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In this contribution, we investigate the system of magnetic shifted dipoles using molec-
ular dynamics simulations to elucidate the subject. We present an extensive study of the
cluster formation in these systems both in three and two dimensions. It is shown that the
more the dipole moment is shifted away from the particle centre the stronger it influences
the microstructure of the system, both at low and room temperature. For larger shifts,
the dimensionality of the system does not influence much the cluster structure.

Introduction. Magnetic colloids, namely, the systems of magnetic dipolar
nanoparticles in nonmagnetic liquid carriers, are actively employed in various ap-
plications from engineering to medicine and have attracted the attention of scien-
tists from many fields of natural science. Ferrofluids are employed as seals around
rotating shafts [1] for delivering drugs to tumors [2], monitoring the dynamics
of anti-body reactions [3], and for tomography [4]. Many of these applications
are based on the ability to control the properties and dynamics of the fluid by an
external magnetic field, or to probe them using sensors, making it important to un-
derstand the microstructure of ferrofluids itself and how it influences macroscopic
properties.

The investigation of the microstructure of ferrofluids is a complex experimen-
tal and theoretical problem. It turned out that computer simulation techniques
can nicely deal with microstructure analysis. Usually, in computer simulations,
magnetic nanoparticles are modeled as hard or soft spheres, which additionally
interact via the dipole-dipole potential:
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where pg is the vacuum permeability and m; and m; are the dipole moments of
the particles, respectively. In other words, the so-called coarse-grained approach is
employed. In this way, systems with different geometries, densities and interaction
strengths have been investigated by many authors for more than 15 years. Here
we provide only few of these works and address references therein [5-11].

As many of the magnetic fluid properties are well understood by now, various
magnetic nanoparticles and colloids that deviate in one or another way from the
spherical shape have been examined in recent years. Some examples are dumbbells,
i.e. two overlapping spheres of opposite charges [12], magnetic core-shell particles
[13], elongated ferroparticles [14], and colloidal particles with a magnetic cap [15].
In [16], we introduced and examined the ground states of a two-dimensional model
system with magnetic particles, in which the dipole moment was shifted from the
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centre of mass towards the particle’s surface. We called such particles “sd-particle”
to abbreviate the term “shifted dipole particles”. Although sd-particles are an
abstract model, they show structures similar to those found for colloids with a
magnetic cap [15] and they help us to further understand the peculiarities of the
dipole-dipole interaction.

In this contribution, we continue the investigation of sd-particles and extend
the dimensionality and the range of temperatures under study. Here, we use molec-
ular dynamics simulations performed in ESPResSo [17]. In the following sections,
first the model is presented (Sec. 1) and the computer simulations are described.
In Sec. 2, we provide a detailed description of the microstructure of the three- and
two-dimensional systems of shifted dipoles. We conclude our contribution with a
brief summary and an outlook (Sec. 3).

1. Computer simulations. The sd-particle is a particle, in which the mag-
netic moment is shifted radially outwards from the centre of mass. The ratio
between the distance from the centre of the particle to the position of the dipole
d and the particle radius o is the dimensionless shift of the dipole moment «. In
order to study the systems of shifted dipoles both at low and room temperatures,
we use molecular dynamics simulations performed in ESPResSo. ESPResSo rep-
resents a unique package in the modern panorama of classical molecular dynamics
tools. Through the scripting interface, the software gives the user a complete
control on the utilization of its different modules: wide range of interaction po-
tentials, different thermostating algorithms, treatment of long-range electrostatics
and magnetostatics in 3D, 2D and 1D periodic geometries, rigid body dynamics,
hydrodynamic interactions via Lattice-Boltzmann or dissipative particle dynam-
ics, etc. Due to the fact that the dipole moment is shifted from the center of mass,
standard simulation approaches, being those of direct sum or dipolar P3M [18],
would not give true forces, which act on one particle. To solve this problem, there
is a feature called “virtual sites” implemented in ESPResSo. The virtual sites are
the particles, for which forces and torques are calculated, but the positions and
orientations at the next time step are not derived using a standard integration
scheme. They depend on the orientations and positions of other non-virtual site
particles. This feature is really useful to create an algorithm, which is able to han-
dle the shifted magnetic dipole within a soft-sphere particle. From the point of
view of the simulation routine, the sd-particle is composed of two particles: a “real
particle” (r-particle) in the sense that the position and orientation are calculated
using a standard integration scheme, and a virtual site particle (vs-particle). The
r-particle is placed at the center of mass of the nanoparticle and it interacts with
other particles from the same species via a Weeks-Chandler-Andersen (WCA) po-
tential. The vs-particle is placed at the position of the magnetic moment within
the r-particle. Thus, the algorithm for simulating the evolution of the sd-particle
system is the following: (1) to calculate the forces and the torques acting on the
vs-particle arising from the dipole-dipole interaction or/and from the interaction
with an external magnetic field, using the dipolar P3M algorithm; (2) to calculate
the forces acting on the r-particle due to the WCA-potential; (3) to transform the
forces and the torques obtained at the first step into those acting on the r-particle;
(4) to integrate the equation of motion of the r-particle and to place the r-particle
in its new position; (5) to calculate the new position and the new orientation of the
vs-particle. With this algorithm at hand, one can perform computer experiments
with various sd-particle systems and characterise their microstructure.
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Fig. 1. The fraction of various clusters for A\* = 3 (left, (a)) and for A\* = 5 (right,
(b)) versus the area and volume fraction of particles. A logarithmic scale is used for
the ordinate axis. In the upper row, the results for quasi-two-dimensional systems are
presented, in the lower row, the fractions in a bulk three-dimensional system are plotted.
In the first column, the shift parameter « is zero; in the second column, o = 0.5; in the
third column, the value of the shift is « = 0.8. All notations are provided in the legend.
We use here the notation “n-mers” (with n = 3,4,5,6,7,8) to abbreviate the fraction of
the clusters of corresponding length. For example, the curve, which corresponds to “4-
mers” (short-dashed line) shows the fraction of the clusters composed of four sd-particles.
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2. Results and discussions. We have found out that the combination of the
energy criterion and a criterion, which is able to detect triangular configurations,
is a good approach to a cluster analysis algorithm. Upon introducing a cluster
criterion, on can run the simulations and analyse the data. For that, N = 1000
identical particles and their magnetic moments (radius ¢ = 1 and magnetic mo-
ment m, respectively) were randomly distributed in the simulation box. Periodic
metallic boundary conditions were applied. The temperature T" was kept constant
during the simulation using a standard Langevin thermostat with the relaxation
time 7. The time step was set to 2 - 10737, After the equilibration time, which
was of the order of 3-10* time steps, the positions and orientations of the particles
were stored after each 103 time steps.

Here, we analyse three- and quasi-two-dimensional systems. A quasi-two-
dimensional system is the one, in which the centres of mass of the particles are
fixed in one plane, but the magnetic moments are free to rotate in all directions.
We consider only the case of zero applied magnetic field. Various interaction
parameters A* (namely, A\* = 3, 5), shift values @« = 0, 0.5, 0.8 and different
fractions p = 0.02 — 0.18 per area/volume were examined. Here, we are interested
in the fraction of clusters of a certain size in the system as a function of the
area/volume fraction.

In Fig. 1(a,b), we plot the fraction of various clusters as a function of the parti-
cle area fraction (upper row, quasi-two-dimensional samples) and volume fraction
(lower row, three-dimensional samples) for two values of A*, namely, in Fig. la
A* =3 and in Fig. 16 \* = 5. From (a) to (b) one can see that the increase of \*
causes the enhancement of the aggregation for every shift, thus, the largest formed
clusters for (a) are composed of four particles (see, A\* = 3, 3D, o = 0.5, solid line,
4-mers), however, for A* = 5 even 8-mers, namely, clusters of eight sd-particles are
observed (see, A\* = 5, 3D, a = 0.5, dot-dot-dash-dot-dash-dot-dot line, 8-mers).
From the upper row to the lower row one observes that the additional dimen-
sion also stimulates the clusterisation, especially at low densities. As for the shift
value, then it is easy to observe that the less aggregated systems are those, for
which o = 0.8 (last columns in (a) and (b)). The largest clusters are observed for
« = 0.5, and with no shift we obtain a standard system, where most ferroparticles
remain single, and some pairs are formed with the increase of the volume/area
fraction. It is worth mentioning that for the shift value o = 0.5 the behaviour of
the systems seems to be quantitatively different from that at zero shift. So, what
is the structure of the clusters for @ > 0 at room temperatures?

A* =3, p=0.18, q2D

o=0.5|| - -,
N T B
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Fig. 2. Simulation snapshots of the quasi-two-dimensional system of sd-particles for
A* =5 and area fraction p = 0.18. From left to right the value of the shift « increases:
0, 0.5, and 0.8. One can see the obvious change of the microstructer from the chain
aggregate for low shifts to antiparallel pairs for high shifts (indicated by circles). In the
intermediate regime (o = 0.5), the closed triangle-based large clusters can be found.
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To answer this question, we provide Fig. 2, where simulation snapshot for
A* =5 and volume fraction p = 0.18 are presented. One can see that for « = 0
(the leftmost snapshot) the microstructure of the system is quite regular and chains
are formed. For the shift value o = 0.5 (in the middle) the system seems far more
aggregated, and already triangular and larger closed structures are observed. Let
us point out that the ground state structure of three sd-particles for this shift
value is a triangular configuration of particles, with the magnetic moments also
aligned in a triangle. For the largest shift value (o = 0.8, the rightmost snapshot),
the system looks weakly aggregated, and a new cluster type can be found. The
system contains a significant amount of antiparallel pairs, whose structure agrees
well with the ground state configuration.

3. Conclusions. We investigated the behaviour of the system of particles
with magnetic dipoles shifted radially outwards. The extensive analysis of the mi-
crostructure at room temperature was done with the help of molecular dynamics
simulations using the ESPResSo software package. Both bulk systems and mono-
layers were studied. We showed that in two dimensions independently of the shift
value, the system is less aggregated than in the case of a bulk system. As for
the shift influence, it turns out that at intermediate values of « the clusters are
bigger than at high values of the shift. It happens so because of the cluster struc-
ture. Thus, at the intermediate shift the clusters predominantly have a triangular
or a closed structure, whereas for the high values of shifts antiparallel pairs are
mainly found. Currently we proceed with the investigation of the microstructure
of sd-particle systems under the influence of an external magnetic field.
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