwithout applying anymedia.

Graph 2. shows the number of the chains ofN=1, 2, 3, 4 dipoles as the function of the time from the beginning of the aggregation in
a typical experiment without applying anymedia.
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100 or evenmore balls created and quite often large scale circular forms appeared. These forms never joined
completely into one circular structure, though. Circular forms of 2–3 chains occurred, and once a singleU shape
is formed from all the balls. But until now, we never experienced the formation of a single ring of all balls.

In another series of experiments, we used silicon oil of extreme large viscosity (AK5000). At the beginning of
the considerably slow process, we experienced the formation of short tomiddle-sized chains by the addition of
single balls to the ends of the chains. In the next step, as the single balls disappeared, thesemiddle sized chains
turned to each other slowly and joined each other in pairs. However the growth of the chains practically stopped
at 10–15 balls length. After a few hours, only one or two new connections formed between the chains, but further
built upwas hindered by themedium.

We could conclude of these experiments, that the proper use of liquidmedia could help us to create
macrostructures even by simple self-aggregation processes. Thus, we are planning to develop the experiments in
this direction.

Summary

During our experiments we have examined the aggregation processes of neodymiummagnetic balls with
diameters of 3mmand 5mm.The sets of balls randomly placed on a glass plate, underwhich an iron plate fixed
the balls. The interaction between the balls became dominant with the sudden drop of the iron plate. The self-
assembly of the ball sets was filmed at 50 fps – at this rate the blurred lines helped to estimate the velocity of the
balls. The records helped to identify the steps and different ways of the aggregation process. The observations
were significantly in tunewith the potential energy calculations regardless of the approximations – point-like
dipoles and neglected interactionwith the surroundings were our two preconditions. Our experiments and
calculations were in tunewith earlier results, while also supplemented them. If therewas nofluidmedium
present during the experiments, the rotations or impacts with large kinetic energy revealed newways of
aggregation. In this way small andmiddle scale closed shapes could form, and not only ring shapes occurred, but
some higher energy states, like droplet orD letter forms aswell, whichwere stabilised by potential barriers and
themechanical interactions between the balls.

There aremany studies concerning the stability and behaviour of the clusters ofmacroscopicmagnetic
dipoles (balls or cylinders), [26–28]. Themethod outlined here can support the theory by themacroscopic
realization and direct observation of the aggregation process.
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