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Fij(m)
F(V) Fij(V)

g(n)

Hait
Hmod
Hrot
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Hsin
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thickness of a disk-like particle
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translational and rotational diffusion coefficients
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orthogonal unit vectors normal to the magnetic moment of a cubic particle
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Ly Ly, L, . size of a simulation region in each axis direction

m : magnetic moment of a particle
m magnitude of a magnetic moment
M magnetization
n . unit vector of a magnetic moment m
Ns number of surfactant molecules per unit surface of magnetic particles
N . total number of particles
Ns . number of clusters for describing a cluster size distribution
r . radial distance for a radial distribution function g(r)
Fcoff . cutoff distance
ri . position vector of particle i
i . relative position vector from particle j to particle i
I . aspect ratio
non-dimensional parameter representing the thermal energy to the random
Ro force strength
Rimod . ratio of the modified magnetic field
t . time
tj : unit vector of vector rj;
trotal total simulation time
T . absolute temperature of a liquid
T . torque acting on the ambient fluid by a particle
T . torque acting on a particle
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T . magnetic torque due to the magnetic particle-field interaction

T i,-(m) . magnetic torque due to the magnetic particle-particle interaction
T :torque due to the overlap of steric layers
\Y . volume of a system
Weye ™ : work per period an applied magnetic field
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Ar® . random displacement inducing translational Brownian motion
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particle-particle interaction
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interaction relative to the thermal energy
Lo . permeability of free space
¢ non-dimensional parameter representing the strength of the magnetic
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M . volumetric fraction of particles
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(= . ensemble average
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Chapter 1 Introductory remarks

Magnetic particle suspensions have a great possibility as applications in a variety of engineering
fields such as magnetically-controlled fluid devices [1], high-density recording materials in magnetic
recording engineering field [2], optical units in the magnetic material engineering field [3], magnetic
drug delivery systems (magnetically-targeted drug delivery) [4] and magnetic hyperthermia
treatments [5] in the biomedical engineering field, and the recovering technology for specific
substances such as hazardous heavy metal molecules from water in the environmental resources
engineering field [6].

In the field of fluid engineering, the main applications may be mechanical dampers and
actuators that employ the functional characteristics of the magnetorheological effect. The functional
fluids may be generally classified as exhibiting their functional properties in the presence of either a
magnetic or an electric field. Typical functional fluids that respond to an external magnetic field are
ferrofluids [7] and magnetorheological (MR) suspensions [1]. Recently, magnetic particle
suspensions have been energetically investigated by a variety of researchers with respect to the
above-mentioned applications in the field of biomedical engineering since successful applications in
this field are able to have a significantly great contribution to human health and happiness. The
present doctorial thesis treats the research subject with respect to magnetic hyperthermia using
magnetic particles with various geometrical shapes, which will be described later in detail.

Magnetic particles that are used in the above-mentioned application fields have a variety
of geometrical shapes such as spherical [8, 9], rod-like (spindle-like) [10, 11], disk-like (oblate or
platelet) [12, 13] and cubic particles [14]. For all these particles, it is required to analyze physical
characteristics of magnetic particles in the situation of thermodynamic equilibrium and
non-equilibrium in a flow field and also for a two-dimensional and a three-dimensional system. The
research subjects of magnetic particle suspensions may be aggregation phenomena, regime changes
in the internal structure, orientational characteristics, magnetorheological properties, heat generation
features in a time-dependent magnetic field, and so forth. Although there are a large number of
studies for a three-dimensional system [1, 7], we here briefly describe the studies only for a
two-dimensional or a quasi-two-dimensional system since the development of surface-modifying
technology is indispensable for obtaining highly functionalized magnetic particles that exhibit their
characteristic features required in the application in the biomedical engineering field.

Particle-based simulations may be indispensable for the analysis of the above-mentioned
physical phenomena at a microscopic level. When we consider the state of a magnetic particle
suspension in thermodynamic equilibrium, the Monte Carlo method is the most straightforward tool
for a microscopic analysis of suspensions [15]. When considering the dynamic properties of a

magnetic particle suspension, a common simulation approach is to employ molecular dynamics and



Brownian dynamics methods [15]. The standard Brownian dynamics only addresses the particle
motion and the ambient flow field is not solved simultaneously. In order to treat flow problems
where the multi-body hydrodynamic interactions between particles should be taken into account, a
hopeful simulation approach is the lattice Boltzmann [16] and the dissipative particle dynamics [17,
18] and the multi-particle collision dynamics (MPCD or stochastic rotation dynamics) [19]. These
methods are based on the concept of virtual fluid particles and are able to give rise to the solution of
a flow field where the multi-body hydrodynamic interactions between the dispersed particles are
reproduced [17, 18].

As already described in the above, typical applications of magnetic particle suspensions in
biomedical engineering field are magnetically-controlled (guided) drug delivery systems and
magnetic hyperthermia therapy. Before proceeding to these topics, we briefly describe
multi-functionalized magnetic particles that are used in the biomedical engineering field such as
drug delivery systems and magnetic hyperthermia therapy.

Multi-functional particles are basically synthesized by coating the base non-magnetic
particle with other material such as magnetic materials, or by coating magnetic core particle by
polymeric materials [19-25]. Hellenthal et al. synthesized gold nanorods coated by nickels in a
design-engineering-like manner and investigated the magnetic characteristics of these functionalized
particles [26]. Erb et al. generated multi-functionalized magnetic particles that are applicable to
various application fields, not limited to the biomedical engineering field [27]. Patra et al. widely
described valuable multi-functionalized magnetic particles that are used in the drug delivery and
hyperthermia and their synthesis technologies [28]. Meijer and Rossi described a variety of magnetic
hematite particles such as spherical, spindle-like, plate-like, cube-like and star-like particles
including chemical physics characteristics, material properties and magnetic features [29]. Richert et
al. developed a magnetic capsule that may be used as a drug release system [30]. Zhang et al.
synthesized core-shell magnetite particles coated by smart stimuli-responsive polymers [31]. Liu et
al. generated thermal-sensitive ferrofluids that may be used as a drug delivery application [32].

In the magnetically-controlled drug delivery system, magnetic composite materials
including drugs are captured and transported to the target site such as tumor or cancer cells by a
non-uniform applied magnetic field. In this concept, one of key techniques to be developed for a
successful application, on the physical side, is the generation of an effective non-uniform magnetic
field by using an arrangement of a combination of magnets in order to transport the drugs to the
target tissue in a variety of complex circumstances. There are studies with respect to the
development of an analytical model for the magnetic particle motion in a pipe flow [33], the
guidance and trap of magnetic particles using a non-uniform applied magnetic field [34, 35], the
trapping technology of charged rod-like particles by an electric field [36], the aggregation

phenomena in a non-uniform applied magnetic field [37], and so forth.



We now describe in detail the background of the studies with respect to magnetic
hyperthermia mainly from a physics and engineering point of view. Magnetic particles in a
dispersion give rise to heat generation in a time-dependent magnetic field such as an alternating or a
rotating magnetic field. A pioneering work by Rosensweig [38] theoretically discussed the
relationship between the heat generation effect and an alternating applied magnetic field, where the
mechanism for heat generation is dependent on the size of the magnetic particles. That is, the heat
generation in a magnetic particle suspension arises due to the relaxation of the magnetic moment of
the magnetic particles in such a time-changing field and there are two mechanics for the heat
generation, i.e., Néel relaxation mode and Brownian relaxation mode [38, 39]. In the Néel
mechanism the motion of a magnetic moment in the particle body induces heating effect. On the
other hand, in the Brownian mechanism, the magnetic moment is fixed to the particle body and the
particle itself rotates to follow the change in an applied magnetic field, which gives rise to the
heating effect due to friction torques or forces. Tumor and cancer cells are much weaker to heat than
usual healthy cells, and therefore the heat generation effect obtained in a time-dependent magnetic
field is used in order to Kill tumor or cancel cells without damages to ordinary cells [40, 41]. The
Néel mechanism is the main factor for magnetic particle smaller than around 10nm and the
Brownian mechanism is more dominant for those larger than this size [38]. There are a variety of
studies regarding magnetic hyperthermia from a physics point of view as well as from a medical
therapy point of view [5]. In the following, several representative studies are addressed in order to
make the motivation of the present doctorial studies more evident. Bekovic addressed the heating
effect in the situation of a rotating applied magnetic field in addition to the more usual alternating
magnetic field [42]. The influence of the formation of particle aggregates on the heating effect was
investigated [43]. Similarly, the effect of the volumetric fraction was addressed [44, 45] and this
study showed that there is an appropriate volumetric fraction which gives rise to a maximum heat
generation performance. Moreover, the influence of the isotropic characteristics of magnetic
moments was discussed [46]. In addition, there are a variety of experimental studies including the
visualization of a magnetic suspension and the measurement of the temperature in a time-dependent
magnetic field. Mehdaoui et al. visualized the system and verified the behavior of chain-like clusters,
which leads to the understanding of the contribution of magnetic particle-particle interactions to the
heating effect in an indirect manner [47]. Similarly, Guibert et al. clarified from a visualization
experiment that larger aggregates give rise to lower heat generation performance [48]. Serantes et al.
experimentally discussed the strength of magnetic particle-particle interactions and concluded that
larger magnetic interactions lead to a decrease in heating effect [49]. Conde-Leboran et al. discussed
the influence of the orientational characteristics on the heating effect [50]. From these typical
experimental results, it is seen that it is significantly difficult to experimentally clarify the internal

structure of particle aggregates in detail in a time-dependent applied magnetic field, and therefore,



particle-based simulation approaches may be desirable to investigate the behavior of magnetic
particles and clusters in a time-changing field and the influence of the formation of clusters on the
heat generation characteristics. In the above mentioned studies, the magnetic particles of interest are
generally smaller than ten nano-meters and therefore the heat generation arises due to the Néel
relaxation mechanism. Recently, larger particles draw researchers’ attention, where the Brownian
relaxation mechanism is the main factor for the heat generation, and thus we briefly describe typical
studies treating larger magnetic particles in the following.

Alphandéry et al. performed an experiment of a suspension of bacteria in an alternating
magnetic field [51]. Lahiri et al. addressed magnetic nanoemulsions with size of around 20 nm in
order to discuss the effects of polydispersity, particle concentration and medium viscosity [52].
Gudoshnikov et al. experimentally studied the characteristics of the hysteresis loop in a suspension
of magnetite with size of around 25nm [53] and similarly Guardia et al. addressed a suspension of
magnetic cubic particles with size of around 13-40 nm [54], where the effects of the size of the
particles and the field strength were discussed. Rousseau et al. experimentally discussed the
influence of the viscosity of a base liquid on the heating effect [55]. Yao et al. pointed out a
possibility of the mechanical damage to cells by rod-like particles in an alternating magnetic field,
although discussing the characteristics of the hysteresis loops [56]. Tomitaka et al. generated larger
magnetic particles with size of around 20-30nm and showed the contribution of the Brownian
relaxation mechanism and the viscosity of a base liquid on the heat generation [57]. Steinke et al.
treated magnetic macrospheres with size of around 5 mm, and showed that this suspension give rise
to a sufficient heating effect for remotely releasing drugs from the capsules [58].

From the above-mentioned background, it is seen that there are a quite few studies
regarding the magnetic hyperthermia in terms of particle-based simulation techniques, by which the
internal structure of particle aggregates and the behavior of these clusters in the situation of an
alternating and a rotating applied magnetic field are able to be clarified in detail and also the
relationship between the cluster formation and the heat generation characteristics may be clarified.
Hence, we have performed Brownian dynamics simulations in order to investigate the behavior of
magnetic particles, the aggregation phenomena, the regime change in the internal structure of
particle aggregates, the heat generation effect, the relationship between the cluster formation and the
heat generation effect, and so forth. The magnetic particles of interest are spherical, rod-like and
disk-like particles with a point dipole moment at the particle center. In the heating effect, the
Brownian relaxation mechanism is focused on for all these magnetic particles.

The present doctorial thesis is composed of 7 chapters as follows:

Chapter 1 is the introduction.

Chapter 2 treats a suspension composed of magnetic spherical particles in an alternating

magnetic field.



Chapter 3 focuses on the discussion of the unexpected characteristic that the stable particle
cluster formation induces a decrease in the degree of heating effect

Chapter 4 addresses a rotating magnetic field and the results with respect to the behavior
of the magnetic particles and the heating effect are compared with those for an alternating magnetic
field in Chapters 2 and 3.

Chapter 5 has extended the above mentioned studies to a magnetic rod-like particle
suspension, where a better heat generation performance is shown in comparison with a spherical
particle system.

Chapter 6 considers a suspension composed of magnetic disk-like particles, where a
further better heat generation performance is expected due to more rigid cluster formation in a
face-to-face contact manner. Moreover, an applied magnetic field is modified in order to obtain a
larger heat generation performance.

Chapter 7 is the summary of the present results and also describes the future works to be

conducted mainly with respect to the magnetic hyperthermia.
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Chapter 2 The behavior and heating effects of spherical magnetic particles in an
alternating magnetic field

2.1 Introduction

In the field of biomedical engineering, many researchers have been energetically investigating the
application to magnetically-guided drug delivery system [1] and magnetic particle hyperthermia
treatment [2-5]. Multi-functional magnetic particles [6] exhibit a high heating performance in
hyperthermia and an effective loading performance of anti-cancer drugs in drug delivery system.

The Néel relaxation mechanism is the governing factor for the heat production of magnetic
particles smaller than approximately 10 nano-meters and, on the other hand, the Brownian relaxation
mechanism governs the heat generation phenomena for particles larger than this order.

Although the Néel relaxation mode has been largely focused on for heat production up to
the present, recently some researchers have been searching for a possibility of larger magnetic
particles where the heat generation arises mainly from the Brownian relaxation mechanism. Studies
in respect to the characteristics of heat production of these larger particles from the Brownian
relaxation mechanism seem to be significantly important even from an academic point of view in
order to further expand the application of magnetic particles in the fields of magnetically drug
delivery system and magnetic particle hyperthermia.

From this background, in the present study, we elucidate aggregation phenomena in a
suspension composed of magnetic spherical particles in an alternating magnetic field in order to
clarify the relationship between the particle aggregates and the heating effect due to Brownian

relaxation mechanism.

2.2 Model of magnetic particles
We consider aggregation phenomena in a suspension composed of magnetic spherical particles in an
alternating magnetic field and their influence on heat production due to Brownian relaxation
mechanism. To do so, the following particle model is employed for Brownian dynamics simulations.
If it is necessary to distinguish quantities of each particle, the subscripts i and j will be attached to
the quantities of particle i and j, respectively. A magnetic particle i with diameter d is covered by a
uniform steric layer with thickness ¢ and has a magnetic moment m; at the particle center.
Employing this particle model, an magnetic dipole-dipole interaction energy Uij(m) and an repulsive
interaction energy due to an overlap of steric layers Uij(v) act on particle i exerted by particle j, and
also a magnetic dipole-field interaction energy U;") acts on particle i by an external magnetic field
[7, 8].

The forces and torques are straightforwardly derived in a mathematical expression, that is,

the force F;™ and torque T;™ are derived from U ™, and the repulsive force F ;) from U;"".
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Moreover, the torque T;*" due to the particle-field interaction is derived from U;* [7, 8].

2.3 External alternating magnetic field
We address a flow problem of a suspension in the situation of an alternating magnetic field that has a
time-dependent magnitude of a magnetic field applied along a certain direction. If a magnetic field is

assumed to be applied along the x-direction, a time-dependent magnetic field H is expressed as
H(t) =(H, sin(ow,1))i, (2.1)

in which iy is the unit vector denoting the x-direction, expressed as i,=(1,0,0), Hy is the maximum of

its magnitude and the cycle period Ty is expressed as Tey=27/wy.

2.4 Brownian dynamics method

In order to induce the Brownian motion of magnetic particles, an appropriate simulation method has
to be used and we here employ the Brownian dynamics method [7, 9, 10]. The particle motion that
performs the Brownian motion in an alternating magnetic field is simulated by the usual equations of
the translational and rotational motion [11, 12]. It is noted that the direction of the magnetic moment
of magnetic particles is obtained from the basic equation for the rotational motion. The translational
Brownian motion is characterized by the translational diffusion coefficient D' = kgT / (3757d ) where
n is the viscosity of a base liquid, kg is Boltzmann’s constant, T is the absolute temperature of the
liquid and d is the diameter of magnetic particles. The random displacements Ar;®, Ar,® and Ar3®in

each axis direction are required to satisfy the following stochastic characteristics [11, 12]:

By _ /ArBY — (ALBY —
(ARPy = (Ary = (ArP) = 0 } 22)

((ArB)?y = ((Ar2)?) = ((ArP)?y = 2D At

Similarly, the rotational Brownian motion is characterized by the rotational diffusion
coefficient D* = kgT / (z5d®). The random displacements A¢:®, Ag,® and Ags® about each axis line

satisfy the following stochastic characteristics [11, 12]:

(ABE) = (AgP) = (AgP) =0 23
(M) = (Ag2)?) = (A¢2)?) = 2D At

It is noted that in the above expressions, subscript i denoting particle name is dropped for

simplicity.
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2.5 Heating effect due to the relaxation phenomenon of magnetic moment

In a magnetic particle suspension, the work per unit volume exerted on the system, W, during one
cycle of an alternating magnetic field, which induces the magnetization M, is expressed using the
alternating magnetic field H as [13]

Wt — 40§ H - dM (24)

cycl

This is equivalent to the area of the hysteresis loop of the field-magnetization (H-M) curve,

and thus Eq. (2.4) is rewritten as

Woa =—#o§ M -dH =—gomH N{nod(H/H,) 29
=—pomHN§ ((ny +1)d(H /Hy) '
in which H is the magnitude of the magnetic field shown in Fig. 2.1, expressed as H/Hq = sin (wy t).

We here address the work per particle, Wy, expressed as

W,

oot = —HoMH o § () +1)d (H 7 Hy) (2.6)
In this equation, (n,) is the mean value of the x-component n, of the unit vector n
denoting the magnetic field direction. This work W, corresponds to the heat production that is used

for magnetic hyperthermia treatment.

2.6 Non-dimensionalization of expressions
In simulations, the non-dimensionalized equations and quantities are generally used [11, 12]. In a
non-dimensionalization procedure, the following representative quantities are adopted. The diameter
of solid sphere, d, is used for lengths, the period of an alternating field, 2z/wy, for time, wyd/(27) for
velocities, wy for angular velocities, the viscous friction force (3/2)ywnd # for forces, similarly
mnond *for torques and kgT for energies.

Through the non-dimensionalization procedure, the following non-dimensional parameters

appear the non-dimensional equations:

2
- kBTS,Z_”, Rm:%ZSRBA' R, :M:Rsﬂvl
3md® oy 2md oy 3ndaw,
(2.7
HomH 3
Ry =———=-—Ry¢&
md o, 27

In these expressions, the quantity Rg, Ry, Ry and Ry are the non-dimensional parameters
describing the strength of the random force, the magnetic particle-particle interaction, the repulsive

interaction due to the overlap of steric layers and the magnetic torque due to the external field
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relative to the viscous force or torque, respectively.
The quantities 1, ¢ and Ay appearing in Eq. (2.7) are the non-dimensional parameters
relative to the thermal motion, that is, imply the strength of magnetic particle-particle, particle-field

and steric repulsive interactions, respectively. These are defined as [8]

 AzdkT keT keT

m? mH znd?
Ho ég _ Hy 0 ﬂv — s (28)
These parameters 4, £ and Ay are quite useful in comparison to the aggregation results that

were obtained in a uniform (time-independent) applied magnetic field.

2.7 Simulation parameters for Brownian dynamics simulations

Unless specifically noted, we used the following values for performing the present simulations. The
number of particles N is set as N=125 (=5°%), the volumetric fraction ¢y (=N(z/6)d*V ) as ¢, = 0.02
(where V is the volume of the simulation region), the side length I, (=I,/d) of a cubic simulation
region as Iy =1, "=I,"=14.85, the time interval At as At =0.0005, and the total simulation time t as
towa =20 (i.e., 20 cycles). The averaging procedure was conducted using the data that were obtained
during the later half part of the total simulation time. Moreover, the thickness of the steric layer, o,
was taken as 6'=0.15, and the repulsive interaction strength A, as A,=150. The non-dimensional
parameters /, £ and Rg were taken in a variety of cases such as /=1, 5 and 10, ¢&=1, 5 and 10, and
Rg=0.1, 1, 5, 10 and 15.

13



2.8 Results and discussion

2.8.1 Time change in aggregate structures of particles in an alternating magnetic field
We first discuss a change in particle aggregates as a function of time in the situation of an alternating
magnetic field. Before discussion, it is noted that if the frequency of an alternating magnetic field is
sufficiently large, that is, if the value of the non-dimensional parameter Rg is much smaller than
unity, the viscous force will dominate the phenomenon more strongly. This implies that the cluster
formation and internal structure of particle aggregates will be significantly influenced by the viscous
force.

Figure 2.1 shows the time change in the aggregate structures of magnetic particles for
Rp=5 and &=5, where three cases of the magnetic interaction strength are addressed, i.e., (a) =1, (b)
A=5 and (c) 4=10. Each figure has snapshots at the three angles of the alternating magnetic field, Gyime
(zwnt’, defined for 0~27)=x/2, = and 3z/2. Since the magnetic interaction is significantly strong in
the case of A=10, shown in Fig. 2.1(c), it is seen that large aggregate structures are stably formed.
However, since the magnetic field strength is not so strong in comparison with the magnetic
interaction between particles, these clusters are not restricted to the field direction in orientation. A
noteworthy point is that these chain-like clusters are not dissociated due to a change in the direction
of the magnetic field at around &me=7, where the field direction is switched from the positive to the
negative x-direction. This is because the magnetic interaction is much more dominant than both the
viscous force and the magnetic particle-field interaction.

For the case of 1=5, long chain-like clusters are not significantly formed but short clusters
are formed. These chain-like clusters seem to tend to be slightly formed in thick chain formation
along the field direction. This is partly because the influence of the magnetic field become more
significant in comparison with the previous case, and therefore the magnetic moment is more
strongly restricted to the field direction, which enhances the tendency of the thick formation along
the field direction. As in the previous case, these weak chain-like clusters are not disturbed by a
change in the alternating magnetic field for a weak viscous force case Rg=5.

For the case of 1=1, since the magnetic interaction is much weaker than the thermal
motion, particles do not aggregate to form any clusters at any phase angles. In this situation, the
magnetic moment of each particle responds to a change in the magnetic field in orientation

separately.
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Fig. 2.1 Time change in the aggregate structures of magnetic particles for R =5 and ¢=5: (a) for
A=1, (b) for =5 and (c) for /=10. Each figure has snapshots at the three angles of the alternating
magnetic field, Gime (Fon t", defined for 0~27) =x/2, = and 3z/2. The magnetic moment of each
particle is reoriented toward the magnetic field direction with a delay without dissociation of the

chain-like clusters for the case of 1=10.
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2.8.2 Hysteresis loops on the field-magnetization curves

In this section, we discuss the relationship between particle aggregate structures and characteristics
of heat production. It is noted that a larger area of the hysteresis loop of field-magnetization curves
gives rise to a larger heating effect that is produced by the Brownian relaxation of the magnetic
moments.

Figure 2.2(a) shows results of the hysteresis loop of the normalized magnetization {n, ) as a
function of the normalized magnetic field strength H,: results for Rg=0.1, 1, 5, 10 and 15 were
shown in the case of a strong particle-particle and particle-field interaction, A=¢=10. Similar results
are shown in Fig. 2.2(b) for the case of A=1 and £=10.

In the case of Rg=0.1, the maximum of(n,) is approximately (n,) ~=0.3, not attains to
around unity, so that the area of the hysteresis loop give rise to a small value, yielding a poor heating
production performance. In this case, although small and large clusters are formed in the system,
these clusters do not contribute to an improvement of the heating production; the frequency of the
magnetic field seems to be high for the appearance of Brownian relaxation effect. This characteristic
clearly exemplifies that if the magnetic moments do not sufficiently respond to the magnetic field
change in a high frequency area, then the area of the hysteresis loop is small and thus a large heating
effect cannot be obtained. This dependence on the frequency of the field is similar to that for a
smaller particle system where the heating production is obtained by Néel relaxation phenomenon
[14]. As the value of Rg is increased, a stronger magnetic field is necessary for the magnetic
moments inclining in the opposite direction to rotate in the field direction. For instance, in the case
of Rg=10, the quantity (n,) maintains a value of —1 until the field strength H, ~0.5, and then steeply
increases with increasing magnetic field strength. From these characteristics, it is evident that strong
magnetic interactions between particles function to delay the response of the particle rotational
motion toward the magnetic field direction. Hence, this delay of the orientation gives rise to a large
area of the hysteresis loops or a large heat production performance.

Since particle aggregates are not sufficiently formed in the system in Fig. 2.2(b), the
characteristics of the hysteresis loops will be mainly determined by two factors, i.e., the magnetic
particle-field interaction and the viscous friction force. One of characteristic points is that the
magnetic field strength at which the value of (n,) arrives at nearly (n,) ~1 is much smaller than that
for the previous case in Fig. 2.2(a); for instance, in the case of Rg =15, this situation is almost
attained at H, =~0.5. This characteristic comes to appear more clearly for a larger value of Rg,
because a low viscous friction force leads to a larger influence of the magnetic field and thus the
magnetic torque acting on particles relatively becomes lager, whereby the magnetic moments can

incline in the magnetic field direction more promptly.
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Fig. 2.2 Hysteresis loop of the magnetic field-magnetization curves: (a) A=10 and ¢=10, and (b) A=1
and £=10. In the case of the viscous force being dominant (Rg=0.1), the magnetic moments of
particles do not sufficiently reorient toward the magnetic field direction, which leads to a smaller

area of the hysteresis loop.

2.8.3 Heat production effect due to Brownian relaxation mechanism
Finally, we consider the work per particle chd* that is equivalent to the heat production generated

from the Brownian relaxation of the rotational motion of the magnetic moments.

Figure 2.3 shows the dependence of the heat production chd* (FWeya/keT) on the
magnetic particle-particle interaction strength A for the case of the viscous force being relatively
weak: results are obtained for the field strength, ¢=1, 5 and 10. From Eq. (2.6), it is straightforwardly
predicted that the heating effect is quite small for a weak magnetic field such as &=1.

In the case of & =10, a larger heating effect is obtained with increased values of A. This is

because the area of the hysteresis loop becomes larger with increasing magnetic interactions (i.e.,
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with increasing values of 1), shown in Fig. 2.2. As already pointed out, in the circumstance where
chain-like clusters are formed and incline in the field direction, a larger heat production performance
is achieved.

In the case of &=5, the value of chd* slightly increases until A=5 and then turns to
significantly decrease with increased values of A. This characteristic is evident from the behavior of
the characteristics of the chain-like clusters in the alternating magnetic field. That is, chain-like
clusters are formed in the field direction and their length becomes larger until A=5 with increasing
values of 1. Similar to the case of =10, these chain-like clusters formed in the field direction
function to delay the orientation of the magnetic moments along the field direction. This tendency of
the rotational motion of particles results into a hysteresis loop with a larger area, i.e., a larger heating
effect is attained. In contrast, in the area larger than A=5, since the magnetic particle-particle
interaction becomes more dominant than the influence of the applied magnetic field with increasing
values of /, the chain-like clusters are not restricted to the field direction in orientation, which yields
the convergence of the quantity (n,) to(n,) =0. This implies that the hysteresis loop become
significantly small and thus the heating effect approaches approximately zero. This characteristic can
be recognized also for a suspension composed of small magnetic particles where the heat production

is generated due to the Néel relaxation mechanism [15].
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Fig. 2.3 Dependence of the heating effect on the magnetic particle-particle interaction strength. A
decrease after A~5 with increasing values of A in the case of &=5 implies that larger clusters do not

significantly respond to the change in the magnetic field strength.
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2.9 Conclusion

We have investigated the aggregate structures in a suspension of magnetic particles in an alternating
magnetic field and their influence on the heat production effect. In the present study, we address the
Brownian relaxation mode that generates the heat production due to the rotational motion of
magnetic particles in an ambient viscous medium with experience of the friction force (or torque).
The main factors characterizing the present phenomenon are the viscous friction force arising from
an alternating external magnetic field, the applied magnetic field strength and the particle-particle
interaction strength. In the situation where chain-like clusters are stably formed in the magnetic field
direction, the magnetic particle-particle interaction considerably delays the response of the magnetic
moment reorienting in the field direction to a change in the alternating magnetic field. In the
situation where particle aggregates are not significantly formed due to an insufficient magnetic
interaction, the viscous friction force alone is the main factor for delaying the orientation of the
magnetic moments in the field direction and therefore the response of the orientation of particles
becomes more prompt in comparison with the other situations. A large heat production performance
can be achieved in the situation where large chain-like clusters are formed and inclined in the
applied alternating magnetic field that is more dominant than the magnetic interaction between
particles. On the other hand, if these chain-like clusters are not sufficiently restricted to the field

direction in orientation, a large heat production cannot be obtained.
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Chapter 3 Unexpected characteristics of spherical particles in an alternating
magnetic field

3.1 Introduction

In the present chapter we focus on the discussion of the unexpected characteristic that the stable
particle cluster formation induces a decrease in the degree of heating effect, which has been shown
in Chapter 2 [1].

A macroscopic theory regarding the heating of a magnetic particle suspension in an
alternating magnetic field has been developed without consideration of particle aggregate formation
by Rosensweig’s pioneering work [2]. The dependence of the heating effect on the cluster formation
was indirectly clarified in a suspension with a high volumetric fraction of particles and therefore
large clusters are to be expected in the system and the interaction between magnetic moments is
expected to have a significant contribution to the heating effect. Therefore we understand that it may
be of importance to clarify the effect of the cluster formation of magnetic particles on the degree of
heat production.

Recently, Zhao and Rinaldi [3] have performed Brownian dynamics simulations in order
to investigate the relationship between the aggregate structure of magnetic particles and the heat
production characteristics at a microscopic level. Our Brownian dynamics approach is quite similar
to that of Zhao and Rinaldi, but in the present report, as described above, we focus on the discussion
of the unexpected characteristic that the stable particle cluster formation induces a decrease in the
degree of heating effect, which has not sufficiently been discussed in their paper.

3.2 Model of magnetic particles and an external alternating magnetic field

We consider aggregation phenomena in a suspension composed of magnetic spherical particles in an
alternating magnetic field and their influence on heat production due to a Brownian relaxation
mechanism. Magnetic particles are required to perform translation and rotational Brownian motion
in an applied alternating magnetic field. In order to induce Brownian motion, an appropriate
simulation method has to be used and here we employ the Brownian dynamics method [4-6]. The
magnetic forces and torques acting on magnetic particles and the repulsive force due to the overlap
of steric layers covering each particle are straightforwardly derived from the corresponding
interaction energies. These expressions may be found from references [7, 8] and so not written here.
The present physical phenomenon is characterized by the four non-dimensional parameters 4, &, Ay
and Rg. The former three parameters are expressed relative to the thermal motion, and imply the
strength of magnetic particle-particle, particle-field and steric repulsive interactions, respectively.
These are defined as [8]

B an,d?
2

Hom* £= HoMH,

" 47d%k,T PR

(3.1)
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The last parameter Rg describes the strength of the random force relative to the viscous
force, expressed as

keT 27
— (3.2)

Rg = .
5 37277d3 Yy

In these equations, d is the particle diameter, m is the magnitude of the magnetic moment m; (=mn;)
of an arbitrary particle i, # is the viscosity of a base liquid, x is the permeability of free space, ng is
the number of surfactant molecules on the unit surface of a magnetic particle, kg is Boltzmann’s
constant, and T is the absolute temperature of the system.

The time-dependent magnetic field H is applied along the x-direction and expressed as

H(t) = (H, sin(w,1))i, (3.3)

in which iy is the unit vector denoting the x-direction, expressed as iy =(1,0,0), Ho is the magnitude of
an alternating magnetic field, and wy is the angular velocity.

3.3 Heating effect due to the relaxation phenomenon of magnetic moments
In a magnetic particle suspension, the work per unit volume exerted on the system, Wctyff,a', during
one cycle of an alternating magnetic field in order to induce the magnetization M is expressed using

the alternating magnetic field H as [2]

W2 = i M -dH = —gmH N (nd (H /1 H,) (3.4)
This is equivalent to the area of the hysteresis loop of the field-magnetization (H-M) curve. In this
equation, N is the number density of particles, and (n,) is the mean value of the x-component n, of

the unit vector n denoting the magnetic moment orientation. We here address the work per particle,
chcI: totaI/ N .

cycl
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3.4 Results and discussion

As already described in the introduction, we here restrict our discussion to the influence of the
cluster formation of magnetic particles on the degree of heating effect. Unless specifically noted, we
used the following values for performing the present simulations. The number of particles N is set as
N=512 (=8%), the volumetric fraction ¢, (=N(m/6)d*/V ) as @ = 0.02 where V is the volume of the
simulation region, the side length I, (=1/d) of the cubic simulation region as I, =l,=I,"’=23.75.
Moreover, the thickness of the steric layer, §° (=5/d), was taken as ¢ =0.15, and the repulsive
interaction strength Ay was taken as 4,=150.

Figure 3.1 shows the dependence of the heat production chc.* (=Weya/ksT) on the
magnetic particle-particle interaction strength A for the case of a relatively weak viscous force
(Rg=5). Results are shown for the field strengths ¢=5 and 10. It is seen that in both the cases a larger
heating effect is obtained with increasing values of 1 until each certain criterion value of 1. That is,
the value of chc.* tends to increase until A~5 and 10 for &=5 and 10, respectively, and thereafter
decreases and approaches zero with increasing values of 1. Moreover, a larger value of the magnetic
field strength ¢ leads to a larger effect of the heat production. This decrease tendency after each
certain criterion value of the magnetic interaction strength is a significantly unexpected characteristic
of the heating effect, and therefore in the following discussion we concentrate on the mechanism for
this decrease with increasing values of 4 in conjunction with the formation of particle aggregates.

Fig. 3.1 Dependence of the heating effect on the magnetic particle-particle interaction strength.
It is seen that the value of chd* tends to increase until A=5 and 10 for ¢=5 and 10, respectively,

and thereafter decreases and approaches zero with increasing values of A.
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Figure 3.2 shows snapshots for two difference cases of the magnetic interaction strength,
(a) =10 and (b) 4=16, for the same condition of the particle-field interaction strength =10 and the
strength of the random force relative to the viscous force, Rg=5. In these figures, only the snapshot at
the phase angle of 6;m.=45° is shown since in this case the response characteristics are more
straightforwardly recognized with respect to the chain-like clusters and the orientation of the
magnetic moments. Moreover, a relatively small system of N=125 is intentionally addressed for a
clear understanding of the structure of particle aggregates.

From Fig. 3.2(a), it is seen that large aggregate structures are stably formed since the
magnetic particle-particle interaction =10 is sufficiently strong for the cluster formation. In addition,
the effect of the magnetic field strength is also sufficiently larger than thermal energy and therefore
these clusters tend to form a linear thick chain-like formation inclined along the magnetic field
direction (x-direction). The strong magnetic interactions (1=10) between particles function to
maintain the linear cluster formation without a large distortion, whereby the magnetic moments
exhibit a resistance to rotate toward the magnetic field direction; even at the angle of 6;m.=45° the
magnetic moments do not significantly incline in the field direction. This tendency does not simply
leads to the characteristic that more stable chain-like clusters give rise to a better heat production,
which will be clarified later. It is a noteworthy point that even if the magnetic field switches in the
positive x-direction, the chain-like clusters do not collapse but remain whilst rotating the particle
body itself in order for the magnetic moment to incline toward the magnetic field direction. The
reason for exhibiting this characteristic behavior of the chain-like clusters may be explained in the
following manner. As the magnetic field strength is increased after switching from the negative to
the positive x-direction, the chain-like clusters gradually become unstable and tend to make the
magnetic moments of the constituent particles reorient in the field direction. This reorientation of
each magnetic moment may be accomplished by the two mechanisms, i.e. the rotation of each
particle or the rotation of chain-like clusters as a whole. It may be reasonably expected that the
rotational motion of each particle can be performed more quickly than the rotational motion of
chain-like clusters as a whole. Hence, as shown in Fig. 3.2(a), chain-like clusters can be maintained
to a certain degree in reorientating the magnetic moments of the constituent particles toward the field
direction, although this reorientation of the magnetic moments is achieved through a temporal
transition of unstable chain-like clusters during a short period.

From Fig. 3.2(b), it is seen that long chain-like clusters are not restricted to the field
direction but orient in various directions, which is a significant contrast to the previous snapshot in
Fig. 3.2(a). Moreover, it is observed that each magnetic moment of the particles is not restricted to
the field direction to a considerable level. This characteristic of not inclining in the field direction
does not vary during one period of the alternating magnetic field for the case of A=16. Furthermore,
it is recognized that the magnetic moments of the particles constituting several chain-like clusters
approximately incline in each cluster direction; the direction of some clusters is roughly opposite to
the magnetic field direction. We may understand that these orientational characteristics arise due to
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the situation where the influence of the magnetic interaction between particles is sufficiently stronger
than that of the external magnetic field, which leads to a poor Brownian relaxation effect, i.e. a poor
degree of heating effect. This expectation will be discussed in more detail in a quantitative manner in

the following.
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Fig. 3.2 Aggregate structures of magnetic particles at 6;,.= 45° for Rg=5 and &=10: (a) =10 and
(b) 2=16. A stronger magnetic interaction strength (1=16) leads to a weaker tendency of the
reorientation of the magnetic moments toward the field direction and also a weaker tendency of

the formation of chain-like clusters along the field direction.

Figure 3.3 shows results of the response of the averaged quantity (n,) to a change in the
alternating magnetic field H/Ho=|H|/Ho=sin(2nt") for Rg=5 and &=10 where two cases of 1=10 and
4=16 are addressed. It is noted that the non-dimensional time of t =1 corresponds to the phase angle
of Gyme =360°. In the case of /=10, it is seen that the curve has a trapezoidal change with a maximum
value of (n,) ~0.85 at t ~0.34 and a plateau area between t ~0.3 and t'=0.5. The maximum value
of around unity implies that the magnetic particles can sufficiently follow a change in the magnetic
field during one period, although a large delay is observed in the response. These characteristics
should give rise to a larger area of the hysteresis loop of the field-magnetization curve, which will be
shown later, and therefore as a result lead to a larger heating effect at 2=10 in the curve shown in Fig.
3.1. The reason why the delay in the response is significant is that particles belonging to the same
cluster which have not already oriented in the field direction show a resistance to change their
orientation to follow the switched direction of the alternating magnetic field due to the magnetic
interactions between the particles in a cluster. That is, the particles constituting a cluster are strongly
bound with each other, and this gives rise to a large resistance to the rotation of the magnetic
moment toward the magnetic field direction, which leads to a large delay in the response. A steep

25



increase toward the maximum value from t'=0.1 is due to the characteristic that the magnetic
particles which have already oriented in the field direction accelerate other particles in the cluster to
rotate in the field direction through the influence of the magnetic particle-particle interactions. The
curve for A=16 exhibits a completely different response in comparison to the former case of 1=10.
The most different feature is that the maximum value is much lower than unity around (n,) =0.3 at
t"~0.3, which implies that numerous magnetic particles do not follow the field direction, as already
pointed out in the discussion of the snapshots. Since the magnetic interaction is the dominant effect
in the case of 1=16, Rg=5 and £=10, the magnetic moments cannot rotate sufficiently during the
period of the alternating magnetic field. It is this characteristic that is the cause for the heating effect
decreasing and approaching zero with increasing values of 1 after each criterion value in the curves
of &=5 and 10 shown in Fig. 3.1. The reason why the curve for =16 does not vary around zero but is
shifted toward the y-axis direction by a certain small positive value is that the system of N=512 is
not sufficiently large for the case of a strong magnetic interaction strength 1=16, where stable
chain-like clusters are significantly formed in the whole simulation region. However, from
simulations for various sizes of the simulation region, we understand that the essential features
regarding the response of the magnetic moments are able to be obtained even for the present system
size of N=512.
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Fig. 3.3 Response of the reorientation of the magnetic particles to the change in the magnetic field
strength for the case of Rg=5 and ¢=10, where two curves for A=10 and 1=16 are shown. For the
case of =10 chain-like clusters sufficiently response to the change in the magnetic field strength
with a larger delay. In contrast, for the case of =16 the magnetic moments do not significantly

reorient in the magnetic field direction.
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Finally we show results of the hysteresis loops of the field-magnetization curves in Fig.
3.4, where two cases of 1=10 and 1=16 are addressed for the case of Rg=5 and £=10. As already
mentioned, a larger area of the hysteresis loop gives rise to a larger heating effect which is produced
by the Brownian relaxation of the magnetic moments. As already expected from the response curves
shown in Fig. 3.3, the hysteresis loop is significantly larger in the case of /=10, which gives rise to a
more significant heating effect shown in Fig. 3.1. That is, a strong magnetic interaction between the
particles will function to delay the response of the particle rotational motion toward the magnetic
field direction, and therefore this significant delay in the orientation gives rise to a larger area of the
hysteresis loop indicating a higher degree of heat production. In contrast, for the case of 1=16, the
area of the hysteresis loop is significantly smaller in comparison to the previous case of =10, which
leads to a significantly poor heating effect. This poor performance is mainly due to the tendency that
the magnetic moment of each constituent particle in a cluster tends to resist to the reorientation
toward the field direction, which cannot give rise to a larger maximum value of (n,) in the case of
the magnetic particle-particle interaction being significantly more dominant. The reason why the
curve for 1=16 is shifted toward the y-axis direction by a certain small positive value has already

been described in the above discussion regarding the response of the magnetic moments.

Fig. 3.4 Hysteresis loop of the magnetic field-magnetization curves for the case of Rg=5 and
¢=10, where two curves for 1=10 and A=16 are shown. In the case of the magnetic interaction
being dominant (1=16), the magnetic moments of particles do not sufficiently reorient toward the

magnetic field direction, which leads to a smaller area of the hysteresis loop.
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3.5 Conclusion

We have investigated the relationship between the aggregate structures in a suspension of magnetic
particles and the heating effect in an alternating magnetic field. In the present study, we address the
Brownian relaxation mode that generates heat due to the rotational motion of magnetic particles that
experience a frictional force or torque in an ambient viscous medium. The main factors
characterizing the present phenomenon are the viscous friction force arising from an alternating
external magnetic field, the applied magnetic field strength and the particle-particle interaction
strength. The magnitude correlation of these factors will the characteristics of the aggregate
structures and the heat production effect. In the present study we focus on the results of the
unexpected characteristic that the stable particle cluster formation induces a decrease in the degree of
heating effect, which has not sufficiently been discussed in other papers. That is, the heating effect
tends to increase until a criterion value and thereafter decreases and approaches zero with increasing
magnetic interaction strengths. From the present results, we may conclude the cause for the decrease
in the degree of heating effect after criterion values in a following manner. If chain-like clusters are
stably formed in the system, whether or not a large heating effect is obtained is dependent on the
magnitude relationship between the magnetic particle-particle and the magnetic particle-field
interaction strengths. As the magnetic particle-particle interaction strength increases and becomes
more dominant than the influence of the magnetic field, the area of hysteresis loops of the
field-magnetization curves become smaller and so the heating effect comes to vanish. In the opposite
case where the magnetic particle-field interaction is significantly more dominant, the magnetic
moment of each constituent particle is able to sufficiently respond to the change in the magnetic field,
which leads to a larger area of the hysteresis loop or a better heat production performance. We
therefore understand that significant heat production can be achieved in the situation where large
chain-like clusters are formed and inclined in the applied alternating magnetic field. On the other
hand, if these chain-like clusters are not sufficiently restricted in orientation to the field direction, a
significant heat production cannot be obtained.
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Chapter 4 The behavior and heating effects of spherical magnetic particles in a
rotating magnetic field

4.1 Introduction

There are a variety of studies regarding the heat generation phenomena of magnetic particles in an
alternating magnetic field. Yao et al. [1] have treated a suspension composed of magnetic spheroidal
particles with the size larger than 100nm and have investigated a heating effect of this suspension,
whilst Lahiri et al. [2] have addressed magnetic emulsion droplets. In addition, Zhao and Rinaldi have
clarified the heat production characteristics of magnetic spherical particles in an alternating magnetic
field [3]. Our research group has focused on the internal structure of the particle aggregates found in a
spherical particle suspension, and have elucidated the relationship between the performance of heat
generation and the particle aggregate structures in an alternating magnetic field [4]. We now advance
this simulation study to the aggregation phenomena and the heating effect in the situation of a
rotating magnetic field.

There are several experimental studies that have been conducted in regard to the behavior of
magnetic particles in a rotating magnetic field. Cantillon-Murphy et al. [5] have elucidated the
mechanism of heat generation in a magnetic fluid under a rotating magnetic field and in the study of
Bekovic et al. [6], it has been experimentally clarified that the heating performance of magnetic
particles in a rotating magnetic field may be more enhanced than in an oscillating magnetic field.
Furthermore, Abu-Bakr and Zubarev [7] have clarified that the interaction between magnetic particles
is expected to contribute to the performance of the heating effect. However, at the present time, there
are no experimental or simulation studies elucidating the relationship between the internal structure of
particle aggregates and the heating characteristics.

In a previous study [4], we investigated the relationship between the heating effect and the
particle aggregates for the case of a spherical particle suspension in an alternating magnetic field.
From this study it was suggested that the aggregation phenomena may be expected to have an
effective contribution to the heating effect under the certain conditions. In other words, the cluster
formation does not necessarily contribute to better performance of the heat generation.

From this background, in the present study, we address the behavior of magnetic spherical
particles in the situation of an applied rotating magnetic field. From Brownian dynamics simulations,
we attempt to clarify the internal structure of the particle aggregates and the relationship between the
particle aggregates and the heating effect due to the mechanism of Brownian relaxation. Moreover, we
compare the heating effect in a rotating and an alternating magnetic field in order to clarify a

difference in the characteristics of the heat generation for the two different applied magnetic fields.
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4.2 Particle model and a rotating magnetic field
A spherical magnetic particle with diameter d is coated with a uniform steric layer of thickness ¢ and
has a point magnetic moment m at the particle center.

As described above, here we intend to discuss the heating effect of a magnetic particle
suspension in a time-dependent magnetic field. Therefore, a rotating magnetic field H is applied

along the xy-plane and expressed as
H(t)=H, lcos(w,,t)i, +sin(w,ti, | (4.2)

in which, Hq is the magnitude of the magnetic field, wy is the angular velocity and iy and iy are the
unit vectors in the x- and y- direction, respectively.

The response of the magnetic particles is affected by the five factors, i.e., (1) the strength
of the magnetic particle-particle interaction, (2) the magnetic particle-field interaction, (3) the
repulsive force due to the overlap of steric layers, (4) the strength of the viscous force related to the
frequency of the rotating field and (5) the thermal motion of magnetic particles, which are denoted
by the non-dimensional parameters, 4, &, Ay and Rg, respectively, relative to the effect of the thermal
motion. The expressions for these quantities are shown in the previous study [4]. If the quantities of
A, & and Ay are significantly larger than unity, then it is implied that each factor is much more
dominant than the thermal motion. If the quantity Rg is much smaller than unity, then the frequency
of the rotating magnetic field is significantly large and thus the viscous friction force is much more
dominant than the thermal motion. Hence, the behavior of magnetic particles will be determined in a

complex manner by these five factors inducing the effect of the thermal motion.

4.3 Heating effect

The heat production in a time-dependent magnetic field arises from the relaxation of the magnetic
moments of the suspended particles. In general, there are two different modes for this relaxation
phenomenon [8]. The Néel relaxation mode is a mechanism for magnetic particles with a diameter
smaller than approximately 10 nm, where the magnetic moment can rotate within the particle body,
and there are a numerous number of studies [9-12] regarding the heat production due to this
mechanism. The Brownian relaxation mode [8] is another mechanism that is for larger particles,
where the magnetic moment is locked to the particle body, and thus the particle itself rotates to
incline in the field direction, which leads to the heat generation [1-3]. In the present study, we focus
on heat generation based on the Brownian relaxation mode. The heating effect of a magnetic particle
suspension in a rotating magnetic field is obtained from the work during one cycle of the magnetic
field. As in the previous study [4], we here treat the heating effect generated by one particle, Weyq,

which is evaluated from the same equation shown in the previous study.
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4.4 Parameters for simulations

Unless specifically noted, the present results were obtained by adopting the following parameter
values. The number of particles N=125=5°, time step At'=At / (2/w}4)=0.0001, and total simulation
time tiota = tiotal / (2m/wy)=5000 where data from the last 50% of the simulation time was used for the
averaging procedure. The diameter of a particle is d'=1.0, the thickness of the steric layer
5 =6/d=0.15, and the cutoff radius e =re/d=8.0.

The main reason why we adopted a relatively small system of N=125 is that it is more
straightforward to graphically grasp a change in the formation of clusters in a rotating field,
especially the breaking-up and recombination of the chain-like clusters, shown in Fig. 4.3 in addition
to Figs. 4.1 and 4.4. We assessed the dependence of the results on the size of a simulation region (i.e.,
the number of magnetic particles in a system), and obtained a conclusion that the results for the case
of N=125 are not essentially dependent on the system size even in a quantitative meaning.

Moreover, in contrast to the previous study [4] where the volumetric fraction was taken as
#v=0.02, we focus on a significantly dilute suspension such as ¢,=0.001 in the present rotating
magnetic field. This is because in a dense system the rotation of magnetic particles in the situation of
a rotating magnetic field is expected to have a significant tendency to induce the rotating flow field
of a dispersion medium. Since the Brownian dynamics method is not able to solve the flow field
together with the particle motion, it is quite reasonable that we restrict our attention to a dilute
suspension system of ¢,=0.001 in the first change of the present phenomenon for a rotating magnetic
field.

Furthermore, it is certainly desirable to employ the Ewald sum [13] for taking into account
long-range magnetic interactions. However, since we here address a significantly dilute particle
suspension of ¢,=0.001, the employment of a sufficiently longer cutoff distance such as rqs =8d
may be sufficient as a first approximation [11]. Other researchers [15] also have a conclusion that the
minimum image convention is a reasonable technique as a first approximation even for a dipolar
system. Similar treatment without the employment of the Ewald sum was sufficient for the case of a
monolayer of magnetic spherical particles with the volumetric fraction ¢,=0.05 to 0.5 [16]. From
this background, we have here used a sufficiently long cutoff distance of rz=8d without the
employment of the Ewald sum [14]. It is noted that the present results were not substantially
dependent on the value of the cutoff radius unless a small value such as r.,#=3d and 5d is used.

Using the above-mentioned parameters we evaluate the dimensions of the simulation cell
as Iy =l,/d=l,"=l,’~40.3. The non-dimensional parameters 1, & Ay and Rg are set within the wide
ranges of A=1~15, &=1~10, 4y=150 and Rg=1~20. In this study, one of the parameters on which
we focus is the frequency of the rotating magnetic field that is represented by the non-dimensional
parameter Rg, It is noted that as the frequency is decreased the value of Rg will increase. We now

consider the actual values of the physical parameters in order to assess the range of the
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non-dimensional parameters. If we set the physical diameter of a magnetic particle as d=1.8x10® nm,
the viscosity of liquid #=1x10" Pa's, the magnitude of the rotating magnetic field Ho=1x10* A/m,
the saturation magnetization M=4.46x10° A/m, the frequency of field wy=20x10° Hz and the
temperature T=293 K, then the non-dimensional parameters are then evaluated as 1=7.86, ¢=4.23 and
Rg=3.68. The ranges of the non-dimensional parameters used in the simulations are set around these
typical values. The Brownian dynamics method for a spherical particle system is adequately
described in textbooks [13, 17].

4.5 Results and discussion

First, we discuss the dependence of the aggregate structures on the magnetic particle-particle
interaction strength A. Although the simulations were performed on a 3D system, it is relatively
difficult to discern the characteristics of the aggregate structures from 3D snapshots, therefore in
order to grasp the behavior of the aggregates more clearly we use snapshots of an xy-plane, viewed
along the z-axis. Figure 4.1 shows the aggregate structures for the magnetic particle-field strength
&=5, the relative viscous force Rg =20 and the magnetic particle-particle interaction strengths of 1=1,
A=7 and 1=12. It is noted that the yellow dot of each particle implies the direction of the magnetic
moment. In the case of the weak magnetic particle-particle interaction strength A=1 shown in
Fig.4.1(a), the particles do not tend to aggregate to form clusters and tend to move as single particles.
The magnetic moment of each particle quickly inclines in the field direction due to the influence of
the relatively strong magnetic particle-field interaction strength £=5. In the case of the relatively
large magnetic particle-particle interaction strength 2=7 shown in Fig.4.1(b), it is seen that short
linear chain-like clusters are formed in the system that tend to be restricted to motion in the xy-plane.
This is because the magnetic moment of each particle is restricted to the magnetic field direction due
to the influence of the magnetic field being more dominant. Moreover, it is seen that the short
chain-like clusters tend to incline in the field direction to a greater degree than the long chain-like
clusters. This is because long chain-like clusters are significantly influenced by the viscous friction
force, which leads to a larger resistance when the particle motion is tending to incline them in the
field direction. That is, these long chain-like clusters function to delay the magnetic moments of the
constituent particles to align toward the magnetic field direction. In the case of the relatively strong
magnetic particle-particle interaction strength A=12 shown in Fig.4.1(c), both chain-like and ring-like
clusters are formed in the system. The direction of the magnetic moments of the particles
constituting the ring-like clusters is not significantly restricted to the magnetic field direction
because the influence of the magnetic particle-particle interaction tends to dominate over the effect
of the magnetic field. In the situation where the frequency of the magnetic field is sufficiently low,
the orientation of the magnetic moment of each particle is primarily determined by the influence of

magnetic particle-particle interaction.
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Figure 4.2 shows the radial distribution function for the three cases of the magnetic
particle-particle interaction strength /=1, A=7 and A=12. For the case of the weak magnetic
particle-particle interaction strength A=1, the curve exhibits a typical gas-like distribution. For the
case of the relatively strong magnetic particle-particle interaction strength 1=7, several sharp peaks
are seen that clearly imply the formation of the linear chain-like clusters where the second, third and
fourth neighboring particles in a linear cluster would be located at r'=~1.3, r'~2.6 and r ~3.9. For
the case of the stronger magnetic particle-particle interaction strength =12, although similar peaks
appear at r=1.3, r'=2.6 and r'=3.9, they exhibit duller characteristics that quantitatively suggest
that ring-like clusters have formed in the system. The distance between the constituent particles in a
ring-like cluster is dependent on the number of constituent particles, giving rise to the duller

characteristics of the radial distribution function.

Fig. 4.1 Aggregate structures for =5 and Rg=20: (a) 1=1, (b) =7 and (c) A=12. A stronger magnetic

particle-particle interaction induces the formation of larger and more stable clusters.
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Fig. 4.2 Radial distribution function for =5 and Rg=20. For the case of A=7 and 12, the curves
exhibit pronounced peaks. For the case of a relatively strong magnetic particle-particle interaction
strength A=7, it is seen that several sharp peaks appear, which clearly implies the formation of the
linear chain-like clusters.

We now focus on the rotational behavior of a linear chain-like cluster. Figure 4.3 shows
the transition of the aggregate structures for the case of the magnetic particle-particle interaction
strength A=10, the magnetic particle-field interaction strength =10 and the relative viscous force
Rg=20. The linear chain-like cluster shown in Fig.4.3(a) transforms to the distorted chain-like cluster
shown in Fig.4.3(b) since the frequency of the magnetic field is not low enough to maintain the
linear chain-like configuration. The constituent particles located at both the ends of the chain-like
cluster exhibit a relative freedom in their motion over the particles in the center area of the cluster, so
they are able to exhibit a significant tendency to follow the rotating magnetic field. When the
distortion exceeds a certain degree, the long chain-like cluster cannot maintain the linear
configuration and then dissociate into two chain-like clusters as shown in Fig 4.3(c). In the process
of following the magnetic field, these short chain-like clusters then tend to reassemble and reform a
long chain-like cluster. In this manner, the long linear chain-like clusters repeat this dissociation and

association behavior while following the applied rotational magnetic field.
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Fig. 4.3 Transition of the aggregate structures for Rg =20, 4=10 and ¢&=10. When the distortion

exceeds allowance, the long chain-like cluster cannot keep the linear formation. Then, the cluster
dissociates into two chain-like clusters shown in Fig 4.3(c).

Next, we discuss the dependence of the aggregate structures on the frequency of the
rotating magnetic field. Figure 4.4 shows the aggregate structures for the case of the magnetic
particle-particle interaction strength 1=12, and the magnetic particle-field strength =5 for the
relative frequency of a rotating field with values Rg=1, Rg=5 and Rg=10. It is noted that a larger
value of Rg implies a lower frequency of the rotating magnetic field. In the case of the relatively low
frequency Rg=10 shown in Fig. 4.4(c), the more complex chain-like and ring-like clusters are formed.
The orientation of the magnetic moments tends to follow the field more significantly than for the
case of Rg =20 shown in Fig. 4.1(c). This is because the ring-like clusters are unstable in the case of
Rp=10 since the viscous force is more dominant than the magnetic particle-particle force. From a
change in the internal structure of the clusters, we observe that these clusters alternate between a
chain-like and a ring-like formation as the time advances. In contrast, in the case of a high frequency
Rg =1 shown in Fig. 4.4(a), many single particles move without forming clusters, although several
clusters composed of a configuration of two or three particles are formed. This is because, in the
situation of a dilute system with a small volumetric fraction ¢,=0.001, the influence of the large
viscous force of Rg =1 does not provide an opportunity for particles to approach each other and
therefore, only single particles and small clusters will be observed. In the case of the intermediate
frequency Rg =5 shown in Fig. 4.4(b), ring-like clusters tend not to be formed and only distorted
chain-like clusters and single particles are observed in the system. This is because the influence of
the viscous force is of the same order as the magnetic particle-particle interaction, and thus the
particles are able to form chain-like clusters but are not able to form ring-like clusters. From these
results, we may understand that the frequency of the rotating magnetic field is able to control the
regime of the internal configuration of the clusters.
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Fig. 4.4 Aggregate structures in a rotating field with the relative frequency (a) Rg =1, (b) Rg =5 and

(c) Rg =10 for a system with parameter values /=12 and &=5. In the case of a low frequency Rg=10
shown in Fig. 4.4(c), the complex chain-like and ring-like clusters are formed. The orientation of
the magnetic moments tends to follow more significantly than for the case of Rg =20 shown in Fig.
4.1(c).

Figure 4.5 shows the cluster size distribution for the three cases of the relative viscous
force Rg=1, Rg=5 and Rg=10, where Ns is the number of the clusters composed of s constituent
particles. For the case of a rotating field with the relatively high frequency Rg =1, the curve exhibits
a high peak value at s=1 that steeply decreases with increasing values of s. This characteristic
quantitatively suggests that the particles predominately move as single particles as shown in Fig.
4.4(a). For the case of the intermediate frequency Rg =5, a peak still evident at s=1, but the height is
much lower than for the previous case and a cluster composed of around 7 particles is observed in
the system. For the case of the further lower frequency Rg =10, since the frequency is sufficiently
low, particles are able to form longer clusters and thus a more flat region of the curve appears in the
range of s<5, and also a larger 9 particle cluster is evident. These characteristics quantitatively
indicate that even with the influence of viscous forces, stable clusters have formed with 2 to 9

constituent particles.

37



100 S
: &5, =12 | [ Rs-1

. A Rp=5

- —=— Rz—10

£ 10§

2 o "

= y

0.1 L .
0 2 4

Number of consituent particles, s

Fig. 4.5 Cluster size distribution for =12 and &=5. For the case of Rg =10, since the frequency is
sufficiently low, particles are able to form longer clusters and thus a more flat region of the curve

appears in the range of s<5, and a larger cluster composed of 9 particles is evident in the system.

We now proceed to the discussion regarding the characteristics of the heating effect. First,
we consider the dependence of the heating effect on the magnetic particle-particle interaction
strength. Figure 4.6 shows the dependence of the heating effect on the magnetic particle-particle
interaction strength for the case of the relatively low viscous force Rg =20 and the magnetic
particle-field interaction strengths &=1, ¢=5 and &£=10. In the figure, chd* is the quantity
non-dimensionalized by the thermal energy KT, where k is Boltzmann’s constant and T is the
absolute temperature of the system. For the case of the relatively weak magnetic particle-field
strength £=1, as is to be expected, the heating effect is significantly small. This is simply because the
applied magnetic field strength is too weak for generating a heat production by means of magnetic
particle-field interactions. In contrast, for the case of the higher magnetic field strength ¢=10, the
heating effect exhibits a monotonic increase with increasing values of A. This is because chain-like
clusters that offer a larger resistance to the particle rotation are formed in the system, which leads to
a larger value of the heating effect. Therefore in this situation, there is no significant formation of
ring-like clusters in the system. In contrast, the curve for =5 exhibits a pronounced change in the
heating effect as a function of the magnetic particle-particle interaction strength. That is, the heating
effect increases in a similar way to the case of £&=10 in the region below A~6 but then deviates and
attains to a maximum value at A=10 and then finally with increasing values of 2 monotonically
decreases to zero. In the range of 3110, the chain-like clusters are predominately formed in the

system and these increase in length with increasing values of A. Within this range the magnetic
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moments of the particles are able to sufficiently follow the changing magnetic field direction by the
motion of a delayed rotation of the whole chain-like cluster. The rotational motion of a longer
chain-like cluster exhibits a larger viscous resistance, which leads to a more significant heating effect.
The decrease in the heating effect in the region with a magnetic particle-particle interaction strength
greater than 1=10 is due to an increase in the formation of ring-like clusters together with a decrease
in the number of chain-like clusters. Ring-like clusters tend to be much more stable than chain-like
clusters in the situation of the magnetic particle-particle interaction of =10 being more dominant
than the magnetic particle-field interaction of £=5. Hence, the magnetic moment of each constituent
particle in a ring-like cluster does not respond sufficiently to the rotating magnetic field, and
therefore the more stable ring-like cluster gives rise to a smaller heating effect with increasing values
of .
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Fig. 4.6 Dependence of the heating effect on the magnetic particle-particle interaction strength. Since
ring-like clusters are much more stable than chain-like clusters in the situation of the magnetic
particle-particle interaction being more dominant than the magnetic particle-field interaction, thus
giving rise to a smaller heating effect in the range of 2=10 for &=5.
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Next, we discuss the influence of the frequency of the rotating magnetic field on the
heating characteristics, where the average size of clusters is shown for references. Figure 4.7 shows
this influence to the heating effect and the average size of the aggregate structures for the case of the
magnetic particle-particle interaction strength A=1, /=5 and /=10 and the magnetic particle-field
strength £=5. For the cases of a weak /=1 and a relatively weak 1=5 magnetic particle-particle
interaction strength, the heating effect decreases with increasing values of Rg or with decreasing
values of the relative frequency. Since a larger value of Rg also implies a lower viscous friction force,
the magnetic moment of single particles and the shorter clusters can easily follow a change in the
orientation of the rotating magnetic field, which gives rise to the monotonic decrease in the heating
effect with decreasing values of the frequency. On the other hand, for the case of A=5, it is seen that a
deviation from the curve of 1=1 becomes evident around Rg=10 and shows a slight increases with
increasing values of Rg that may be explained in the following. For the case of 1=5, many short
clusters are expected to be formed if the viscous friction force is not a dominant factor in relation to
the magnetic particle-particle interaction, or, if Rg has a sufficiently large value such as Rg=20.
However, short clusters are not formed in the region of a large viscous force such as Rg=5, and this
accounts for the monotonic decrease in the range of Rg10. For values greater than Rg=10, the
effect of the magnetic interaction gradually surpasses the viscous force and thus with increasing
values of Rg an increasing number of short clusters are formed. Short chain-like clusters give rise to
a larger resistance to their orientation than the single particles following a change in the frequency of
the rotating magnetic field. This yields a slight increase in the heating effect in the range of Rg=10.
The curve for 1=10 exhibits a significantly different characteristic in contrast to the former two
curves. That is, the heating effect decreases until around Rg =3, then exhibits a significant increase
that finally approaches a constant value in the region of Rg=~14. The decrease in the region before
Rg=3 can be explained by the same reasoning as for the previous two cases. As the value of Rg
exceeds a value around Rg=3, the effect of the magnetic particle-particle interaction surpasses the
effect of the viscous friction forces and so particles are able to approach each other. This results in
the formation of chain-like clusters that induce a larger resistance to the rotational motion, leading to
a larger heating effect. The reason for the asymptotic approach of Rg to the value around Rg=14 is
that the chain-like clusters have tended to maximum growth and therefore a larger resistance cannot

be obtained even if the frequency of the rotating magnetic field decreases.
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Fig. 4.7 Dependence of the heating effect and the average size of clusters on the f}equency of the
magnetic field. The solid line and the broken line indicate the degree of the heating effect chc.* and
the average size of the aggregate structures <s>, respectively. The curve for =10 exhibits a steep
increase since around Rg =3 in contrast to the other cases. As the value of Rz exceeds around Rg=3,
the magnetic particle-particle interaction surpasses the viscous friction forces for particles to

approach each other and to form chain-like clusters, which induces a larger heating effect.

Finally, we make a comparison of the present results with those for the previous
alternating magnetic field [4], which were obtained by re-performing the simulations for the same
condition of the present prescribed parameters. Figure 4.8 shows the dependence of the heating
effect on the magnetic particle-particle interaction strength 4 for the case of Rg=20 and £=10. In the
region of weak magnetic particle-particle interaction strengths, 17, the alternating magnetic field
gives rise to a higher heating effect than the rotating magnetic field. This is because magnetic
particles rotate with larger angular velocities in order to follow the change in the direction of an
alternating magnetic field, whereas in the rotating magnetic field magnetic particles almost
constantly rotate with smaller angular velocities. A larger angular velocity yields a larger friction
force, and therefore a more significant heating effect is obtained for an alternating magnetic field. As
the magnetic particle-particle interaction strength is increased from A~4, both the magnetic fields
more significantly enhance the heat production and afterwards exhibit characteristic differences in

the dependence on the magnetic particle-particle interaction strength. That is, the heating effect
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continuously increases with values of 1 for the rotating magnetic field, whereas the curve arrives at a
maximum value at A=12 and then significantly decreases for the case of the alternating magnetic
field. These different heating characteristics are evidently due to the completely different behaviors
of the chain-like clusters in a rotating and an alternating magnetic field. As sufficiently clarified in
the previous study [4], longer chain-like clusters have a stronger tendency to maintain their
configuration without rotation as the magnetic particle-particle ingeneration becomes more dominant
than the magnetic particle-filed interaction, i.e., in the region of 1=¢, giving rise to a sharp decrease
after the value of A=12. In significant contrast, for the case of a rotating magnetic field, linear
chain-like clusters are able to rotate to a certain degree without a large resistance to the rotation in
order to follow the change in the orientation of an rotating magnetic field, which gives rise to a
constant increase in the range of A5, although there is a repeat of breaking-up and recombination of
linear chain-like clusters, as already pointed out in Fig. 4.3. From these characteristics, we
understand that a rotating magnetic filed is more superior in order to obtain a more significant
heating effect if we make use of a magnetic particle suspension where chain-like clusters are

significantly expected to be formed.
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Fig. 4.8 Comparison of the results for a roating and an alternating magnetic field with respect to the
dependence of the heating effect on the magnetic particle-particle interaction strength. A
characteristic difference in the heating effect in the region of 2=12 is due to the completely different
behaviors of chain-like clusters in a rotating and an alternating magnetic field. In the case of the
alternating magnetic field, the heating effect is decreased with a smaller magnetic particle-particle

interaction than the case of the rotating magnetic field.
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Figure 4.9 shows the comparison of the results of a rotating and an alternating magnetic
field with respect to the dependence of the heating effect on the frequency of the applied magnetic
field, where a relatively weak magnetic field of £=5 is addressed. In the case of A=1, magnetic
particles solely move or rotate without the formation of clusters, and thus similar characteristics are
exhibited for these two different applied magnetic fields. Since long linear chain-like clusters are
expected to be formed for the case of 2=10, a rotating and an alternating magnetic field certainly
yield completely different characteristics regarding the dependence on the value of Rg, i.e., on the
frequency of the magnetic field. That is, the heating effect monotonically increases after Rg=3 with
increased values of Rg for a rotating magnetic field, whereas in the case of an alternating magnetic
field the heating effect comes to decrease after the attainment to an maximum value at Rg=10.
Moreover, it is a noticeable point that the former field gives rise to a significantly larger heat
performance than the latter magnetic field. A much poorer heat generation performance for an
alternating magnetic field is due to the characteristic feature of chain-like clusters that the magnetic
interactions of the magnetic particles constituting a chain-like cluster play a governing role to
maintain the configuration of linear chain-like clusters without the rotation as a whole of clusters.
This feature becomes more significant as the value of Rg is increased, i.e., as the frequency of the
magnetic field is decreased. In contrast, for the case of a rotating field, chain-like clusters are able to
rotate as a whole without a significant resistance resulting from the magnetic interactions among the
particles forming a cluster, as already pointed out in Fig. 4.8, which leads to a monotonic increase
after Rg=3. The reason why the heating effect is decreased for the both cases with increased values
of Rg in the region of Rg3 is that the frequency of the magnetic field is too large for chain-like
clusters to follow the change in the direction of the magnetic field, where large viscous resistances
arise for the chain-like clusters to rotate in this situation, giving rise to less active rotational motion
of chain-like clusters. From these characteristics, as in Fig. 4.8, we also make a conclusion that a
rotating magnetic field is significantly more suitable for producing the heat generation in a strongly

interaction system of magnetic particles.
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Fig. 4.9 Comparison of the results for a rotating and an alternating magnetic field with respect to the
dependence of the heating effect on the frequency of the magnetic field for the case of the magnetic
field strength £=5. For the case of a rotating field, chain-like clusters are able to rotate as a whole
without a significant resistance resulting from the magnetic interactions among the particles forming a

cluster, which leads to a large and monotonic increase after Rg=3.

4.6 Conclusion

In the present study, we have investigated the relationship between the aggregate structures and the
heating effect in a rotating magnetic field by means of Brownian dynamics simulations. The main
factors characterizing the present phenomenon are the viscous friction force arising from the strength
of a rotating magnetic field, the strength of the magnetic particle-particle interaction and the random
Brownian force. The main results obtained are summarized in the following. In the situation of a
weak magnetic particle-particle interaction, magnetic particles do not aggregate to form significant
clusters, and the single particles do not give rise to a sufficiently large heating effect. In the situation
where chain-like clusters are predominantly formed in the system and where the aggregates exhibit a
larger viscous resistance during their rotation, a significantly large heating effect may be obtained as
a result. If the magnetic particle-particle interaction is sufficiently strong then particles may form
ring-like clusters. The magnetic moments of the constituent particles in a ring-like cluster are not
able to respond sufficiently to a change in the field direction due to the strong attractive forces

between the constituent particles. This implies that stable ring-like clusters are not able to provide a
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large heating effect in a rotating magnetic field. From these characteristics, we may conclude that if
the effect of the applied magnetic field is relatively more dominant than the magnetic
particle-particle interaction in the situation where the magnetic interaction surpasses the effect of the
thermal motion, then linear chain-like clusters are predominately formed in the system that give rise
to a significantly larger heating effect than single particles. From the comparison of the present
results with the previous ones for an alternating magnetic field, we have obtained a significant
difference in the heat generation performance. In the case of a rotating magnetic field, chain-like
clusters are able to rotate as a whole without a significant resistance resulting from the magnetic
interactions among the particles forming a cluster, which yields a sufficiently large heating effect
even in the situation of the magnetic particle-particle interaction being more dominant than the
magnetic particle-field interaction. We therefore make a conclusion that a rotating magnetic field is
significantly more suitable for producing the heat generation in a strongly interaction system of

magnetic particles than an alternating magnetic field.
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Chapter 5 The behavior and heating effects of rod-like magnetic particles in an
alternating and a rotating magnetic field

5.1 Introduction

Magnetic hyperthermia is one of the medical therapies for killing tumor or cancer cells by means of
a heating effect that is generated by the interactions between magnetic particles and an applied
magnetic field [1-3]. To this end, an alternating or a rotating applied magnetic field is ordinarily
employed instead of a typical uniform time-independent magnetic field.

In a previous study [4], we have addressed the behavior of a magnetic spherical particle
suspension in response to an alternating magnetic field, and clarified that chain-like clusters
effectively function to give rise to a significant heat generation effect under certain situations.
Subsequently we expanded this study to the case of a rotating magnetic field in order to clarify the
dependence of the aggregate structure and the heat generation effect on the type of a time-dependent
applied magnetic field [5]. From this study, we clearly understand that a higher heating effect is
obtained by means of a rotating magnetic field rather than an alternating magnetic field in the
situation where stable aggregate structures are formed in the system.

In the Brownian relaxation mode, a larger viscous friction may be expected to give rise to
a larger heat generation performance, and thus as a simulation study at the next stage it is naturally
required to address a suspension of magnetic particles with a more general geometrical shape such as
rod-like, disk-like and cube-like shape. Modern synthesis technology enables the generation of these
magnetic particles, for example, rod-like particles [6-8], disk-like particles [9,10] and cubic particles
[11-14].

From this background, in the present study we address a suspension composed of magnetic
rod-like particles in order to elucidate the behavior of the aggregate structure and the heat generation
effect in the two cases of an applied magnetic field, an alternating and a rotating applied magnetic
field. To this end, as in the previous studies, we have employed the Brownian dynamics method as a
particle-based simulation technique, which enables us to discuss the influence of the dynamic

behavior of the aggregate structure of the particles on the heat generation effect.
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5.2 Modelling of magnetic rod-like particles and time-dependent applied magnetic
fields

We employ a spherocylinder particle shown in Fig. 5.1 as a model of rod-like particles. The rod-like
particle has a magnetic moment m oriented in the major axis direction at the particle centre. The
diameter and length of the rod-like particle are denoted by d and I, which give rise to the particle
aspect ratio ry(=l/d). In order to recognize the magnetic moment direction in snapshots, the
hemisphere in the magnetic moment direction is colored by red (dark) and the opposite hemisphere
is colored by blue (light), as shown in Fig. 5.1. Moreover, it is assumed that the surface of each
particle is covered by a uniform steric layer with thickness ¢ for generating a steric repulsion in order

to prevent them from a physically unreasonable overlap.

Fig. 5.1 Particle model of a magnetic rod-like particle. It is idealized as a spherocylinder with a

magnetic dipole moment in the major axis direction at the particle centre.

As already mentioned, in the present study we employ two types of time-dependent
applied magnetic fields, specifically, an alternating magnetic field and a rotating magnetic field. An

alternating magnetic field Ha(t) is applied in the x-direction, expressed as
Haie(t)= Hosin(wyt) iy (5.1)
Similarly, a rotating magnetic field H,(t) is applied in the xy-plane, expressed as

Hyo(t)= Ho{codayt) iy +sin(ont) iy | (5.2)

In these expressions, Hy and wy are the magnitude and the angular velocity of the applied magnetic

field, respectively, and iy and iy are the unit vectors in the x- and y- direction, respectively.
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5.3 Brownian dynamics

The Brownian dynamics simulation method for axisymmetric particles such as rod-like and disk-like
particles has already been described sufficiently in previous papers and textbook [15-17], and
therefore we here merely describe only the key expressions relevant for the current investigation.

In the case of the axisymmetric particle, the equation of motion can be decomposed into
the translational motion in the particle axis direction and in the direction normal to the particle axis.
The particle position r(t) at time t is described as

1
r(t+4t) =r,(t)+ P DI F”P (t) At + ArHBe(t) (5.3)
B
1
r(t+AY) =r (t)+ = DIF] (t)At+ArSe ,(t) + ArBe ,(t) (5-4)
B

The particle direction n (=m/m= m/|m|) obeys the following equation of motion

1
-+ A0 =)+~ DRTP () xnat + AgBe L (t) + Ag2e (1) (5:5)
T
B
In these equations the notations have the following meanings. The quantities with subscripts L and
| | represent components normal and parallel to the particle axis, respectively, FPand TP are the
forces and torques acting on the particle of interest, At is the time interval, D"and DR are the
diffusion coefficients of the spherocylinder particle for the translational and rotational motion [16,17],

respectively, and e , are the unit vectors normal to each other in the plane normal to the particle

eu
axis, T is the liquid temperature, and kg is Boltzmann's constant. It is noted that the force FPand
torque TP are evaluated from sum of the magnetic and steric repulsive forces and torques exerted
by the other particles and an applied magnetic field. Moreover, AP, arf and arP, are the
random displacements inducing the translational Brownian motion and have the stochastic
characteristics that imply a relationship with the translational diffusion coefficients [16,17].
Similarly, Ag]; and Ag>, are the random displacements inducing the rotational Brownian motion
and have the stochastic characteristics that imply a relationship with the rotational diffusion
coefficients [31,32]. For reference, the diffusion coefficients will be expressed in Appendix, where

the non-dimensional expressions are shown to be dependent on the particle aspect ratio r,.

5.4 Heating effect

As already mentioned, magnetic particles sufficiently larger than around 10 nm tend to give rise to a
heat generation due to the Brownian relaxation mechanism. From the thermodynamic theory, it is
seen that the work dW done on the system by an increase in the magnetic flux density, dB, in a

magnetic field H gives rise to an increase in the internal energy of the system, dU, that is, dW=
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H-dB=dU, where an adiabatic process has been assumed. By taking into account the expression of
B=uo(H+M), where M is the magnetization and wo is the permeability of free space, the work per

period of an applied magnetic field is expressed as
w;;cﬁa':§H .dB:uO§H d(H +M)=[uoH - (H + ML —ﬂ0§(H +M)-dH

(5.6)
= —uo[M2)H H] —ﬂ0§|v| “dH =—/¢0§M -dH

This relationship has already been shown and formalized in a pioneer work by R. E. Rosensweig
[13]. In Eq. (5.6) the magnetic field H is the time-dependent magnetic field, H=H_; or H=H4 in the
present study. The magnetization M is a quantity per unit volume and therefore this quantity
corresponds to m=mn per particle. Hence, the heat generation per particle in one cycle is expressed

as
chcl = _:uomH0§(n d(H / HO)) (57)

Equation (5.7) is normalized by thermal energy kgT, expressed as

chcl* = _@Z§(n : d(H / HO)) (58)

In Egs. (5.7) and (5.8), Hy is the maximum value of a time dependent magnetic field H, as already
defined, and ¢ is a non-dimensional parameter that implies the strength of the magnetic particle-field

interaction, which will be shown in Eq. (5.9).

5.5 Parameters for simulations

Unless specifically noted, the present results were obtained by adoption of the following parameter
values. The number of particles N=216=6°, the volumetric function ¢,=0.001, the time step At (=At /
(2m/wy)) = 0.00001, and the total simulation time tmtaf(: tiotal /(2m/wy)) = 3000, where data from the
last 30% of the simulation time were used for the averaging procedure. The diameter of the particles
d"=1.0, the thickness of the steric layer ¢ (=d/d)=0.15, the particle aspect ratio r,=3, and the cutoff
radius reorf (=Feor /d)=8.0 for evaluation of magnetic forces and torques. Using these parameters, we
evaluate the dimensions of the simulation cell as I, = I',=I,"=76.77, where I",=1,/d, and so forth.

The present phenomenon is characterized by the four non-dimensional parameters, 4, & Ay
and Rg as [31,32]

_mnd® kT 2r (5.9)

fom” £= HoMmH,

=5 , Ay
4rd3k,T kgT

= 3m7d3 . o

in which 1 is the strength of the magnetic particle-particle interaction, ¢ is the strength of the
magnetic particle-field interaction and Ay is the strength of the repulsive force due to the overlap of
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the steric layers relative to thermal motion. Moreover, Rg is the strength of the random force relative
to the viscous force. In these expressions, # is the viscosity of the base liquid, and ng is the number of
surfactant molecules per unit surface of magnetic particles.

If Rg is much smaller than unity, i.e., if the frequency is significantly high, then viscous
friction forces become the dominant factor for governing the particle motion, and therefore the
magnetic rod-like particles may not be able to follow a change in the magnetic field direction due to
large viscous forces. On the other hand, if Rg is much smaller than unity, the random force, i.e.
Brownian motion, becomes dominant over the viscous forces, and thus the magnetic rod-like
particles may change their direction in response to the applied magnetic field in the case of
sufficiently strong interactions between the magnetic moment and the applied magnetic field. In the
latter case, the relationship between the magnitudes of A and & determines the behavior of the
magnetic rod-like particles in a time-dependent applied magnetic field. In the present study, these
non-dimensional parameters A, & Rg and Ay are set within the wide range of 2=1~100, £=0~100, Rg
=0.1~3 and Ay=150.
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5.6 Results and discussion
5.6.1 For the case of the alternating magnetic field
5.6.1.1 Time variation change in aggregate structures of particles

In Section 5.6.1 we discuss results for the case of an alternating magnetic field and firstly consider
the characteristics of aggregate structures of rod-like particles. It is noted that, although the present
simulations were performed for a 3D system, snapshots that are viewed from the z-axis direction will
be shown in order to illustrate aggregate structures more straightforwardly.

Before proceeding to a discussion regarding the time change in aggregate structures, we
show the influence of magnetic particle-particle interactions on the cluster formation for the case of
a low frequency region of Rg=3, where an alternating magnetic field is applied along the x-axis
direction. Figure 5.2 shows snapshots for three different cases of the magnetic particle-particle
interaction strength, =1, 60 and 100, which were obtained at the time of maximum field strength in
the x-axis direction, i.e., |H|=H, with the particle-field interaction strength £=80.

In the case of a weak magnetic particle-particle interaction strength A=1, shown in Fig. 5.2
(a), the particles do not aggregate to form clusters and thus move as single particles. This is because
the magnetic interaction strength is not sufficient for the formation of clusters for A=1. Moreover,
since viscous forces are sufficiently low for the rotational motion of the particles in the low
frequency Rg=3, the rod-like particles are able to respond to a change in the field direction. This is
clearly shown in the snapshot where all the rod-like particles strongly tend to incline in the magnetic
field direction (or x-axis direction). In the case of A=60, it is evidently seen that relatively thick
chain-like clusters are formed along the magnetic field direction and each constituent particle of the
rod-like clusters inclines along the field direction. In contrast, in the case of a further increase in
interaction strength A=100, the rod-like particles exhibit completely different clusters, that is,
densely-packed clusters are formed, rather than chain-like clusters, and the neighboring rod-like
particles constituting a cluster orient in the opposite directions to each other, which gives rise to a
lower magnetic interaction energy. Although the values of 1=60 and A=100 are sufficiently strong for
the cluster formation, why do these completely different aggregate structures appear? It is the
magnetic field strength that mainly governs the behavior of the rod-like particles, that is, these
different structures arise due to the relative magnitudes between the magnetic particle-particle (1)
and particle-field (¢) interaction strengths. In the case of =60, the field strength is still one of the
governing factors for the particle motion in the situation of =80, and therefore the rod-like particles
are able to form clusters and each particle strongly tends to incline in the field direction, which leads
to linear thick chain-like clusters with the constituting particles aligning to the field direction, shown
in Fig. 5.2(b). In contrast, in the case of 1=100, the magnetic particle-particle interaction is
significantly stronger than the magnetic particle-field interaction, and thus in this situation the

former factor has a main influence on the cluster formation. If the rod-like particles have a dipole
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moment along the major axis direction at the particle centre, in the case of a sufficiently strong
interaction, two particles aggregate to form a raft-like cluster along the minor axis direction. This
cluster unit is repeated and expanded in the 3D system to form the densely-compacted aggregate
structures shown in Fig. 5.2(c). From now on, we focus on results for the case of A=60 unless

specifically noted.

5
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Fig. 5.2 Aggregate structures for =80 and Rg =3: (a) for A=1, (b) for /=60 and (c) for 2=100. In
the case of an intermediate magnetic particle-particle interaction strength =60, relatively thick
chain-like clusters are formed along the magnetic field direction and each rod-like particle
inclines along the field direction.
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Figure 5.3 shows the time variation in the chain-like clusters for the case of a strong magnetic field
¢=80 with a low frequency of Rg=3, where three different snapshots are shown at the phase angles,
(@) ==, (b) 6=6x/5 and (c) 6=4x/3. The snapshot in Fig. 5.2(b) should be referred to for the case of
0=r/2. As already shown above, since rod-like particles form relatively thick chain-like clusters, as
shown in Fig. 5.2(b), we here focus on the behavior of the thick chain-like clusters mainly at the
phase angle around 6=z, where the alternating magnetic field switches direction from the positive
toward the negative x-axis direction. At the phase angle of 6=x/2, shown Fig. 5.2(b), the magnetic
field strength attains the maximum value, and thus the thick chain-like clusters strongly tend to align
to the field direction (x-direction). At the larger phase angle of 6=z, the thick chain-like cluster starts
to become unstable since the mechanism for keeping linear chain-like cluster formation disappears
in the absence of an external magnetic field. At a later phase of 6=6z/5, it seems that the raft-like
cluster is largely formed and at the phase angle of 6=4z/3 each particle has completed the reversal
motion to align to the field direction (the negative x-direction). It is reasonable that raft-like clusters
shown in Fig. 5.3(b) are preferred as intermediate cluster formation from an energy point of view.
Since viscous friction forces are not sufficiently strong in the case of Rg=3, each particle promptly
changes the orientation in order to follow the change in the magnetic field direction, which leads to
the reformation of stable thick chain-like cluster inclining in the reverse direction, shown in Fig.
5.3(c).
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Fig. 5.3 Variation in the aggregate structures for =80, Rg =3 and A=60: (a) at 6=z, (b) at =6x/5
and (c) at 6=4x/3. The snapshot in Fig. 5.2(b) should be referred to for the case of 6==/2. Since
the viscous friction forces are not sufficiently strong in the case of Rg=3, each particle promptly
changes the orientation in order to follow the change in the magnetic field direction, through
the intermediate formation of raft-like clusters.

Figure 5.4 shows the influence of the frequency of the magnetic field, Rg, on the behavior
of the rod-like particles for the case of 1=60 and £=80, where two different snapshots are shown for
Rg=0.1 and Rg=0.5. The snapshot in Fig. 5.2(b) should be referred to for the case of Rg=3. It is noted
that all the snapshots were obtained at the phase angle of 6=z/2 and also that a smaller value of Rg
corresponds to a larger frequency of the alternating magnetic field. In the case of a larger frequency
of Rg=0.1, shown in Fig. 5.4(a), many short raft-like clusters are observed to be formed and these
clusters do not follow the change in the magnetic field direction, rather tend to incline in various
directions. The reason why only short raft-like clusters are formed but do not grow to form
densely-packed clusters as in Fig. 5.2(c) is that the viscous friction forces are significantly large for
the translational and rotational motion of rod-like particles, and therefore they are not able to
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perform the translational motion to join the other raft-like clusters: a requirement for significant
growth of structures, which results in the formation of many small raft-like clusters located
separately from each other. Moreover, in the case of large viscous friction forces, they are not
restricted to the field direction and exhibit a preference for the formation of small raft-like clusters,
where the neighboring particles internal to a cluster incline in the opposite directions to each other,
giving rise to a lower magnetic interaction energy. In contrast, for the case of an intermediate
frequency of Rg=0.5, short raft-like cluster are not formed, but instead rod-like particles tend to
individually rotate in order to follow the change in the magnetic field direction. This may be
explained as follows. In the case of Rg=0.5, viscous friction forces are small enough that the particles
are able to follow the change in the field direction, but sufficiently large to inhibit the translational
motion required to join the other clusters. Hence, the rod-like particles tend to rotate due to the
interaction with the applied magnetic field while remaining essentially fixed at their original position.
Since the rod-like particles orientate in the field direction, in this situation, the neighboring particles
are exerted by a repulsive magnetic interaction, which leads to the independent rotational motion of
the rod-like particles, as shown in Fig. 5.4(b). For the case of a lower frequency of Rg=3, shown in
Fig. 5.2(b), rod-like particles have sufficient time for the translational motion and thus aggregate to
form linear thick chain-like clusters. As already pointed out, in this situation, the constituent particles
are able to respond to the change in the field direction while remaining at their specific site within a

cluster, with the linear chain-like cluster formation maintained during the process.

Fig. 5.4 Influence of the frequency of the magnetic field, Rg, on the aggregate structures for the
case of 2=60 and £=80: (a) Rg=0.1 and (b) Rg=0.5. Magnetic rod-like particles tend to aggregate
to form linear thick chain-like clusters from short raft-like clusters with increasing values of Rg or

with smaller values of the frequency of the alternating magnetic field.
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5.6.1.2 Hysteresis loops

In the previous section we have qualitatively discussed the behavior of the rod-like particles in the
alternating magnetic field, including the different regimes of the aggregate structures. In this section,
we focus on hysteresis loops that arise from a delay of the magnetic moment (rod-like particle)
relative to the change in the strength and direction of the applied magnetic field. The hysteresis loops
are directly used for discussing a heat generation effect.

Figure 5.5 shows the dependence of hysteresis curves (or loops) on the frequency of the
magnetic field for the case of 1=60 and ¢=80, where results for three cases of the frequency, Rg=0.1,
0.5 and 3 are shown for comparison. The ordinate is the mean value of the x-components of the
magnetic moments which were obtained by averaging the magnetic moments of the particle in the
system at each phase angle. It is noted that a larger area enclosed by a loop gives rise to a more
significant heat generation effect, which will be discussed in Section 5.6.3.

In the case of Rg=0.1, the hysteresis loop is significantly different from those for the
cases of Rg=0.5 and Rg=3. That is, the maximum value of (n,)does not reach unity, which
implies that the rod-like particles are not able to significantly follow the change in the magnetic field
strength and direction. This is quite understandable because in this case, as shown in Fig. 5.4(a),
short raft-like clusters incline in various directions and do not incline in the magnetic field direction.
The appearance of the maximum value (n,) =0.33 at around h, ~0.4 during the path from h, =1 to
h, =0 is due to a large delay of the relaxation of the magnetic moment (rod-like particle) under a
significant influence of large viscous friction forces.

In the case of Rg =0.5, the hysteresis loop becomes significantly larger than that for the
previous case of Rg=0.1. One characteristic point is that the rod-like particles remain inclining in the
opposite direction even at the time when the applied magnetic field changes direction toward the
positive x-axis direction and they promptly start to rotate since around h, =0.7, approaching (n,) =1
at h,'=1. This may be explained as follows. In this case, relatively large viscous friction forces act on
the rod-like particles, and therefore a sufficiently large magnetic field strength is required in order to
trigger the rotational motion of rod-like particles. In other words, we understand that this threshold
magnetic field strength is around h, =0.7. Another characteristic point is that the maximum value
(n,) =1 appears at around h, =~0.6 during the path from h, =1 to h, =0. This delay is due to the same
mechanism that has already been described for the previous case of Rg =0.1.

In contrast, for the case of Rg=3, the hysteresis loop gives rise to a significantly smaller
enclosed area in comparison with that for Rg=0.5, although we initially expected that a large
hysteresis area could be obtained due to the linear chain-like cluster formation, which may lead to a
large delay in the response to the time-varying applied magnetic field. The reason for this smaller
enclosed area may be explained as follows. The formation of linear chain-like clusters certainly

tends to delay the reorientation of the constituent particles in the alternating magnetic field, which
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should provide a large hysteresis loop. However, the value of Rg=3 corresponds to a low frequency
region of the alternating magnetic field, and therefore the constituting particles are able to follow the
change in the magnetic field more promptly in the case of lower viscous friction forces, even in the
case where the magnetic interactions acting between constituent particles function to suppress the
reorientation of each particle. This consideration may be reinforced by the characteristic of the
hysteresis loop that the curve starts to steeply increase since h, ~0 when the magnetic field is

switched to the positive x-direction, which is significantly in contrast to the curve for Rg=0.5.

Fig. 5.5 Dependence of hysteresis loops on the frequency of the magnetic field for the case of =60
and ¢=80, where results for three cases of the frequency, Rg=0.1, 0.5 and 3 are shown for
comparison. In the case of Rg =0.5, the hysteresis loop becomes significantly larger than that for the
other cases of Rz =0.1 and Rg =3. This is because relatively large viscous friction forces act on the
rod-like particles, and therefore a sufficiently large magnetic field strength is required in order to

trigger the rotational motion of rod-like particles.
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We next discuss the dependence of the hysteresis loops on the magnetic particle-particle
interaction strength A. Figure 5.6 show results for the hysteresis loops for the case of Rg=3 and £=80,
where the two cases of =1 and 60 are shown for comparison. It is noted that the value of =60 is
sufficient for cluster formation, as shown in Fig. 5.2(b), whereas no clusters appear for the case of
A=1, as shown in Fig. 5.2(a). It is seen that the cluster formation in the case of /=60 gives rise to a
larger loop than the weakly interacting case of 2=1 where no clusters are formed. As already pointed
out above, the rod-like particles can rapidly respond to the change in the alternating magnetic field in
the case of smaller viscous friction forces for Rg=3. A significant differently characteristic between
these two loops appears in the relaxation motion of the rod-like particles in the path from h, =0 to 1
(or from h,’=0 to —1). That is, the curve for A=1 increases more steeply than that for 4=60, in other
words, the rod-like particles reorient more rapidly to follow the change in the magnetic field in the
case of A=1. This may be explained as follows. After the magnetic field moves into the positive
x-direction at h, =0, the rod-like particles rapidly start to incline in the field direction, which leads to
a steep increase since h, =0 in the path toward h, =1 for both the cases of /=1 and 60. However, the
magnetic interactions between the constituent particles forming a chain-like cluster significantly
inhibits the rotation of each constituent particle following the magnetic field change, which leads to
a gentler slope than for A=1 as shown in Fig. 5.6.

From the results shown in Figs. 5.5 and 5.6, we understand that the rapid rotational motion
of rod-like particles is mainly dependent on the frequency of the alternating applied magnetic field,
and the second governing factors are the magnetic particle-particle interaction strength and the
magnetic field strength.

Fig. 5.6 Hysteresis loops for the case of Rg=3 and £=80, where the two cases of /=1 and 60 are
shown for comparison. It is seen that the cluster formation in the case of 1=60 gives rise to a

larger loop than no cluster formation in the case of A=1.
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5.6.2 Time variation in aggregate structures for the case of the rotating magnetic field

In this section, we investigate the effects of a rotating magnetic field on the behavior of magnetic
rod-like particles. As already described, a magnetic field is rotated about the z-axis in the
anticlockwise direction.

Figure 5.7 shows the effect of magnetic particle-particle interactions on the cluster
formation for the case of a low frequency of Rg=3 and a strong applied magnetic field of £=80,
where three cases of the magnetic interactions /=1, 60 and 100 are shown for comparison. These
snapshots were obtained at the phase angle of #=0, when the rotating magnetic field aligns to the
x-axis direction. In the case of /=1, since the magnetic particle-particle interaction strength is
sufficiently weak, the rod-like particles perform rotational motion individually without the cluster
formation and are able to follow the change in the field direction, thus inclining in the x-axis
direction (or the magnetic field direction). In the case of A=60, only several small clusters
comprising three or four particles are observed to be formed, which is significantly in contrast to the
case of the alternating magnetic field, where linear thick chain-like clusters are formed along the
field direction and keep these linear formation during the change in the direction and strength of the
alternating magnetic field. The above-mentioned small clusters have the following characteristics
regarding the aggregate internal structure. If the two magnetic rod-like particles or the two magnetic
moments approximately incline in the same direction, a staggered configuration is preferred as a
cluster, where the neighboring particle is located at an off-set position by around half the particle
length along the major axis direction, leading to a lower magnetic interaction energy or an attractive
force between the two particles. This cluster unit is repeated and expanded to form the linear thick
chain-like clusters in Fig. 5.2(b). However, in the case of the rotating magnetic field, the rotational
motion of the constituent particles functions to prevent this linear cluster formation following the
field direction. We describe this situation in more detail in the following. As recognized in Fig.
5.7(b), the upper rod-like particle is necessarily located at an offset position along the major axis in
the direction opposite to the magnetic field direction. In this configuration, even if the two rod-like
particles rotate in the anticlockwise direction (the direction of rotation), the integrity of this cluster
unit is maintained without dissociation during the rotational motion of each constituent particle. In
the case of an increased magnetic interaction strength =100, shown in Fig. 5.7(c), this cluster unit is
repeated and expanded in an oblique direction (or in the upper-left direction in Fig. 5.7(c)). This
large linear cluster formation is expected to be maintained and will rotate to follow the rotation of
the applied magnetic field in the low frequency region. Hence these linear clusters with offset
internal structure will rotate as a whole body with a large phase delay to the rotating magnetic field,
which can be clearly seen in Fig. 5.7(c). At relatively large frequencies, these linear clusters might be
expected to repeatedly dissociate into several long clusters and re-associate into longer clusters, as

shown in the previous study [17] for a magnetic spherical particle suspension. Another characteristic
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point recognized from Fig. 5.7(c) is that the constituent rod-like particles exhibit a larger rotational
delay for a longer cluster. The reason for this delay may be similar to that of the observed slow
increase of the hysteresis loop for /=60 in Fig. 5.6. That is, a longer and larger cluster is more
significantly influenced by viscous friction forces in the rotational motion, which leads to a larger
phase delay to the magnetic field in comparison with the rotational motion of single rod-like
particles. Hence, the magnetic particle-particle interactions function to delay the rotational motion of
each constituent particle in a linear cluster. Moreover, a noticeable point is that a larger magnetic
field strength is required for the formation of stable larger clusters in a rotating magnetic field than
in the alternating magnetic field, which becomes clearer by comparing Fig. 5.7(b) with Fig. 5.2(b)
for the same case of 1=60. This may be due to the difference in the strength of steric repulsive
forces; that is, in the rotational field case, steric repulsive forces more significantly appear through
the overlap of the steric layer arising from the rotational motion of the constituent rod-like particles
in a long cluster. In contrast, in the alternating magnetic field situation, significant steric repulsive
forces appear only in a short period during the change in their direction from the negative to the
positive x-direction or in the reverse case, which leads to the stability of the thick chain-like clusters
for a smaller magnetic particle-particle interaction strength in comparison with the case of a rotating

magnetic field.
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Fig. 5.7 Dependence of magnetic particle-particle interactions on the cluster formation for the case
of a low frequency region of Rg=3 and a strong applied magnetic field of £=80, where three cases
of the magnetic interactions /=1, 60 and 100 are shown for comparison. As recognized in Fig.
5.7(c), linear and large clusters rotate as a whole body with a large delay to the rotating magnetic
field.

We next discuss the dependence of the behavior of rod-like particles on the frequency of
the rotating magnetic field, shown in Fig. 5.8 for the case of 1=100 and ¢=80, where two different
snapshots are shown for Rg=0.1 and Rg=0.5. The snapshot shown in Fig. 5.7(c) should be referred to
for the case of Rg=3. It is noted that all the snapshots were obtained at the phase angle of 6=0.

In the case of a high frequency region of Rg=0.1, shown in Fig. 5.8(a), several short
raft-like clusters are formed and these clusters do not significantly respond to the rotation of the
magnetic field, as in Fig. 5.4(a). This is because significantly larger viscous friction forces will act
on the particles during the rotational motion, and therefore these short raft-like clusters are unable to
rotate sufficiently rapidly to follow the rotation of the applied magnetic field. Even single particles
incline in various directions and, do not align to the field direction. In the case of an intermediate
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frequency of Rg=0.5, shown in Fig. 5.8(b), viscous friction forces are still large with respect to the
rotational motion, and thus the single particles are able to rotate to follow the rotation of the
magnetic field with a large delay, that is, the rod-like particles incline in the bottom-right direction.
In the case of a low frequency of Rg=3, as already described above, viscous friction forces are not
large for the rotational motion, and also magnetic particle-particle interaction forces are sufficiently
strong for the cluster formation. Hence, the particles aggregate to form long clusters and these

clusters rotate as a whole body to follow the rotation of the field with a large delay.

Fig. 5.8 Influence of the frequency of the magnetic field, Ry, on the aggregate structures for the
case of =100 and ¢=80: (a) for Rg=0.1 and for (b) Rg=0.5. The snapshot shown in Fig. 5.7(c)
should be referred to for the case of Rg=3. In the case of an intermediate frequency of Rg=0.5,
shown in Fig. 5.8(b), viscous friction forces are still large with respect to the rotational motion,
but the single particles are able to rotate to follow the rotation of the magnetic field with a large

delay.
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5.6.3 Comparison of results between the alternating and rotating magnetic fields
Finally we discuss the characteristics of the heat generation effect by comparing results between the
alternating and rotating magnetic fields.

We first address the influence of the frequency of the magnetic field on the characteristics
of the heating effect. Figure 5.9 shows these characteristics for the case of a weak magnetic
interaction strength A=1, where the results for both the magnetic fields are shown for =40 and 80. It
is noted that the value of A=1 is too small for the formation of clusters and this is common for the
alternating and the rotating applied magnetic field, that is, linear and raft-like clusters are not formed
in the system. Moreover, a smaller value of Rg corresponds to a lower frequency of the
time-dependent applied magnetic fields. The ordinate chd* in Fig. 5.9 is a quantity that is evaluated
by integrating over one cycle of the alternating and the rotating magnetic field.

Several common characteristics of both the applied magnetic fields are recognized and are
described as follows. In the limits of large and small of Rg, the heating effect tends to decrease and
eventually disappear for both cases of the applied magnetic field. This is because large viscous
forces act on rod-like particles and thus they cannot rotate for small Rg. For large Rg, rod-like
particles can perform rotational motion with a slower rotational velocity for the case of significantly
lower viscous friction forces. This slower rotational motion of rod-like particle gives a smaller
contribution to the heat generation effect. We summarize the dependence of the heat generation
effect on the frequency as follows. As the value of Rg increases from zero, i.e., as the frequency of
the applied magnetic fields is decreased, rod-like particles begin to perform rotational motion to
follow the magnetic fields, and this tendency becomes more significant with decreasing values of
frequency (or increasing Rg values), giving rise to a larger heating effect. As the value of Rg further
increases, the rod-like particles are able to follow the change in the magnetic field with slower
speeds due to lower viscous friction forces, which leads to a decrease in the heating effect. The
contrasting relationship between the magnetic torques and the viscous friction torques gives rise to
maximum values of the heating effect in the intermediate region of the values of Rg for all the curves
in Fig. 5.9.

For both alternating and rotational magnetic fields, the peak position yielding a maximum
value is shifted toward to a larger value of Rg, with decreasing field, specifically, the peak position is
shifted from Rg =0.2 for £&=80 to Rg=0.4 for £&=40 in the case of the rotating field and from Rg=0.5
for £&=80 to Rg=0.8 for =40 in the case of the alternating magnetic field. The reason for the shifting
of the peak position may be explained as follows, for example, by focusing on the results for the
alternating magnetic field. The threshold value of Rg, after which the rod-like particles can respond
to a more slowly rotating magnetic field for smaller viscous friction forces, should determine the
position yielding the maximum value. If the magnetic torque is larger or if the magnetic field is

stronger, the rod-like particles can respond to the magnetic field from a larger frequency in the
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intermediate region. This characteristic is certainly the reason for the shifting of the peak position. A
similar argument is also valid for the rotating magnetic field case.

From Eq. (5.8), it is seen to be quite reasonable that a larger magnetic field gives rise to a
larger heat generation effect for both the magnetic field variations, since the heat generation effect
arises from the relaxation phenomenon through the magnetic interactions between rod-like particles
and a time-dependent external magnetic field. An interesting observation is that the dependence on
the frequency after Rg=0.4 is approximately the same for =40 and 80 in the case of the rotating
magnetic field, whereas it is completely different in the case of the alternating field. This is certainly
due to the different characteristics in the motion of the rod-like particle in a time-varying applied
magnetic field. In the region of Rg=0.4 for the rotating field, rod-like particles are able to follow the
rotation of the magnetic field, albeit with a delay. Even if the applied magnetic field strength is
different, the rod-like particles rotate with the approximately same rotational velocity with a
different phase delay for the case of the same frequency, which gives rise to essentially the same
heating as the case without cluster formation. In contrast, for the case of the alternating magnetic
field, large viscous friction forces arise only during the short time when the rod-like particles switch
their direction to follow the change in the magnetic field direction (i.e., at the phase angle # =0 and
7). In this switching motion, the rotational speed of rod-like particles is larger for a larger magnetic
field strength. Moreover, continuous rotational motion of rod-like particles under the friction forces
(torques) in the rotating field in the early stage of the intermediate region, Rg0.2, is able to
contribute to the heat generation performance more significantly during a longer period than in the
alternating field where heat generation arises during a much shorter period when rod-like particles
switch their direction.

From these characteristics, we may understand that for the case of rod-like particles
capable of responding rapidly to the field changes, a rotating magnetic field is significantly superior
to an alternating field for obtaining a larger heat generation effect, whereas in the situation of
rod-like particles rotating with a slower speed, which corresponds to a low frequency region, the
alternating magnetic field is desirable for heat generation. The critical value of Rg for decision
regarding which magnetic field should be employed is of course dependent on the magnetic field

strength, as suggested in Fig. 5.9 as one example.
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Fig. 5.9 Influence of the frequency of the magnetic field on the characteristics of the heating
effect for the case of a weak magnetic interaction strength =1, where the results for two cases of
the field strength are shown for =40 and 80. As the value of Rg increases form zero, i.e., as the
frequency of the applied magnetic fields is decreased, rod-like particles starts to perform the
rotational motion to follow the change in the magnetic fields, and this tendency becomes more
significant with decreasing values of the frequency (or, increasing Rg values), giving rise to a

larger heating effect.

We next discuss how the cluster formation influences the heat generation effect. To this
end, the case of a large applied magnetic field strength =80 is focused on for investigating the
characteristics of the heat generation. Figure 5.10 shows the influence of the magnetic
particle-particle interaction strength 1 on the heat generation, where results for the three different
cases of magnetic interaction strengths are shown for A=1, 1=60 and A=100 for each applied
magnetic field. The results for A=1 are just for reference, since this value is not sufficient for the
formation of clusters.

We first consider the results for the alternating magnetic field. It is seen that the curves for
A=1 and 2=60 exhibit the almost same characteristics but the curve for 1=100 is significantly
different from those for the former two cases. As shown in Fig. 5.2(c), this is due to the formation of
densely-packed clusters that are notably stable even in the situation of the time-changing applied
magnetic field. These clusters do not respond to the varying magnetic field, and tend to orient in
various directions rather than that of the magnetic field. Hence this limited motion of each
constituent particle in a densely-packed cluster cannot yield a significant relaxation effect, resulting

in a weak heating effect as shown in Fig. 5.10. A slight improvement of the heat generation in the
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region of Rg=1 for the case of 1=60 is due to the magnetic particle-particle interactions that function
to suppress the rotational motion of the consituent particles in a cluster, which results in faster
rotational motion of the rod-like particles, giving a response to the alternating magnetic field. This
consideration has already been made with respect to the hysteresis loop shown in Fig. 5.6. On the
other hand, in the range of Rg=<0.3, the heat generation effect for /=60 is slightly smaller than for
A=1. This is simply because the constituent particles in the stable short clusters shown in Fig. 5.4(a)
cannot sufficiently rotate in the alternating magnetic field with a larger frequency. That is, the
magnetic interactions between rod-like particles function to add a more significant restriction to the
rotational motion than single particles.

Next we consider the results for the rotating magnetic field. The most different
characteristic between the two applied magnetic fields appears in the result for the case of 2=100.
The heat generation effect for the rotating field exhibits characteristics similar to those for 1=1 and
A=60, not shows significantly smaller values. This is simply because the rod-like particles rotate to
follow the rotation of the field irrespective of whether particles aggregate to form linear clusters.
This characteristic regarding the relaxation motion of rod-like particles will give rise to
approximately similar characteristics of the heat generation effect, which is clearly shown in Fig.
5.10. Smaller values for 2=100 than those for =1 and A=60 in the range of Rg<0.15 is due to the
same reason for the characteristics of the curve for =100 in the range of Rg<0.3 for the case of the
alternating field, as described above. Another characteristic feature is observed in the region of
Rg=0.5 in the curve for 2=100. That is, the larger magnetic interaction strength A=100 yields larger
values of the heat generation effect, which can be understood by considering the characteristics of
the cluster formation, shown in Fig. 5.7(c). Similar to thick chain-like clusters shown in Fig. 5.2(b)
for the case of the alternating field, the long linear clusters, observed in Fig. 5.7(c), function to
suppress the rotational motion of the constituent particles through the magnetic particle-particle
interactions, although in the range of sufficiently low frequencies, these particles will finally rotate
to follow the rotation of the field. Hence, the constituent particles of a long linear cluster will rotate
with a larger rotational velocity than single particles, which results in larger friction forces (torques)

and therefore leads to a larger heating effect.
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Fig. 5.10 Influence of the magnetic particle-particle interaction strength 1 on the heat generation
effect, where results for three different cases of magnetic interaction strengths are shown for 1=1,
A=60 and /=100 for each applied magnetic field. Larger magnetic interaction A=100 yields larger
values of the heat generation effect in the region of Rg20.5 for the case of the rotating field,
whereas a rather weak heating effect is predicted for 1=100 in the case of the alternating field.

Finally we discuss the influence of the magnetic particle-particle interaction strength on
the heat generation effect. Figure 5.11 shows the heat generation effect as a function of the magnetic
particle-particle interaction strength for the intermediate frequency Rg=1. From these results we
observe a common feature that the variation with interaction strength changes dramatically at the
threshold it which clusters are formed. This is valid for both the applied magnetic field variation
types. Specifically, this threshold can be seen to occur at A=~50 and A=65 for £=40 and £=80,
respectively, in the case of the alternating field, and A=75 for both the cases of £&=40 and £=80 in the
case of the rotating field. Prior to reaching these threshold values, the heat generation effect is due to
the motion of single particles and is thus approximately constant, that is independent of the values of
A. In the following, we discuss the dependence on the magnetic interaction strength for the two types
of magnetic field variations separately in more detail.

In the case of the alternating magnetic field, the heat generation steeply decreases to
approach zero above each threshold value of &= 40 and 80. Above these threshold values, the
densely-packed aggregates shown in Fig. 5.2(c) are formed in increasing numbers and density. As a

result, the constituent particles are not able to change their orientation due to the stronger magnetic
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interactions between neighboring particles. This is quite understandable because the densely-packed
aggregates shown in Fig. 5.2(c) are extremely stable from an interaction energy point of view. The
reason why the threshold value for ¢=80 is much larger than for &=40 is that, for a larger applied
field strength, a larger magnetic interaction strength is required in order for the magnetic interaction
to overcome the influence of the applied magnetic field.

In the case of the rotating magnetic field, the dependence on the magnetic interaction
strength exhibits divergent behavior for the two applied field values. Specifically, in the case of =40,
the situation of 2=75 ensures that the magnetic interaction is the dominant factor for the behavior of
the constituent particles, and therefore these particles cannot respond to the change in the rotating
field due to strong magnetic interactions. This leads to a diminishing effect with increasing magnetic
interaction strength. In contrast, for the case of £=80, in the region of 7551100, the magnetic field
retains significant influence on the particle behavior, and consequently the constituent particles are
able to rotate to follow the rotation of the field, albeit with a phase lag. As already described before
with respect to the hysteresis loops for the alternating field in Fig. 5.6, the magnetic interaction
between the constituent particles tend to suppress the rotational motion of the individual particles. As
a result, the rod-like particles finally rotate with a larger speed, which leads to a larger heating effect,
as shown in Fig. 5.11.
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Fig. 5.11 Heat generation effect as a function of the magnetic particle-particle interaction strength
for the intermediate frequency Rg=1. The magnetic interactions between constituent particles in a
cluster tend to function to suppress the rotational motion of the particles. As a result, the rod-like
particles finally rotate with a larger speed, which leads to a larger heating effect in the region of 1
275 for £=80 in the case of the rotating magnetic field.
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Finally, we summarize the characteristic features with respect to the aggregate structure
and the heat generation effect using tables by focusing on several typical situations of the magnetic
particle-particle and particle field interaction strengths. It is noted that in each situation these
features are dependent on the frequency of the time-dependent applied magnetic field, that is, on the
inverse of the non-dimensional parameter Rg. The cluster formation is mainly governed by the
magnetic interaction strength 1 and the internal structure is influenced by both the magnetic field
strength & and the frequency of the applied magnetic field, 1/Rg. Hence, the criterion value of the
magnetic interaction strength for the formation of clusters is employed for specifying typical cases or
situations in order to describe the characteristic features regarding the aggregate structure and the
heating effect.

Tables 5.1 and 5.2 show the characteristic features regarding the aggregate structure and
the heat generation effect for the cases of alternating and rotating magnetic fields, respectively. A
noticeable point is that in Situation (5) the rotational magnetic field gives rise to a significantly high
heating effect, whereas the alternating field yields a simply low heating effect. This is mainly due to
the difference in the behavior of chain-like clusters in these two time-dependent magnetic fields. In
the rotating magnetic field, if the chain-like clusters stably formed in the system are able to follow
the rotation of the field, this motion induces a significantly larger viscous friction force, which leads
to a larger heat generation effect. In contrast, for the case of the alternating magnetic field, each
constituting particle of a chain-like cluster strongly tends to rotate to follow the alternating magnetic
field, which clearly gives rise to a significantly smaller viscous friction force, resulting in a much

smaller heat generation effect in comparison with the former applied magnetic field.

Table 5.1 Summary of the situation and results in the alternating magnetic field

Situations Reasults
Magnetic Magnetic
particle-particle field Aggregate structure Heating effect
interaciton strength 1 | strength &
No cluster formation significantly Low
(1) <60 (weak) ELA (any Re) for any Re
. significantly High
2) <60 (weak) Y No C'“(Ztrfr ‘;‘;r;“a“o” for 0.3SRs<1.0
Y Re Higher with increasing &
No cluster formation High
(3) 2<K60 (weak) E>A (any Re) for 1.0 SRg<3.0
Y Re Higher with increasing ¢
Densely-packed clusters significantly Low
(4) 2>60 (strong) ELA (Re=1) for any Re
Chain-like and raft-like Low
(5) 2>60 (strong) E=A clusters for Re=1
(Re=1)
No cluster formation significantly Low
(6) 2>60 (strong) E>A (Re<1) for Re<1
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Table 5.2 Summary of the situation and results in the rotating magnetic field

Situations Reasults
Magnetic Magnetic
particle-particle field Aggregate structure Heating effect
interaciton strength 1 | strength &
No cluster formation significantly Low
(1) 2<K75 (weak) ELA (any Ry) for any Rs
. significantly High
@) <75 (weak) £ No C'“(ztrfr Er)mat'o” for 0.1SRp<0.5
Y Re Higher with increasing &
@) 4<75 (weak) =y No cluster formation High for 0.5 SRe<3.0
(any Rg)
. Densely-packed clusters significantly Low
(4) 2>75 (strong) ELA (Re=1) for any Rs
significantly High
. Chain-like clusters for 0.1 SRgs0.5
(5) 4>75 (strong) c>A (Re=1) significanlty Higher with
increasing ¢
. No cluster formation significantly Low
(6) A>75 (strong) E>A (Re<1) for Re<1

5.7 Conclusion

In the present study, we have investigated the behavior of rod-like magnetic particles and their
relationship with the heat generation effect for two kinds of applied magnetic field variations, i.e.,
alternating and rotating magnetic fields, by means of Brownian dynamics simulations. The
governing factors for characterizing the present phenomenon are viscous friction forces (torques),
the strength and directional characteristics of each applied magnetic field variations and magnetic
particle-particle interactions. The relative magnitudes of these factors govern the characteristics of
the aggregate structures and the heating effect. The main results obtained here are summarized as
follows. As a common feature for both the magnetic field variations, in the case of significantly
strong particle-particle interaction strengths, rod-like particles exhibit densely-packed clusters are
formed, rather than chain-like clusters, and the neighboring rod-like particles constituting a cluster
incline in opposite directions to each other. For the case of an alternating magnetic field, in the
intermediate frequency range, linear thick chain-like clusters are formed along the field direction and
the constituent rod-like particles themselves tend to rotate to follow the change in the alternating
magnetic field during a short period. In contrast, for the case of the rotating field, linear clusters
rotate as a whole body to respond to the rotation of the magnetic field. In both the applied magnetic
field variations, the magnetic interactions between the constituent particles in a cluster tend to
function to suppress the relaxation motion of the rod-like particles, which, as a result, leads to
improvement in the heat generation effect in certain situations. In a relatively large frequency region,

the rotating applied magnetic field gives rise to a larger heat generation effect, whereas in a
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relatively lower frequency region the alternating magnetic field is superior to the former applied

magnetic field for a heat generation point of view.
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Chapter 6 The behavior and heating effect of disk-like magnetic particles in an
alternating magnetic field (Sine and modified magnetic field)

6.1 Introduction

Recent studies have addressed the relatively coarse particles with various geometric shapes in order
to investigate the behavior of particles and the heating effect that arises due to Brownian relaxation.
Two studies that have investigated heat generation and particle behavior based on Brownian
relaxation are the experimental study by S. A. Gudoshnikov et al. on the relationship between the
frequency of alternating magnetic fields and hysteresis loops for magnetite particles of around 25 nm
in diameter [1], and the study by P. Guardia et al. on the relationship between the magnetic field
strength and the hysteresis loop for cubic particles of around 13-40 nm [2]. Moreover, H. Richert et
al. examined the possibility of drug release by the heating effect of relatively coarse particles for the
preparation of particles for application to drug delivery systems [3].

In the preceding section, we examined the correlation between the internal structure of the
aggregate and the heating effect by using rod-like magnetic particles in alternating and rotating
magnetic fields, expecting that the heating effect would be enhanced by increasing the friction
between the particles and the mother liquid. The change of particle shape from rod-like to disk-like
particles with a plane surface is expected to increase friction with the mother liquid, which is
expected to improve the heat generation effect.

From the above background, the objective of the present study is to investigate the heating
effect based on the aggregation and Brownian relaxation of magnetic disk-like particles in an
alternating magnetic field using Brownian dynamics. By conducting a detailed comparison with the
characteristics of the heating effect observed in the previous chapter involving rod-like particles, we
focus on an applied magnetic field and attempt to improve the heating effect by modifying the
magnetic field.
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6.2 Particle model and alternating magnetic field

In this study, a disk-like particle with diameter d and thickness b is adopted as the particle model.
The magnetic moment m is located at the center of the particle and is oriented along the disk plane.
The particle is coated with a surfactant layer of uniform thickness o to prevent excessive aggregation.
The direction of the magnetic moment n (=m/|m|) is represented by a blue pebble on the particle

surface.

Fig. 6.1 Particle model

Furthermore, it is necessary to apply a time-dependent magnetic field to investigate the
heat generation effect of the particles. The magnetic field commonly used previously is a sinusoidal
wave applied in one arbitrary axis. If an external magnetic field is applied in the x-direction as a

conventional magnetic field, it is expressed as in Eq. (6.1).
Halt(t): HOSin(a)Ht)ix (61)

where Hg is the magnitude of the magnetic field, wy is the angular velocity, and iy is the unit vector
in the x-direction.

In addition, it aims to improve the heat generation effect by modifying the magnetic field.
The modified magnetic field is obtained by combining a sinusoidal wave with a triangular wave that
is a quarter of a period faster than the sinusoidal wave. If the modified magnetic field is applied in

the x-axis direction, it is expressed as

Hmod = {Hsin Sin(a)Ht)+ Htri (_Z_ﬂ-t +1J}Ix for 0<t< ﬂ/a)H
[0
H (6.2)
H...=|Hg, sin(a)Ht)+ H,, {Z—ﬂ(t —LJ—lﬂiX for 7/w, <t<2z/w,
Dy ay
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where Hy; is the magnitude of the triangular wave and Hg, is the magnitude of the sinusoidal wave.
The present study suggests that the ratio Rmegn (=HyifHsin) of the modified magnetic field to the
sinusoidal field is Ryogn=2. When comparing the conventional magnetic field with the modified
magnetic field, the amplitude is adjusted so that the amplitude is the same as the conventional
magnetic field.

Figure 6.2 shows the time variation of both the conventional magnetic field and the
modified magnetic field with their amplitude set to 1 and their peaks adjusted to be at the same time.
There is no difference in the period wave between the conventional and modified magnetic fields.
The modified magnetic field switches direction later in time compared to the conventional magnetic
field after reaching its peak. In other words, the time from h,=0, when the direction of the magnetic

field switches, to the maximum value hy =1 is shorter than that of the conventional magnetic field.

i modified wave
I conventional wave
)Y IS, W — I Y A i
s 0 L eeteeeesreereereeneesneerees Nereereesee et Naesseesreennessnsesbunssesssesnneseesansranssessesssessflorsesseessesnglaresnseseessserann |

0 0.25 0.5 0.75 1
time, t*

Fig. 6.2 Comparison between conventional and modified magnetic fields

6.3 Brownian dynamics method

Brownian dynamics methods for axisymmetric particles are described in typical books and previous
papers. Therefore, only the main parts are presented here. The motion of an axisymmetric particle is
treated separately in the direction along the particle axis and the direction perpendicular to the
particle axis. The axial component is denoted by || and the perpendicular component is denoted by

L. The position r of the disk-like particle at time t is written as in Eq.s (6.3) and (6.4).

r(t+ dr)= rl(t)+kBiTD”T F P (t)dr + dre(t) (63)

1
r(t+4e)=r (t)+ T

B

DIF"(t)dr + Arfe ,(t)+ arle ,(t) (6.4)
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where kg is Boltzmann's constant, T is the absolute temperature, D' is the diffusion coefficient of
translation, F" is the sum of forces acting on the particle, and Ar® is the random displacement.
A similar expression is given for the direction e of the particle axis and the direction n of

the magnetic moment of the particle.

6.4 Heat generation effect

Heat generation in magnetic particle suspensions is caused by the relaxation of magnetic moments.
As mentioned, when the particle size is sufficiently larger than 10 nm, the magnetic moment of the
particle rotates due to Brownian relaxation. A theoretical study on the heating effect of magnetic
particles in a time-dependent magnetic field was performed by Rosensweig [4], and the heating

total

value Wy per magnetic field period is

W el = u0§ H -dM (6.5)

cycl

where uo is the magnetic permeability of the vacuum, H is the magnetic field, and M is the
magnetization.

The heat generation per particle Wey is
chcI:_luomH0§(n d(H/HO)) (6-6)

where m is the magnitude of the magnetic moment and Hy is the magnitude of the magnetic field.

When nondimensionalized with the representative value kgT

chcl - _§§(n 'd(H / HO)) (6-7)

where ¢ is a dimensionless parameter that represents the strength of the magnetic field.
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6.5 Parameters for simulations

The following parameters were used in the simulations. Non-dimensional values are indicated by an
asterisk (*). The number of particles N=27 (=3°%), diameter d"=1.0, surfactant layer thickness
& (=6/d)=0.15, aspect ratio ro(=d/b)=3, volumetric fraction ¢,=0.02, time interval A4£=0.00001 and
total simulation time ty =100. The phenomena treated in this study are governed by the four

dimensionless parameters as expressed in Equation (6.8).

_ M® ;= HoMH A = angd? g

= B~ ’

A is the strength of the magnetic interaction between particles, ¢ is the strength of the interaction with
the magnetic field, and Ay is the strength of the repulsion force due to the overlap between surfactant
layers. Rg is the ratio of the random force to the viscous force. If Rg is greater than 1, the random
force dominates, and if Rg is less than 1, the viscous force dominates. Rg also contains a term related
to the frequency of the alternating magnetic field; the smaller Rg is, the higher the frequency is.
These dimensionless parameters were set to A = 1 to 120, &£ =1 to 100, Ay = 150, and Rg = 0.1 to 10.

6.6 Results and discussion

6.6.1 Influence of the frequency of the magnetic field on the heat generation effect
First, the effect of the frequency of the magnetic field on the heat generation effect is discussed.
Figure 6.3 shows the dependence of the heating effect on the frequency of the magnetic field for
rod-like and disk-like particles in a conventional magnetic field and disk-like particles in a modified
magnetic field. In the case of A=1, the magnetic force between particles is so small that no cohesive
structure is produced, and friction with the mother liquid is the main factor preventing particle
motion.

In all cases, the heat generation effect increases with increasing Rg, reaches a peak, and
then decreases. In the small Rg region, the heat generation effect is small because the magnetic
moment of the particles cannot be sufficiently oriented in the magnetic field direction due to high
friction with the mother liquid. As Rg increases, i.e., the viscous effect of the mother liquid decreases,
the magnetic moments of the particles improve their ability to follow the magnetic field, and the heat
generation effect increases. As Rg increases further, the heat generation effect decreases. This is
because the decrease in the viscous effect of the mother liquid no longer provides sufficient friction.

By comparing the heating effect of rod-like particles with that of disk-like particles, it is
shown that the heating effect of rod-like particles is higher than that of disk-like particles for Rg <
0.7. This results from the difference in friction with the mother liquid, i.e., the difference in the
particle shape. These rod-like particles, which have relatively low friction with the mother liquid,

respond to and follow the magnetic field better than disk-like particles, even when the Rg is small,
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i.e., when the viscous effect of the mother liquid is high. Therefore, rod-like particles generate more
heat than disk-like particles in the low-frequency range. On the other hand, in the low-frequency
region where Rg is large, disk-like particles with greater friction with the mother liquid are more
advantageous.

A comparison of the conventional magnetic field with the modified magnetic field reveals
that the heat generation effect in the high-frequency region is slightly lower for the modified
magnetic field than for the conventional magnetic field. However, the heating effect in the
low-frequency range is higher. The magnetic moment of a particle rotates significantly after the
direction of the applied magnetic field is switched, and tries to follow it. In the case of the modified
magnetic field, the time between the switch in the direction of the magnetic field and the maximum
magnitude of the applied magnetic field is shorter than the conventional magnetic field. Therefore,
for the magnetic moment of the particle to follow the magnetic field, it must rotate in a shorter time
than when a conventional magnetic field is applied. Hence, when the modified magnetic field is
applied, for the same Rg, the magnetic moment cannot be oriented sufficiently in the direction of the
magnetic field, and the heat generation effect becomes small. When the magnetic field is very slow
(Rg = 10), there is almost no difference in the heating effect between the conventional and modified
magnetic fields. This is because the magnetic field is so slow and as a result, even the modified

magnetic field can no longer generate a large frictional resistance.
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Fig. 6.3 Dependence of the heating effect on the frequency of the magnetic field (1=1, £&=80). In the
low-frequency range, a high heating effect is obtained for disk-like particles in the modified

magnetic field, where a large heating effect occurs.
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6.6.2 Effect of the frequency of the magnetic field on the formation of aggregates and
heat generation under conditions where aggregates are formed

We here consider the effect of the frequency of the magnetic field on the heating effect of the
disk-like particles and the aggregates. Figure 6.4 shows snapshots obtained by varying the frequency
of the magnetic field, Rg = 0.3, 0.7 and 3 in the modified magnetic field with a very strong
inter-particle magnetic force A = 120 and a strong magnetic field & = 80. For the case of Rg =0.3 in
Figure 6.4(a), the particles form column-like clusters with magnetic moments inclining in the
opposite direction to each other. In this situation, the magnetic moments of the particles cannot be
oriented in the direction of the magnetic field because the frequency of the magnetic field is too high.
In contrast, the inter-particle magnetic force is strong enough to form aggregates, so that the cluster
formation is column-like. At the intermediate value of Rg = 0.7, the particles do not form aggregates
and move independently, as shown in Figure 6.4(b). The magnetic moment of the particles follows
the magnetic field as the field slows down to Rg = 0.7. However, despite the magnetic field being
reduced at Rg = 0.7, the direction of the magnetic field switches before the particles approach each
other, causing them to rotate. At Rg = 3, the particles form chain-like clusters along the magnetic
field direction. This phenomenon occurs because the magnetic field is sufficiently slowed down so
that the magnetic moments of the particles are oriented in the magnetic field direction, and the
magnetic forces between the particles allow them to form aggregates. The particles that form clusters
are not aligned in a straight line but tend to shift in the direction of the particle axis and contact each

other in a face-to-face contact manner.
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Fig. 6.4 Effect of magnetic field frequency on aggregates (A = 120, & = 80, t = 0.1, modified
magnetic field: (a)Rg = 0.3, (b)Rg = 0.7 and (c)Rg = 3). At Rg =0.3 shown in Fig. 6.4(a), the particles
are dominated by the influence of magnetic particle-particle interaction and form column-like
clusters. On the contrary, for Rg = 3 shown in Fig. 6.4(c), the clusters are influenced by the magnetic

field and form chain-like clusters oriented in the field direction.

Furthermore, we discuss the effect of the frequency of the magnetic field and the strength
of the magnetic force between particles on the heat generation effect. Figure 6.5 shows the
dependence of the heating effect of disk-like particles in a modified magnetic field on the frequency
of the magnetic field. In the case of Rg = 0.3, the heating effect is observed to be greater in the
decreasing order of inter-particle magnetic forces. In this situation, as mentioned earlier, for the case
of A = 100 or 2 = 120, when the magnetic force between particles is strong, the particles form
column-like clusters due to the effect of the magnetic interaction between the particles. The magnetic
moment of the particles is strongly affected by the interactions with nearby particles and shows little
response to the magnetic field. Therefore, the heating effect is small. In contrast, when 4 = 1, the
particle-particle interaction is so weak that no aggregates are produced, and the only factor
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preventing particle motion is friction with the mother liquid. For the case of Rg = 0.5, there is almost
no difference in the heating effect between A = 1 and A = 100. This arises because the magnetic field
is reduced in the case of Rg = 0.5, so that the magnetic moment of the particle is affected mainly by
the magnetic field and thus follows the magnetic field. Under these circumstances, there is sufficient
time for the magnetic moment of the particles to reorient and follow the magnetic field, but
insufficient time to form aggregates. Consequently, the absence of aggregate formation causes the
particles to behave as if they were individually in motion, resulting in a similar heating effect in the
case of 1 = 1, where no aggregates are formed. In the case of A = 120, alternatively, the particles
continue to aggregate and form column-like clusters due to very strong particle-particle interactions.
When the magnetic field is further slowed down to Rg = 0.7, for the same reason as for 4 = 100, the
aggregate formation does not occur even for A = 120, and the heating effect is almost the same as for
A =1 and 100. For the case of Rg = 3, the heating effect increases in the order of the strength of the
magnetic force between the particles. In this range, particles form chain-like clusters since the
inter-particle magnetic force is sufficiently strong. Particles forming chain clusters repeatedly
collapse and re-aggregate as the magnetic field changes. The collapsing and re-aggregation of the
chain clusters act as significant resistance to the magnetic field, thus improving the heat generation

effect.

300

1£=80, modified field

Fig. 6.5 Dependence of the heat generation effect on the inter-particle magnetic force and the
frequency of the magnetic field (modified magnetic field & = 80). In the high-frequency area, the
aggregate structures restrict the motion of the particles and thus reducing the heating effect. In the

low-frequency range, the clusters have a significant effect on the heating effect.
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6.6.3 Effect of inter-particle magnetic force on the heating effect

Figure 6.6 shows the dependence of the heat generation effect of disk-like particles in a modified
magnetic field at Rg =3 on the strength of the inter-particle magnetic force. At Rg =3, the magnetic
field is slow enough that the magnetic moments of the particles adequately follow the magnetic field
if the inter-particle magnetic force is weak. However, if the inter-particle magnetic force is
sufficiently large, aggregates are formed.

For the case of =1, where the inter-particle magnetic force is very weak, the magnitude of
the magnetic field strength & determines the heating effect. This is evident from the dimensionless
heat generation equation (6.7), where the heating effect is highly dependent on the strength of the
magnetic field, provided that the particles are well-tracked with little influence other than that of the
frictional force. At around A = 80, when the inter-particle magnetic forces become slightly stronger,
the particles begin to form aggregates due to the influence of the inter-particle magnetic forces, and a
significant change in the heating effect occurs. In the case of a relatively weak magnetic field & = 40,
the heating effect decreases rapidly as the strength of the inter-particle magnetic force 4 increases.
This is because the influence of the inter-particle magnetic force becomes dominant and the particles
form stable column-like clusters. The magnetic moment of the particles is strongly affected by the
interactions between the particles in the vicinity so that they do not respond to the magnetic field and
the heating effect decreases. In the case of a strong magnetic field &= 80, on the other hand, the heat
generation effect increases as the inter-particle magnetic force increases. For the case of A = 120,
unlike the case of & = 40, the particles form chain-like clusters that extend in the direction of the
magnetic field due to the strong magnetic field, even when the inter-particle magnetic force is very
strong. The chain clusters formed undergo repeated collapse and reformation as the magnetic field
changes. The magnetic moment of the particles is significantly delayed by the magnetic field
because the chain cluster collapses after the magnetic field becomes somewhat stronger in the
opposite direction. In addition to the frictional force, the aggregates also retard the rotation of the
magnetic moment of the particles, resulting in a higher heating effect than in the absence of
aggregates. For the intermediate value of & = 60, there is a slight increase in the heating effect from 1
=60 to A =100, and for A = 120, there are signs of a decrease in the heating effect. This is due to the
influence of inter-particle magnetic forces becoming dominant and the formation of column-like
clusters begins. However, the effect of the inter-particle magnetic forces is not strong enough to
counter the effect of the magnetic field, so the particles are unable to maintain the column-like
clusters and collapse, and the magnetic moment of the particles responds to the magnetic field only
in a certain degree. In this situation, the heating effect for & = 60 is less variable than in the other

cases, as the aggregates cannot have enough influence on the heating effect.
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Fig. 6.6 Dependence of the heating effect on the magnetic force between particles (modified
magnetic field, Rg =3). From 1 = 80, the particles begin to form clusters due to the influence of the
magnetic particle-particle interaction, causing a significant change in the heating effect. The heating
effect decreases rapidly when the magnetic field is weak. Under a strong magnetic field, the heating

effect increases with increasing values of A.

6.7 Conclusion

The present study has examined the behavior of disk-like particles in an alternating magnetic field
and the heat generation effect through Brownian dynamics. Moreover, the heating effect was
improved by modifying the applied magnetic field. The main factors that characterize the
aggregation and heat generation phenomena are the strength of the magnetic interaction between the
particles, the strength of the interaction between the particles and the applied magnetic field, and the
frictional resistance between the particles and the mother liquid. The main results obtained in this
study are summarized in the following.

Under relatively high-frequency magnetic fields applied to a suspension of rod-like or
disk-like particles, where weak inter-particle magnetic forces act on the particle, the use of rod-like
particles is expected to have a higher heat-generating effect than disk-like particles. At lower
frequencies of the magnetic field, the disk-like particles are more effective in generating heat. This is
due to the effect of the particle shape, that is, the disk-like particles have greater friction with the

mother liquid than the rod-like particles.
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Disk-like particles with sufficiently strong inter-particle magnetic forces form column-like
clusters at high magnetic field frequencies and do not respond to the change in the magnetic field. At
lower frequencies, the particles move independently and behave in the same way as when the
inter-particle magnetic force is weak. At even lower frequencies, the particles form chain-like
clusters. In this case, these clusters act as resistance to the rotational motion of the particles, and thus
the heat generation effect is higher than when the magnetic force between the particles is weak and
they move independently.

We also proposed a modified magnetic field in which a triangular wave is added to a
sinusoidal wave. The characteristic feature of this magnetic field is that the time between the switch
in the direction of the magnetic field and its maximum value is shortened. When this modified
magnetic field is applied, the heat generation effect is reduced in the high-frequency region where
the magnetic moment of the particles does not sufficiently follow the change in the magnetic field,
thereby deteriorating their ability to follow the magnetic field. On the contrary, in regions where the
magnetic field is sufficiently slow, the magnetic moment of the particles must rotate in a shorter time
than in conventional magnetic fields, resulting in a larger frictional force and thus an improved heat

generation.
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Chapter 7 Summary and concluding remarks

7.1 Summary of the present paper

In the present paper, we addressed a magnetic particle suspension in a time-dependent magnetic field

and elucidate the dependence of particle aggregation and the heating effect on the strength of the

magnetic particle-particle interaction, the strength of the magnetic particle-field interaction, and the

frequency of the magnetic field, using Brownian dynamics simulations. We focused on Brownian

relaxation for relatively large particles, rather than Néel relaxation by small particles, which has

usually been treated in previous studies. The main appealing points of the present paper are as

follows:

1. We have elucidated the formation and time change of particle aggregates in a time-dependent
magnetic field.

2.  We have clarified the influence of the particle shapes on the heating effect.

3. We have examined and established the influence of aggregate structures on the heat generation
effect.

4. We have shown the possibility of the modified magnetic field to obtain a more effective heating

effect.

7.1.1 Summary of Chapter 2

We elucidated the relationship between aggregate structures and heat effects for spherical magnetic
particles in an alternating magnetic field, which are relatively straightforward to handle. Regarding
chain-like clusters that are formed and restricted to the magnetic field direction, the magnetic
moment of the particles is slowed down by the magnetic particle-particle interaction. The hysteresis
loop becomes large, which leads to a large heat generation effect. In this case of weak magnetic
particle-particle interactions, the only factor that delays the response of the magnetic moment of the
particles to the magnetic field is friction between the particles and the mother liquid, so that the

particles follow the change in the magnetic field well and the heat generation effect becomes small.

7.1.2 Summary of Chapter 3

We investigated the outcomes of an unexpected characteristic, whereby the formation of a stable
particle cluster induces a decrease in the degree of heating effect. If chain-like clusters are stably
formed in the system, whether or not a large heating effect is obtained is dependent on the magnitude
relationship between the magnetic particle-particle and the magnetic particle-field interaction
strengths. In situations where the magnetic particle-particle interaction is significantly strong, stable
chain-like clusters are formed that are not restricted to the field direction, This leads to a smaller area

of the hysteresis loop and therefore the stable cluster formation induces a significant decrease in the
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heating effect.

7.1.3 Summary of Chapter 4

We extended the previous studies to investigate the behavior of spherical particles in a rotating
magnetic field. In the case of rotating magnetic fields, the chain-like clusters tend to rotate as a
whole body to follow the magnetic field. In the case of long chain-like clusters being formed, a
section of the cluster collapses leading to the formation of a small chain-like cluster and undergoes
rotational motion. Then, the short chain-like clusters reassemble in the process of rotation. When
these chain-like clusters are formed, the heating effect becomes large. In the case of significantly
strong magnetic particle-particle interaction, the particles form ring-like clusters and the magnetic
moments of the particles do not respond to the field direction, which leads to a decrease in the heat
generation effect. Comparing alternating and rotating magnetic fields, the rotating magnetic field
provides a higher heating effect even in situations where magnetic particle-particle interaction is
stronger. In the case of weak magnetic particle-particle interaction, the rotating magnetic field is
more advantageous at relatively high frequencies, but at lower frequencies, the oscillating magnetic

field has a higher heating effect.

7.1.4 Summary of Chapter 5

We addressed rod-like particles and elucidate the particle aggregate and heating effects in an
alternating or rotating magnetic field. If the magnetic particle-particle interaction is significantly
strong, the particles aggregate to form densely-pack clusters and do not respond to the magnetic field.
When the influence of the magnetic field is strong, the particles tend to form chain-like clusters. In
the situation of an alternating magnetic field, the particles tend to rotate in response to the change in
the magnetic field. On the other hand, in the case of a rotating magnetic field, the cluster tends to
rotate as a whole body. Comparing the heating effect, the rotating magnetic field has a greater
heating effect in the relatively high-frequency range, while the alternating magnetic field has a

higher heating effect in the relatively low-frequency range.

7.1.5 Summary of Chapter 6

We considered disk-like particles to clarify the behavior of the particles in an alternating magnetic
field and the heating effect via Brownian dynamics, with the expectation that changing the particle
shape will improve the frictional force. In the situation where the influence of magnetic
particle-particle interaction is dominant, the particles aggregate to form column-like clusters and do
not respond to the magnetic field. On the contrary, in the situation where particles aggregate to form
chain-like clusters, the heating effect becomes large because the clusters act as a significant

resistance. In comparison to the heating effect of rod-like particles, at relatively low frequencies,
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disk-like particles have a higher heating effect than rod-like particles because of the larger friction
between the particles and the mother liquid. Moreover, we proposed a modified magnetic field that is
generated by the combination of sinusoidal and triangular waves. In the situation that a modified
magnetic field with a high frequency is applied, the heating effect is reduced by worsening the
following property of the magnetic field. In the case that a low-frequency modified magnetic field is
applied, the particles are subjected to a larger frictional force than in a conventional magnetic field,

and as a result, the heating effect is improved.

7.2 Topics for future research

7.2.1 Magnetic cubic particle suspensions

Magnetic cubic particles aggregate to form more stable clusters than other particles such as spherical
and rod-like particles via cluster formation in the manner of face-to-face contact [1, 2]. Hence these
particles are expected to exhibit significantly different dependence on a variety of factors. For
instance, the particle aggregates may be able to survive in a much stronger shear flow or a much
stronger applied magnetic field. The cluster formation has significant influences on the behavior of
the magnetic particles and as a result, the heat generation performance is strongly dependent on the
internal structure of the particle aggregates in an alternating or a rotating magnetic field. From this
background, it may be necessary to investigate the dependence of the motion of magnetic cubic
particles on the formation of particle aggregates, the regime change in the internal structure of the

aggregates, and the heating effect in the situation of a time-dependent applied magnetic field.

7.2.2 Particle-based simulation methods for multi-body hydrodynamic interactions

In a dense suspension system, both the magnetic particle-particle interactions and the multi-body
hydrodynamic interactions among dispersed particles play important roles in determining the
physical quantities of interest such as magnetorheological effects and heat generation characteristics.
The Brownian dynamic method is a straightforward simulation technique for investigating the
dynamic properties of particle dispersions [3]. However, in this simulation method, it is significantly
difficult to take into consideration multi-body hydrodynamic interactions and to solve the particle
motion and the flow field simultaneously. There are several simulation techniques for this purpose,
i.e., dissipative particle dynamics (DPD) [4], lattice Boltzmann (LB) [5] and multi-particle collision
dynamics (MPCD) methods [6-8]. Among these simulation methods, the MPCD method may be the
most desirable simulation technique in that a special technique is not necessary for inducing the
Brownian motion of dispersed particles and also CPU time is much shorter than DPD and LB
methods. From this background, it may be significantly desirable to apply the MPCD simulation
method to the heat generation phenomenon in the situation of a time-dependent applied magnetic
field.
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7.2.3 Motion of the magnetic moment inside the particle body

In a heat-generation phenomenon, the Néel relaxation mechanism or Brownian mechanism is the
main factor for the heat-generating effect for a suspension composed of magnetic particles smaller or
larger than 10nm size, respectively [9]. In the present paper, we have concentrated on the heat
generation phenomenon due to the latter mechanism. In the former mechanism, it is required to
simulate the motion of the magnetic moment in the particle body, where the precession motion will
be treated in determining the orientation of the magnetic moment of interest. There are several
models for governing the precession motion, i.e., the Landau-Lifshits equation, Gilbert equation and
Bloch equation, where the second modeling is usually employed for describing the precession
motion with a damping effect. In the field of magnetic hyperthermia, a stochastic
Landau-Lifshits-Gilbert modeling may be employed in simulations [10, 11], In an intermediate
region of the particle size, both the heat generation mechanisms will govern the heat generation
process, that is, we have to develop a simulation technique that simulates both the particle motion in
a viscous friction circumstance and the motion of the magnetic moment in the particle body in the
situation of a fluctuation effect. From this background, in order to investigate the heat generation
phenomenon of magnetic particles with an intermediate size, it is significantly desirable to develop a
new particle-based simulation method that effectively simulates both the particle motion and the

magnetic motion simultaneously.

7.2.4 Heat generation phenomenon at a boundary surface

In actual hyperthermia therapy, magnetic particles loading drugs are guided into a tumor or cancer
cell and the application of a time-dependent magnetic field induces heat generation due to the Néel
or Brownian relaxation mechanism of the magnetic moments. In this situation, magnetic particles
may be charged and aggregate to form linear or densely-packed clusters in the vicinity area of the
cell boundary. This kind of phenomenon has already been observed at a laboratory level in basic
studies [12]. From this background, from a simulation point of view, we may have to treat the
behavior of charged magnetic particles in a vicinity area to a material surface in a time-dependent
applied magnetic field. In this approach, it is required to investigate the effect of the electric
interactions between magnetic particles and the material surface on the aggregation phenomenon and
their effect on the heat generation characteristics. It may be expected that the formation of clusters of
magnetic particles is significantly influenced by the existence of the boundary surface of cells due to
the geometrical restriction of the particle shape. That is, the internal structure of particle aggregates

is determined by both the shapes of the cell boundary and magnetic particles.
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Abstract

We have elucidated the aggregation phenomena in a suspension composed of spherical magnetic particles in an alternating
magnetic field by means of Brownian dynamics method. The relationship between aggregate structures and heating
phenomena has been discussed using the hysteresis loops of the magnetic field-magnetization curves, which were obtained
from Brownian dynamics simulations. A large heating effect is inevitably necessary in applying a magnetic particle
suspension to magnetic hyperthermia treatment in the medical engineering field. We here focus on the Brownian relaxation
mode of magnetic moments of particles as the factor inducing the heating effect. The main results obtained here are
summarized as follows. In the situation where stable chain-like clusters are formed in the field direction, the magnetic
particle-particle interaction induces a significant delay for the magnetic moments inclining in the alternating magnetic field
direction. These chain-like clusters respond to a change in the magnetic field without collapse and reformation of the clusters,
by the magnetic moment of each constituent particle rotating to incline in the field direction. These behaviors of chain-like
clusters in an alternating magnetic field exhibit a hysteresis loop with large area in the magnetic filed-magnetization curve,
which gives rise to a significantly large heating effect. On the other hand, in the situation where large clusters are formed but
these clusters do not strongly tend to incline in the field direction, the area of the hysteresis loop becomes small and therefore
a large heating effect cannot be obtained.

Keywords :  Magnetic particle suspension, Aggregation phenomenon, Magnetic hyperthermia, Brownian dynamics,

Alternating magnetic field, Heating effect, Hysteresis loop

1. #

BEMERE T AR 2 a ATIEE IS ATREMEDH DRREMERA THY, ZOIEMES I OUSATIET, itk T2, Mk
T, EATLY, BEERLYRE, fx OS5 CIERITHRBRENDIZESTWS. TR TFO458 T, BN
BT Lo T RNTHEE N EAL T DREE AR R AR LTy =7 0 F a2 —Z ~DIE AN ELL TEZBNT
5 (Rosensweig, 1987, Bullough, 1996, Wereley, 2013) . ZOXH72E DA, FINIRES RN &> CRTEORE
SR R TR T D IO TR E N A L a B AT DT EME LR D, BERHPEF LTI, A vavkn
SRR B ZRR C, R/ @ EEOFTH e BT B AR 32 2 e 03551 TS (Harrell et al., 2005,
Verdes et al.,, 2006) . 2858, Flia OB AL CNITEAROBEHERIF 2 AIRLL , RIFZAPBEEE M 172 & W Rl
FHZETHEOMBENA SIS E D I T DN EHELR D, IR, BEMET A var O AR 2R L
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T BNERTLYTHS. ZORB COISHIE, FHIZEET % EmIRBERENERENERI T DOBR%E (Patra et al,, 2015), 725
TN drug delivery 2 A7 2 (Hafeli et al., 1997) CRESIRZEMRIE (Schmidt, 2007, Kumar and Mohammad, 2011, Obaidat
et al., 2015, Golovin et al., 2015) 2L ~DJEM % BHELIZMIZEDIER DB IHIC S TWA. BREFEIF L5045
T, WKL T T2 8 2R EIE T DHIFCR W E L BT 2 BT gy HICBRL C, MRBIERMERL 725
HLIO LT 2IEFBEBANETEICAA LTS (Bruce and Sen, 2005, Girginova et al., 2010) . LA FORSHERTIZ,
T OB REIE R R T D 572 REHERL T O ARk L, ML DY B2 2 A B X DRI IR S BT 5 5
HER L OUSHRFZED RIS TV 5.

ARIETIE, B T30 HT BT DREMER - A s al OREGIRBWE D % SFEIC LT e h Hete 3
5. BERIRBWREIL, B A2 ACIRBIRES 2 FIINT 528 T, BEERLF-OBEK T — A hOIREIRES J7 1)~
DFEFRMBRICIOFEAET DIHBGHRIZLD, T UM% RS 515 THS (Schmidt, 2007). ZOFEEG) A RAS
BHAI=ABLUT, BRI T ONER CRERTE— A NS 7 A C BN S LI I BB R DGO S 1 — NV EERIL,
TERTE — A NI PEIC B E SN D AR - 2R EE T 5 L TS T IC IS 857 FU L ABD — DD A%
=X LHEZ HILS (Rosensweig, 2002) . FiiE TEHERS 10nm F2EE LY/ INSWOBEMERL 7150 L CRRAET B AN =X ATHY,
BEITENIOE KERRERIFDOBRAIC KA LR A AN =X LT, BAAESICEEL THEB SN, JAHFHICHgES
FLTWNDD DB NS 7R REMERL - 2 kR & LTz o — VAR FNZ L SR BUH RO IE T 5 (Schmidt, 2007, Kumar
and Mohammad, 2011, Obaidat et al., 2015, Golovin et al., 2015) . $EEIRES; 1 CORBEMHRI T DRES T — A hORES; 7R
AOFEFNEEIZ L DIEBNRIT BT DB, JeBRAY7RBIFZEI 210 3 CITIEEES AU TS (Rosensweig, 2002) . W&
AR ar ke AW R — VRIS S BERIRBVRIE ORI B I 2SN TN AD T, 22T, ABFZEIZE
M DR BT DI kD D . BB AR BB T 9 D52 (Munoz-Menendez, et al., 2015) ,
MR- RO EAERD52%  (Burrows et al., 2010, Haase and Nowak, 2012, Martinez-Boubeta et al., 2012, Branquinho et
al., 2013, Tan et al., 2014, Conde-Leboran et al., 2015a), R&PERI1-DEL 123 2 1E 558 (Conde-Leboran et al., 2015b),
PRENRGS T C A U A RN T D BRI R LA S8 B 5L 0D SEBRAIAIFE (Serantes et al,, 2010, Lima et al., 2013,
Mehdaoui et al., 2013, Saville et al., 2014, Guibert et al., 2015) 728 D 2 DT 70 —F SN TND. FHHBEOEERTF
FROD BB AT CLY, BAMERI D AR EAHIINEE B LT, BERE RS, ZORETRARL TS
BIET, BRE— A MO BAERORBEGFEADEBELHALNILEIETELDTHS. 72721, JEROHFETIX
FIH—H —DORIERL T2/ G L L TONBD T, BRI IR — VBRI SN AN = X NI EAL DO ThHA. 15T,
RN TS B A2 LT b CORIF IR E A EH D S EN F ~D BB AR A LR E TITITE TR, &BIT1,
BRI LIS O E A F AREMERIF- 2 A2 AR a0, SAERERE A ELTZ B TO RGN ROMITLIEREL
DOB5b. BIZIE, SRR AR 12kt 81 U7 iF 9 (Abbas and Bossos, 2017), /377 U7 D LH7ppEMEERKAL
FDONEAE LT SRR U RIS R A % e U T2AF9E (Alphandery et al., 2011, Serantes et al., 2014) , 72E 23247
INTWA.

BT, 7 I7 ARG SO RIREYREA~DISH O aTREEL R E S D 0% 5. BEMERI 13 10nm L0
KELIpBE, BT —A MO ~OEEIZFEL T, i B AEBEEET A CTHEEOZLIZBREL JH 2 55.
Z DX R R TR BEMERL T O BB R A MR B L1, FFIRBLE D SIEL B AAD T, BESIRBFER
drug delivery VAT A~DISHDIGRRAAIREMA LTS T, EFICHEETHLLOL B NS, ZOI57HF I
1o7C, REZ2S 100nm FREELL b0 RESOREMEEIERRE P AL -4 IV Z BN R DOIFSE (Yao et al., 2015) 2, KEX
28 200nm FREE DR T~ VY 2 R A R B L LT3R (Lahird et al., 2017) 72X 385, 1 9 _REZ LT, BRIREEMERL
F ORI CORIHRES) (JRY 1 Eh) 237 M 1 FH07 8 A= % 5.2 TS AR O RTREMEDS H AT
L THH (Yao et al, 2015) . 0T, Fii72abEA LHSE COIEADO AIEEMAEIL 5 T, BRI A~ ta
v DARBYES R RRESS C D ) F R Rt 2 B A - 2 2 L3I ICEE THHL D LB A bND. 2057
ANZIRS T DMOWFFEN T TITER SV TN D, B2 0L, BEMEEIEERE RO 2 K13 % SR AT IREMGIS P T 5
& (Abba and Bossis, 2017), [EERREE A TOIZ 0L A —& —ORBHAEERIEI L DERE B SR LS % (De Las Cuevas et
al., 2008, Llera et al., 2015) , [EEBESH CORSTE— AL MOFEFEIS (Coughlan and Bevan, 2016), [BHEEEHTO
TGP R SR F-DBC I ARFE (Tan et al,, 2016), #RENIS X NIRRT O RBESRGEFFE (Sanchez and Rinaldi, 2010) 72
E OB HEES LTS,
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BLED X728 FIT &, ABFETIE, BUEETIRLALITOI TN -T2, IRETRES T CORMERL T ORESEREE
DIFIRAL, ZOEERELT T0 ARFNI IS RBVRFIEL ORISR, 7 T7 VB )52 - a2 1,
TR 5L ATRBD. ABRARHE ST 5 EDERID, IRBIBES SERT DA, FIIBEEOMS,
BEFHICAER BRI EAE R TH L0 T, BRMICIE, TNODBERETE L (TEA 23 =2 —av 27l e
(28Y, ERORHEZ TN AR5 LM BB LIRS,

2. HEHFOETIV

ABFFE TIIBRARBENERE 71 A a2 QUT, IREIES T CORMAL O EERGOMAZALS. Z O,
WO EH72WEMERL T DET VD, 2720, RiF2XKRIT D0 ENHHYEE, #RIC THERTibLULj 2492
LITT B, BIITER d QBRI 7 D02 —ERIRIEE 6 O FUETEIEA CRBSIL, K7 H 0 TR U m; %
HIBbDET B, ZOXD7BEMERLT- i, j IR T HREKASRL 7RI A MER O =3 X — U B L O TG HEA]
JBOEBEIZLAHEAEAO T RX—U;", SHITHEE H R T — A b, LOFAEAEF O T3 F— U 1 ZRkD X
IZFEHLB (Satoh, 2003,2017).

2 2
_ Hom v _nggTrd [ r d+28 r=d|
Yy _47rr§{nf'”f‘3("i“u)("j"if)}' Uy === l2—31n P

22T, miERERE =AY N m DN ERTEALARY MVT, nEmgm (n=|my), 6 1 3RLT i A FE SRS Rov
fg(ﬂrﬁ)ajﬁfi’{ﬁ MVRBLT, t=rylry, r=lrg, 1o 1ITTZEDBRER, ny | TRLT-F G0 BALTARR 24 720 O SRS A
SO, kg IRV ES, TITEIRTHA.

BT 2 B LOML21330(D) INARIWVERL IV E S ITRbN5. 37bh, 2(1) 05 1 Kk, Kit-j i
B i VBRI ARSI Fy ™ LRER MV Ty @ A cE, K1) 0f 2 Rk REiEHAEOEEIC L5
FAF; Y B3RO, SOIC, FNBES L OMEMERICEVAETS My T, @ Bl () oF3XREvxF L
MNTE D, FEAMISCHER (Satoh, 2003, 2017) IZ#i> TWA DT, Z ZTIEHRRE T Z LT LAw.

3. iREEE

TESOREMEZNIRAT RA S RN BRI 7 OUREEBISR & Watd B 5E TIT, 8 —HRETIIRES, T C o B AUWTH & 56 52
LB, —J5, ABIEO L DI, RFOREE—A > FORMBRICE OV BB R 2 BET D5BE1T, B
GO I 1D —J5 10 CEA LT HIRBIRES T COBMRLMEICT 5 Z &Ik,

FUNBES 71 % x W IR~ 725 & 32 &, EUINRES: H I 3RICIKIE L 72 & 120, RO KD ITRIEND.

H(t)=(H,sin(e,))h 2)
Z I h B OENR 7 S Th=(1,0,0) TH Y, Ho lXEIIBESE OB ARMETH 5 . JHIORH T, (2210
DR x JHOEHMNCBESER L, %33 x oA mI/ERT 5 Z L1005,

4 TSy BhhE
REMER T I TRERER D BREE FC7' T v &S L bl X OEIRES 4179, —o k)5 eE#HE s I a1
— M BBAICE, KTO7 77 EHEFNHEICHE ST I aL—ya VIEFRAVDIRERD DA, AR5
THEHY I ab—yarikd LT7 77 8175 (Allen and Tildesley, 1987, Satoh, 2003,2010) Z#:f4 %.
BRI D7 T v AEE) A E T WHEEEN A S 2 o L— A BRI, R OMESY VR r@) &,
kDX HicFREND.

1
F(t+ A1) = r(t)+ ——D  F()At + AR"S, + ArL o, + Ar] s, 3)
kT

B
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28, RLOMMSLOTDI, FTORFPERT FAEET I 28 L TS, X Q) ITBWT, DIFlkED
TEHRET, 0 ZRHEOREL T2 L, D=kl Gupd)TREND. F(O) BRTROBT IR T 2BE5B LU
FUETFEHANC LD FRAORMT, (8,6, 85) ZHWMHMERTHLAANY ML ThD. £z, Arf, Arf, Ar ITREF-O
Ve DT 7 7 L EHEFHREED T 2 F LEMT, ROL D IeHERE2ET 5.

A%y =arfy=(arfy =0, (")) =)’y =((ar’)) =2D" Ar @
K7 OEESESHOHER L D, BERET—A Y FOHM e 252 5305%D X 5 1245515 (Satoh, 20153, 2015b) .

1
e(t+At)=e(t)+ ra DET(1)x eAr + Ag7 6, + Ag" 5, + Ap” 6, ®)

=24z, DMAREROYERIRECT DR = kT (myd’ ), AgE, AGS, AgE 1IKIF DEEED T 5 v L iEB 2 FF S ¢ 2 5
FEBERT, RO KD BN EET 5.

(Agly=(a0))=(Ap?)=0,  ((Ag")*y=((ap)*) =((A¢})")y =2D"Ar ©

5. HRE—AY OBRHBERICEHRVMR

IRENEE T C DRI DRBBIRIL, BRI ORERE—A v P OBEFIBRGEAHAL, EITR—EmE 7
T UREMD DDA = ZLNEAEL S, F—/UERIITORBIZORG, BRE—A Y FAEIHTER- L X
5 LT DD, RFNTHNELERD Z LICLD, MERE—A v FOEMBENOHBBRPEOND. —F,
770 RIS KDL, MRET—A Y PR ANTRERES N, KFBEREHY OWER CREET S Z
LIZ R DAL Y BEGHEPI R OND DO TH H. WIEINZE 21E, BEMERLT-2% 10 nm A— ¥ — X D /h& < 72
5 LR IVRERIRKER & 720, ZNEV bRELSRD ET T U UBMNAREEGR L LT L 25, BIES
AT TV D DIER—/ViER & W HERIBEWRIE~DISH TH D, LANLARNG, 77 7RI L 5 F3E
OIS B RIREME L L TIIIET 5 _REMRTH Y, EERTRKE RBHERL & A 2 BE—~ 2 2 R
\ZX D77 0 EHRANT K D FEEGhRDOHIZEH 1T HIZFE > T % (Lahiri et al., 2017) . BEERI OB LFHE
LA TSI 2 E0lF (Erbetal,2009) HREERLTE TWD ZLEERD L, 77 VI ARMALL
B H G ET DREMERL I AN v g COBRERG AR5 2 &1L, WERBGOMI & 5 B
WA, ISHLEOBURIZR TS, FERICEETHD. RERD, BRI OREIRE T OREBRSITRA
E—A v N OEFIBGET R b bRENIIIET TR EREG 25 L FHIENI D6 TH D, ZO L) RRAD
BERA B LI 7 RGO 2100, AR TERHT 277 0 Btk Lok Iab—va
NEERATHZLT, MO THREL RS,

MR 2 23 2B T, BMEOIRE M 23R S 572012, IREWHO 1 FOMICRIZR S
BALAIE Y 72 0 OISR W1, IREIREE H Z VW CTIRD K 9 128 E 415 (Rosensweig, 2002) .

Wit = o § H - amt ©)

ZOXDRE LTRT L5 7, H-M MR e A7 Y o2 - L—TOFEDERM CTH LI L2ZETHL, L (7)
[FRO KL DI HHFT 5.

Wl = — 4o § M - dH = —ptymHoN§ (niyd (H | Hy) =~ tgmHoN§ () + Dd (H / Hy) ®)
TZIZ, N XEAIAREETZY ORI T O, HITHEHOBRES TR (2) LY H/Hy= sin (oxt)ThH5. FBFET
13, BT LES72 0 OLEHR W BB LT DI L1275, Fhabh,
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W,y = —togmH o § ((n) + )d (H [ H) 9)
PLEORIZIBNTn,) X, BRE—A Y FOHMERTHAY PV n O x RS n ORET-FE T, B
Klind. ZOHFE W, SEKIREFHE N O REEICIHE T 2.

K (9) TRINEMAFREZ VI —varTROAEDIE, BLIRLEZE SIS, 1E#E 4 2085
SEILIRSEFMLCRD S, #Ix1E, RAIO8 1 OMSEHOMMEE ), 95 &, RO LS ey
TERTZLENTES.

(0
Ejyue =~#omHo [, ((n,)+1)d (H 1 Hy) (10)
RIBIZ LT ORS R COMED, . Ep., . Eg, &KDD & ALRRWou S Woum B + B+ B 4 B,

LLTRbND.

Fig. 1 Hysteresis loop of a magnetic field-magnetization curve. The area of the hysteresis loop is
evaluated from the four linear integrals. A large area leads to a stronger effect of heat
generation.

6. =XDmITE

ARG T 5 E 5 BRI, RTRRERS), EVINBEE, WARHS), Zo 420 Thn. R AL
Wb d 5 & TS OBERPERTT/ T A—4 & UTHREICENS L 21275, #HROBERTTICEELT, RO
SO REMEEAND. BRI FOEREOEL d, Fif 2 FREEO R 2n/wy, HER ogdl 2n), fH5EE
% wy, JINTEROFEMEEEE IR Y GRywyd >, W2 ZRRC mogd ®, =FF—% KT ONRFEEHRAT5.
PUFIZBWTH, #ERoe b L= ROBERE RO Z2R7 T & L HIT (Satoh, 2015a,2015b) , #EXALOBEETH U
T ERTTN T A —H DEKT 5 L ZALPREORT. 728, BIOHb SN R &R 2 L TR T2
LT 5.

A BB F R
P A = Y R FTEOHA a8+ AR 6, + AR s, (11
Ay =@y =@y =0, (")) = = (@) = 2R (12)

K (12) ZBNTZ Ryl 2 TV DNORE IERTERIL AT A—FT, ROXHITEFRIND.

- kﬂ} 2= (13)
3znd” @y

B
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BT OJ5% 5.2 2 R -
et + A ) =e(t")+ 27T (") xerr’ +AgPS, + AP S, + A9l S, (14)
(AgPy=(Ad0)=(Agl) =0, ((Ag7)7)=((AdF)*) =((A9F)") = 2(3Rp) A" (15)

BB AEAERIZ L 25 & R (Satoh, 2015a, 2015b)

. 1
F{™ :—Rmrq[—(nf-nj)tij+5(ni-tij)(n,-zij)tij—{(nj‘t,.,»)n,‘+(n,.‘t,.j)n,‘}] (16)
ij
) 1
T =Ry {mxm )=30n, 1, m xt, } an
27rr‘»j
1 1+258"

FiJ(V)*:RV Etijln (15r,;51+25*) (18)

*

Tij

X (16, (A7) ZENT R, IR T DR BRI DR E S 2R TR AT A—2, X 18) 128h
o RyEHMEINTH 2 TR AN L D R DORE SERTER AT A= THY, KOLITERSIND.

2
_ m _ _ znkT _
R, = et RyA, Ry day Ryly (19)
BT LR & OMBEERIZES VT
" = Ry, sin2zt n, xh (20)

ZZIG, RyiIHMENC R D MAZITHT 2B K DR PV 7 DR E SERTIRIT AT A—F T, ROEH I
#ahd.

—tomHy _ 3 g @n

R
" mdwy 27

A(19) , QD WENC A, & Ay I3BNEBN X D R RIRE I OMEIER], BAOTS, RETEIERIC & 540
HIERIORE SERTHRIGNRT7 A—FT, ROLSICERSND.

2 2
2= ﬂo;” i - HomHo A = zngd @)
4ndk,T kpT kpT

INDDOERITCNRT A—H L, & Iy IT—HRBEEFIIT 2 EHEBI G OfER (Satoh, 2010) & H#kT 5 L X ITHEHT
bH5.

Ual—va LT, AENDEEBREOFEHET TOY I 2L —a VEBEIREL, RyOE
ERAICRELTYIal—yar{TH 2T, MEhoRE Iabbh, RERSGORIBOEEL B
B LB, B, RpDOEB 1 L0+a/hant &, 370bb, EEBOIRERSO & X (CITkE 2330
Bk 7eh, BNS, RpDER 1 X0 HHkEne &, Tabb, EIREKO &1, Mt L 7w
EEISSAN L 72D, BRBEOEE, IHITA EORNBMRT, BEEMEORIT OB IT A ~ORCAFFE R & <
Ripd X 5chs.

BT 1B Y72 ) oftgRET leb HhIgig
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W,y = =E§ () +Dd(H | Ho) 23)

hyste

M i)
E = _gJ‘Hf'I” (("x)+1)d(H/H()) 24)

1 $3al—L 3 0rEbOHERDHRTE

FEZHI G RVIRY, v Ial—va B L TROE I /3T A—2OfEERE LTz, Bk O35 N %
N=125 (=5%), BRI RA ENWOEV (V32— a VREROERE) Z2¢=002, THEDII2lL— 3
RO —NDOR S (=l /d)=]=1"=14.85, W& £ A & AC=0.0005, >3 2 b— a2 @ h—X L7 Mkk
TR ot 13 20 JEIASY OWE T D tirad =20, T D 1 =10 LA (b — Z V2R MER TR D 50% ) T BT
EZFOTESREEIT> TERTDEEZROTVD. £, REEMHIOEX 6% 6'=0.15, KRR L
HEMERORE &% W=150 & Lic. BERERR TR EEROBRIC ST A —Z 113 2=1,5,10, BHOM & 13
&=1,5,10, WAEAEHESNCRIT 5 7 o F DD DORE K ERTEERIC/ VT A —F RglE Ry=0.1,1,5,10, 15 EFREL T
W5, BEETIL, v 7224 MITOWEEEZ AV TR TG/ ST A —2 O % RD7-FEFRE 77T, Rosensweig
DS (Rosensweig, 2002) #BEICT 5L, BfbDTREE M=446x10°A/m, R TEEE d=1.8x10"m, BiKE—A
m=Mrd'/6=136x10"*A-m*, ¥ [E% n=1x10"Pas, WO MEE H=1x10'A/m, BEE T=293K, HHOREHE
20x10°Hz &3 AUE, BERIT/ STA—ZDEIL, 1=786, =423, Ry=3.68 £72%. ¥ al—ia A3ZnbOfi%
BATEIRONEIROEEZRE L T T2 TV 5

2E, AEOBZETIZ A N & 205k N=125 2B o723, N=512 (=8 & K& ARIZLTYH, FEMESE
AT YA TN L TIIARERN A LR, L, EAT U VR - A—TOmEENBREE SN D H
BT LT, N=125 OFROARFERIE, BEERERY 7 22 PSEFTFNCELA T 2HA121E, £ 10 35—tk MR
ERERMEZEZ BN H DD, BRI EDL RN L 2R L TN,

8. BRLEE

8- 1 BEEEDREEL

FF, BRI ORERRED, RIS TI2RWT, BEE L HIZEO X BT 20 EReT 5. fEko
BV RPPARRED Y R 2 L—v a VORER LY, =4 TREOR TRMAE/ERORE S0 LEERT 724 &2
KT B & DI BZ 3o TS (Satoh, 2017). & 512, &5 FELAEKE L 725 & IS ORI HE
WCHND K 22D, AROBE, ZO K REEMED, RyDHIZ X -, WEREHFDE(L TR 2HED
EAVPRRDZEIRD, FITHEHLIZE S 1Z, RgOENRRENE NS Z L1, RERSEOREE W2
LEBEWL, EEME T TIAE  O BN NS 2D 2 LTk 5.

B2, =10, &=10, Rp=10 DEFAITKE LT, IREMEGOZIZET L TR ORREREED & O & 5128+ %0
F DO, REREOZNIALE e (=ogt, 0°~360°TER) % O =0°,45°,90° & LIEEMED AT 7
vay bERLIELDTH S, K- HOBKEZRHEIER R =10 EIFFITRE VDT, BEERER S 7 22 525F
KL, EBIT (k) HIRERDS &=10 EFEFITREVOT, k2 7 A2 IXHINEES A (xlly1a) (ZEEC
EMLTWDZENFEETED. [2 () D Oy =0°DYH, HRBEIEESE D573 x DA D 5 HIED T AT
W BOLRTORFy T vay NThHHB, BLTOBKE—A Y MUEARL LTEEAED x BOADFTRIZ
Bl LTV D Z e A% . ZAUIKFRIDBER N DBIEFITRE WD T, HOMI P HHRERESRDIET,
RERGIRY FAZEHRFTHZLICLDEDTHD. 62T, B2 (b) D O =45 DA, BFOIRI R
W) ERTHDT, i) ORI ORERTE — A v MRS RIZER L L D & AR R TERRSD. &
BITHEBHRREVE 2 (C) D G =90°DIFENTIE, 1E & A E DBEMERIT ORERT— A MRS (xc lil71A)
IR L TWD Z ERHERTE D, 6o T, BRIZEBLETH LI, MTOMKRE—A v b ORWITIRERES D%
fBizxt L Ch7a 0 ALFDSEN D Z LD 5. 20 & 5 Z AR DENITTRIROFEE S 23K &\ E SR alisE
BIEIR L 0D Z EITRRT 53, & 51T, BRI THOBRAR LY —BZ o X 5 2EnEiHb 5. T72bb
L REUSHIRY 7 2213, RERESORIELITER LIZL < 72 28403, L0 BEFICHNS Z &2 EkL
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e g SNy

X X
Z 7
* *

X *Z

Fig. 2 Time change in the aggregate structures of magnetic particles for R ;=10, i=10 and &=10: (a) 8,,,,=0°, (b)
Oime=45°and  (c) ;.= 90°. The direction of the magnetic moment is recognized by a blue (dark) small dot
on each sphere. The magnetic moment of each particle is reoriented toward the magnetic field direction with
a delay without dissociation of the chain-like clusters.

B R

2" "Z.H

Fig. 3 Aggregate structures of magnetic particles at 8= 45° for 2=10 and &=10:  (a) Rz=0.1, (b)Rz=land (c)
Ry=5. A stronger viscous force (Rp=0.1) leads to a weaker tendency of the reorientation of the magnetic
moments toward the field direction.

TWo. ZZTHEETARE AL, $R7 7 22 ISHMBESEOFMAEER L THRRET L2 L3R, #HikZ 72
B EGRT DERIT-DBERE— AV SNBSS FRICET 52 & T, 8k 72X OREMFF LR35, REE)
W OB L T3R8 THh D, 2L, BRICHLNIRDE X I, ZOX ) RRIUSFEOMMEAN 7 Z
7 BN L TCEEIRI TR Rp=10 DFAIZAELHHDTHY, Rp=0.1 DX 5 7tk BN 286 13 52
BRI OSBFE) BAET D LTk D.

8 - 2 BEEEOHIBORBR B~ DOEFHE

ATE G, BEEMEMRBIBE OZICR LT, S0 L5 ICEERENIRE T 20%, MtEhnd v R
TIWESICERER S Tillia Lz, AEICIL, 7 F LIkt U TRt o B2 2L S S -56, 8k 7
AB OISENED X DB DT 5.

X313, A=10, &=10 DEAICK LT, MitEHOFEE Rp=0.1,1,5 D 3@V ICIRH>THEAF v 7Y a v MER
ThD. mk, Bk 7 AZBIOWRET—A L FOHMOREORID, LY AMICHR TE D O, =45° DK
HCOAFT 7 Tay MR LTHD. SHIT, BRICELTIL, Rp=10 DHATHDK 2 (b) OFERLEBREIC
Ané.I3@)@RBﬂj@%ﬁﬁ7/&Aﬁﬁﬂtf%ﬁﬁﬁ#ﬁmim%&&émf,ﬁ%??xiﬂﬁ
S EICELA T SRV MER 28 &3, 27O T8k y T AZ RN & s T AL EBR L TNDLZ &b
5. BRTOBKRE—AY FoKmb, K2 (b) OEEBLT, BEETR (7w BRI DM
VI Fiebh, KT —A v NORBRSS~OISEIIIEFISRE TH D LB TE B, UL, RS
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Bl LTRSS TMZERZ 9 & LTH, FEIRREINOT, BENCLDZO L) AL CIZ< W LItk
LL0Th5. KEHOEEL Ry=1,510 /NS LT\ &, LVEERENRY T 24703, RBEHANC X v R
FCEIT D EICRB NG, EBIZ, $PRT T AL ZHER T HRFOMKET—A > b b, XV EBHEFIC
RESFIAICERIT 5 X HICRD ZEBHERTE . 20X I, RyDENNSRBIRE, T2bb, RS
OIRBBNRE L 2 DIELE, FHENDHRE KO RELIWTH L9100, BMERIF-07 7 A X OWEDHEE
ML TELWEBLEZIT DL 0D. &b, BSKE—A Y FORBE M~DOEROIGENRE L BNLD
ZLIIRD. ZOZ LI B AA, FENPBERINCH LTRE e b &, BEMERET- O CadsiEEh R
RIASEENRER ORI & Bl L TR D DT, 20 XK ) 7Rk 0@ RIS O BHNICB T
ENRNZ LiThD.

8 - 3 BiE-HBEHRD E X T O REhR

AT E T T, RIS DRI T DEREME LR E— A v NOIRE %, A ORI T TR v
Ta v bOFEREAVTEEMICH SN Uiz, KD, SO REZT T, REMER T ORESHR TR EL
FOEA~OIEAICEE LU CESER, BEDROFMEBERT S, ok, RICERLIEL DI, MG-RILliD e 2
T YR =T O BBOERERKEWNEY, BKE—AY bOT T U AR S RBGERKE L 72
5 LIZHER S

M4 () 130 (23) CTREINZRBNELZBITHFRE AT 572010087, Ak SI-Res & TR
fEEN TR (n,y IZBET 5 B AT U U AHRERTAER TH Y, =510 DFAITH LT R=0.1,1,5,10, 15D §
Y OFRERIVRLTHD. K4 (b) 1T =1, &10 DA BRBROKBRTH 5.

F9, K4 (2) ORFMBRINT VF LN L0+ RERGEEEZET D, il D EN & 72 DRSO
PR E D R=0.1 DA, (n,) DIEIIRKTH (n,) 203 FRERDT, EATVV AL —T7 P2 BETHLIEFZ
INSIRLDETRSTLED. ZDIINL, HRE— A MURBIREE DI+ E LW EAITI, RV IS0k
ERFEBNRENEONRNZ DD, ZORUEOIRBYE ~OARIFIEIY, /NSRRI T2 56 B L U T e — VAR,
B LA RLAERETHD (Gudoshnikov etal., 2012) . Ry DEASKE < 2513 &, §7bh, IRERESOIEBIED /N
S RBIHEAST, FHEZAWIZGRY T 2 F ORETE—* 7 MMIREEHFICEIAT S X 9127225 DICKE 72
RGOS ZMIELTH I 5. BIZIE, Rp=10 OFBAITIE, H,20.5 fHEE Tn,) 1T-1 IZEVMEEHERFL,
NG, BHEDRE ORMCHE > TAMICHE T — A~ MSBEEH BICHE 2515 K 510/ 5 Z L 3bn
5. ZOX DI AEE LTBR 2 T A Z NORL T RO EERIL, BERET— A v FOBSRFIE~D
BMAFEFICELE 2@E 2T 5. TOFBREREHEOE ATV VR « L—T2H X H1Tkeb. 720D,
KRERBEPDRPHEOND Z LITR5D.

H

Fig. 4 Hysteresis loop of the magnetic field-magnetization curves: (a) A=10and é&=10,and  (b) 2=1 and &=10. In
the case of the viscous force being dominant (Rz=0.1), the magnetic moments of particles do not sufficiently
reorient toward the magnetic field direction, which leads to a smaller area of the hysteresis loop.
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WIZ, E4 (b) ORFEREKNNT & DINTH L THa/NE L, RNCEEE R T A Z PE LN EORR
RAEELETDH. RNILHER Y 7 AZBERINZVOT, 2T U v AMRORITRF ORERE—A YV R &
FIINRES OB AR 72 5 ONSHHE N CIRIERE SN D Z L1272 5. UTICBW T, BikoX 4 (@) [ORUZRE
B & OMERICOVWTEICBERT A, 7, RHEAORMAIT, Re=0.1 ORMENBXEMLHE I, K4 @) TR
L7cRICBEDON—T L LT, eV EENIER LTS, T7bb, k) KREBREGENELND Z &
Bonsd. ZIUX, 7 I7RAZERETHIEBRVOT, FRFOBRE— A 2 MBSO EIZEBT 5 Z &
2T DRIFEREEIBER LW EMBAEL DD THSH. 20 X 5 RRiFREER NI L DBERE—A > b
DIBREZIHIT HBERNRN DD, Rl TIE, HRERE—A > ME, B x SO EH M~ LTz H,=0 O
B, BEEAICER L X D T AEAAEECHEND L OI2R5. 204, KO 4 () OBAD H,
=0.5 1> H OB OFIEAL & KB TH 5. S DITHINZR Z L1E, Ry OENKREL2DIEE, (n) =
LIZIFFRET RIS OM SN, M4 () OBE LB L TERININZ L THD, FlZIE, Ry =10 DS,
IFF H =05 TZOL ) 7B ER SN TWA. ZOEEIL Ry DENKE S RDIFEEHEL o TNB I LN
ACHEND. Ry DENAKRE L 2BITE, T70bbh, MENWNESIRDIEY, MGOFENEFICRY, BT
IZPERT BRER MV OFBIHHANCKE < /2B, ZOZ X2k by, L 0EVEE TET— X > MIBG
ENCELAS B 2 EASATREE 72D, DLEDZ &0nh, BEMERIFASEEEE A Ulan 19 72, KPR IV IS W
BT, 77 VU E S REIR A RKICT D, REMOBEBEIFAET Db DL RSN D

8- 4 FRE—A2 FOBMBARICK HHHHR

BRI, BT 1 E2S720 OEEREW,,,, T7bb, MRE—* LV FNORMICE DT T 7 MRS
FEBROFERALELETES. B, BMERFY 20y 3 U EABSIEBEIEIST 2 5E1218, Z ORBGhERN
FHRENZ ERRDOENS.

[ 5 [ZZERDEINEESE DR E E~DRFMEEZFTITAER TH 0, WA 735 2TREHVEE Th 5 Rp=5
LY, FIPHIBERIOKRE ZiL =1, 5, 10 O 3 0 IZH- THRZFERDZEE TH 5. I=1 DS, &DEDHm
L L BICEFCHMT A 01E, K (23) MHbns KoL, MEE—A Y b EBEEE OMAERORE X &R
FWNZEREBRBEGHENGOND Z LI ENETH B, 1=10 DFE, K5 FEETIE =1 OfEEtLCIER
\NSIRELIRBZE, T7205, IEFINSRBEBNRUNESRNZ LI, X4 0 R=0.1 DEAT Y R jL—T7 i
BIOE 3(a) DAF v 7 ay MOFEEINLR O IHITHERIS NS . B FIRE D+ KRES, BEGD 0990 EEIT
X, SRR T AL L, B 5 ENCEL I BB AFEFITH, I5IT, 7TAZNORIFDORRET— A NIRRT
X OIREREIG DI VIZBRE T BB D EIRELRN. ZOZER, K4 D R=0.1 DEAT VLA L—T iR L0E, —
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Fig. 5 Dependence of the heating effect on the applied

magnetic field strength. For the case of 1=10, a large
increase from &=5 arises due to the inclination of the
chain-like clusters in the magnetic field direction.
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Fig. 6 Dependence of the heating effect on the magnetic
particle-particle interaction strength. A decrease after 1~
5 with increasing values of / in the case of ¢=5 implies
that larger clusters do not significantly respond to the
change in the magnetic field strength.
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JEERE DS/ NS (K RO O RSB EIIO RS XVIEFIT NS 185) V— T s 5.2 5Z &2, FEEH I
Ko TLEIZ LTINS, — 7, 25 OFEBTRBITIEEGH AL, &10 TIIMOS ST THFFITRER
BENREA G2 DIDNTTD. THUTEORBE-RA RO ZT VL AMROL T A TELELIANC, RGES LR
IT AR DRGSR & EB IS 1A CEL A3 AEAASHEC20, ORI T TSR B SO BB 528
DIEFTIRI, FORE RV RERERAA T AERATIS X —T RGNS, T7bb, IR RE 5%
BB, I=5 DYE, &3 FER TOEPIO KRE L FEHNREIMEHNDH I/ DO, 1=10 DS & RIROFEEC
MATES.
6 [ IFEENE DRI EAFH DR S A ~DEIAELZ T T RER TH Y, RN 1 H ZREFHNEE TH

% Re=5 LTV, BEBOIRE % &1, 5, 10 D 3BV ITHl» THEFBREBRLTH S, &1 DX 5 I[CHIIREEINTI
AT, BEWEINNEL B LT, X (23) NOASIEBRTES. M4 (@) L (b) ITRLEEXTY
TR =T ORHEND, =10 DA, A OEOHEINE LB, TRbL, KRB IREL RHIEE, L—
TCHENTFROEEN KR E {125 2 L0D, BEGRNBIVEFITBONLZ LIRS, Z0L)IL, LE
U728k 7 7 A% BREE T IANCIEIR T 5 L 5 e R FRIRESUT) & BESOSR S OA12IE, K0 KE BB RE
ENBZLNDING. LIZANR, EHICHERTREFERY, &5 OBAORFREEAMER OKRE S~DEFHET
5. FTihebb, LOEE & HITHIL TV W,y OER =5 (I LE LPICIE L 50 Th b, Zo#HEh
LLTCHKDEHICEZ LS. =5 (HEETIE L OEOHMELHIC, BERHAICEY VGRS 2220 51
I BN, ZOIH7RGRI T ALY, E=10 DA L RS, RITRIFEMEMRICE Y, IRBIBEE~0BREAIERIZE
NBE5Tes. ZOFR, AT VTR V=T OEEPRELIRY, BEGRNKRES 2D, LIAN, 125
FHEZRE 2 T fHIETUE, A OEOHIIN L & BRI F-FIRER T ORISR OB L 0 L XE L 25 0T, B
RS NT=SER T T A& TS IR EUT < <720, REBITHES T ICIR » Te /72 7 T A2 H 0, 14
W20 < S TESEIRIIR R 7 5 A% BRSNS 5. T Y 5 A X BRI T AR T, FEFICTRY R T-RIRE
KADIERNC L BEEHIE LIF & A LBRELZRNZ0, (n,) ORKIEA 0 ITHE S5 X 91025, Zhuk, B A
TV VR =T OERIIHEFINEIL 2D L EERTADT, BEGENIIEETITICETH L1275,
I DBARF—IERRETZD AN =X L THE/NERPFOHETHAELSDZ 223735 (Tan et al,
2014) . Fbbh, KTOERBSREIETIE SRR EEAREEL 25 0T, BG-RihRor 277 v
A« =T OEEPNS D, o THBGENE R ITHLT 5 X 5I1T5.

PLEMNS00BEZ 21T, XOROEIBESOREET T, K2R X 5 RS FRNCBEE 280K T A4 2T
e BT, L RERBEGRENELNE. —J, BEERGINS 7 AL TR INED, DX ) Rk
7 T A4 OECEAMEBIRS IR S AR OBREE T O, KX RRBEWENE L.

9. #& £l

TIUCENEY R a2 b=y a KDY, IREIBIEE T CORMERIT Y A v a COBERREP LN D
Ll b, MEIRFRE~OISHICER L THER, MKRE—X 2 bOT T U RRRBEIC X D RAR L BRER
S LOBREN LN L, ABREREOT 5 L7 5 BT, IREIBTHEEES 5 FEAkiE S, FINRES D5
S, BIFICIER 2RERMEIER Th 5. TN o DEROIVNMRT, BEEMEIELR b NCEBUIRNKE
SRR LREREGEZ DT LD, AR THRLNZ MR EENT D LIRO L)1, KVEE LSRN
2 T AL DBESHITNCTERL SN DRI T T, B FROBRAZLHEERIC I Y, BFOBSE— A > b ORLR
THREIREG OZEIT3 L TR D AR EN S . SR T 2 & I XFIINBEE O A3 R L C b e 5 2 & 137
<, $R7 T A ZTERT DBRIFOMEE— A~ BRSBTS D 2 LT, $iRY T A5 DA HER
L7223 b, RERESOEICICBRET 5. IRBIBE OIRBISIK X < 22138, AMENRTEG A X b K& < T
XD/ DDT, BEMRLIT DY T AX ORENRE LV BEST 5 & & bIZ, BRE— A hOREEIFI~D
A OISENE L EBND. RICHEERY T 25 PRS2 L D IR FRIBBE IV NS WEE, BERE—X
> N OIRBIEE A~ E & B B D BRI TIAK S J DB D7 & 12 5 DT, REREE OZAICK 2 A
IFERICHRNNT /2D, PLEORSRE— 2 & b OIRERBEDIECADISERHEN S, WD X D 1eF8BGhROFHL
D . BEEREEDTER SN DI FBER T 1025 BREMER T 2 556, KPR P REVESIEE
LU RELRBBDRPELND. BIBOMSZH LT &, BRE L8Ry T 2 ¥ BREE G RN T 5
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BRARER 720, ZORIT TIIBRIT-REBEOZEISERT 5 Z L AHEFICEND. ZhCER LT, K&k
HEATHEAT Y UR =T R BN, RERBEDEIEOND. 0L ZOERT T A —F OBIE
L, E2AThD. —FF, BERERS T AL ITBRINDEH, O X5 2ERY T 2 & OB B IRBIRES I
PR SNRVERET T, REREFGDENMELNR.

SHROBWEE LTIE, X ORISR E RN 272002, BRO¥ =2 — 7R EORFET V& Rvviz
VI a b=y a VL DTROE VNG X D REOMRES,  E RS E IR RIVER 2 & LT, ko
—/VRERN & 7 T U AEROESUSIT TOSBEH L ORI ERETF 6N 5.
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ABSTRACT

The present study addresses physical phenomena of a
suspension composed of magnetic spherical particles in an
alternating magnetic field in order to elucidate particle
aggregation phenomena and their influence on heat production.
For this objective, we have performed Brownian dynamics
simulations in a variety of circumstances of the magnetic field
strength and frequency of an alternating magnetic field, and the
magnetic dipole-dipole interaction strength. As in a time-
independent uniform external magnetic field, large aggregates
are formed in the case of strong magnetic particle-particle
interactions. However, these clusters exhibit completely
different behaviors that are dependent on the frequency of an
alternating magnetic field. If the frequency is significantly
high, then the viscous torque is the dominant factor, so that the
formation of the clusters is not significantly influenced by the
time-dependent magnetic field. If the frequency is significantly
low, the magnetic field have a significant effect on the
rotational motion of the particles, so that the formation of the
cluster is dependent on which factor dominates the particle
motion between the applied magnetic field and the magnetic
particle-particle interaction. If the magnetic interaction is more
dominant than the external field, stable chain-like clusters are
formed in the field direction, and the magnetic particle-particle
interaction induces a significant delay for the moments
inclining in the alternating magnetic field direction. This
behavior gives rise to a hysteresis loop with a larger area and
therefore a large heating effect is obtained.
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INTRODUCTION

A magnetic particle suspension is a hopeful functional
fluid for application, and therefore many researchers have been
actively conducting basic and application studies in a variety of
fields such as fluid engineering, magnetic material engineering,

biomedical engineering and  environmental resource
engineering. In the field of biomedical engineering, many
researchers have been energetically investigating the

application to magnetically guided drug delivery system [1]
and magnetic particle hyperthermia treatment [2-5]. Multi-
functional magnetic particles [6] exhibit a high heating
performance in hyperthermia and an effective loading
performance of anti-cancer drugs in drug delivery system.

The Neel relaxation mechanism is the governing factor for
the heat production of magnetic particles smaller than
approximately 10 nano-meters and, on the other hand, the
Brownian relaxation mechanism governs the heat generation
phenomena for particles larger than this order.

Although the Neel relaxation mode has been largely
focused on for heat production up to the present, recently some
researchers have been searching for a possibility of larger
magnetic particles where the heat generation arises mainly from
the Brownian relaxation mechanism. Studies in respect to the
characteristics of heat production of these larger particles from
the Brownian relaxation mechanism seem to be significantly
important even from an academic point of view in order to
further expand the application of magnetic particles in the

Copyright © 2018 ASME



fields of magnetically drug delivery system and magnetic
particle hyperthermia.

From this background, in the present study, we elucidate
aggregation phenomena in a suspension composed of magnetic
spherical particles in an alternating magnetic field in order to
clarify the relationship between the particle aggregates and the
heating effect due to Brownian relaxation mechanism.

MODEL OF MAGNETIC PARTICLES

We consider aggregation phenomena in a suspension
composed of magnetic spherical particles in an alternating
magnetic field and their influence on heat production due to
Brownian relaxation mechanism. To do so, the following
particle model is employed for Brownian dynamics
simulations. If it is necessary to distinguish quantities of each
particle, the subscripts i and j will be attached to the quantities
of particle i and j, respectively. A magnetic particle i with
diameter d is covered by a uniform steric layer with thickness o
and has a magnetic moment m; at the particle center.
Employing this particle model, an magnetic dipole-dipole
interaction energy U,J""':md an repulsive interaction energy due
to an overlap of steric layers U,jm act on particle i exerted by
particle j, and also a magnetic dipole-field interaction energy
U™ acts on particle i by an external magnetic field [7, 8.

The forces and torques are straightforwardly derived in a
mathematical expression, that is, the force F," and torque
T;"" are derived from U ;*", and the repulsive force FHm from
U, Moreover, the torque T due to the particle-field
interaction is derived from ¢, [7, 8].

EXTERNAL ALTERNATING MAGNETIC FIELD

We address a flow problem of a suspension in the situation
of an alternating magnetic field that has a time-dependent
magnitude of a magnetic field applied along a certain direction.
If a magnetic field is assumed to be applied along the x-
direction, a time-dependent magnetic field H is expressed as

H (1) = (Hsin(@y,t)h )

in which A is the unit vector denoting the x-direction, expressed
as h=(1,0,0), H, is the maximum of its magnitude and the cycle
period T, is expressed as T, =2alwy.

BROWNIAN DYNAMICS METHOD

In order to induce the Brownian motion of magnetic
particles, an appropriate simulation method has to be used and
we here employ the Brownian dynamics method [7, 9, 10]. The
particle motion that performs the Brownian motion in an
alternating magnetic field is simulated by the usual equations of
the translational and rotational motion [11, 12]. It is noted that
the direction of the magnetic moment of magnetic particles is
obtained from the basic equation for the rotational motion. The

translational Brownian motion is characterized by the
translational diffusion coefficient D" = kzT / (3nd ) where i is
the viscosity of a base liquid, ky is Boltzmann's constant, 7 is
the absolute temperature of the liquid and d is the diameter of
magnetic particles. The random displacements Ar,®, Ar” and
Ars¥in each axis direction are required to satisfy the following
stochastic characteristics [11, 12]:

A"y = (af) = (ary = 0 @
(A% = (A )y = (an’)?) = 207 Ar
Similarly, the rotational Brownian motion is characterized
by the rotational diffusion coefficient Df = kT 1 (mfd‘). The
random displacements Ag,”, Ag,” and Ag;” about each axis line
satisfy the following stochastic characteristics [11, 12]:
(aaf'y = (ap)y = (agl) =0 3)
(ag)?y = (aof )’y = (ap)’y = 20Rar

It is noted that in the above expressions, subscript i
denoting particle name is dropped for simplicity.

HEATING EFFECT DUE TO THE RELAXATION
PHENOMENON OF MAGNETIC MOMENT XTERNAL
ALTERNATING MAGNETIC FIELD

In a magnetic particle suspension, the work per unit
volume exerted on the system, W,,,, during one cycle of an
alternating magnetic field, which induces the magnetization M,
is expressed using the alternating magnetic field H as [13]

oral
W = u $ H - dM “)

cvel

This is equivalent to the area of the hysteresis loop of the
field-magnetization (H-M) curve, and thus Eq. (4) is rewritten
as

W _ ~pto§M - dH = —pgmti (N §(neyd (H 1 H )

evel

5
= —ptgmi oN § ((nx) + D (H 1 H ) )

in which H is the magnitude of the magnetic field shown in Fig.
(1), expressed as H/H, = sin (wyr). We here address the work
per particle, W,,;. expressed as

W, = —tomH  § (ns) + D (H 1 Hy) (6)

In this equalior(,n‘) is the mean value of the x-
component n, of the unit vector n denoting the magnetic field
direction. This work W,,; corresponds to the heat production
that is used for magnetic hyperthermia treatment.
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NON-DIMENSIONALIZATION OF EXPRESSIONS

In simulations, the non-dimensionalized equations and
quantities are generally used [I1, 12]. In a non-
dimensionalization procedure, the following representative
quantities are adopted. The diameter of solid sphere, d, is used
for lengths, the period of an alternating field, 2a/c;;, for time,
wpdl(27) for velocities, wy for angular velocities, the viscous
friction force (31‘2);,:(0,,(13 for forces, similarly mjewpd *for
torques and kT for energies.

Through the non-dimensionalization procedure, the
following non-dimensional parameters appear the non-
dimensional equations:

kgl 2
Ry = - 3 ==
3md’ @y
Hom angkgT
= = 3R, Ry = =Rydy, (7
27nd o, Indwy,
mid 3
H = ."‘u—‘u = _Rn§
md wy; 27T

In these expressions, the quantity Ry, R,,, Ry and Ry are the
non-dimensional parameters describing the strength of the
random force, the magnetic particle-particle interaction, the
repulsive interaction due to the overlap of steric layers and the
magnetic torque due to the external field relative to the viscous
force or torque, respectively.

The quantities 4, ¢ and 4y appearing in Eq. (7) are the non-
dimensional parameters relative to the thermal motion, that is,
imply the strength of magnetic particle-particle, particle-field
and steric repulsive interactions, respectively. These are defined
as [8]
and 2

kT

_ g’
T dmd kT

E= Hymiy

kgl ®

These parameters 4, ¢ and Ayare quite useful in comparison
to the aggregation results that were obtained in a uniform
(time-independent) applied magnetic field.

BROWNIAN DYNAMICS METHOD SIMULATION
PARAMETERS FOR BROWNIAN DYNAMICS
SIMULATIONS

Unless specifically noted, we used the following values for
performing the present simulations. The number of particles N
is  set as  N=125 (=51], the volumetric fraction ¢y
(=N(z/6)d*IV ) as ¢ = 0.02 (where V is the volume of the
simulation region), the side length [, (=l/d) of a cubic
simulation region as I,*:{.K:I:':I4.85. the time interval Ar as
At" =0.0003, and the total simulation time 7,,,,; a5 f,, =20 (ie.,
20 cycles). The averaging procedure was conducted using the
data that were obtained during the later half part of the total
simulation time. Moreover, the thickness of the steric layer, 5,
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was taken as ¢'=0.15, and the repulsive interaction strength iy
as Ay=150. The non-dimensional parameters 4, ¢ and Rp were
taken in a variety of cases such as =1, 5 and 10, &=1, 5 and 10,

and Rg=0.1, 1,5, 10 and 15.
RESULTS AND DISCUSSION

Time change in aggregate structures of particles in
an alternating magnetic field

We first discuss a change in particle aggregates as a function of
time in the situation of an alternating magnetic field. Before
discussion, it is noted that if the frequency of an alternating
magnetic field is sufficiently large, that is, if the value of the
non-dimensional parameter R is much smaller than unity, the
viscous force will dominate the phenomenon more strongly.
This implies that the cluster formation and internal structure of
particle aggregates will be significantly influenced by the
viscous force,

Figure 1 shows the time change in the aggregate structures
of magnetic particles for Rz=5 and =5, where three cases of
the magnetic interaction strength are addressed, i.e., (a) =1, (b)
4=5 and (c) A=10. Each figure has snapshots at the three angles
of the alternating magnetic field, 6, (=wyt, defined for
0~27)=n/2, = and 3a/2. Since the magnetic interaction is
significantly strong in the case of A=10, shown in Fig. 1(c), it is
seen that large aggregate structures are stably formed.
However, since the magnetic field strength is not so strong in
comparison with the magnetic interaction between particles,
these clusters are not restricted to the field direction in
orientation. A noteworthy point is that these chain-like clusters
are not dissociated due to a change in the direction of the
magnetic field at around #,,,=x, where the field direction is
switched from the positive to the negative x-direction. This is
because the magnetic interaction is much more dominant than
both the force and the magnetic particle-field
interaction.

For the case of A=5, long chain-like clusters are not
significantly formed but short clusters are formed. These chain-
like clusters seem to tend to be slightly formed in thick chain
formation along the field direction. This is partly because the
influence of the magnetic field become more significant in
comparison with the previous case, and therefore the magnetic
moment is more strongly restricted to the field direction, which
enhances the tendency of the thick formation along the field
direction. As in the previous case, these weak chain-like
clusters are not disturbed by a change in the alternating
magnetic field for a weak viscous force case Rz=5.

For the case of A=1, since the magnetic interaction is much
weaker than the thermal motion, particles do not aggregate to
form any clusters at any phase angles. In this situation, the
magnetic moment of each particle responds to a change in the
magnetic field in orientation separately.

viscous
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Figure 1. Time change in the aggregate structures of magnetic particles for R ;=5 and ¢=5: (a) for /=1, (b) for 2=5 and (c) for 1=10.
Each figure has snapshots at the three angles of the alternating magnetic field, 6. (=wy, ¢, defined for 0~2z) =z/2, = and 3z/2. The
magnetic moment of each particle is reoriented toward the magnetic field direction with a delay without dissociation of the chain-
like clusters for the case of 1=10.
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Hysteresis loops of the field-magnetization curves

In this section, we discuss the relationship between particle
aggregate structures and characteristics of heat production. It is
noted that a larger area of the hysteresis loop of field-
magnetization curves gives rise to a larger heating effect that is
produced by the Brownian relaxation of the magnetic moments.

Figure 2(a) shows results of the hysteresis loop of the
normalized magnetization(n,) as a function of the normalized
magnetic field strength H,": results for Rz=0.1, 1, 5, 10 and 15
were shown in the case of a strong particle-particle and
particle-field interaction, 2=¢=10. Similar results are shown in
Fig. 2(b) for the case of A=1 and &=10.

In the case of Ry=0.1, the maximum of (n ) is
approximately (n,)=0.3, not attains to around unity, so that
the area of the hysteresis loop give rise to a small value,
yielding a poor heating production performance. In this case,
although small and large clusters are formed in the system,
these clusters do not contribute to an improvement of the
heating production; the frequency of the magnetic field seems
to be high for the appearance of Brownian relaxation effect.
This characteristic clearly exemplifies that if the magnetic
moments do not sufficiently respond to the magnetic field
change in a high frequency area, then the area of the hysteresis
loop is small and thus a large heating effect cannot be obtained.
This dependence on the frequency of the field is similar to that
for a smaller particle system where the heating production is
obtained by Neel relaxation phenomenon [14]. As the value of
Rjp is increased, a stronger magnetic field is necessary for the
magnetic moments inclining in the opposite direction to rotate
in the field direction. For instance, in the case of Rz=10, the
quantity () maintains a value of -1 until the field strength
H,'~0.5, and then steeply increases with increasing magnetic
field strength. From these characteristics, it is evident that
strong magnetic interactions between particles function to delay
the response of the particle rotational motion toward the
magnetic field direction. Hence, this delay of the orientation
gives rise to a large area of the hysteresis loops or a large heat
production performance.

Since particle aggregates are not sufficiently formed in the
system in Fig. 2(b), the characteristics of the hysteresis loops
will be mainly determined by two factors, i.e., the magnetic
particle-field interaction and the viscous friction force. One of
characteristic points is that the magnetic field strength at which
the value of (n,) arrives at nearly (n,) =1 is much smaller than
that for the previous case in Fig. 2(a); for instance, in the case
of Ry =15, this situation is almost attained at HY’=0454 This
characteristic comes to appear more clearly for a larger value of
Rg, because a low viscous friction force leads to a larger
influence of the magnetic field and thus the magnetic torque
acting on particles relatively becomes lager, whereby the
magnetic moments can incline in the magnetic field direction
more promptly.
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Figure 2. Hysteresis loop of the magnetic field-magnetization
curves: (a) /=10 and £=10, and (b) =1 and &=10. In the case of
the viscous force being dominant (Rg=0.1), the magnetic
moments of particles do not sufficiently reorient toward the
magnetic field direction, which leads to a smaller area of the
hysteresis loop.

Heat production effect due to Brownian relaxation
mechanism

Finally, we consider the work per particle W, , that is
equivalent to the heat production generated from the Brownian
relaxation of the rotational motion of the magnetic moments.

Figure 3 shows the dependence of the heat production
Weye /' (=WeulksT) on the magnetic particle-particle interaction
strength 4 for the case of the viscous force being relatively
weak: results are obtained for the field strength, ¢=1, 5 and 10.
From Eq. (6), it is straightforwardly predicted that the heating
effect is quite small for a weak magnetic field such as ¢=1.

In the case of £ =10, a larger heating effect is obtained with
increased values of 1. This is because the area of the hysteresis
loop becomes larger with increasing magnetic interactions (i.e.,
with increasing values of 1), shown in Fig. 2. As already
pointed out, in the circumstance where chain-like clusters are
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formed and incline in the field direction, a larger heat
production performance is achieved.

In the case of ¢=5, the value of W, slightly increases
until A=5 and then turns to significantly decrease with
increased values of 4. This characteristic is evident from the
behavior of the characteristics of the chain-like clusters in the
alternating magnetic field. That is, chain-like clusters are
formed in the field direction and their length becomes larger
until =5 with increasing values of /. Similar to the case of
/=10, these chain-like clusters formed in the field direction
function to delay the orientation of the magnetic moments
along the field direction. This tendency of the rotational motion
of particles results into a hysteresis loop with a larger area, i.e.,
a larger heating effect is attained. In contrast, in the area larger
than A=5, since the magnetic particle-particle interaction
becomes more dominant than the influence of the applied
magnetic field with increasing values of A, the chain-like
clusters are not restricted to the field direction in orientation,
which yields the convergence of the quantity (n ) to(n,) =0.
This implies that the hysteresis loop become significantly small
and thus the heating effect approaches approximately zero. This
characteristic can be recognized also for a suspension
composed of small magnetic particles where the heat
production is generated due to the Neel relaxation mechanism
[15].
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Figure 3. Dependence of the heating effect on the magnetic
particle-particle interaction strength. A decrease after 2= 5 with
increasing values of 4 in the case of =5 implies that larger
clusters do not significantly respond to the change in the
magnetic field strength.

CONCLUSION

We have investigated the aggregate structures in a
suspension of magnetic particles in an alternating magnetic
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field and their influence on the heat production effect. In the
present study, we address the Brownian relaxation mode that
generates the heat production due to the rotational motion of
magnetic particles in an ambient viscous medium with
experience of the friction force (or torque). The main factors
characterizing the present phenomenon are the viscous friction
force arising from an alternating external magnetic field, the
applied magnetic field strength and the particle-particle
interaction strength. In the situation where chain-like clusters
are stably formed in the magnetic field direction, the magnetic
particle-particle interaction considerably delays the response of
the magnetic moment reorienting in the field direction to a
change in the alternating magnetic field. In the situation where
particle aggregates are not significantly formed due to an
insufficient magnetic interaction, the viscous friction force
alone is the main factor for delaying the orientation of the
magnetic moments in the field direction and therefore the
response of the orientation of particles becomes more prompt in
comparison with the other situations. A large heat production
performance can be achieved in the situation where large chain-
like clusters are formed and inclined in the applied alternating
magnetic field that is more dominant than the magnetic
interaction between particles. On the other hand, if these chain-
like clusters are not sufficiently restricted to the field direction
in orientation, a large heat production cannot be obtained.
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Abstract

In the present study, we concentrate on the results of the unexpected characteristic that the stable particle cluster formation
induces a decrease in the degree of heating effect in an alternating magnetic field, by means of Brownian dynamics simulations. If
chain-like clusters are stably formed in the system, whether or not a large heating effect is obtained is dependent on the magnitude
relationship between the magnetic particle-particle and the magnetic particle-field interaction strengths. As the magnetic particle-
particle interaction strength increases and becomes more dominant than the influence of the magnetic field, the magnetic
moments of stable chain-like clusters do not have a sufficient tendency to inline in the field direction. This leads to a smaller
area of the hysteresis loop, and therefore the stable cluster formation induces a significant decrease in the heating effect.

Keywords Magnetic particle suspension - Aggregation phenomenon - Magnetic hyperthermia - Brownian dynamics - Heating

effect - Hysteresis loop

Introduction

A magnetic particle suspension is a prospective functional
fluid for numerous applications, and many researchers have
been active in conducting both fundamental and application

Highlights of the present paper

(1) We focus on the results of the unexpected characteristic that the stable
particle cluster formation induces a decrease in the degree of heating
effect.

(2) The degree of heating effect is dependent on the magnitude
relationship between the magnetic particle-particle and the magnetic
particle-field interaction strengths.

(3) With the magnetic particle-particle interaction being more dominant,
the area of hysteresis loops of the field-magnetization curves becomes
smaller, leading to poorer heating effect.

(4) In the opposite case, the magnetic moment of each constituent particle
is able to sufficiently respond to the change in the magnetic field, leading
to a better heat production.

(5) Significant heat production can be achieved in the situation where
large chain-like clusters are formed and inclined in the applied alternating
magnetic field.

b4 Akira Satoh
asatoh @akita-pu.ac jp

Graduate School of Akita Prefectural University, Yurihonjo, Japan

Department of Mechanical Engineering, Akita Prefectural
University, Yurihonjo, Japan

studies in a variety of fields. Recently, the interest in magnetic
particle suspensions has expanded into the new application
areas of biomedical engineering and environmental resource
engineering. In the field of biomedical engineering, magnetic
particle suspensions are finding potential application in the
development of magnetically guided drug delivery systems
[1] and magnetic particle hyperthermia treatments [2—5]. In
the field of environmental and resource engineering, function-
al magnetic particles are employed to absorb precious metals
or harmful substances dissolved in seawater, after which they
may be gathered and removed using a non-uniform magnetic
field [6, 7).

In the present study, we focus on physical phenomena in
relation to the application of a magnetic particle suspension to
magnetic particle hyperthermia. A magnetic particle hyper-
thermia treatment is a medical therapy for killing tumor or
cancer cells by means of the heating effect arising from the
relaxation of magnetic moments in an external alternating
magnetic field [2]. There are two mechanisms for the heat
production arising in an alternating magnetic field, that is, a
Néel relaxation mode and a Brownian relaxation mode [8]. In
the Brownian relaxation mode, the magnetic moment is fixed
within the particle body, and the particle itself rotates to follow
the change in a time-dependent magnetic field which gives
rise to heat production due to viscous friction torques. The
Brownian relaxation mechanism governs the heat generation
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phenomena for larger particles. Almost all studies with respect
to the application to magnetic hyperthermia address the small-
er magnetic particles that produce a heating effect due to Néel
relaxation mechanism [2—5]. A macroscopic theory regarding
the heating of a magnetic particle suspension in an alternating
magnetic field has been developed without consideration of
particle aggregate formation by Rosensweig’s pioneering
work [8]. The dependence of the heating effect on the cluster
formation was indirectly clarified in a suspension with a high
volumetric fraction of particles, and therefore, large clusters
are to be expected in the system, and the interaction between
magnetic moments is expected to have a significant contribu-
tion to the heating effect. Therefore we understand that it may
be of importance to clarify the effect of the cluster formation
of magnetic particles on the degree of heat production.
Recently, Zhao and Rinaldi [9] have performed Brownian
dynamics simulations in order to investigate the relationship
between the aggregate structure of magnetic particles and the
heat production characteristics at a microscopic level. Our
Brownian dynamics approach is quite similar to that of Zhao
and Rinaldi, but in the present report, we focus on the discus-
sion of the unexpected characteristic that the stable particle
cluster formation induces a decrease in the degree of heating
effect, which has not sufficiently been discussed in their paper.

Model of magnetic particles and an external
alternating magnetic field

We consider aggregation phenomena in a suspension com-
posed of magnetic spherical particles in an alternating mag-
netic field and their influence on heat production due to a
Brownian relaxation mechanism. Magnetic particles are re-
quired to perform translation and rotational Brownian motion
in an applied alternating magnetic field. In order to induce
Brownian motion, an appropriate simulation method has to
be used, and here we employ the Brownian dynamics method
[10-12]. The magnetic forces and torques acting on magnetic
particles and the repulsive force due to the overlap of steric
layers covering each particle are straightforwardly derived
from the corresponding interaction energies. These expres-
sions may be found from references [10, 13] and so not written
here. The present physical phenomenon is characterized by
the four non-dimensional parameters \, £, Ay, and Rp. The
former three parameters are expressed relative to the thermal
motion and imply the strength of magnetic particle-particle,
particle-field, and steric repulsive interactions, respectively.
These are defined as [13].

 pgm? ~ pomHy - Tagd? (1)
T AndkpT’ T ksT VT
@ Springer

The last parameter Ry describes the strength of the random
force relative to the viscous force, expressed as.
k. B T 2
— 2

5= 3mnd? -UJH

In these equations, d is the particle diameter, m is the mag-
nitude of the magnetic moment m; (=mn;) of an arbitrary
particle #, 17 is the viscosity of a base liquid, /i is the perme-
ability of free space, ng is the number of surfactant molecules
on the unit surface of a magnetic particle, kg is Boltzmann’s
constant, and T'is the absolute temperature of the system.

The time-dependent magnetic field H is applied along the
x-direction and expressed as.

H(?) = (Hosin(wyt) )h (3)

in which # is the unit vector denoting the x-direction,
expressed as /1 = (1,0,0), Hy is the magnitude of an alternating
magnetic field, and wy, is the angular velocity.

Heating effect due to the relaxation
phenomenon of magnetic moments

In a magnetic particle suspension, the work per unit volume
exerted on the system, Wi'{fg,’ , during one cycle of an alternat-
ing magnetic field in order to induce the magnetization M is
expressed using the alternating magnetic field H as [8].
Wil =~ §MedH = —pgmH o N§(n,)d (H [ Ho) (4)
This is equivalent to the area of the hysteresis loop of the
field-magnetization (H-M) curve. In this equation, N is the
number density of particles, and{n,)is the mean value of the x-
component #, of the unit vector n denoting the magnetic mo-
ment orientation. We here address the work per particle,

chcl = Wtotal / N

eyel

Results and discussion

As already described in the introduction, we here restrict our
discussion to the influence of the cluster formation of magnet-
ic particles on the degree of heating effect. Unless specifically
noted, we used the following values for performing the pres-
ent simulations. The number of particles N is set as N=512
(=8%), the volumetric fraction ¢ (=N(7/6)d*/V) as dy = 0.02
where Vis the volume of the simulation region, the side length
1."(=l/d) of the cubic simulation region as 17 :1}.* :lz*:

23.75. Moreover, the thickness of the steric layer, 8" (= §/d),
was taken as 8" =0.15, and the repulsive interaction strength
Ay was taken as Ay = 150. In order to verify the present results
of having a sufficient accuracy, we show the dependence of
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the heating effect W, (=W,,c//ksT) on the value of the number
of particles, N, for a typical case of A=10, {=10, and Rz =35.
The dependence of the heating effect on the system size is as
follows: ch61*= 27.1,22.9,23.7, 23.8, and 23.7 for N=125,
216, 343, 512, and 729, respectively. This characteristic ex-
emplifies that the present simulation results for the case of N=
512 have a sufficient accuracy and thus may be regarded as
approximately independent of this value employed for simu-
lations. In addition, the formation of aggregate structures is
strongly dependent on the magnetic interaction strength and
the steric repulsive interaction strength, and therefore the char-
acteristics of potential curves will be discuss for different
values of A and Ay in Appendix. Moreover, in order to validate
the accuracy of the results regarding the heating effect, the
time change in the system energy to a steady-state situation
will be addressed also in Appendix.

Figure 1 shows the dependence of the heat production
chcl* on the magnetic particle-particle interaction strength A\
for the case of a relatively weak viscous force (Rz = 5). Results
are shown for the field strengths £ =5 and 10. Itis seen that in
both cases, a larger heating effect is obtained with increasing
values of A until each certain criterion value of A. That is, the
value of chd* tends to increase until A~ 5 and 10 for {=5
and 10, respectively, and thereafter decreases and approaches
zero with increasing values of A. Moreover, a larger value of
the magnetic field strength £ leads to a larger effect of the heat
production. This decrease tendency after each certain criterion
value of the magnetic interaction strength is a significantly
unexpected characteristic of the heating effect, and therefore
in the following discussion, we concentrate on the mechanism
for this decrease with increasing values of A in conjunction
with the formation of particle aggregates.

Figure 2 shows snapshots for two different cases of the
magnetic interaction strength, (a) A=10 and (b) A =16, for

the same condition of the particle-field interaction strength
£=10 and the strength of the random force relative to the
viscous force, Rz=35. In these figures, only the snapshot at
the phase angle of Gy, =45° is shown since in this case the
response characteristics are more straightforwardly recog-
nized with respect to the chain-like clusters and the orientation
of the magnetic moments. Moreover, a relatively small system
of N =125 is intentionally addressed for a clear understanding
of the structure of particle aggregates.

From Fig. 2(a), it is seen that large aggregate structures are
stably formed since the magnetic particle-particle interaction
A =10 is sufficiently strong for the cluster formation. In addi-
tion, the effect of the magnetic field strength is also sufficient-
ly larger than thermal energy, and therefore these clusters tend
to form a linear thick chain-like formation inclined along the
magnetic field direction (x-direction). The strong magnetic
interactions (A = 10) between particles function to maintain
the linear cluster formation without a large distortion, whereby
the magnetic moments exhibit a resistance to rotate toward the
magnetic field direction; even at the angle of 0y, =45°, the
magnetic moments do not significantly incline in the field
direction. This tendency does not simply lead to the charac-
teristic that more stable chain-like clusters give rise to a better
heat production, which will be clarified later. It is a noteworthy
point that even if the magnetic field switches in the positive x-
direction, the chain-like clusters do not collapse but remain
while rotating the particle body itself in order for the magnetic
moment to incline toward the magnetic field direction. The
reason for exhibiting this characteristic behavior of the chain-
like clusters may be explained in the following manner. As the
magnetic field strength is increased after switching from the
negative to the positive x-direction, the chain-like clusters
gradually become unstable and tend to make the magnetic
moments of the constituent particles reorient in the field

Fig. 1 Dependence of the heating 30
effect on the magnetic particle-
particle interaction strength. It is 1
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Fig. 2 Aggregate structures of
magnetic particles at 0y, = 45°
forRg=5and {=10:a A=10
and b A = 16. A stronger magnetic
interaction strength (A= 16) leads
to a weaker tendency of the
reorientation of the magnetic
moments toward the field
direction and also a weaker
tendency of the formation of
chain-like clusters along the field
direction. It is noted that the
yellow dot implies the direction of
the magnetic moment of each
particle

direction. This reorientation of each magnetic moment may be
accomplished by the two mechanisms, i.e., the rotation of each
particle or the rotation of chain-like clusters as a whole. It may
be reasonably expected that the rotational motion of each par-
ticle can be performed more quickly than the rotational motion
of chain-like clusters as a whole. Hence, as shown in Fig. 2(a),
chain-like clusters can be maintained to a certain degree in
reorientating the magnetic moments of the constituent parti-
cles toward the field direction, although this reorientation of
the magnetic moments is achieved through a temporal transi-
tion of unstable chain-like clusters during a short period.

From Fig. 2(b), it is seen that long chain-like clusters are
not restricted to the field direction but orient in various direc-
tions, which is a significant contrast to the previous snapshot
in Fig. 2a. Moreover, it is observed that each magnetic mo-
ment of the particles is not restricted to the field direction to a
considerable level. This characteristic of not inclining in the
field direction does not vary during one period of the alternat-
ing magnetic field for the case of A=16. Furthermore, it is
recognized that the magnetic moments of the particles consti-
tuting several chain-like clusters approximately incline in each
cluster direction; the direction of some clusters is roughly
opposite to the magnetic field direction. We may understand
that these orientational characteristics arise due to the situation
where the influence of the magnetic interaction between par-
ticles is sufficiently stronger than that of the external magnetic
field, which leads to a poor Brownian relaxation effect, i.e., a
poor degree of heating effect. This expectation will be
discussed in more detail in a quantitative manner in the
following.

Figure 3 shows results of the response of the averaged
quantity{n)to a change in the alternating magnetic field
H/Ho=|H|/Ho=sin(27t") for Rz=5 and £=10 where two
cases of A=10 and A =16 are addressed. It is noted that the
non-dimensional time of " = 1 corresponds to the phase angle
of Byime =360°. In the case of A= 10, it is seen that the curve
has a trapezoidal change with a maximum value of (n.)
~0.85 at f" = 0.34 and a plateau area between f = 0.3 and ¢

@ Springer

~0.5. The maximum value of around unity implies that the
magnetic particles can sufficiently follow a change in the mag-
netic field during one period, although a large delay is ob-
served in the response. These characteristics should give rise
to a larger area of the hysteresis loop of the field-
magnetization curve, which will be shown later, and therefore
as a result lead to a larger heating effect at A= 10 in the curve
shown in Fig. 1. The reason why the delay in the response is
significant is that particles belonging to the same cluster which
have not already oriented in the field direction show a resis-
tance to change their orientation to follow the switched direc-
tion of the alternating magnetic field due to the magnetic in-
teractions between the particles in a cluster. That is, the parti-
cles constituting a cluster are strongly bound with each other,
and this gives rise to a large resistance to the rotation of the
magnetic moment toward the magnetic field direction, which
leads to a large delay in the response. A steep increase toward
the maximum value from 7~ 0.1 is due to the characteristic
that the magnetic particles which have already oriented in the
field direction accelerate other particles in the cluster to rotate
in the field direction through the influence of the magnetic
particle-particle interactions. The curve for A= 16 exhibits a
completely different response in comparison to the former
case of A = 10. The most different feature is that the maximum
value is much lower than unity around(n,)~0.3 at £~03,
which implies that numerous magnetic particles do not follow
the field direction, as already pointed out in the discussion of
the snapshots. Since the magnetic interaction is the dominant
effect in the case of A=16, Rz=5 and =10, the magnetic
moments cannot rotate sufficiently during the period of the
alternating magnetic field. It is this characteristic that is the
cause for the heating effect decreasing and approaching zero
with increasing values of A after each criterion value in the
curves of {=5 and 10 shown in Fig. 1. The reason why the
curve for A= 16 does not vary around zero but is shifted to-
ward the y-axis direction by a certain small positive value is
that the system of N =512 is not sufficiently large for the case
of a strong magnetic interaction strength A = 16, where stable
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Fig. 3 Response of the | —— AL L e e .
reorientation of the magnetic r : : : —Q— =
particles to the change in the r C = /17 10
magnetic field strength for the A=16
case of Rz =5 and £ = 10, where 0.5 — H

two curves for A=10and A=16
are shown. For the case of A=10
chain-like clusters sufficiently
respond to the change in the
magnetic field strength with a
larger delay. In contrast, for the
case of \ =16 the magnetic
moments do not significantly
reorient in the magnetic field
direction

chain-like clusters are significantly formed in the whole sim-
ulation region. However, from simulations for various sizes of
the simulation region, we understand that the essential features
regarding the response of the magnetic moments are able to be
obtained even for the present system size of N=512.

We show results of the hysteresis loops of the field-
magnetization curves in Fig. 4, where two cases of A=10
and \ =16 are addressed for the case of Rp=35 and {=10.
As already mentioned, a larger area of the hysteresis loop
gives rise to a larger heating effect which is produced by
the Brownian relaxation of the magnetic moments. As al-
ready expected from the response curves shown in Fig. 3,
the hysteresis loop is significantly larger in the case of A=
10, which gives rise to a more significant heating effect
shown in Fig. 1. That is, a strong magnetic interaction be-
tween the particles will function to delay the response of the

0.2 0.4 0.6

particle rotational motion toward the magnetic field direction,
and therefore, this significant delay in the orientation gives
rise to a larger area of the hysteresis loop indicating a higher
degree of heat production. In contrast, for the case of A=16,
the area of the hysteresis loop is significantly smaller in com-
parison to the previous case of A= 10, which leads to a sig-
nificantly poor heating effect. This poor performance is main-
ly due to the tendency that the magnetic moment of each
constituent particle in a cluster tends to resist to the reorien-
tation toward the field direction, which cannot give rise to a
larger maximum value of (n,)in the case of the magnetic
particle-particle interaction being significantly more domi-
nant. The reason why the curve for A =16 is shifted toward
the y-axis direction by a certain small positive value has al-
ready been described in the above discussion regarding the
response of the magnetic moments.

Fig. 4 Hysteresis loop of the 1
magnetic field-magnetization

curves for the case of Rz=5 and 0.8 H
£=10, where two curves for A = 0.6 =
10 and A =16 are shown. In the E
case of the magnetic interaction 04 F
being dominant (A = 16), the F
magnetic moments of particles do 0.2 E
not sufficiently reorient toward E,

the magnetic field direction,
which leads to a smaller area of
the hysteresis loop
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Fig.5 Influence of the volumetric 1 r ——— ———
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hysteresis loops of the field- 0.8

magnetization curves, which was 06

obtained for Rgz=5, A= 10, and

£=10 and three cases of the 04 F o
volumetric fraction ¢, =0.01, E

0.1, and 0.2 are addressed. It is 0.2 F E

seen that the heating effect = 0F E
decreases with increasing values S/ E

of the volumetric fraction since 02 F =

much clearer network (chain-like) 4 3

clusters tend to be formed for -0. ¢=0.01
larger values of ¢; which induces -0.6 #=0.1
a larger resistance to the

inclination of the magnetic -0.8 #r=0.2
moments toward the magnetic _ 1 h i I 1

field direction -1 -0.5 0 0.5 1

Finally, we discuss the influence of the volumetric fraction
of particles on the hysteresis loops of the field-magnetization
curves using in Fig. 5, which was obtained for Rz =5, A =10,
and £=10, and three cases of the volumetric fraction ¢y =
0.01, 0.1, and 0.2 are addressed. Since a strong dependence of
the hysteresis loop on the volumetric fraction is recognized
for A\ = 10 much more significantly than for A = 16, and there-
fore, we here focus on the results for this case. It is clearly
seen that the heating effect more strongly decreases with in-
creasing values of the volumetric fraction. The curve for ¢y =
0.2 is quite similar to that for A=16 and ¢, =0.02 in Fig. 4,
leading to an extraordinary decrease in the heating effect in
comparison to the case of ¢,=0.02 or ¢,=0.01. This is
because more stable and clearer network (chain-like) struc-
tures of particle aggregates are formed with increasing volu-
metric fractions, and these clusters tend to exhibit a much
stronger resistance of the magnetic moments inclining toward
the magnetic field direction due to the magnetic interactions
in each cluster. As a result, the area of the loop for ¢y=0.2
becomes much smaller than for dilute suspensions, similar to
that for the case of A=16 and ¢y =0.02.

Concluding remarks

We have investigated the relationship between the aggre-
gate structures in a suspension of magnetic particles and
the heating effect in an alternating magnetic field. In the
present study, we address the Brownian relaxation mode
that generates heat due to the rotational motion of mag-
netic particles that experience a frictional force or torque
in an ambient viscous medium. The main factors charac-
terizing the present phenomenon are the viscous friction
force arising from an alternating external magnetic field,

@ Springer

the applied magnetic field strength, and the particle-
particle interaction strength. The magnitude correlation
of these factors will govern the characteristics of the ag-
gregate structures and the heat production effect. In the
present study, we focus on the results of the unexpected
characteristic that the stable particle cluster formation in-
duces a decrease in the degree of heating effect, which has
not sufficiently been discussed in other papers. That is,
the heating effect tends to increase until a criterion value
and thereafter decreases and approaches zero with increas-
ing magnetic interaction strengths. From the present re-
sults, we may conclude the cause for the decrease in the
degree of heating effect after criterion values in the fol-
lowing manner. If chain-like clusters are stably formed in
the system, whether or not a large heating effect is obtain-
ed is dependent on the magnitude relationship between
the magnetic particle-particle and the magnetic particle-
field interaction strengths. As the magnetic particle-
particle interaction strength increases and becomes more
dominant than the influence of the magnetic field, the area
of hysteresis loops of the field-magnetization curves be-
come smaller and so the heating effect comes to vanish. In
the opposite case where the magnetic particle-field inter-
action is significantly more dominant, the magnetic mo-
ment of each constituent particle is able to sufficiently
respond to the change in the magnetic field, which leads
to a larger area of the hysteresis loop or a better heat
production performance. We therefore understand that sig-
nificant heat production can be achieved in the situation
where large chain-like clusters are formed and inclined in
the applied alternating magnetic field. On the other hand,
if these chain-like clusters are not sufficiently restricted in
orientation to the field direction, a significant heat produc-
tion cannot be obtained.
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Appendix

Figure 6 shows results of the dependence of potential
curves on the magnetic particle-particle interaction
strength for the two cases of A =10 and 16, where the
common steric interaction strength of A= 150 is used. In
the figure, U™ and U"" are the non-dimensional magnetic
particle-particle and steric repulsive interaction energy
based on the thermal energy kT, respectively, and U is
the total interaction energy as U = U™ + U"". A represen-
tative snapshot of particle aggregates is also shown in the
figure for each case of the magnetic interaction strength for
reference. It is noted that the magnetic particle-particle in-
teraction energy is evaluated under the assumption that the
magnetic moments of the two magnetic particles of interest
incline in the same direction along the line connected be-
tween the centers of the particles, and the abovementioned
energies are evaluated as a function of the non-dimensional
distance between the two particles, r[/-* (= ryj/d). The cluster
formation is mainly governed by the depth of a potential
curve, and if the depth is much deeper than thermal energy
kpT, stable clusters more strongly tend to be formed in the
system. The depth of the potential curve is U” =—9.12 and
—14.7 at rf: 1.295 and 1.29 for A =10 and 16, respec-
tively. Since these depths are much deeper than unity (i.e.,
thermal energy), the snapshots exhibit significantly similar

network (chain-like) clusters between these cases, but
slightly clearer network structures are recognized in the
case of A=16. Moreover, it is noted that the minimum
energy in each net potential energy arises in close vicinity
to the contact surface of the steric layer (i.e., r,,* =1.3)
Figure 7 shows results of the time change in the system
energy to a steady state situation for the case of Rp=5 in
no applied magnetic field {=0, where results are shown
for the magnetic interaction strengths A =10 and 16. Two
representative snapshots of particle aggregates are also
shown in the figure at the cycle number of Ny =5 and
25 for each case of the magnetic interaction strength in
order to assess the rate of the convergence. From the re-
sults regarding the change in the system energy, it is clearly
evident that the convergence to a steady-state situation is
approximately accomplished in an early stage of the simu-
lation steps, at Neye =10 and 5 for A= 10 and 16, respec-
tively. Moreover, it is seen that there is no essential differ-
ence between the snapshots at Noyo =5 and 25 for both the
cases. The snapshots in the figures are essentially quite
similar to those for thermodynamic equilibrium in no ap-
plied magnetic field in Fig. 6. However, it is recognized
that slightly looser network structures are formed in the
case of an alternating magnetic field (Fig. 7) since in this
case, the viscous forces and torques function to decrease
the stability of network clusters. These characteristics may
clearly validate the accuracy of the present results in re-
spect to the snapshots, the hysteresis loops, and so forth.

Fig. 6 Dependence of potential 250 —_ U"i
curves on the magnetic particle- E —w— UM s A=10
particle interaction strength for ] —_— U ,A=10
the two cases of A=10and 16, 200 — U’"*]/l 16
where the common steric Q@ 1 Y6 SRSt .. A=16
interaction strength of Ay= 150 is = =
used. The distance giving rise to a 150
minimum energy in each net o~ &
potential energy is in close : :
vicinity to the contact surface of *b 100 / °
the steric layer. Snapshots are not i
significantly different between
these two cases, but slightly 50
clearer network structures are .
observed for A =16 than for A= Netp tennql -
10 0 Curves;
AdAAdAAd: : : : :
1 ) S I (PRSI AU S S
1 1.05 1.1 .15 12 125 13 135 14
r*
4\ Springer
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Fig.7 Time change in the system 0
energy to a steady-state situation
for the case of Rz=15 in no
applied magnetic field. The
convergence to a steady-state
situation is accomplished in an
carly stage of the simulation steps,
at Ny = 10 and S for A =10 and
16, respectively. There is no
essential difference between the
snapshots at Ney =5 and 25 for
the both cases
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Figure 8 shows the dependence of potential curves on the
steric repulsive interaction strength for the common value of
the magnetic interaction strength, where two representative cases
of A\y=100 and A\,=200 are addressed: Figs. 8 a and b are
results for A = 10 and A\ = 16, respectively. A representative snap-
shot of particle aggregates in thermodynamic equilibrium is also
shown in the figure for each case of the steric repulsive interac-
tion strength for reference. The method of evaluating the mag-
netic particle-particle interaction energy has already been de-
scribed in Fig. 6. Although in the Brownian relaxation mode of
the magnetic moments the surface roughness may be expected to
have an influence on the heating performance, it seems to be
reasonable to consider that the structure of network clusters is
essentially the dominant factor for determining the motion of the
network clusters in the situation of an alternating applied

a

250

200

Fig. 8 Dependence of potential curves on the steric repulsive interaction
strength for the common value of the magnetic interaction strength, where
two representative cases of A= 100 and A= 200 are addressed: Figs. 8 a
and b are results for A=10 and A= 16, respectively. A representative
snapshot of particle aggregates in thermodynamic equilibrium is also
shown in the figure for each case of the steric repulsive interaction

@ Springer

Ncycl (time)

magnetic field. This is because these clusters are stably formed
in the system due to magnetic interactions under the influence of
the disturbance of an alternating field in the present cases of A =

10 and A =16, not due to the surface roughness of magnetic
particles. Hence, we here discuss the influence of the steric re-
pulsive interaction strength A,on the potential curves and particle
aggregates; a larger value of \yimplies a more numerous number
of surfactant molecules, i.e., a larger value of the number density
n,. The depth of the potential curve is U =—9.15 and — 9.08 at
r,»j* =1.285 and 1.295 for Ay= 100 and 200, respectively, in the
case of A= 10, and similarly, U=~ 14.76 and — 14.61 at r;; =

1.285 and 1.295 for Ay, = 100 and 200, respectively, in the case of
A=16. Itis seen that the energy depth is not strongly dependent
on the value of the steric repulsive interaction strength Ay for
both the cases of A =10 and 16. This characteristic clearly

b

250

200

150

5100 &
50 - <

300K

-50 i i i
1 1.05 1.1 125 1.3 13 1.4

strength for reference. The energy depth is not strongly dependent on
the value of the steric repulsive interaction strength Ay for both the
cases of A\=10 and 16, which clearly exemplifies that the snapshots of
particle aggregates are not significantly different among those for the
three cases of Ay =100, 150, and 200
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exemplifies that the snapshots of particle aggregates are not sig- 6.

nificantly different among those for the three cases of A, = 100,

150, and 200 7
8.
References
9.

1. Hafeli U, Schitt W, Teller J, Zborowski M (1997) Scientific and
clinical applications of magnetic carriers. Springer Science, New
York

2. Schmidt AM (2007) Thermoresponsive magnetic colloids. Colloid 10.

Polymer Sci 285:953-966

3. Kumar CSSR, Mohammad F (2011) Magnetic nanomaterials for 1.

hyperthermia-based therapy and controlled drug delivery. Advan

Drug Delivery Rev 63:789-808 12.

4. Obaidat IM, Issa B, Haik Y (2015) Magnetic properties of magnetic
nanoparticles for efficient hyperthermia. Nanomaterials 5:63-89

5. Golovin Y1, Gribanovsky SL, Golovin DY, Klyachko NL, Majouga 13.

AG, Master AM, Marina S, Kabanov AV (2015) Towards
nanomedicines of the future: remote magneto-mechanical actuation

Bruce 1J, Sen T (2005) Surface modification of magnetic nanopar-
ticles with alkoxysilanes and their application in magnetic
bioseparations. Langmuir 21:7029-7035

Girginova PI, Daniel-da-Silva AL, Lopes CB, Figueira P, Otero M,
Amaral VS, Pereira E, Trindade T (2010) Silica coated magnetite
particles for magnetic removal of Hg2+ from water. J Colloid
Interface Sci 345:234-240

Rosensweig RE (2002) Heating magnetic fluid with alternating
magnetic field. ] Magn Magn Mater 252:370-374

Zhao Z, Rinaldi C (2018) Magnetization dynamics and energy dis-
sipation of interacting magnetic nanoparticles in alternating mag-
netic fields with and without a static bias field. J Phys Chem C 122:
21018-21030

Satoh A (2003) 1 luction to molecular-microsimulation of col-
loidal dispersions. Elsevier, Amsterdam

Allen MP, Tildesley DJ (1987) Computer simulation of liquids.
Clarendon Press, Oxford

Satoh A (2010) Introduction to practice of molecular simulation:
molecular dynamics, Monte Carlo, Brownian dynamics, lattice
Boltzmann and dissipative particle dynamics. Elsevier, Amsterdam
Satoh A (2017) Modeling of magnetic particle suspensions for sim-
ulations. CRC Press, Boca Laton

of nanomedicines by alternating magnetic fields. J Control Release Publisher’s note Springer Nature remains neutral with regard to
219:43-60 Jjurisdictional claims in published maps and institutional affiliations.

124

@ Springer



MOLECULAR

Molecular Physics

An International Journal at the Interface Between Chemistry and
Physics

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tmph20

The behaviour of magnetic spherical particles and
the heating effect in a rotating magnetic field via
Brownian dynamics simulations

Seiya Suzuki, Akira Satoh & Muneo Futamura

To cite this article: Seiya Suzuki, Akira Satoh & Muneo Futamura (2021) The behaviour of
magnetic spherical particles and the heating effect in a rotating magnetic field via Brownian
dynamics simulations, Molecular Physics, 119:9, 1892225, DOI: 10.1080/00268976.2021.1892225

To link to this article: https://doi.org/10.1080/00268976.2021.1892225

@ Published online: 01 Mar 2021.

>
Cl/ Submit your article to this journal (&'

il Article views: 34

A
& View related articles ('

(&) view Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=tmph20

125



MOLECULAR PHYSICS
2021,VOL. 119, NO. 9, 1892225 (10 pages)
https://doi.org/10.1080/00268976.2021.1892225

Taylor & Francis
Taylor & Francis Group

RESEARCH ARTICLE

W) Check for updates

The behaviour of magnetic spherical particles and the heating effect in a rotating
magnetic field via Brownian dynamics simulations

Seiya Suzuki?, Akira SatohP and Muneo Futamura®

2Graduate School of Akita Prefectural University, Yurihonjo, Japan; ® Department of Mechanical Engineering, Akita Prefectural University,

Yurihonjo, Japan

ABSTRACT

The present study addresses the physical phenomena of a suspension composed of magnetic spher-
ical particles in a rotating magnetic field in order to elucidate the influence of particle aggregation
phenomena on the heat production from Brownian relaxation by means of Brownian dynamics
simulations. In the case of a weak magnetic particle-particle interaction, particles do not aggre-
gate to form specific cluster configurations. In this situation, the magnetic moment of each particle
quickly inclines toward the field direction, and single particles do not give rise to a sufficiently large
heating effect. With an increasing magnetic interaction between particles, chain-like clusters tend
to form in the system and function to offer a larger resistance to the orientation of the magnetic
moments, which leads to an increase in the heating effect. In the case of a significantly strong mag-
netic particle-particle interaction, the particles tend to aggregate to form stable ring-like clusters
where the magnetic moments of the constituent particles are not able to be so responsive to the
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rotating magnetic field and this leads to a decrease in the heating effect.

Repeat of Breaking-up and Recombination in a Rotating Magnetic Field
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(1) The characteristics of particle aggregation have been clarified.

(2) The relationship between the strength of the magnetic particle-particle interaction and the
frequency of the rotating magnetic field on the aggregation phenomena has been clarified.

(3) Theresponse of the particle aggregates to an applied rotating magnetic field has been clarified.

(4) The relationship between the performance of the degree of heat production and the internal
structure of magnetic particle configurations has been clarified.

1. Introduction

Active research regarding a magnetic particle suspen-
sion is currently being conducted in both fundamen-
tal and application studies in a variety of fields. Typical
research and application fields may be fluid engineer-
ing [1], magnetic material engineering [2] and environ-
mental resource engineering [3]. In addition, in medical
engineering field, hopeful applications are magnetically
targeted drug delivery systems and magnetic particle

hyperthermia treatment [4]. In order to realise these
functions more effectively, rather than employ the more
common uniform magnetic field, it is desirable to apply
a non-uniform or a time-dependent magnetic field to
a magnetic particle suspension. A representative time-
dependent field would be an alternating magnetic field
or a rotating magnetic field. It has been clarified by
Rosensweig’s pioneering study [5] that magnetic parti-
cles in an alternating magnetic field induce a heating
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effect due to the Brownian relaxation of the magnetic
moment. A magnetic particle hyperthermia treatment
is a medical therapy for killing tumour or cancer cells
by means of this heating effect, and has been attracting
attention as a new cancer treatment.

There are a variety of studies regarding the heat
generation phenomena of magnetic particles in an alter-
nating magnetic field. Yao et al. [6] have treated a sus-
pension composed of magnetic spheroidal particles with
the size larger than 100 nm and have investigated a heat-
ing effect of this suspension, whilst Lahiri et al. [7] have
addressed magnetic emulsion droplets. In addition, Zhao
and Rinaldi have clarified the heat production charac-
teristics of magnetic spherical particles in an alternating
magnetic field [8]. Our research group has focused on
the internal structure of the particle aggregates found in
a spherical particle suspension, and have elucidated the
relationship between the performance of heat generation
and the particle aggregate structures in an alternating
magnetic field [9]. We now advance this simulation study
to the aggregation phenomena and the heating effect in
the situation of a rotating magnetic field.

There are several experimental studies that have been
conducted in regard to the behaviour of magnetic parti-
cles in a rotating magnetic field. Cantillon-Murphy et al.
[10] have elucidated the mechanism of heat generation
in a magnetic fluid under a rotating magnetic field and in
the study of Bekovic etal. [11], it has been experimentally
clarified that the heating performance of magnetic parti-
cles in a rotating magnetic field may be more enhanced
than in an oscillating magnetic field. Furthermore, Abu-
Bakr and Zubarev [12] have clarified that the interaction
between magnetic particles is expected to contribute to
the performance of the heating effect. However, at the
present time, there are no experimental or simulation
studies elucidating the relationship between the internal
structure of particle aggregates and the heating charac-
teristics.

In a previous study [9], we investigated the relation-
ship between the heating effect and the particle aggre-
gates for the case of a spherical particle suspension in
an alternating magnetic field. From this study it was sug-
gested that the aggregation phenomena may be expected
to have an effective contribution to the heating effect
under the certain conditions. In other words, the clus-
ter formation does not necessarily contribute to better
performance of the heat generation.

From thisbackground, in the present study, we address
the behaviour of magnetic spherical particles in the situa-
tion of an applied rotating magnetic field. From Brownian
dynamics simulations, we attempt to clarify the internal
structure of the particle aggregates and the relationship
between the particle aggregates and the heating effect due

to the mechanism of Brownian relaxation. Moreover, we
compare the heating effect in a rotating and an alternat-
ing magnetic field in order to clarify a difference in the
characteristics of the heat generation for the two different
applied magnetic fields.

2. Particle model and a rotating magnetic field

A spherical magnetic particle with diameter d is coated
with a uniform steric layer of thickness § and has a point
magnetic moment m at the particle centre.

As described above, here we intend to discuss the
heating effect of a magnetic particle suspension in a time-
dependent magnetic field. Therefore, a rotating magnetic
field H is applied along the xy-plane and expressed as

H(t) = Ho{cos(wpt)ix + sin(wyt)iy} (1)

in which, Hy is the magnitude of the magnetic field, wy
is the angular velocity and iy and iy are the unit vectorsin
the x- and y- direction, respectively.

The response of the magnetic particles is affected by
the five factors, ie. (1) the strength of the magnetic
particle-particle interaction, (2) the magnetic particle-
field interaction, (3) the repulsive force due to the overlap
of steric layers, (4) the strength of the viscous force related
to the frequency of the rotating field and (5) the thermal
motion of magnetic particles, which are denoted by the
non-dimensional parameters, 4, &, Ay and Rp, respec-
tively, relative to the effect of the thermal motion. The
expressions for these quantities are shown in the previous
study [9]. If the quantities of A, £ and Ay are significantly
larger than unity, then it is implied that each factor is
much more dominant than the thermal motion. If the
quantity R is much smaller than unity, then the fre-
quency of the rotating magnetic field is significantly large
and thus the viscous friction force is much more domi-
nant than the thermal motion. Hence, the behaviour of
magnetic particles will be determined in a complex man-
ner by these five factors inducing the effect of the thermal
motion.

3. Heating effect

The heat production in a time-dependent magnetic field
arises from the relaxation of the magnetic moments of
the suspended particles. In general, there are two differ-
ent modes for this relaxation phenomenon [5]. The Néel
relaxation mode is a mechanism for magnetic particles
with a diameter smaller than approximately 10 nm, where
the magnetic moment can rotate within the particle body,
and there are a numerous number of studies [13-16]
regarding the heat production due to this mechanism.
The Brownian relaxation mode [5] is another mechanism
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Figure 1. Aggregate structures for £ = 5 and Rg = 20: (@) A = 1, (b) A = 7 and (c) » = 12. A stronger magnetic particle-particle

interaction induces the formation of larger and more stable clusters.

that is for larger particles, where the magnetic moment
is locked to the particle body, and thus the particle itself
rotates to incline in the field direction, which leads to the
heat generation [5-8]. In the present study, we focus on
heat generation based on the Brownian relaxation mode.
The heating effect of a magnetic particle suspension in a
rotating magnetic field is obtained from the work during
one cycle of the magnetic field. As in the previous study
[9], we here treat the heating effect generated by one par-
ticle, Wiy, which is evaluated from the same equation
shown in the previous study.

4. Parameters for simulations

Unless specifically noted, the present results were
obtained by adopting the following parameter values. The
number of particles N = 125 = 5%, time step At* = At
/ (27 /wpg) = 0.0001, and total simulation time t;,p,* =
total | (27 lwpr) = 5000 where data from the last 50% of
the simulation time was used for the averaging proce-
dure. The diameter of a particle is @* = 1.0, the thickness
of the steric layer §* = §/d = 0.15, and the cutoff radius
Teoff™ = Teoff/d = 8.0.

The main reason why we adopted a relatively small
system of N = 125 is that it is more straightforward to
graphically grasp a change in the formation of clusters
in a rotating field, especially the breaking-up and recom-
bination of the chain-like clusters, shown in Figure 3 in
addition to Figures 1 and 4. We assessed the dependence
of the results on the size of a simulation region (i.e. the
number of magnetic particles in a system), and obtained
a conclusion that the results for the case of N = 125 are

not essentially dependent on the system size even in a
quantitative meaning.

Moreover, in contrast to the previous study [9] where
the volumetric fraction was taken as gy = 0.02, we focus
on a significantly dilute suspension such as ¢y = 0.001
in the present rotating magnetic field. This is because in
a dense system the rotation of magnetic particles in the
situation of a rotating magnetic field is expected to have
a significant tendency to induce the rotating flow field
of a dispersion medium. Since the Brownian dynamics
method is not able to solve the flow field together with the
particle motion, it is quite reasonable that we restrict our
attention to a dilute suspension system of ¢y = 0.001 in
the first change of the present phenomenon for a rotating
magnetic field.

Furthermore, it is certainly desirable to employ the
Ewald sum [17] for taking into account long-range mag-
netic interactions. However, since we here address a
significantly dilute particle suspension of ¢y = 0.001,
the employment of a sufficiently longer cutoff distance
such as rf = 84 may be sufficient as a first approxi-
mation [18]. Other researchers [19] also have a conclu-
sion that the minimum image convention is a reasonable
technique as a first approximation even for a dipolar
system. Similar treatment without the employment of
the Ewald sum was sufficient for the case of a mono-
layer of magnetic spherical particles with the volumetric
fraction ¢y = 0.05 to 0.5 [20]. From this background,
we have here used a sufficiently long cutoff distance of
teof = 8d without the employment of the Ewald sum
[18]. It is noted that the present results were not substan-
tially dependent on the value of the cutoff radius unless a
small value such as 7.7 = 3d and 5d is used.
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Using the above-mentioned parameters we evaluate
the dimensions of the simulation cell as I,* = I,/d =
ly* = I;*~40.3. The non-dimensional parameters A, &,
v and Rp are set within the wide ranges of A = 1~15,
£ =1~10, Ay =150 and Rg = 1~20. In this study,
one of the parameters on which we focus is the frequency
of the rotating magnetic field that is represented by the
non-dimensional parameter Rp It is noted that as the fre-
quency is decreased the value of Rp will increase. We
now consider the actual values of the physical parame-
ters in order to assess the range of the non-dimensional
parameters. If we set the physical diameter of a mag-
netic particle as d = 1.8 x 1073 m, the viscosity of liq-
uid 7 = 1x 1073 Pa-s, the magnitude of the rotating
magnetic field Ho = 1 x 10* A/m, the saturation mag-
netisation M = 4.46 x 10° A/m, the frequency of field
wy = 20 x 103 Hz and the temperature T = 293K, then
the non-dimensional parameters are then evaluated as
A =7.86, £ =4.23 and Rp = 3.68. The ranges of the
non-dimensional parameters used in the simulations are
set around these typical values. The Brownian dynam-
ics method for a spherical particle system is adequately
described in textbooks [17,21].

5. Results and discussion

First, we discuss the dependence of the aggregate
structures on the magnetic particle-particle interaction
strength A. Although the simulations were performed
on a 3D system, it is relatively difficult to discern the
characteristics of the aggregate structures from 3D snap-
shots, therefore in order to grasp the behaviour of the
aggregates more clearly we use snapshots of an xy-plane,
viewed along the z-axis. Figure 1 shows the aggregate
structures for the magnetic particle-field strength & = 5,
the relative viscous force Rp =20 and the magnetic
particle-particle interaction strengths of 2 =1, A =7
and A = 12. It is noted that the yellow dot of each par-
ticle implies the direction of the magnetic moment. In
the case of the weak magnetic particle-particle interac-
tion strength A = 1 shown in Figure 1(a), the particles do
not tend to aggregate to form clusters and tend to move
as single particles. The magnetic moment of each particle
quickly inclines in the field direction due to the influence
of the relatively strong magnetic particle-field interaction
strength & = 5. In the case of the relatively large mag-
netic particle-particle interaction strength A = 7 shown
in Figure 1(b), it is seen that short linear chain-like clus-
ters are formed in the system that tend to be restricted
to motion in the xy-plane. This is because the magnetic
moment of each particle is restricted to the magnetic
field direction due to the influence of the magnetic field
being more dominant. Moreover, it is seen that the short

chain-like clusters tend to incline in the field direction
to a greater degree than the long chain-like clusters. This
is because long chain-like clusters are significantly influ-
enced by the viscous friction force, which leads to a larger
resistance when the particle motion is tending to incline
them in the field direction. That is, these long chain-
like clusters function to delay the magnetic moments of
the constituent particles to align toward the magnetic
field direction. In the case of the relatively strong mag-
netic particle-particle interaction strength A = 12 shown
in Figure 1(c), both chain-like and ring-like clusters are
formed in the system. The direction of the magnetic
moments of the particles constituting the ring-like clus-
ters is not significantly restricted to the magnetic field
direction because the influence of the magnetic particle-
particle interaction tends to dominate over the effect of
the magnetic field. In the situation where the frequency
of the magnetic field is sufficiently low, the orientation
of the magnetic moment of each particle is primarily
determined by the influence of magnetic particle-particle
interaction.

Figure 2 shows the radial distribution function for
the three cases of the magnetic particle-particle interac-
tion strength A = 1, A = 7 and A = 12. For the case of
the weak magnetic particle-particle interaction strength
A =1, the curve exhibits a typical gas-like distribu-
tion. For the case of the relatively strong magnetic
particle-particle interaction strength A = 7, several sharp
peaks are seen that clearly imply the formation of the
linear chain-like clusters where the second, third and
fourth neighbouring particles in a linear cluster would
be located at r* >~ 1.3, r* 2.6 and r* ~ 3.9. For the
case of the stronger magnetic particle-particle interac-
tion strength A = 12, although similar peaks appear at
r* = 1.3,r" =~ 2.6and r* =~ 3.9, they exhibit duller char-
acteristics that quantitatively suggest that ring-like clus-
ters have formed in the system. The distance between the
constituent particles in a ring-like cluster is dependent
on the number of constituent particles, giving rise to the
duller characteristics of the radial distribution function.

We now focus on the rotational behaviour of a lin-
ear chain-like cluster. Figure 3 shows the transition of
the aggregate structures for the case of the magnetic
particle-particle interaction strength A = 10, the mag-
netic particle-field interaction strength £ = 10 and the
relative viscous force Rg = 20. The linear chain-like clus-
ter shown in Figure 3(a) transforms to the distorted
chain-like cluster shown in Figure 3(b) since the fre-
quency of the magnetic field is not low enough to main-
tain the linear chain-like configuration. The constituent
particles located at both the ends of the chain-like cluster
exhibit a relative freedom in their motion over the par-
ticles in the centre area of the cluster, so they are able
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Figure 2. Radial distribution function for £ = 5 and Rg = 20.
For the case of A =7 and 12, the curves exhibit pronounced
peaks. For the case of a relatively strong magnetic particle-particle
interaction strength A = 7, it is seen that several sharp peaks
appear, which clearly implies the formation of the linear chain-like
clusters.

to exhibit a significant tendency to follow the rotating
magnetic field. When the distortion exceeds a certain
degree, the long chain-like cluster cannot maintain the
linear configuration and then dissociate into two chain-
like clusters as shown in Figure 3(c). In the process of
following the magnetic field, these short chain-like clus-
ters then tend to reassemble and reform a long chain-like
cluster. In this manner, the long linear chain-like clusters
repeat this dissociation and association behaviour while
following the applied rotational magnetic field.

Next, we discuss the dependence of the aggregate
structures on the frequency of the rotating magnetic field.
Figure 4 shows the aggregate structures for the case of the
magnetic particle-particle interaction strength A = 12,
and the magnetic particle-field strength & = 5 for the rel-
ative frequency of a rotating field with values R =1,
Rp =5 and Rg = 10. It is noted that a larger value of
Rp implies a lower frequency of the rotating magnetic
field. In the case of the relatively low frequency Rp = 10
shown in Figure 4(c), the more complex chain-like and
ring-like clusters are formed. The orientation of the mag-
netic moments tends to follow the field more significantly
than for the case of Rg = 20 shown in Figure 1(c). This
is because the ring-like clusters are unstable in the case
of Rp = 10 since the viscous force is more dominant
than the magnetic particle-particle force. From a change
in the internal structure of the clusters, we observe that
these clusters alternate between a chain-like and a ring-
like formation as the time advances. In contrast, in the
case of a high frequency Rp = 1 shown in Figure 4(a),
many single particles move without forming clusters,
although several clusters composed of a configuration
of two or three particles are formed. This is because,
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in the situation of a dilute system with a small volu-
metric fraction ¢y = 0.001, the influence of the large
viscous force of Rg = 1 does not provide an opportu-
nity for particles to approach each other and therefore,
only single particles and small clusters will be observed.
In the case of the intermediate frequency Rp = 5 shown
in Figure 4(b), ring-like clusters tend not to be formed
and only distorted chain-like clusters and single particles
are observed in the system. This is because the influence
of the viscous force is of the same order as the magnetic
particle-particle interaction, and thus the particles are
able to form chain-like clusters but are not able to form
ring-like clusters. From these results, we may understand
that the frequency of the rotating magnetic field is able
to control the regime of the internal configuration of the
clusters.

Figure 5 shows the cluster size distribution for the
three cases of the relative viscous force Rg = 1, R = 5
and R = 10, where Nj is the number of the clusters com-
posed of s constituent particles. For the case of a rotating
field with the relatively high frequency Rg = 1, the curve
exhibits a high peak value at s = 1 that steeply decreases
with increasing values of s. This characteristic quantita-
tively suggests that the particles predominately move as
single particles as shown in Figure 4(a). For the case of
the intermediate frequency Rg = 5, a peak still evident
at s = 1, but the height is much lower than for the pre-
vious case and a cluster composed of around 7 particles
is observed in the system. For the case of the further
lower frequency Rp = 10, since the frequency is suffi-
ciently low, particles are able to form longer clusters and
thus a more flat region of the curve appears in the range of
s < 5,and also a larger 9 particle cluster is evident. These
characteristics quantitatively indicate that even with the
influence of viscous forces, stable clusters have formed
with 2-9 constituent particles.

We now proceed to the discussion regarding the
characteristics of the heating effect. First, we consider
the dependence of the heating effect on the magnetic
particle-particle interaction strength. Figure 6 shows
the dependence of the heating effect on the magnetic
particle-particle interaction strength for the case of
the relatively low viscous force Rp = 20 and the mag-
netic particle-field interaction strengths § =1, £ =5
and & = 10. In the figure, W,y" is the quantity non-
dimensionalized by the thermal energy kT, where k is
Boltzmann’s constant and T is the absolute temperature
of the system. For the case of the relatively weak mag-
netic particle-field strength & = 1, as is to be expected,
the heating effect is significantly small. This is simply
because the applied magnetic field strength is too weak
for generating a heat production by means of magnetic
particle-field interactions. In contrast, for the case of the
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Figure 3. Transition of the aggregate structures for Rg = 20, A = 10 and & = 10. When the distortion exceeds allowance, the long
chain-like cluster cannot keep the linear formation. Then, the cluster dissociates into two chain-like clusters shown in Figure 3(c).

Figure 4. Aggregate structures in a rotating field with the relative frequency (a) Rs = 1, (b) Rs = 5 and (c) Rg = 10 for a system with
parameter values A = 12and & = 5. In the case of a low frequency Rg = 10 shown in Figure 4(c), the complex chain-like and ring-like
clusters are formed. The orientation of the magnetic moments tends to follow more significantly than for the case of Rg = 20 shown in

Figure 1(c).

higher magnetic field strength § = 10, the heating effect
exhibits a monotonic increase with increasing values of A.
This is because chain-like clusters that offer a larger resis-
tance to the particle rotation are formed in the system,
which leads to a larger value of the heating effect. There-
fore in this situation, there is no significant formation of
ring-like clusters in the system. In contrast, the curve for
& = 5 exhibits a pronounced change in the heating effect
as a function of the magnetic particle-particle interaction
strength. That is, the heating effect increases in a similar
way to the case of & = 10 in the region below A ~ 6 but
then deviates and attains to a maximum value at A >~ 10
and then finally with increasing values of A monotoni-
cally decreases to zero. In the range of 3 S <10, the
chain-like clusters are predominately formed in the sys-
tem and these increase in length with increasing values
of A. Within this range the magnetic moments of the
particles are able to sufficiently follow the changing mag-
netic field direction by the motion of a delayed rotation

of the whole chain-like cluster. The rotational motion of
alonger chain-like cluster exhibits a larger viscous resis-
tance, which leads to a more significant heating effect.
The decrease in the heating effect in the region with
a magnetic particle-particle interaction strength greater
than A = 10 is due to an increase in the formation of
ring-like clusters together with a decrease in the number
of chain-like clusters. Ring-like clusters tend to be much
more stable than chain-like clusters in the situation of
the magnetic particle-particle interaction of A %, 10 being
more dominant than the magnetic particle-field inter-
action of £ = 5. Hence, the magnetic moment of each
constituent particle in a ring-like cluster does not respond
sufficiently to the rotating magnetic field, and therefore
the more stable ring-like cluster gives rise to a smaller
heating effect with increasing values of A.

Next, we discuss the influence of the frequency of
the rotating magnetic field on the heating character-
istics, where the average size of clusters is shown for
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Figure 5. Cluster size distribution for . = 12and & = 5. For the
case of Rg = 10, since the frequency is sufficiently low, particles
are able to form longer clusters and thus a more flat region of the
curve appearsin the range of s < 5,and a larger cluster composed
of 9 particles is evident in the system.
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Figure 6. Dependence of the heating effect on the magnetic
particle-particle interaction strength. Since ring-like clusters are
much more stable than chain-like clusters in the situation of
the magnetic particle-particle interaction being more dominant
than the magnetic particle-field interaction, thus giving rise to a
smaller heating effectin the range of » 2 10 for§ = 5.

references. Figure 7 shows this influence to the heating
effect and the average size of the aggregate structures
for the case of the magnetic particle-particle interac-
tion strength A = 1, A = 5and A = 10 and the magnetic
particle-field strength £ = 5. For the cases of a weak
A =1 and a relatively weak A = 5 magnetic particle-
particle interaction strength, the heating effect decreases
with increasing values of Rg or with decreasing val-
ues of the relative frequency. Since a larger value of Rp
also implies a lower viscous friction force, the magnetic
moment of single particles and the shorter clusters can
easily follow a change in the orientation of the rotat-
ing magnetic field, which gives rise to the monotonic
decrease in the heating effect with decreasing values of
the frequency. On the other hand, for the case of A = 5, it
is seen that a deviation from the curve of . = 1 becomes
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evidentaround Rg 2~ 10 and shows a slight increases with
increasing values of Rp that may be explained in the fol-
lowing. For the case of A = 5, many short clusters are
expected to be formed if the viscous friction force is not
a dominant factor in relation to the magnetic particle-
particle interaction, or, if Rp has a sufficiently large value
such as Rg = 20. However, short clusters are not formed
in the region of a large viscous force such as Rg = 5, and
this accounts for the monotonic decrease in the range of
Rp < 10. For values greater than Rp =~ 10, the effect of
the magnetic interaction gradually surpasses the viscous
force and thus with increasing values of Rpan increas-
ing number of short clusters are formed. Short chain-like
clusters give rise to a larger resistance to their orientation
than the single particles following a change in the fre-
quency of the rotating magnetic field. This yields a slight
increase in the heating effect in the range of R 2 10. The
curve for A = 10 exhibits a significantly different char-
acteristic in contrast to the former two curves. That is,
the heating effect decreases until around Rg = 3, then
exhibits a significant increase that finally approaches a
constant value in the region of R > 14. The decrease in
the region before Rg = 3 can be explained by the same
reasoning as for the previous two cases. As the value
of Rp exceeds a value around Ry = 3, the effect of the
magnetic particle-particle interaction surpasses the effect
of the viscous friction forces and so particles are able
to approach each other. This results in the formation of
chain-like clusters that induce a larger resistance to the
rotational motion, leading to a larger heating effect. The
reason for the asymptotic approach of Rgto the value
around Rp i 14 is that the chain-like clusters have tended
to maximum growth and therefore a larger resistance
cannot be obtained even if the frequency of the rotating
magnetic field decreases.

Finally, we make a comparison of the present results
with those for the previous alternating magnetic field [9],
which were obtained by re-performing the simulations
for the same condition of the present prescribed parame-
ters. Figure 8 shows the dependence of the heating effect
on the magnetic particle-particle interaction strength A
for the case of Rg = 20 and & = 10. In the region of weak
magnetic particle-particle interaction strengths, A <7,
the alternating magnetic field gives rise to a higher heat-
ing effect than the rotating magnetic field. This is because
magnetic particles rotate with larger angular velocities in
order to follow the change in the direction of an alternat-
ing magnetic field, whereas in the rotating magnetic field
magnetic particles almost constantly rotate with smaller
angular velocities. A larger angular velocity yields a larger
friction force, and therefore a more significant heat-
ing effect is obtained for an alternating magnetic field.
As the magnetic particle-particle interaction strength is
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Figure 7. Dependence of the heating effect and the average size
of clusters on the frequency of the magnetic field. The solid line
and the broken line indicate the degree of the heating effect
W™ and the average size of the aggregate structures, respec-
tively. The curve for . = 10 exhibits a steep increase since around
Rg = 3 in contrast to the other cases. As the value of Rz exceeds
around Rp >~ 3, the magnetic particle-particle interaction sur-
passes the viscous friction forces for particles to approach each
other and to form chain-like clusters, which induces a larger heat-
ing effect.

increased from A = 4, both the magnetic fields more sig-
nificantly enhance the heat production and afterwards
exhibit characteristic differences in the dependence on
the magnetic particle-particle interaction strength. That
is, the heating effect continuously increases with values
of A for the rotating magnetic field, whereas the curve
arrives at a maximum value at A = 12 and then signifi-
cantly decreases for the case of the alternating magnetic
field. These different heating characteristics are evidently
due to the completely different behaviours of the chain-
like clusters in a rotating and an alternating magnetic
field. As sufficiently clarified in the previous study [9],
longer chain-like clusters have a stronger tendency to
maintain their configuration without rotation as the mag-
netic particle-particle ingeneration becomes more dom-
inant than the magnetic particle-filed interaction, i.e. in
the region of A 2 &, giving rise to a sharp decrease after
the value of A =~ 12. In significant contrast, for the case
of a rotating magnetic field, linear chain-like clusters are
able to rotate to a certain degree without a large resistance
to the rotation in order to follow the change in the orien-
tation of an rotating magnetic field, which gives rise to a
constant increase in the range of A 2 5, although there
is a repeat of breaking-up and recombination of linear
chain-like clusters, as already pointed out in Figure 3.
From these characteristics, we understand that a rotat-
ing magnetic filed is more superior in order to obtain a
more significant heating effect if we make use of a mag-
netic particle suspension where chain-like clusters are
significantly expected to be formed.
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Figure 8. Comparison of the results for a roating and an alternat-
ing magnetic field with respect to the dependence of the heat-
ing effect on the magnetic particle-particle interaction strength.
A characteristic difference in the heating effect in the region of
A Z 12 is due to the completely different behaviours of chain-like
clusters in a rotating and an alternating magnetic field.

Figure 9 shows the comparison of the results of a rotat-
ing and an alternating magnetic field with respect to the
dependence of the heating effect on the frequency of
the applied magnetic field, where a relatively weak mag-
netic field of & = 5 is addressed. In the case of A =1,
magnetic particles solely move or rotate without the for-
mation of clusters, and thus similar characteristics are
exhibited for these two different applied magnetic fields.
Since long linear chain-like clusters are expected to be
formed for the case of A = 10, a rotating and an alter-
nating magnetic field certainly yield completely different
characteristics regarding the dependence on the value of
Rp, ie. on the frequency of the magnetic field. That is,
the heating effect monotonically increases after Rp >~ 3
with increased values of R for a rotating magnetic field,
whereas in the case of an alternating magnetic field the
heating effect comes to decrease after the attainment to
an maximum value at Rg >~ 10. Moreover, it is a notice-
able point that the former field gives rise to a significantly
larger heat performance than the latter magnetic field. A
much poorer heat generation performance for an alter-
nating magnetic field is due to the characteristic feature
of chain-like clusters that the magnetic interactions of the
magnetic particles constituting a chain-like cluster play
a governing role to maintain the configuration of linear
chain-like clusters without the rotation as a whole of clus-
ters. This feature becomes more significant as the value
of Rp is increased, i.e. as the frequency of the magnetic
field is decreased. In contrast, for the case of a rotat-
ing field, chain-like clusters are able to rotate as a whole
without a significant resistance resulting from the mag-
netic interactions among the particles forming a cluster,
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Figure 9. Comparison of the results for a rotating and an alter-
nating magnetic field with respect to the dependence of the
heating effect on the frequency of the magnetic field for the case
of the magnetic field strength & = 5. For the case of a rotat-
ing field, chain-like clusters are able to rotate as a whole without
a significant resistance resulting from the magnetic interactions
among the particles forming a cluster, which leads to a large and
monotonic increase after Rg ~ 3.

as already pointed out in Figure 8, which leads to a mono-
tonic increase after Rp > 3. The reason why the heating
effectis decreased for the both cases with increased values
of Rp in the region of Rg < 3 is that the frequency of the
magnetic field is too large for chain-like clusters to follow
the change in the direction of the magnetic field, where
large viscous resistances arise for the chain-like clusters to
rotate in this situation, giving rise to less active rotational
motion of chain-like clusters. From these characteristics,
as in Figure 8, we also make a conclusion that a rotating
magnetic field is significantly more suitable for produc-
ing the heat generation in a strongly interaction system
of magnetic particles.

6. Conclusion

In the present study, we have investigated the relation-
ship between the aggregate structures and the heating
effect in a rotating magnetic field by means of Brownian
dynamics simulations. The main factors characterising
the present phenomenon are the viscous friction force
arising from the strength of a rotating magnetic field,
the strength of the magnetic particle-particle interac-
tion and the random Brownian force. The main results
obtained are summarised in the following. In the situ-
ation of a weak magnetic particle-particle interaction,
magnetic particles do not aggregate to form significant
clusters, and the single particles do not give rise to a suf-
ficiently large heating effect. In the situation where chain-
like clusters are predominantly formed in the system and
where the aggregates exhibit a larger viscous resistance
during their rotation, a significantly large heating effect
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may be obtained as a result. If the magnetic particle-
particle interaction is sufficiently strong then particles
may form ring-like clusters. The magnetic moments of
the constituent particles in a ring-like cluster are not able
to respond sufficiently to a change in the field direction
due to the strong attractive forces between the constituent
particles. This implies that stable ring-like clusters are not
able to provide a large heating effect in a rotating mag-
netic field. From these characteristics, we may conclude
that if the effect of the applied magnetic field is relatively
more dominant than the magnetic particle-particle inter-
action in the situation where the magnetic interaction
surpasses the effect of the thermal motion, then linear
chain-like clusters are predominately formed in the sys-
tem that give rise to a significantly larger heating effect
than single particles. From the comparison of the present
results with the previous ones for an alternating mag-
netic field, we have obtained a significant difference in
the heat generation performance. In the case of a rotat-
ing magnetic field, chain-like clusters are able to rotate
as a whole without a significant resistance resulting from
the magnetic interactions among the particles forming a
cluster, which yields a sufficiently large heating effect even
in the situation of the magnetic particle-particle interac-
tion being more dominant than the magnetic particle-
field interaction. We therefore make a conclusion that
a rotating magnetic field is significantly more suitable
for producing the heat generation in a strongly inter-
action system of magnetic particles than an alternating
magnetic field.
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ABSTRACT

We have investigated the behavior of magnetic rod-like particles and their relationship with the heat
generation effect for both alternating and rotating magnetic fields, by means of Brownian dynamics
simulations. As a common feature for both type of magnetic field variations, in the case of signif-
icantly strong particle-particle interaction strengths, densely-packed clusters are formed, which do
not contribute to the heat generation. For the case of the alternating magnetic field, in the intermedi-
ate frequency range, linear thick chain-like clusters are formed and the constituent rod-like particles
themselves tend to rotate to follow the change in the field. In contrast, for the case of the rotating
field, linear clusters rotate as a whole body to respond to the magnetic field rotation. In both type
of magnetic field variations, the magnetic interactions between the constituent particles in a cluster
tend to function to suppress the relaxational motion of the rod-like particles, which, as a result, leads
to increase in the heat generation effect in certain situations. In a relatively large frequency region,
the rotating applied magnetic field gives rise to a larger heat generation effect, whereas in contrast,
in the lower frequency region the alternating magnetic field yields the larger heating effect.
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Highlights

e The behavior of magnetic rod-like magnetic particles has been elucidated in the case of an
alternating and a rotating magnetic field.

e The magnetic interactions between the constituent particles in a cluster tend to suppress the
relaxation motion of the rod-like particles.

e The frequency and strength of a time-dependent magnetic field have complex influences on the

heating effect.

In arelatively large frequency region, the rotating applied magnetic field gives rise to a larger heat

generation effect.

In a relatively lower frequency region, the alternating magnetic field is superior to the rotating

field.

1. Introduction where the typical applications are in magnetically-guided

A magnetic particle suspension is a functional fluid for
potential application in a variety of fields, such as fluid
engineering [1], magnetic material engineering [2,3],
environmental resource engineering [4,5], and so forth.
Recently, the interest in magnetic particle suspensions
has been expanded to the biomedical engineering field,

drug delivery system and magnetic hyperthermia treat-
ment [6-9]. Magnetic hyperthermia is one of the medi-
cal therapies for killing tumor or cancer cells by means
of a heating effect that is generated by the interactions
between magnetic particles and an applied magnetic field
[10-12]. To this end, an alternating or a rotating applied

CONTACT Akira Satoh @ asatoh@akita-pu.ac.jp e Department of Mechanical Engineering, Akita Prefectural University, Yurihonjo, Japan

© 2022 Informa UK Limited, trading as Taylor & Francis Group

137



2 (&) 5.SUZUKIAND A.SATOH

magnetic field is ordinarily employed instead of a typical
uniform time-independent magnetic field.

Our research group has an interest in the behavior
of magnetic particles with size relatively larger than ten
nanometers, where heat generation arises due to the
Brownian relaxation mechanism in a time-dependent
applied magnetic field [13]. Although there are a large
number of studies for magnetic particles of around ten
nm, where the Néel relaxation mechanism is governing
factor for the heat generation, there are limited studies
with respect to the heat generation phenomenon for a
suspension of these larger magnetic particles [14-16].
For example, Yao et al. [14] have addressed magnetic
spheroidal particles with the size larger than 100nm,
and Lahiri et al. [16] have treated magnetic emulsion
droplets. In addition to the ordinary alternating magnetic
field, there are several experimental studies regarding the
heat generation effect in the case of a rotating magnetic
field [17,18]. Bekovic et al. have experimentally showed
that a rotating magnetic field gives rise to a significantly
larger heat generation performance than an alternating
magnetic field [18].

In a previous study [19], we have addressed the
behavior of a magnetic spherical particle suspension in
response to an alternating magnetic field, and clarified
that chain-like clusters effectively function to give rise to
a significant heat generation effect under certain situa-
tions. Subsequently we expanded this study to the case
of a rotating magnetic field in order to clarify the depen-
dence of the aggregate structure and the heat generation
effect on the type of a time-dependent applied magnetic
field [20]. From this study, we clearly understand that a
higher heating effect is obtained by means of a rotating
magnetic field rather than an alternating magnetic field in
the situation where stable aggregate structures are formed
in the system.

In the Brownian relaxation mode, a larger viscous
friction may be expected to give rise to a larger heat gen-
eration performance, and thus as a simulation study at the
next stage it is naturally required to address a suspension
of magnetic particles with a more general geometrical
shape such as rod-like, disk-like and cube-like shape.
Modern synthesis technology enables the generation of
these magnetic particles, for example, rod-like particles
[21-23], disk-like particles [24,25] and cubic particles
[26-29].

From this background, in the present study we address
a suspension composed of magnetic rod-like particles in
order to elucidate the behavior of the aggregate struc-
ture and the heat generation effect in the two cases of
an applied magnetic field, an alternating and a rotat-
ing applied magnetic field. To this end, as in the previ-
ous studies, we have employed the Brownian dynamics

method as a particle-based simulation technique, which
enables us to discuss the influence of the dynamic behav-
ior of the aggregate structure of the particles on the heat
generation effect.

2. Modelling of magnetic rod-like particles and
time-dependent applied magnetic fields

We employ a spherocylinder particle shown in Figure 1
as a model of rod-like particles. The rod-like particle has
a magnetic moment m oriented in the major axis direc-
tion at the particle centre. The diameter and length of the
rod-like particle are denoted by d and [, which give rise to
the particle aspect ratio r,( = I/d). In order to recognise
the magnetic moment direction in snapshots, the hemi-
sphere in the magnetic moment direction is colored by
red (dark) and the opposite hemisphere is colored by blue
(light), as shown in Figure 1. Moreover, it is assumed that
the surface of each particle is covered by a uniform steric
layer with thickness § for generating a steric repulsion
in order to prevent them from a physically unreasonable
overlap.

As already mentioned, in the present study we employ
two types of time-dependent applied magnetic fields,
specifically, an alternating magnetic field and a rotating
magnetic field. An alternating magnetic field Hy(t) is
applied in the x-direction, expressed as.

Hgp(t) = Ho sin(wpt) ix 1

Similarly, a rotating magnetic field H,(t) is applied in
the xy-plane, expressed as

Hyor(f) = Ho{ cos(wprt) ix + sin(opt) iy} (2)

Figure 1. Particle model of a magnetic rod-like particle. It is ide-
alised as a spherocylinder with a magnetic dipole moment in the
major axis direction at the particle centre.
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In these expressions, Ho and wp are the magnitude
and the angular velocity of the applied magnetic field,
respectively, and i, and i) are the unit vectors in the x-
and y-direction, respectively.

3. Brownian dynamics

The Brownian dynamics simulation method for axisym-
metric particles such as rod-like and disk-like particles
has already been described sufficiently in previous papers
and textbook [30-32], and therefore we here merely
describe only the key expressions relevant for the current
investigation.

In the case of the axisymmetric particle, the equation
of motion can be decomposed into the translational
motion in the particle axis direction and in the direction
normal to the particle axis. The particle position r(f) at
time ¢ is described as

1

r(t+ A =r (D) + T

D{Fﬁ’(tmw Arﬁe(r) 3)

1

Lt AD =1 (D + ﬁnipﬁ(rmw Ard e ()
B

+Arten® )

The particle direction n ( = m/m = m/|m|) obeys the
following equation of motion

1
ksT
+A¢8 e () + Aghienn(  (5)

n(t + At) = n(t) + —DRTF (1) x nAt

In these equations the notations have the following
meanings. The quantities with subscripts L and || repre-
sent components normal and parallel to the particle axis,
respectively, F¥ and T® are the forces and torques act-
ing on the particle of interest, At is the time interval,
DT and DR are the diffusion coefficients of the sphe-
rocylinder particle for the translational and rotational
motion [31,32], respectively, e; and e, are the unit
vectors normal to each other in the plane normal to the
particle axis, T is the liquid temperature, and kg is Boltz-
mann’s constant. It is noted that the force F¥ and torque
T? are evaluated from sum of the magnetic and steric
repulsive forces and torques exerted by the other parti-
cles and an applied magnetic field. Moreover, Arf s Arljl
and Arﬁz are the random displacements inducing the
translational Brownian motion and have the stochastic
characteristics that imply a relationship with the trans-
lational diffusion coefficients [31,32]. Similarly, A¢f1
and A%, are the random displacements inducing the
rotational Brownian motion and have the stochastic char-
acteristics that imply a relationship with the rotational

MOLECULAR PHYSICS (%) 3

diffusion coefficients [31,32]. For reference, the diffu-
sion coefficients will be expressed in Appendix, where the
non-dimensional expressions are shown to be dependent
on the particle aspect ratio 7.

4. Heating effect

As already mentioned, magnetic particles sufficiently
larger than around 10 nm tend to give rise to a heat
generation due to the Brownian relaxation mechanism.
From the thermodynamic theory, it is seen that the work
dW done on the system by an increase in the magnetic
flux density, dB, in a magnetic field H gives rise to an
increase in the internal energy of the system, dU, that
is, AW = H-dB = dU, where an adiabatic process has
been assumed. By taking into account the expression of
B = po(H+ M), where M is the magnetization and j is
the permeability of free space, the work per period of an
applied magnetic field is expressed as

w;;gt;’:y{H.dB:MfH-d(HJrM)

= [woH - (H + M)]ye — Mof (H+M) dH
= —pol(1/2)H - H]cycl — Ko f M-dH

=—uofM-dH 6)

This relationship has already been shown and formalised
in a pioneer work by R. E. Rosensweig [13]. In Eq. (6) the
magnetic field H is the time-dependent magnetic field,
H = H,j; or H = H,,; in the present study. The magne-
tization M is a quantity per unit volume and therefore this
quantity corresponds to m = mn per particle. Hence, the
heat generation per particle in one cycle is expressed as

Wey = —uomHof () dH/H)) ()

Equation (7) is normalised by thermal energy kgT,
expressed as

Wept® = —& f ((n) - d(H/Hy)) (8)

In Egs. (7) and (8), Hy is the maximum value of a time
dependent magnetic field H, as already defined, and & is
a non-dimensional parameter that implies the strength
of the magnetic particle-field interaction, which will be
shown in Eq. (9).
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5. Parameters for simulations

Unless specifically noted, the present results were
obtained by adoption of the following parameter val-
ues. The number of particles N = 216 = 6°, the volu-
metric function ¢y = 0.001, the time step At*( = At
| (2mw/wy)) = 0.00001, and the total simulation time
total™ (= total /(27 lwpr)) = 3000, where data from the
last 30% of the simulation time were used for the aver-
aging procedure. The diameter of the particles d* = 1.0,
the thickness of the steric layer 6*( = d8/d) = 0.15,
the particle aspect ratio r, = 3, and the cutoff radius
ra,ﬁ*( = reor /d) = 8.0 for evaluation of magnetic forces
and torques. Using these parameters, we evaluate the
dimensions of the simulation cell as [,* = [,* = .* =
76.77, where I, * = I,/d, and so forth.

The present phenomenon is characterised by the four
non-dimensional parameters, A, §, Ay and Rp as [31,32]

5 _Hom? _ HomHy _ mngd

T 4an BT’ T TksT V-
ksT 2

R B il )

b= 3end oy

in which A is the strength of the magnetic particle-
particle interaction, & is the strength of the magnetic
particle-field interaction and Ay is the strength of the
repulsive force due to the overlap of the steric layers rel-
ative to thermal motion. Moreover, Rp is the strength of
the random force relative to the viscous force. In these
expressions, 7 is the viscosity of the base liquid, and n;
is the number of surfactant molecules per unit surface of
magnetic particles.

If Rp is much smaller than unity, i.e. if the frequency
is significantly high, then viscous friction forces become
the dominant factor for governing the particle motion,
and therefore the magnetic rod-like particles may not be
able to follow a change in the magnetic field direction
due to large viscous forces. On the other hand, if Rp is
much smaller than unity, the random force, i.e. Brown-
ian motion, becomes dominant over the viscous forces,
and thus the magnetic rod-like particles may change
their direction in response to the applied magnetic field
in the case of sufficiently strong interactions between
the magnetic moment and the applied magnetic field.
In the latter case, the relationship between the magni-
tudes of A and & determines the behavior of the mag-
netic rod-like particles in a time-dependent applied mag-
netic field. In the present study, these non-dimensional
parameters A, &, Rp and Ay are set within the wide
range of A = 1~100, £ = 0~100, Rg = 0.1~3 and
Ay = 150.

6. Results and discussion
6.1. For the case of the alternating magnetic field

6.1.1. Time variation change in aggregate structures
of particles

In Section 6.1 we discuss results for the case of an alter-
nating magnetic field and firstly consider the characteris-
tics of aggregate structures of rod-like particles. It is noted
that, although the present simulations were performed
fora 3D system, snapshots that are viewed from the z-axis
direction will be shown in order to illustrate aggregate
structures more straightforwardly.

Before proceeding to a discussion regarding the time
change in aggregate structures, we show the influence of
magnetic particle-particle interactions on the cluster for-
mation for the case of a low frequency region of Rg = 3,
where an alternating magnetic field is applied along the
x-axis direction. Figure 2 shows snapshots for three dif-
ferent cases of the magnetic particle-particle interaction
strength, A = 1, 60 and 100, which were obtained at the
time of maximum field strength in the x-axis direction,
ie. |[H| = Hy with the particle-field interaction strength
£ = 80.

In the case of a weak magnetic particle-particle inter-
action strength A = 1, shown in Figure 2(a), the particles
do not aggregate to form clusters and thus move as sin-
gle particles. This is because the magnetic interaction
strength is not sufficient for the formation of clusters for
A = 1. Moreover, since viscous forces are sufficiently low
for the rotational motion of the particles in the low fre-
quency Rg = 3, the rod-like particles are able to respond
to a change in the field direction. This is clearly shown
in the snapshot where all the rod-like particles strongly
tend to incline in the magnetic field direction (or x-axis
direction). In the case of A = 60, it is evidently seen that
relatively thick chain-like clusters are formed along the
magnetic field direction and each constituent particle of
the rod-like clusters inclines along the field direction.
In contrast, in the case of a further increase in inter-
action strength A = 100, the rod-like particles exhibit
completely different clusters, that is, densely-packed clus-
ters are formed, rather than chain-like clusters, and the
neighboring rod-like particles constituting a cluster ori-
ent in the opposite directions to each other, which gives
rise to a lower magnetic interaction energy. Although the
values of A = 60 and A = 100 are sufficiently strong for
the cluster formation, why do these completely differ-
ent aggregate structures appear? It is the magnetic field
strength that mainly governs the behavior of the rod-like
particles, that is, these different structures arise due to
the relative magnitudes between the magnetic particle-
particle (A) and particle-field (§) interaction strengths.
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Figure 2. Aggregate structures for§ = 80andRg = 3:(a) forA = 1, (b)for A = 60 and (c) for . = 100. In the case of an intermediate
magnetic particle-particle interaction strength A = 60, relatively thick chain-like clusters are formed along the magnetic field direction

and each rod-like particle inclines along the field direction.

In the case of A = 60, the field strength is still one of
the governing factors for the particle motion in the sit-
uation of & = 80, and therefore the rod-like particles are
able to form clusters and each particle strongly tends to
incline in the field direction, which leads to linear thick
chain-like clusters with the constituting particles aligning
to the field direction, shown in Figure 2(b). In contrast,
in the case of A = 100, the magnetic particle-particle
interaction is significantly stronger than the magnetic
particle-field interaction, and thus in this situation the
former factor has a main influence on the cluster forma-
tion. If the rod-like particles have a dipole moment along
the major axis direction at the particle centre, in the case
of a sufficiently strong interaction, two particles aggregate
to form a raft-like cluster along the minor axis direction.
This cluster unit is repeated and expanded in the 3D sys-
tem to form the densely-compacted aggregate structures
shown in Figure 2(c). From now on, we focus on results
for the case of A = 60 unless specifically noted.

Figure 3 shows the time variation in the chain-like
clusters for the case of a strong magnetic field & = 80
with a low frequency of Rp = 3, where three different
snapshots are shown at the phase angles, (a) 6 = 7, (b)

6 = 6m/5and (c) 0 = 47/3. The snapshot in Figure 2(b)
should be referred to for the case of & = /2. As already
shown above, since rod-like particles form relatively thick
chain-like clusters, as shown in Figure 2(b), we here
focus on the behavior of the thick chain-like clusters
mainly at the phase angle around 6 = 7, where the alter-
nating magnetic field switches direction from the posi-
tive towards the negative x-axis direction. At the phase
angle of 0 = /2, shown Figure 2(b), the magnetic field
strength attains the maximum value, and thus the thick
chain-like clusters strongly tend to align to the field direc-
tion (x-direction). At the larger phase angle of @ = 1, the
thick chain-like cluster starts to become unstable since
the mechanism for keeping linear chain-like cluster for-
mation disappears in the absence of an external magnetic
field. At a later phase of 6 = 67/5, it seems that the
raft-like cluster is largely formed and at the phase angle
of & = 4m/3 each particle has completed the reversal
motion to align to the field direction (the negative x-
direction). It is reasonable that raft-like clusters shown in
Figure 3(b) are preferred as intermediate cluster forma-
tion from an energy point of view. Since viscous friction
forces are not sufficiently strong in the case of Rp = 3,
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Figure 3. variation in the aggregate structures for§ = 80,Rg = 3and A = 60:(a)atd = =, (b)atd = 67/5and (c)at6 = 4x/3.The
snapshot in Figure 2(b) should be referred to for the case of & = 7/2. Since the viscous friction forces are not sufficiently strong in the
case of Rg = 3, each particle promptly changes the orientation in order to follow the change in the magnetic field direction, through the
intermediate formation of raft-like clusters.

Figure 4. Influence of the frequency of the magnetic field, Rg, on the aggregate structures for the case of . = 60and & = 80:(a)Rg = 0.1
and (b) Rg = 0.5. Magnetic rod-like particles tend to aggregate to form linear thick chain-like clusters from short raft-like clusters with
increasing values of Rg or with smaller values of the frequency of the alternating magnetic field.

each particle promptly changes the orientation in order to Figure 4 shows the influence of the frequency of the
follow the change in the magnetic field direction, which ~ magnetic field, Rp, on the behavior of the rod-like parti-
leads to the reformation of stable thick chain-like cluster ~ cles for the case of A = 60 and & = 80, where two differ-
inclining in the reverse direction, shown in Figure 3(c). ent snapshots are shown for Rg = 0.1 and Rg = 0.5. The
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snapshot in Figure 2(b) should be referred to for the case
of Rp = 3.1Itis noted that all the snapshots were obtained
atthe phase angle of ¢ = 77/2 and also thata smaller value
of Rp corresponds to a larger frequency of the alternat-
ing magnetic field. In the case of a larger frequency of
Rp =0.1, shown in Figure 4(a), many short raft-like clus-
ters are observed to be formed and these clusters do not
follow the change in the magnetic field direction, rather
tend to incline in various directions. The reason why only
short raft-like clusters are formed but do not grow to
form densely-packed clusters as in Figure 2(c) is that the
viscous friction forces are significantly large for the trans-
lational and rotational motion of rod-like particles, and
therefore they are not able to perform the translational
motion to join the other raft-like clusters: a requirement
for significant growth of structures, which results in the
formation of many small raft-like clusters located sep-
arately from each other. Moreover, in the case of large
viscous friction forces, they are not restricted to the field
direction and exhibit a preference for the formation of
small raft-like clusters, where the neighboring particles
internal to a cluster incline in the opposite directions to
each other, giving rise to a lower magnetic interaction
energy. In contrast, for the case of an intermediate fre-
quency of Rg = 0.5, short raft-like cluster are not formed,
but instead rod-like particles tend to individually rotate
in order to follow the change in the magnetic field direc-
tion. This may be explained as follows. In the case of
Rg = 0.5, viscous friction forces are small enough that
the particles are able to follow the change in the field
direction, but sufficiently large to inhibit the translational
motion required to join the other clusters. Hence, the
rod-like particles tend to rotate due to the interaction
with the applied magnetic field while remaining essen-
tially fixed at their original position. Since the rod-like
particles orientate in the field direction, in this situa-
tion, the neighboring particles are exerted by a repulsive
magnetic interaction, which leads to the independent
rotational motion of the rod-like particles, as shown in
Figure 4(b). For the case of a lower frequency of Rp = 3,
shown in Figure 2(b), rod-like particles have sufficient
time for the translational motion and thus aggregate to
form linear thick chain-like clusters. As already pointed
out, in this situation, the constituent particles are able
to respond to the change in the field direction while
remaining at their specific site within a cluster, with the
linear chain-like cluster formation maintained during the
process.

6.1.2. Hysteresis loops

In the previous section we have qualitatively discussed
the behavior of the rod-like particles in the alternat-
ing magnetic field, including the different regimes of the
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Figure 5. Dependence of hysteresisloops on the frequency of the
magnetic field for the case of A = 60 and & = 80, where results
for three cases of the frequency, Rg = 0.1, 0.5 and 3 are shown for
comparison. In the case of Rg = 0.5, the hysteresis loop becomes
significantly larger than that for the other cases of Rz = 0.1 and
Rs = 3.This is because relatively large viscous friction forces act
on the rod-like particles, and therefore a sufficiently large mag-
netic field strength is required in order to trigger the rotational
motion of rod-like particles.

aggregate structures. In this section, we focus on hystere-
sis loops that arise from a delay of the magnetic moment
(rod-like particle) relative to the change in the strength
and direction of the applied magnetic field. The hystere-
sisloops are directly used for discussing a heat generation
effect.

Figure 5 shows the dependence of hysteresis curves (or
loops) on the frequency of the magnetic field for the case
of . = 60 and & = 80, where results for three cases of the
frequency, Rg =0.1, 0.5 and 3 are shown for comparison.
The ordinate is the mean value of the x-components of
the magnetic moments which were obtained by averag-
ing the magnetic moments of the particle in the system
at each phase angle. It is noted that a larger area enclosed
by a loop gives rise to a more significant heat generation
effect, which will be discussed in Section 6.3.

In the case of Rg=0.1, the hysteresis loop is signifi-
cantly different from those for the cases of Rg=0.5 and
Rp =3.Thatis, the maximum value of (n,) does notreach
unity, which implies that the rod-like particles are not
able to significantly follow the change in the magnetic
field strength and direction. This is quite understand-
able because in this case, as shown in Figure 4(a), short
raft-like clusters incline in various directions and do not
incline in the magnetic field direction. The appearance of
the maximum value (ny) ~0.33 at around h,* ~0.4 dur-
ing the path from h* =1 to hy* = 0 is due to a large
delay of the relaxation of the magnetic moment (rod-
like particle) under a significant influence of large viscous
friction forces.
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In the case of Rg = 0.5, the hysteresis loop becomes
significantly larger than that for the previous case of
Rp = 0.1. One characteristic point is that the rod-
like particles remain inclining in the opposite direc-
tion even at the time when the applied magnetic field
changes direction towards the positive x-axis direction
and they promptly start to rotate since around h,* = 0.7,
approaching (n,) = lat hc* = 1. This may be explained
as follows. In this case, relatively large viscous friction
forces act on the rod-like particles, and therefore a suf-
ficiently large magnetic field strength is required in order
to trigger the rotational motion of rod-like particles. In
other words, we understand that this threshold magnetic
field strength is around h,*~0.7. Another characteris-
tic point is that the maximum value (n,) = 1 appears
at around h,* 0.6 during the path from hy* =1 to
hy* = 0. This delay is due to the same mechanism that
has already been described for the previous case of Rp
= 0.1

In contrast, for the case of Rg = 3, the hysteresis
loop gives rise to a significantly smaller enclosed area
in comparison with that for Rg = 0.5, although we ini-
tially expected that a large hysteresis area could be
obtained due to the linear chain-like cluster formation,
which may lead to a large delay in the response to the
time-varying applied magnetic field. The reason for this
smaller enclosed area may be explained as follows. The
formation of linear chain-like clusters certainly tends to
delay the reorientation of the constituent particles in
the alternating magnetic field, which should provide a
large hysteresis loop. However, the value of Rg = 3 cor-
responds to a low frequency region of the alternating
magnetic field, and therefore the constituting particles
are able to follow the change in the magnetic field more
promptly in the case of lower viscous friction forces,
even in the case where the magnetic interactions act-
ing between constituent particles function to suppress
the reorientation of each particle. This consideration may
be reinforced by the characteristic of the hysteresis loop
that the curve starts to steeply increase since h,*~0
when the magnetic field is switched to the positive x-
direction, which is significantly in contrast to the curve
for Rg = 0.5.

We next discuss the dependence of the hysteresis loops
on the magnetic particle-particle interaction strength A.
Figure 6 show results for the hysteresis loops for the case
of Rg = 3 and & = 80, where the two cases of A = 1 and
60 are shown for comparison. It is noted that the value
of A = 60 is sufficient for cluster formation, as shown in
Figure 2(b), whereas no clusters appear for the case of
X =1, as shown in Figure 2(a). It is seen that the clus-
ter formation in the case of A = 60 gives rise to a larger
loop than the weakly interacting case of A = 1 where no

Figure 6. Hysteresis loops for the case of Rg = 3 and & = 80,
where the two cases of A = 1and 60 are shown for comparison. It
is seen that the cluster formation in the case of . = 60 gives rise
to a larger loop than no cluster formation in the case of A = 1.

clusters are formed. As already pointed out above, the
rod-like particles can rapidly respond to the change in the
alternating magnetic field in the case of smaller viscous
friction forces for Rg = 3. A significant differently char-
acteristic between these two loops appears in the relax-
ation motion of the rod-like particles in the path from
hy* = 0to 1 (or from h,* = 0 to —1). That is, the curve
for A = 1 increases more steeply than that for 1 = 60, in
other words, the rod-like particles reorient more rapidly
to follow the change in the magnetic field in the case of
A = 1. This may be explained as follows. After the mag-
netic field moves into the positive x-direction at h,* = 0,
the rod-like particles rapidly start to incline in the field
direction, which leads to a steep increase since h,* = 0
in the path towards h,* = 1 for both the cases of A = 1
and 60. However, the magnetic interactions between the
constituent particles forming a chain-like cluster signif-
icantly inhibits the rotation of each constituent particle
following the magnetic field change, which leads to a
gentler slope than for A = 1 as shown in Figure 6.

From the results shown in Figures 5 and 6, we
understand that the rapid rotational motion of rod-like
particles is mainly dependent on the frequency of the
alternating applied magnetic field, and the second gov-
erning factors are the magnetic particle-particle interac-
tion strength and the magnetic field strength.

6.2. Time variation in aggregate structures for the
case of the rotating magnetic field

In this section, we investigate the effects of a rotating
magnetic field on the behavior of magnetic rod-like par-
ticles. As already described, a magnetic field is rotated
about the z-axis in the anticlockwise direction.
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Figure 7. Dependence of magnetic particle-particle interactions on the cluster formation for the case of a low frequency region of
Rg = 3 and a strong applied magnetic field of £ = 80, where three cases of the magnetic interactions A = 1, 60 and 100 are shown
for comparison. As recognised in Figure 7(c), linear and large clusters rotate as a whole body with a large delay to the rotating magnetic

field.

Figure 7 shows the effect of magnetic particle-particle
interactions on the cluster formation for the case of a low
frequency of Rp = 3 and a strong applied magnetic field
of & = 80, where three cases of the magnetic interactions
A = 1,60and 100 are shown for comparison. These snap-
shots were obtained at the phase angle of 6 = 0, when
the rotating magnetic field aligns to the x-axis direction.
In the case of A = 1, since the magnetic particle-particle
interaction strength is sufficiently weak, the rod-like par-
ticles perform rotational motion individually without the
cluster formation and are able to follow the change in
the field direction, thus inclining in the x-axis direction
(or the magnetic field direction). In the case of A = 60,
only several small clusters comprising three or four par-
ticles are observed to be formed, which is significantly
in contrast to the case of the alternating magnetic field,
where linear thick chain-like clusters are formed along
the field direction and keep these linear formation during

the change in the direction and strength of the alternat-
ing magnetic field. The above-mentioned small clusters
have the following characteristics regarding the aggregate
internal structure. If the two magnetic rod-like particles
or the two magnetic moments approximately incline in
the same direction, a staggered configuration is preferred
as a cluster, where the neighboring particle is located
at an off-set position by around half the particle length
along the major axis direction, leading to a lower mag-
netic interaction energy or an attractive force between the
two particles. This cluster unit is repeated and expanded
to form the linear thick chain-like clusters in Figure 2(b).
However, in the case of the rotating magnetic field, the
rotational motion of the constituent particles functions
to prevent this linear cluster formation following the field
direction. We describe this situation in more detail in the
following. As recognised in Figure 7(b), the upper rod-
like particle is necessarily located at an offset position
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Figure 8. Influence of the frequency of the magnetic field, Ry, on the aggregate structures for the case of A = 100and & = 80: (a) for
Rs = 0.1and for (b) Rg = 0.5. The snapshot shown in Figure 7(c) should be referred to for the case of Rs = 3. In the case of an intermediate
frequency of Rg = 0.5, shown in Figure 8(b), viscous friction forces are still large with respect to the rotational motion, but the single
particles are able to rotate to follow the rotation of the magnetic field with a large delay.

along the major axis in the direction opposite to the mag-
netic field direction. In this configuration, even if the
two rod-like particles rotate in the anticlockwise direc-
tion (the direction of rotation), the integrity of this cluster
unit is maintained without dissociation during the rota-
tional motion of each constituent particle. In the case
of an increased magnetic interaction strength A = 100,
shown in Figure 7(c), this cluster unit is repeated and
expanded in an oblique direction (or in the upper-left
direction in Figure 7(c)). This large linear cluster for-
mation is expected to be maintained and will rotate to
follow the rotation of the applied magnetic field in the
low frequency region. Hence these linear clusters with
offset internal structure will rotate as a whole body with a
large phase delay to the rotating magnetic field, which can
be clearly seen in Figure 7(c). At relatively large frequen-
cies, these linear clusters might be expected to repeatedly
dissociate into several long clusters and re-associate into
longer clusters, as shown in the previous study [32] for a
magnetic spherical particle suspension. Another charac-
teristic point recognised from Figure 7(c) is that the con-
stituent rod-like particles exhibit a larger rotational delay
for a longer cluster. The reason for this delay may be sim-
ilar to that of the observed slow increase of the hysteresis
loop for A = 60 in Figure 6. That is, a longer and larger
cluster is more significantly influenced by viscous friction
forces in the rotational motion, which leads to a larger
phase delay to the magnetic field in comparison with the
rotational motion of single rod-like particles. Hence, the
magnetic particle-particle interactions function to delay
the rotational motion of each constituent particle in alin-
ear cluster. Moreover, a noticeable point is that a larger

magnetic field strength is required for the formation of
stable larger clusters in a rotating magnetic field than
in the alternating magnetic field, which becomes clearer
by comparing Figure 7(b) with Figure 2(b) for the same
case of 4 = 60. This may be due to the difference in the
strength of steric repulsive forces; that is, in the rotational
field case, steric repulsive forces more significantly appear
through the overlap of the steric layer arising from the
rotational motion of the constituent rod-like particlesin a
long cluster. In contrast, in the alternating magnetic field
situation, significant steric repulsive forces appear only in
a short period during the change in their direction from
the negative to the positive x-direction or in the reverse
case, which leads to the stability of the thick chain-like
clusters for a smaller magnetic particle-particle interac-
tion strength in comparison with the case of a rotating
magnetic field.

We next discuss the dependence of the behavior of
rod-like particles on the frequency of the rotating mag-
netic field, shown in Figure 8 for the case of 1 = 100
and £ = 80, where two different snapshots are shown
for Rg = 0.1 and Rp = 0.5. The snapshot shown in
Figure 7(c) should be referred to for the case of Rp = 3.1t
is noted that all the snapshots were obtained at the phase
angle of = 0.

In the case of a high frequency region of Rp = 0.1,
shown in Figure 8(a), several short raft-like clusters are
formed and these clusters do not significantly respond
to the rotation of the magnetic field, as in Figure 4(a).
This is because significantly larger viscous friction forces
will act on the particles during the rotational motion,
and therefore these short raft-like clusters are unable to
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rotate sufficiently rapidly to follow the rotation of the
applied magnetic field. Even single particles incline in
various directions and, do not align to the field direction.
In the case of an intermediate frequency of Rz = 0.5,
shown in Figure 8(b), viscous friction forces are still large
with respect to the rotational motion, and thus the single
particles are able to rotate to follow the rotation of the
magnetic field with a large delay, that is, the rod-like par-
ticles incline in the bottom-right direction. In the case of
a low frequency of Rp = 3, as already described above,
viscous friction forces are not large for the rotational
motion, and also magnetic particle-particle interaction
forces are sufficiently strong for the cluster formation.
Hence, the particles aggregate to form long clusters and
these clusters rotate as a whole body to follow the rotation
of the field with a large delay.

6.3. Comparison of results between the alternating
and rotating magnetic fields

Finally we discuss the characteristics of the heat genera-
tion effect by comparing results between the alternating
and rotating magnetic fields.

We first address the influence of the frequency of the
magnetic field on the characteristics of the heating effect.
Figure 9 shows these characteristics for the case of a weak
magnetic interaction strength A = 1, where the results
for both the magnetic fields are shown for & = 40 and 80.
Itis noted that the value of A = 1 is too small for the for-
mation of clusters and this is common for the alternating
and the rotating applied magnetic field, that is, linear and
raft-like clusters are not formed in the system. Moreover,
a smaller value of Rp corresponds to a lower frequency of
the time-dependent applied magnetic fields. The ordinate
W™ in Figure 9 is a quantity that is evaluated by inte-
grating over one cycle of the alternating and the rotating
magnetic field.

Several common characteristics of both the applied
magnetic fields are recognised and are described as fol-
lows. In the limits of large and small of Rp, the heating
effect tends to decrease and eventually disappear for both
cases of the applied magnetic field. This is because large
viscous forces act on rod-like particles and thus they can-
not rotate for small Rp. For large Rp, rod-like particles
can perform rotational motion with a slower rotational
velocity for the case of significantly lower viscous fric-
tion forces. This slower rotational motion of rod-like
particle gives a smaller contribution to the heat gener-
ation effect. We summarise the dependence of the heat
generation effect on the frequency as follows. As the
value of Rp increases from zero, i.e. as the frequency of
the applied magnetic fields is decreased, rod-like par-
ticles begin to perform rotational motion to follow the
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Figure 9. Influence of the frequency of the magnetic field on the
characteristics of the heating effect for the case of a weak mag-
netic interaction strength A = 1, where the results for two cases
of the field strength are shown for & = 40 and 80. As the value of
Rg increases form zero, i.e. as the frequency of the applied mag-
netic fields is decreased, rod-like particles starts to perform the
rotational motion to follow the change in the magnetic fields, and
this tendency becomes more significant with decreasing values
of the frequency (or, increasing Rg values), giving rise to a larger
heating effect.

magnetic fields, and this tendency becomes more signif-
icant with decreasing values of frequency (or increasing
Rp values), giving rise to a larger heating effect. As the
value of Rp further increases, the rod-like particles are
able to follow the change in the magnetic field with slower
speeds due to lower viscous friction forces, which leads
to a decrease in the heating effect. The contrasting rela-
tionship between the magnetic torques and the viscous
friction torques gives rise to maximum values of the heat-
ing effect in the intermediate region of the values of Rp for
all the curves in Figure 9.

For both alternating and rotational magnetic fields,
the peak position yielding a maximum value is shifted
towards to a larger value of Rp, with decreasing field,
specifically, the peak position is shifted from Rg >~ 0.2 for
& = 80 to Rp== 0.4 for £ = 40 in the case of the rotating
field and from R ~ 0.5 for & = 80 to R~ 0.8 for§ = 40
in the case of the alternating magnetic field. The reason
for the shifting of the peak position may be explained
as follows, for example, by focusing on the results for
the alternating magnetic field. The threshold value of Rp,
after which the rod-like particles can respond to a more
slowly rotating magnetic field for smaller viscous fric-
tion forces, should determine the position yielding the
maximum value. If the magnetic torque is larger or if
the magnetic field is stronger, the rod-like particles can
respond to the magnetic field from a larger frequency in
the intermediate region. This characteristic is certainly
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the reason for the shifting of the peak position. A simi-
lar argument is also valid for the rotating magnetic field
case.

From Eq. (8), it is seen to be quite reasonable that a
larger magnetic field gives rise to a larger heat genera-
tion effect for both the magnetic field variations, since
the heat generation effect arises from the relaxation phe-
nomenon through the magnetic interactions between
rod-like particles and a time-dependent external mag-
netic field. An interesting observation is that the depen-
dence on the frequency after Rg = 0.4 is approximately
the same for & = 40 and 80 in the case of the rotat-
ing magnetic field, whereas it is completely different in
the case of the alternating field. This is certainly due to
the different characteristics in the motion of the rod-like
particle in a time-varying applied magnetic field. In the
region ofRB§O.4 for the rotating field, rod-like particles
are able to follow the rotation of the magnetic field, albeit
with a delay. Even if the applied magnetic field strength
is different, the rod-like particles rotate with the approx-
imately same rotational velocity with a different phase
delay for the case of the same frequency, which gives
rise to essentially the same heating as the case without
cluster formation. In contrast, for the case of the alter-
nating magnetic field, large viscous friction forces arise
only during the short time when the rod-like particles
switch their direction to follow the change in the mag-
netic field direction (i.e. at the phase angle 6 = 0 and
7). In this switching motion, the rotational speed of rod-
like particles is larger for a larger magnetic field strength.
Moreover, continuous rotational motion of rod-like par-
ticles under the friction forces (torques) in the rotating
field in the early stage of the intermediate region, Rp <
0.2, is able to contribute to the heat generation perfor-
mance more significantly during a longer period than in
the alternating field where heat generation arises during a
much shorter period when rod-like particles switch their
direction.

From these characteristics, we may understand that
for the case of rod-like particles capable of responding
rapidly to the field changes, a rotating magnetic field is
significantly superior to an alternating field for obtaining
a larger heat generation effect, whereas in the situation
of rod-like particles rotating with a slower speed, which
corresponds to a low frequency region, the alternating
magnetic field is desirable for heat generation. The crit-
ical value of Rp for decision regarding which magnetic
field should be employed is of course dependent on the
magnetic field strength, as suggested in Figure 9 as one
example.

We next discuss how the cluster formation influences
the heat generation effect. To this end, the case of a large
applied magnetic field strength & = 80 is focused on for
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Figure 10. Influence of the magnetic particle-particle interaction
strength 1 on the heat generation effect, where results for three
different cases of magnetic interaction strengths are shown for
A=1,% =260 and A = 100 for each applied magnetic field.
Larger magnetic interaction A = 100 yields larger values of the
heat generation effect in the region of RgZ0.5 for the case of the
rotating field, whereas a rather weak heating effect is predicted
for A = 100 in the case of the alternating field.

investigating the characteristics of the heat generation.
Figure 10 shows the influence of the magnetic particle-
particle interaction strength 1 on the heat generation,
where results for the three different cases of magnetic
interaction strengths are shown for A = 1, A = 60 and
A = 100 for each applied magnetic field. The results for
A =1 are just for reference, since this value is not suffi-
cient for the formation of clusters.

We first consider the results for the alternating mag-
netic field. It is seen that the curves for A = 1and A = 60
exhibit the almost same characteristics but the curve for
A = 100 is significantly different from those for the for-
mer two cases. As shown in Figure 2(c), this is due to
the formation of densely-packed clusters that are notably
stable even in the situation of the time-changing applied
magnetic field. These clusters do not respond to the vary-
ing magnetic field, and tend to orient in various direc-
tions rather than that of the magnetic field. Hence this
limited motion of each constituent particle in a densely-
packed cluster cannot yield a significant relaxation effect,
resulting in a weak heating effect as shown in Figure 10. A
slight improvement of the heat generation in the region
of Rggl for the case of A = 60 is due to the magnetic
particle-particle interactions that function to suppress
the rotational motion of the consituent particles in a
cluster, which results in faster rotational motion of the
rod-like particles, giving a response to the alternating
magnetic field. This consideration has already been made
with respect to the hysteresis loop shown in Figure 6.
On the other hand, in the range of Rg < 0.3, the heat
generation effect for A = 60 is slightly smaller than for
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XA = 1. This is simply because the constituent particles
in the stable short clusters shown in Figure 4(a) can-
not sufficiently rotate in the alternating magnetic field
with a larger frequency. That is, the magnetic interactions
between rod-like particles function to add a more sig-
nificant restriction to the rotational motion than single
particles.,

Next we consider the results for the rotating mag-
netic field. The most different characteristic between the
two applied magnetic fields appears in the result for
the case of A = 100. The heat generation effect for the
rotating field exhibits characteristics similar to those for
A =1 and A = 60, not shows significantly smaller val-
ues. This is simply because the rod-like particles rotate
to follow the rotation of the field irrespective of whether
particles aggregate to form linear clusters. This charac-
teristic regarding the relaxation motion of rod-like parti-
cles will give rise to approximately similar characteristics
of the heat generation effect, which is clearly shown in
Figure 10. Smaller values for A = 100 than those for
A =1and A =60 in the range of Rg < 0.15 is due to
the same reason for the characteristics of the curve for
A =100 in the range of Rz < 0.3 for the case of the
alternating field, as described above. Another character-
istic feature is observed in the region of RgZ0.5 in the
curve for A = 100. That is, the larger magnetic inter-
action strength A = 100 yields larger values of the heat
generation effect, which can be understood by consid-
ering the characteristics of the cluster formation, shown
in Figure 7(c). Similar to thick chain-like clusters shown
in Figure 2(b) for the case of the alternating field, the
long linear clusters, observed in Figure 7(c), function to
suppress the rotational motion of the constituent parti-
cles through the magnetic particle-particle interactions,
although in the range of sufficiently low frequencies,
these particles will finally rotate to follow the rotation
of the field. Hence, the constituent particles of a long
linear cluster will rotate with a larger rotational veloc-
ity than single particles, which results in larger friction
forces (torques) and therefore leads to a larger heating
effect.

Finally we discuss the influence of the magnetic
particle-particle interaction strength on the heat gener-
ation effect. Figure 11 shows the heat generation effect as
a function of the magnetic particle-particle interaction
strength for the intermediate frequency Rp = 1. From
these results we observe a common feature that the varia-
tion with interaction strength changes dramatically at the
threshold it which clusters are formed. This is valid for
both the applied magnetic field variation types. Specifi-
cally, this threshold can be seen to occur at A~50 and
A65 for £ = 40 and & = 80, respectively, in the case
of the alternating field, and A~ 75 for both the cases of
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Figure 11. Heat generation effect as a function of the magnetic
particle-particle interaction strength for the intermediate fre-
quency Rg = 1. The magnetic interactions between constituent
particles in a cluster tend to function to suppress the rotational
motion of the particles. As a result, the rod-like particles finally
rotate with a larger speed, which leads to a larger heating effectin

theregionof AZ75foré = 80inthe case of the rotating magnetic
field.

& = 40 and £ = 80 in the case of the rotating field. Prior
to reaching these threshold values, the heat generation
effect is due to the motion of single particles and is thus
approximately constant, that is independent of the val-
ues of A. In the following, we discuss the dependence
on the magnetic interaction strength for the two types of
magnetic field variations separately in more detail.

In the case of the alternating magnetic field, the heat
generation steeply decreases to approach zero above
each threshold value of § = 40 and 80. Above these
threshold values, the densely-packed aggregates shown in
Figure 2(c) are formed in increasing numbers and den-
sity. As a result, the constituent particles are not able to
change their orientation due to the stronger magnetic
interactions between neighboring particles. This is quite
understandable because the densely-packed aggregates
shown in Figure 2(c) are extremely stable from an inter-
action energy point of view. The reason why the thresh-
old value for & = 80 is much larger than for & = 40 is
that, for a larger applied field strength, a larger magnetic
interaction strength is required in order for the mag-
netic interaction to overcome the influence of the applied
magnetic field.

In the case of the rotating magnetic field, the depen-
dence on the magnetic interaction strength exhibits
divergent behavior for the two applied field values.
Specifically, in the case of & = 40, the situation of A = 75
ensures that the magnetic interaction is the dominant
factor for the behavior of the constituent particles, and
therefore these particles cannot respond to the change
in the rotating field due to strong magnetic interactions.
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Table 1. Summary of the situation and results in the alternating magnetic field.

Situations Results

Magnetic particle-particle Magnetic field

interaciton strength A strength & Aggregate structure Heating effect

(1) » « 60 (weak) ELh No cluster formation (any Rg) Significantly Low for any Rg

(2) A « 60 (weak) EA No cluster formation (any Rg) Significantly High for 03 <R < 1.0
Higher with increasing &

(3) » <« 60 (weak) E>N No cluster formation (any Rg) High for 1.0 < Rg < 3.0 Higher with
increasing &

(4) A>>60 (strong) E<KA Densely-packed clusters [RB@ ) Significantly Low for any Rg

(5) >>60 (strong) Ex Chain-like and raft-like clusters (Rs 1) Low forRp 21

(6) 2360 (strong) Eh No cluster formation (Rs < 1) Significantly Low for Rg < 1

Table 2. Summary of the situation and results in the rotating magnetic field.

Situations Results

Magnetic particle-particle Magnetic field

interaciton strength strength & Aggregate structure Heating effect

(1) L « 75 (weak) ELh No cluster formation (any Rg) Significantly Low for any Rg

(2) & K 75 (weak) EA No cluster formation (any Rg) Significantly High for 0.1 < Rg <05
Higher with increasing &

(3) A < 75 (weak) E>A No cluster formation (any Rg) Highfor0.5 < Rg < 3.0

(4) A>>75 (strong) ELh Densely-packed clusters (Rgé'l) Significantly Low for any Rg

(5) A>75 (strong) E>A Chain-like clusters (RB,ZU Significantly High for 0.1 < Rg < 0.5
Significanlty Higher with increasing

(6) 23>75 (strong) E>A No cluster formation (Rg < 1) Significantly Low for Rg < 1

This leads to a diminishing effect with increasing mag-
netic interaction strength. In contrast, for the case of
& = 80, intheregionof 75 < A < 100, the magnetic field
retains significant influence on the particle behavior, and
consequently the constituent particles are able to rotate
to follow the rotation of the field, albeit with a phase lag.
As already described before with respect to the hystere-
sis loops for the alternating field in Figure 6, the magnetic
interaction between the constituent particles tend to sup-
press the rotational motion of the individual particles. As
a result, the rod-like particles finally rotate with a larger
speed, which leads to a larger heating effect, as shown in
Figure 11.

Finally, we summarise the characteristic features with
respect to the aggregate structure and the heat gener-
ation effect using tables by focusing on several typical
situations of the magnetic particle-particle and particle
field interaction strengths. It is noted that in each situ-
ation these features are dependent on the frequency of
the time-dependent applied magnetic field, that is, on the
inverse of the non-dimensional parameter Rp. The cluster
formation is mainly governed by the magnetic interac-
tion strength A and the internal structure is influenced
by both the magnetic field strength & and the frequency
of the applied magnetic field, 1/Rp. Hence, the criterion
value of the magnetic interaction strength for the forma-
tion of clusters is employed for specifying typical cases or
situations in order to describe the characteristic features
regarding the aggregate structure and the heating effect.

Tables 1 and 2 show the characteristic features regard-
ing the aggregate structure and the heat generation effect
for the cases of alternating and rotating magnetic fields,
respectively. A noticeable point is that in Situation (5) the
rotational magnetic field gives rise to a significantly high
heating effect, whereas the alternating field yields a sim-
ply low heating effect. This is mainly due to the difference
in the behavior of chain-like clusters in these two time-
dependent magnetic fields. In the rotating magnetic field,
if the chain-like clusters stably formed in the system are
able to follow the rotation of the field, this motion induces
a significantly larger viscous friction force, which leads to
alarger heat generation effect. In contrast, for the case of
the alternating magnetic field, each constituting particle
of a chain-like cluster strongly tends to rotate to follow
the alternating magnetic field, which clearly gives rise to
a significantly smaller viscous friction force, resulting in
amuch smaller heat generation effect in comparison with
the former applied magnetic field.

7. Conclusions

In the present study, we have investigated the behav-
ior of rod-like magnetic particles and their relation-
ship with the heat generation effect for two kinds of
applied magnetic field variations, i.e. alternating and
rotating magnetic fields, by means of Brownian dynam-
ics simulations. The governing factors for characteris-
ing the present phenomenon are viscous friction forces
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(torques), the strength and directional characteristics
of each applied magnetic field variations and magnetic
particle-particle interactions. The relative magnitudes of
these factors govern the characteristics of the aggre-
gate structures and the heating effect. The main results
obtained here are summarised as follows. As a com-
mon feature for both the magnetic field variations, in
the case of significantly strong particle-particle interac-
tion strengths, rod-like particles exhibit densely-packed
clusters are formed, rather than chain-like clusters, and
the neighboring rod-like particles constituting a cluster
incline in opposite directions to each other. For the case
of an alternating magnetic field, in the intermediate fre-
quency range, linear thick chain-like clusters are formed
along the field direction and the constituent rod-like par-
ticles themselves tend to rotate to follow the change in
the alternating magnetic field during a short period. In
contrast, for the case of the rotating field, linear clus-
ters rotate as a whole body to respond to the rotation
of the magnetic field. In both the applied magnetic field
variations, the magnetic interactions between the con-
stituent particles in a cluster tend to function to suppress
the relaxation motion of the rod-like particles, which,
as a result, leads to improvement in the heat generation
effect in certain situations. In a relatively large frequency
region, the rotating applied magnetic field gives rise to
a larger heat generation effect, whereas in a relatively
lower frequency region the alternating magnetic field is
superior to the former applied magnetic field for a heat
generation point of view.
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Appendix
A1. Diffusion coefficients

As the diffusion coefficients of the present spherocylinder, we
here use the expressions for the circular cylinder with diameter
d and length I [33]:

DT:k—T{anr +1In2-3/2),

I 2y P
kT

T

Di:mlln2rp+ln27l/2} (A1)
kT

R _

b=y

R KT [ 1 m2-1y 3x545 1 -

L7 7By Inr, Inr, 8r rlz,

Since the translational and rotational diffusion coefficients
for a sphere with diameter d are expressed as

kT R
sphere) _ _kT
way D o (a3

and therefore the diffusion coeflicients shown in Eqgs. (A1) and
(A2) are normalised by these quantities for a sphere as

DT(sphere) _

3
Dl = —{In2r, +1n2 - 3/2},
ZrP

3
DI* = ~{In2r, +In2—1/2} (A4)
4ry
1
Rk __
DH = r_’
P

-1
3 1 In2—-1 3x545 1
ph == —(1+n )+ 22 @)
r |Inn In7, 8r [
As described in Section 5, we have focused on the case of the
aspect ratio r, = 3 for performing the present simulations.
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