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Nomenclature 

b : thickness of a disk-like particle 

d : diameter of a particle 

D
T
, D

R 
: translational and rotational diffusion coefficients 

e
 

: unit vector of direction of a particle 

)(1 te
,

)(2 te  : orthogonal unit vectors normal to the magnetic moment of a cubic particle 

F
P
 : force acting on a particle  

Fij
(m)

 : magnetic force due to the magnetic particle-particle interaction 

F
(V)

, Fij
(V)

 : repulsive force due to the overlap of steric layers 

g(r) : radial distribution function  

hx : component of a magnetic field in x-direction 

H : external magnetic field 

H0 : magnitude of magnetic field 

Halt : alternating magnetic field 

Hmod : modified alternating magnetic field 

Hrot : rotating magnetic field 

Hsin : magnitude of sinusoidal magnetic field 

Hsin : conventional alternating magnetic field 

Htri : magnitude of triangular magnetic field 

ix, iy : unit vector in each axis direction 

kB : Boltzmann’s constant 

l : length of a rod-like particle 
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Lx, Ly, Lz : 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) 

rcoff : cutoff distance 

ri : position vector of particle i 

rij : relative position vector from particle j to particle i 

rp : aspect ratio 

RB : 
non-dimensional parameter representing the thermal energy to the random 

force strength 

Rmod : ratio of the modified magnetic field 

t : time 

tij : unit vector of vector rij 

ttotal  total simulation time 

T : absolute temperature of a liquid 

T : torque acting on the ambient fluid by a particle 

T
P
 : torque acting on a particle 
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T i
(H)

 : magnetic torque due to the magnetic particle-field interaction 

T ij
(m)

 : magnetic torque due to the magnetic particle-particle interaction 

T
(V)

 : torque due to the overlap of steric layers 

V : volume of a system 

Wcycl
total

 : work per period an applied magnetic field 

Wcycl : work per particle in one cycle of a magnetic field 

δ : thickness of a uniform steric layer 

Δr
B
 : random displacement inducing translational Brownian motion 

Δt : time interval 

Β
  : random displacement inducing rotational Brownian motion 

η : liquid viscosity 

λ : 
non-dimensional parameter representing the strength of the magnetic 

particle-particle interaction 

λV : 
non-dimensional parameter representing the strength of the repulsive 

interaction relative to the thermal energy 

μ0 : permeability of free space 

ξ : 
non-dimensional parameter representing the strength of the magnetic 

particle-field interaction 

V : volumetric fraction of particles 

ωH : frequency of an applied magnetic field 

  : 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 
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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.    
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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, 
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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. 
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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 δ and has a magnetic moment mi 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 Ui
(H)

 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 Fij
(m)

 and torque Tij
(m)

 are derived from U ij
(m)

, and the repulsive force F ij
(V)

 from Uij
(V)

. 
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Moreover, the torque Ti
(H)

 due to the particle-field interaction is derived from Ui
(H)

 [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   

               (2.1) 

in which ix is the unit vector denoting the x-direction, expressed as ix=(1,0,0), H0 is the maximum of 

its magnitude and the cycle period Tcycl is expressed as Tcycl=2π/ωH.  

 

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
T 

= kBT / (3πηd ) where 

η is the viscosity of a base liquid, kB is Boltzmann’s constant, T is the absolute temperature of the 

liquid and d is the diameter of magnetic particles. The random displacements Δr1
B
, Δr2

B
 and Δr3

B 
in 

each axis direction are required to satisfy the following stochastic characteristics [11, 12]:  
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Similarly, the rotational Brownian motion is characterized by the rotational diffusion 

coefficient D
R 

= kBT / (πηd
3
). The random displacements Δϕ1

B
, Δϕ2

B
 and Δϕ3

B 
about each axis line 

satisfy the following stochastic characteristics [11, 12]:  
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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, Wcycl, during one 

cycle of an alternating magnetic field, which induces the magnetization M, is expressed using the 

alternating magnetic field H as [13]  

              (2.4) 

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  

      (2.5) 

 

in which H is the magnitude of the magnetic field shown in Fig. 2.1, expressed as H/H0 = sin (ωH t)．

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

              (2.6) 

In this equation,  xn  is the mean value of the x-component nx of the unit vector n 

denoting the magnetic field direction. This work Wcycl 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, 2π/ωH，for time, ωHd/(2π) for 

velocities, ωH for angular velocities, the viscous friction force (3/2)ηωHd 
2
 for forces, similarly 

πηωHd 
3
for torques and kBT for energies.  

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

appear the non-dimensional equations:  

 

 

            (2.7) 

      

 

In these expressions, the quantity RB, Rm, RV and RH 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 

  MH dW
total

cycl 0

)/()1(

)/(

000

0000

HHdnmH

HHdnmHdW

x

x
total

cycl

N

N











 HM

)/()1( 000 HHdnmHW xcycl   

,
2

3 3
H

B
B

d

Tk
R






 ,

3
,3

2 6

2
0

VB

H

Bs
VB

H

m R
d

Tkn
RR

d

m
R 















B

H

H R
d

mH
R

2

3
3

00 



13 

 

relative to the viscous force or torque, respectively.     

The quantities λ, ξ and λV 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]  

                     (2.8) 

These parameters λ, ξ and λV 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
3
), the volumetric fraction V  (=N(π/6)d

3
/V ) as V = 0.02 

(where V is the volume of the simulation region), the side length lx
*
(=lx/d) of a cubic simulation 

region as lx
*
=ly

*
=lz

*
=14.85, the time interval Δt

* 
as Δt

* 
=0.0005, and the total simulation time ttotal

*
 as 

ttotal
*
=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, δ
*
, 

was taken as δ
*
=0.15，and the repulsive interaction strength λV as λV=150. The non-dimensional 

parameters λ, ξ and RB were taken in a variety of cases such as λ=1, 5 and 10, ξ=1, 5 and 10, and 

RB=0.1, 1, 5, 10 and 15.  
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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 RB 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 

RB=5 and ξ=5, where three cases of the magnetic interaction strength are addressed, i.e., (a) λ=1, (b) 

λ=5 and (c) λ=10. Each figure has snapshots at the three angles of the alternating magnetic field, θtime 

(=ωH t
*
, defined for 0~2π)=π/2, π and 3π/2. Since the magnetic interaction is significantly strong in 

the case of λ=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 θtime=π, 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 λ=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 RB=5.       

For the case of λ=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 RＢ=5 and ξ=5: (a) for 

λ=1, (b) for λ=5 and (c) for λ=10. Each figure has snapshots at the three angles of the alternating 

magnetic field, θtime (=ωH t
*
, defined for 0~2π) =π/2, π and 3π/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 λ=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  xn as a 

function of the normalized magnetic field strength Hx
*
: results for RB=0.1, 1, 5, 10 and 15 were 

shown in the case of a strong particle-particle and particle-field interaction, λ=ξ=10. Similar results 

are shown in Fig. 2.2(b) for the case of λ=1 and ξ=10.  

In the case of RB=0.1, the maximum of  xn is approximately  xn ≃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 RB 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 RB=10, the quantity  xn maintains a value of −1 until the field strength Hx
*≃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  xn arrives at nearly  xn ≃1 is much smaller than that 

for the previous case in Fig. 2.2(a); for instance, in the case of RB =15, this situation is almost 

attained at Hx
*≃0.5. This characteristic comes to appear more clearly for a larger value of RB, 

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) λ=10 and ξ=10, and (b) λ=1 

and ξ=10. In the case of the viscous force being dominant (RB=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 Wcycl
*
 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 Wcycl
* 

(=Wcycl/kBT) on the 

magnetic particle-particle interaction strength λ for the case of the viscous force being relatively 

weak: results are obtained for the field strength, ξ=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 ξ=1. 

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

because the area of the hysteresis loop becomes larger with increasing magnetic interactions (i.e., 

a 

 

b 
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with increasing values of λ), 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 ξ=5, the value of Wcycl
*
 slightly increases until λ≃5 and then turns to 

significantly decrease with increased values of λ. 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 λ≃5 with increasing 

values of λ. Similar to the case of λ=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 λ≃5, since the magnetic particle-particle 

interaction becomes more dominant than the influence of the applied magnetic field with increasing 

values of λ, the chain-like clusters are not restricted to the field direction in orientation, which yields 

the convergence of the quantity  xn to  xn ≃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].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 Dependence of the heating effect on the magnetic particle-particle interaction strength. A 

decrease after λ≃5 with increasing values of λ in the case of ξ=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 λ, ξ, λV 

and RB. 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]  
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The last parameter RB describes the strength of the random force relative to the viscous 

force, expressed as   
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In these equations, d is the particle diameter, m is the magnitude of the magnetic moment mi (=mni) 

of an arbitrary particle i, η is the viscosity of a base liquid, μ0 is the permeability of free space, ns is 

the number of surfactant molecules on the unit surface of a magnetic particle, kB 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  

xH tHt iH ))sin(()( 0                                                       (3.3) 

in which ix is the unit vector denoting the x-direction, expressed as ix =(1,0,0), H0 is the magnitude of 

an alternating magnetic field, and ωH 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, 
total

cyclW , 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]  

)/( 0000
ˆ HHdnmHdW x

total

cycl N    HM                                   (3.4) 

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

equation, N̂ is the number density of particles, and  xn is the mean value of the x-component nx of 

the unit vector n denoting the magnetic moment orientation. We here address the work per particle, 

Wcycl= NW total
cycl

ˆ/ .  
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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
3
), the volumetric fraction V  (=N(π/6)d

3
/V ) as V = 0.02 where V is the volume of the 

simulation region, the side length lx
*
(=lx/d) of the cubic simulation region as lx

*
=ly

*
=lz

*
=23.75. 

Moreover, the thickness of the steric layer, δ
* 

(=δ/d), was taken as δ
*
=0.15，and the repulsive 

interaction strength λV was taken as λV=150. 

Figure 3.1 shows the dependence of the heat production Wcycl
* 

(=Wcycl/kBT) on the 

magnetic particle-particle interaction strength λ for the case of a relatively weak viscous force 

(RB=5). Results are shown for the field strengths ξ=5 and 10. It is seen that in both the cases a larger 

heating effect is obtained with increasing values of λ until each certain criterion value of λ. That is, 

the value of Wcycl
*
 tends to increase until λ≃5 and 10 for ξ=5 and 10, respectively, and thereafter 

decreases and approaches zero with increasing values of λ. Moreover, a larger value of the magnetic 

field strength ξ 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 λ 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 Wcycl
*
 tends to increase until λ≃5 and 10 for ξ=5 and 10, respectively, 

and thereafter decreases and approaches zero with increasing values of λ.  
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Figure 3.2 shows snapshots for two difference cases of the magnetic interaction strength, 

(a) λ=10 and (b) λ=16, for the same condition of the particle-field interaction strength ξ=10 and the 

strength of the random force relative to the viscous force, RB=5. In these figures, only the snapshot at 

the phase angle of θtime=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 λ=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 (λ=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 θtime=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 λ=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.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 shows results of the response of the averaged quantity  xn to a change in the 

alternating magnetic field H/H0=|H|/H0=sin(2πt
*
) for RB=5 and ξ=10 where two cases of λ=10 and 

λ=16 are addressed. It is noted that the non-dimensional time of t
*
=1 corresponds to the phase angle 

of θtime =360. In the case of λ=10, it is seen that the curve has a trapezoidal change with a maximum 

value of  xn ≃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 λ=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 

Fig. 3.2 Aggregate structures of magnetic particles at θtime= 45 for RB=5 and ξ=10: (a) λ=10 and 

(b) λ=16. A stronger magnetic interaction strength (λ=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.  

a b 
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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 λ=16 exhibits a completely different response in comparison to the former case of λ=10. 

The most different feature is that the maximum value is much lower than unity around  xn ≃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 λ=16, RB=5 and ξ=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 λ after each criterion value in the curves 

of ξ=5 and 10 shown in Fig. 3.1. The reason why the curve for λ=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 λ=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.   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 Response of the reorientation of the magnetic particles to the change in the magnetic field 

strength for the case of RB=5 and ξ=10, where two curves for λ=10 and λ=16 are shown. For the 

case of λ=10 chain-like clusters sufficiently response to the change in the magnetic field strength 

with a larger delay. In contrast, for the case of λ=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 λ=10 and λ=16 are addressed for the case of RB=5 and ξ=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 λ=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 λ=16, the 

area of the hysteresis loop is significantly smaller in comparison to the previous case of λ=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  xn in the case of 

the magnetic particle-particle interaction being significantly more dominant. The reason why the 

curve for λ=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 RB=5 and 

ξ=10, where two curves for λ=10 and λ=16 are shown. In the case of the magnetic interaction 

being dominant (λ=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 δ 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  

      
yHxH0 tω+tωH=t iiH sincos                                            (4.1) 

in which, H0 is the magnitude of the magnetic field, ωH is the angular velocity and ix 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, λ, ξ, λV and RB, 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 

λ, ξ and λV are significantly larger than unity, then it is implied that each factor is much more 

dominant than the thermal motion. If the quantity RB 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, Wcycl, 

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
3
, time step Δt

*
=Δt / (2π/ωH)=0.0001, and total simulation 

time ttotal
*
= ttotal / (2π/ωH)=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 

δ
*
=δ/d=0.15, and the cutoff radius rcoff

*
=rcoff/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 

ϕV=0.02, we focus on a significantly dilute suspension such as ϕV=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 ϕV=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 ϕV=0.001, the employment of a sufficiently longer cutoff distance such as rcoff =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 ϕV=0.05 to 0.5 [16]. From 

this background, we have here used a sufficiently long cutoff distance of rcoff=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 rcoff=3d and 5d is used.  

Using the above-mentioned parameters we evaluate the dimensions of the simulation cell 

as lx
*
=lx/d=ly

*
=lz

*
≈40.3. The non-dimensional parameters λ, ξ, λV and RB are set within the wide 

ranges of λ=1～15, ξ=1～10, λV=150 and RB=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 RB. It is noted that as the frequency is decreased the value of RB 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=1.8×10
-8

 nm, 

the viscosity of liquid η=1×10
-3

 Pa∙s, the magnitude of the rotating magnetic field H0=1×10
4
 A/m, 

the saturation magnetization M=4.46×10
5
 A/m, the frequency of field ωH=20×10

3
 Hz and the 

temperature T=293 K, then the non-dimensional parameters are then evaluated as λ=7.86, ξ=4.23 and 

RB=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 λ. 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 

ξ=5, the relative viscous force RB =20 and the magnetic particle-particle interaction strengths of λ=1, 

λ=7 and λ=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 λ=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 ξ=5. In the case of the relatively 

large magnetic particle-particle interaction strength λ=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 λ=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 λ=1, λ=7 and λ=12. For the case of the weak magnetic 

particle-particle interaction strength λ=1, the curve exhibits a typical gas-like distribution. For the 

case of the relatively strong magnetic particle-particle interaction strength λ=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 λ=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 ξ=5 and RB=20: (a) λ=1, (b) λ=7 and (c) λ=12. A stronger magnetic 

particle-particle interaction induces the formation of larger and more stable clusters. 
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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 λ=10, the magnetic particle-field interaction strength ξ=10 and the relative viscous force 

RB=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.  

 

 

 

 

Fig. 4.2 Radial distribution function for ξ=5 and RB=20. For the case of λ=7 and 12, the curves 

exhibit pronounced peaks. For the case of a relatively strong magnetic particle-particle interaction 

strength λ=7, it is seen that several sharp peaks appear, which clearly implies the formation of the 

linear chain-like clusters.  
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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 λ=12, and the magnetic particle-field strength ξ=5 for the 

relative frequency of a rotating field with values RB=1, RB=5 and RB=10. It is noted that a larger 

value of RB implies a lower frequency of the rotating magnetic field. In the case of the relatively low 

frequency RB=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 RB =20 shown in Fig. 4.1(c). This is because the ring-like clusters are unstable in the case of 

RB=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 

RB =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 ϕV=0.001, the influence of the large 

viscous force of RB =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 RB =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.  

 

Fig. 4.3 Transition of the aggregate structures for RB =20, λ=10 and ξ=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).  
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Figure 4.5 shows the cluster size distribution for the three cases of the relative viscous 

force RB=1, RB=5 and RB=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 RB =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 RB =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 RB =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.   

Fig. 4.4 Aggregate structures in a rotating field with the relative frequency (a) RB =1, (b) RB =5 and 

(c) RB =10 for a system with parameter values λ=12 and ξ=5. In the case of a low frequency RB=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 RB =20 shown in Fig. 

4.1(c).  
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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 RB =20 and the magnetic 

particle-field interaction strengths ξ=1, ξ=5 and ξ=10. In the figure, Wcycl
*
 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 ξ=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 ξ=10, the 

heating effect exhibits a monotonic increase with increasing values of λ. 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 ξ=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 ξ=10 in the region below λ≃6 but then deviates and 

attains to a maximum value at λ≃10 and then finally with increasing values of λ monotonically 

decreases to zero. In the range of 3≲λ≲10, the chain-like clusters are predominately formed in the 

system and these increase in length with increasing values of λ. Within this range the magnetic 

Fig. 4.5 Cluster size distribution for λ=12 and ξ=5. For the case of RB =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.  
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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 λ=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 λ≳10 being more dominant 

than the magnetic particle-field interaction of ξ=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 λ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 λ≳10 for ξ=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 λ=1, λ=5 and λ=10 and the magnetic particle-field 

strength ξ=5. For the cases of a weak λ=1 and a relatively weak λ=5 magnetic particle-particle 

interaction strength, the heating effect decreases with increasing values of RB or with decreasing 

values of the relative frequency. Since a larger value of RB 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 λ=5, it is seen that a 

deviation from the curve of λ=1 becomes evident around RB≃10 and shows a slight increases with 

increasing values of RB that may be explained in the following. For the case of λ=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 RB has a sufficiently large value such as RB=20. 

However, short clusters are not formed in the region of a large viscous force such as RB=5, and this 

accounts for the monotonic decrease in the range of RB≲10. For values greater than RB≃10, the 

effect of the magnetic interaction gradually surpasses the viscous force and thus with increasing 

values of RB  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 RB≳10. 

The curve for λ=10 exhibits a significantly different characteristic in contrast to the former two 

curves. That is, the heating effect decreases until around RB =3, then exhibits a significant increase 

that finally approaches a constant value in the region of RB≃14. The decrease in the region before 

RB=3 can be explained by the same reasoning as for the previous two cases. As the value of RB 

exceeds a value around RB≃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 RB  to the value around RB≳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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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 λ for the case of RB=20 and ξ=10. In the 

region of weak magnetic particle-particle interaction strengths, λ≲7, 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 λ≃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 

Fig. 4.7 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 Wcycl
*
 and 

the average size of the aggregate structures <s>, respectively. The curve for λ=10 exhibits a steep 

increase since around RB =3 in contrast to the other cases. As the value of RB exceeds around RB≃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.    
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continuously increases with values of λ for the rotating magnetic field, whereas the curve arrives at a 

maximum value at λ≃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 λ≳ξ, giving rise to a sharp decrease 

after the value of λ≃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 λ≳5, 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 λ≳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 ξ=5 is addressed. In the case of λ=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 λ=10, a rotating and an alternating magnetic field certainly 

yield completely different characteristics regarding the dependence on the value of RB, i.e., on the 

frequency of the magnetic field. That is, the heating effect monotonically increases after RB≃3 with 

increased values of RB 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 RB≃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 RB 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 RB≃3. The reason why the heating effect is decreased for the both cases with increased values 

of RB in the region of RB≲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 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. 



44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 

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 ξ=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 RB≃3.   
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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 l, which give rise to the particle 

aspect ratio rp(=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 δ 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 Halt(t) is applied in the x-direction, expressed as 

 

    xH0alt tωH=t iH sin                                                (5.1) 

 

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

 

      yHxH0rot tω+tωH=t iiH sincos                                       (5.2) 

 

In these expressions, H0 and ωH are the magnitude and the angular velocity of the applied magnetic 

field, respectively, and ix and iy are the unit vectors in the x- and y- direction, respectively.  

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.  
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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  

                                    

                                                                             (5.3) 

 

                                                                            (5.4)   

 

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

         

                                                                             (5.5)  

 

In these equations the notations have the following meanings. The quantities with subscripts   and 

| | represent components normal and parallel to the particle axis, respectively, p
F and pT  are the 

forces and torques acting on the particle of interest, Δt is the time interval, T
D and R

D  are the 

diffusion coefficients of the spherocylinder particle for the translational and rotational motion [16,17], 

respectively, 
1e  and 

2e  are the unit vectors normal to each other in the plane normal to the particle 

axis, T is the liquid temperature, and kB is Boltzmann's constant. It is noted that the force p
F and 

torque pT  are evaluated from sum of the magnetic and steric repulsive forces and torques exerted 

by the other particles and an applied magnetic field. Moreover, B
r || , B

r 1  and B
r 2  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, 
B

1  and 
B

2  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 rp.      

 

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=μ0(H+M), where M is the magnetization and μ0 is the permeability of free space, the work per 

period of an applied magnetic field is expressed as  
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           (5.6) 

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=Halt or H=Hrot 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       00 / HdmHμ=W 0cycl Hn                                               (5.7) 

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

       0

*
/ Hdξ=Wcycl Hn                                                   (5.8) 

In Eqs. (5.7) and (5.8), H0 is the maximum value of a time dependent magnetic field H, as already 

defined, and ξ 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
3
, the volumetric function ϕV=0.001, the time step Δt

*
(=Δt / 

(2π/ωH)) = 0.00001, and the total simulation time ttotal
*
(= ttotal /(2π/ωH)) = 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 δ

*
(=δ/d)=0.15, the particle aspect ratio rp=3, and the cutoff 

radius rcoff
*
(=rcoff /d)=8.0 for evaluation of magnetic forces and torques. Using these parameters, we 

evaluate the dimensions of the simulation cell as lx
*
= l

*
y=lz

*
=76.77, where l

*
x=lx/d, and so forth.  

The present phenomenon is characterized by the four non-dimensional parameters, λ, ξ, λV 

and RB as [31,32]  

                                                                             (5.9) 

 

in which λ is the strength of the magnetic particle-particle interaction, ξ is the strength of the 

magnetic particle-field interaction and λV is the strength of the repulsive force due to the overlap of 
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the steric layers relative to thermal motion. Moreover, RB is the strength of the random force relative 

to the viscous force. In these expressions, η is the viscosity of the base liquid, and ns is the number of 

surfactant molecules per unit surface of magnetic particles.  

If RB 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 RB 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 λ and ξ determines the behavior of the 

magnetic rod-like particles in a time-dependent applied magnetic field. In the present study, these 

non-dimensional parameters λ, ξ, RB and λV are set within the wide range of λ=1~100, ξ=0~100, RB 

=0.1~3 and λV=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 RB=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, λ=1, 60 and 100, which were obtained at the time of maximum field strength in 

the x-axis direction, i.e., |H|=H0 with the particle-field interaction strength ξ=80.             

In the case of a weak magnetic particle-particle interaction strength λ=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 λ=1. Moreover, 

since viscous forces are sufficiently low for the rotational motion of the particles in the low 

frequency RB=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 λ=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 λ=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 λ=60 and λ=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 (λ) 

and particle-field (ξ) interaction strengths. In the case of λ=60, the field strength is still one of the 

governing factors for the particle motion in the situation of ξ=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 λ=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 



53 

 

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 λ=60 unless 

specifically noted.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2 Aggregate structures for ξ=80 and RB =3: (a) for λ=1, (b) for λ=60 and (c) for λ=100. In 

the case of an intermediate magnetic particle-particle interaction strength λ=60, relatively thick 

chain-like clusters are formed along the magnetic field direction and each rod-like particle 

inclines along the field direction.  

a 

b c 
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Figure 5.3 shows the time variation in the chain-like clusters for the case of a strong magnetic field 

ξ=80 with a low frequency of RB=3, where three different snapshots are shown at the phase angles, 

(a) θ=π, (b) θ=6π/5 and (c) θ=4π/3. The snapshot in Fig. 5.2(b) should be referred to for the case of 

θ=π/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 θ=π, where the alternating magnetic field switches direction from the positive 

toward the negative x-axis direction. At the phase angle of θ=π/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 θ=π, 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 θ=6π/5, it seems that the raft-like 

cluster is largely formed and at the phase angle of θ=4π/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 RB=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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Figure 5.4 shows the influence of the frequency of the magnetic field, RB, on the behavior 

of the rod-like particles for the case of λ=60 and ξ=80, where two different snapshots are shown for 

RB=0.1 and RB=0.5. The snapshot in Fig. 5.2(b) should be referred to for the case of RB=3. It is noted 

that all the snapshots were obtained at the phase angle of θ=π/2 and also that a smaller value of RB 

corresponds to a larger frequency of the alternating magnetic field. In the case of a larger frequency 

of RB＝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 

Fig. 5.3 Variation in the aggregate structures for ξ=80, RB =3 and λ=60: (a) at θ=π, (b) at θ=6π/5 

and (c) at θ=4π/3. The snapshot in Fig. 5.2(b) should be referred to for the case of θ=π/2. Since 

the viscous friction forces are not sufficiently strong in the case of RB=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.  
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b c 
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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 RB=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 RB=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 RB=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, RB, on the aggregate structures for the 

case of λ=60 and ξ=80: (a) RB＝0.1 and (b) RB＝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 RB or 

with smaller values of the frequency of the alternating magnetic field.  

a b 
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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 λ=60 and ξ=80, where results for three cases of the frequency, RB＝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 RB＝0.1, the hysteresis loop is significantly different from those for the 

cases of RB＝0.5 and RB＝3. That is, the maximum value of  xn 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  xn ≃0.33 at around hx
*≃0.4 during the path from hx

*
=1 to 

hx
*
=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 RB =0.5, the hysteresis loop becomes significantly larger than that for the 

previous case of RB=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 hx
*
=0.7, approaching  xn =1 

at hx
*
=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 hx
*≃0.7. Another characteristic point is that the maximum value 

 xn =1 appears at around hx
*≃0.6 during the path from hx

*
=1 to hx

*
=0. This delay is due to the same 

mechanism that has already been described for the previous case of RB =0.1.  

In contrast, for the case of RB=3, the hysteresis loop gives rise to a significantly smaller 

enclosed area in comparison with that for RB=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 RB=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 hx
*≃0 when the magnetic field is 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5 Dependence of hysteresis loops on the frequency of the magnetic field for the case of λ=60 

and ξ=80, where results for three cases of the frequency, RB＝0.1, 0.5 and 3 are shown for 

comparison. In the case of RB =0.5, the hysteresis loop becomes significantly larger than that for the 

other cases of RB =0.1 and RB =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. 



59 

 

We next discuss the dependence of the hysteresis loops on the magnetic particle-particle 

interaction strength λ. Figure 5.6 show results for the hysteresis loops for the case of RB=3 and ξ=80, 

where the two cases of λ=1 and 60 are shown for comparison. It is noted that the value of λ=60 is 

sufficient for cluster formation, as shown in Fig. 5.2(b), whereas no clusters appear for the case of   

λ=1, as shown in Fig. 5.2(a). It is seen that the cluster formation in the case of λ=60 gives rise to a 

larger loop than the weakly interacting case of λ=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 RB=3. A significant differently characteristic between 

these two loops appears in the relaxation motion of the rod-like particles in the path from hx
*
=0 to 1 

(or from hx
*
=0 to −1). That is, the curve for λ=1 increases more steeply than that for λ=60, in other 

words, the rod-like particles reorient more rapidly to follow the change in the magnetic field in the 

case of λ=1. This may be explained as follows. After the magnetic field moves into the positive 

x-direction at hx
*
=0, the rod-like particles rapidly start to incline in the field direction, which leads to 

a steep increase since hx
*
=0 in the path toward hx

*
=1 for both the cases of λ=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 λ=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 RB=3 and ξ=80, where the two cases of λ=1 and 60 are 

shown for comparison. It is seen that the cluster formation in the case of λ=60 gives rise to a 

larger loop than no cluster formation in the case of λ=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 RB=3 and a strong applied magnetic field of ξ=80, 

where three cases of the magnetic interactions λ=1, 60 and 100 are shown for comparison. These 

snapshots were obtained at the phase angle of θ=0, when the rotating magnetic field aligns to the 

x-axis direction. In the case of λ=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 λ=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 λ=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 λ=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 λ=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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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 λ=100 and ξ=80, where two different 

snapshots are shown for RB=0.1 and RB=0.5. The snapshot shown in Fig. 5.7(c) should be referred to 

for the case of RB=3. It is noted that all the snapshots were obtained at the phase angle of θ=0.  

In the case of a high frequency region of RB=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 

Fig. 5.7 Dependence of magnetic particle-particle interactions on the cluster formation for the case 

of a low frequency region of RB=3 and a strong applied magnetic field of ξ=80, where three cases 

of the magnetic interactions λ=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.  

a 

b c 
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frequency of RB=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 RB=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, Rm, on the aggregate structures for the 

case of λ=100 and ξ=80: (a) for RB＝0.1 and for (b) RB＝0.5. The snapshot shown in Fig. 5.7(c) 

should be referred to for the case of RB=3. In the case of an intermediate frequency of RB=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.   

a b 



64 

 

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 λ=1, where the results for both the magnetic fields are shown for ξ=40 and 80. It 

is noted that the value of λ=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 RB corresponds to a lower frequency of the 

time-dependent applied magnetic fields. The ordinate Wcycl
*
 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 RB, 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 RB. For large RB, 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 RB 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 RB values), giving rise to a larger heating effect. As the value of RB 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 RB 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 RB, with decreasing field, specifically, the peak position is 

shifted from RB ≃0.2 for ξ=80 to RB≃0.4 for ξ=40 in the case of the rotating field and from RB≃0.5 

for ξ=80 to RB≃0.8 for ξ=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 RB, 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 RB=0.4 is approximately the same for ξ=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 RB≳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 θ =0 and 

π). 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, RB≲0.2, 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 RB 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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We next discuss how the cluster formation influences the heat generation effect. To this 

end, the case of a large applied magnetic field strength ξ=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 λ on the heat generation, where results for the three different 

cases of magnetic interaction strengths are shown for λ=1, λ=60 and λ=100 for each applied 

magnetic field. The results for λ=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 

λ=1 and λ=60 exhibit the almost same characteristics but the curve for λ=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 

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 λ=1, where the results for two cases of 

the field strength are shown for ξ=40 and 80. As the value of RB 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 RB values), giving rise to a 

larger heating effect.  
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region of RB≳1 for the case of λ=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 RB≲0.3, the heat generation effect for λ=60 is slightly smaller than for 

λ=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 λ=100. 

The heat generation effect for the rotating field exhibits characteristics similar to those for λ=1 and 

λ=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 λ=100 than those for λ=1 and λ=60 in the range of RB≲0.15 is due to the 

same reason for the characteristics of the curve for λ=100 in the range of RB≲0.3 for the case of the 

alternating field, as described above. Another characteristic feature is observed in the region of 

RB≳0.5 in the curve for λ=100. That is, the larger magnetic interaction strength λ=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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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 RB=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 λ≃50 and λ≃65 for ξ=40 and ξ=80, 

respectively, in the case of the alternating field, and λ≃75 for both the cases of ξ=40 and ξ=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 

λ. 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 ξ= 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 

Fig. 5.10 Influence of the magnetic particle-particle interaction strength λ on the heat generation 

effect, where results for three different cases of magnetic interaction strengths are shown for λ=1, 

λ=60 and λ=100 for each applied magnetic field. Larger magnetic interaction λ=100 yields larger 

values of the heat generation effect in the region of RB≳0.5 for the case of the rotating field, 

whereas a rather weak heating effect is predicted for λ=100 in the case of the alternating field.  



69 

 

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 ξ=80 is much larger than for ξ=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 ξ=40, 

the situation of λ=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 ξ=80, in the region of 75≲λ≲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 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.11 Heat generation effect as a function of the magnetic particle-particle interaction strength 

for the intermediate frequency RB=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 λ

≳75 for ξ=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 RB. The cluster formation is mainly governed by the 

magnetic interaction strength λ and the internal structure is influenced by both the magnetic field 

strength ξ and the frequency of the applied magnetic field, 1/RB. 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 

particle-particle 

interaciton strength λ 

Magnetic 

field 

strength ξ 

 

Aggregate structure 

 

Heating effect 

   

(1)  λ≪60 (weak) ξ≪λ 
No cluster formation 

(any RB) 

significantly Low  

for any RB   

(2)  λ≪60 (weak) ξ≫λ 
No cluster formation 

(any RB) 

significantly High  

for 0.3≲RB≲1.0  

Higher with increasing ξ 

(3)  λ≪60 (weak) ξ≫λ 
No cluster formation 

(any RB) 

  High 

for 1.0 ≲RB≲3.0  

Higher with increasing ξ 

(4)  λ≫60 (strong) ξ≪λ 
Densely-packed clusters 

 (RB≳1) 

significantly Low  

for any RB   

(5)  λ≫60 (strong) ξ≃λ 

Chain-like and raft-like 

clusters  

(RB≳1) 

Low 

for RB≳1 

(6)  λ≫60 (strong) ξ≫λ 
No cluster formation 

(RB≲1) 

significantly Low  

 for RB≲1   
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Table 5.2 Summary of the situation and results in the rotating magnetic field 

Situations  Reasults 

Magnetic 

particle-particle 

interaciton strength λ 

Magnetic 

field 

strength ξ 

 

Aggregate structure 

 

Heating effect 

   

(1)  λ≪75 (weak) ξ≪λ 
No cluster formation 

(any RB) 

significantly Low  

for any RB   

(2)  λ≪75 (weak) ξ≫λ 
No cluster formation 

(any RB) 

significantly High  

for 0.1≲RB≲0.5  

Higher with increasing ξ 

(3)  λ≪75 (weak) ξ≫λ 
No cluster formation 

(any RB) 
High for 0.5 ≲RB≲3.0 

(4)  λ≫75 (strong) ξ≪λ 
Densely-packed clusters 

 (RB≳1) 

significantly Low  

for any RB   

(5)  λ≫75 (strong) ξ≫λ 
Chain-like clusters 

(RB≳1) 

significantly High  

for 0.1 ≲RB≲0.5 

significanlty Higher with 

increasing ξ 

(6)  λ≫75 (strong) ξ≫λ 
No cluster formation 

(RB≲1) 

significantly Low  

 for RB≲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 δ to prevent excessive aggregation. 

The direction of the magnetic moment n (=m/|m|) is represented by a blue pebble on the particle 

surface. 

 

 

 

 

 

 

 

 

 

 

 

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). 

 

    xHalt tHt iH sin0                                                       (6.1) 

 

where H0 is the magnitude of the magnetic field, ωH is the angular velocity, and ix 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 
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Fig. 6.1 Particle model 



76 

 

where Htri is the magnitude of the triangular wave and Hsin is the magnitude of the sinusoidal wave. 

The present study suggests that the ratio RmodH (=Htri/Hsin) of the modified magnetic field to the 

sinusoidal field is RmodH=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 hx=0, when the direction of the magnetic 

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

 

 

 

 

 

 

 

 

 

 

 

 

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 

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

       tΔrΔttD
Tk

tΔtt BPT

B

eFrr ||||||||||

1
                       (6.3) 

         tΔrtΔrΔttD
Tk

tΔtt BBPT

B

2211

1
  eeFrr                          (6.4) 
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where kB is Boltzmann's constant, T is the absolute temperature, D
T
 is the diffusion coefficient of 

translation, F
P
 is the sum of forces acting on the particle, and Δr

B
 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 

value Wcycl
total

 per magnetic field period is 

 

  MH dμ=W 0

total

cycl                              (6.5) 

 

where μ0 is the magnetic permeability of the vacuum, H is the magnetic field, and M is the 

magnetization.  

The heat generation per particle Wcycl is 

       00 / HdmHμ=W 0cycl Hn                      (6.6) 

 

where m is the magnitude of the magnetic moment and H0 is the magnitude of the magnetic field. 

When nondimensionalized with the representative value kBT 

       0
* / Hdξ=Wcycl Hn                          (6.7) 

 

where ξ is a dimensionless parameter that represents the strength of the magnetic field. 

 



78 

 

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
3
), diameter d

*
=1.0, surfactant layer thickness 

δ
*
(=δ/d)=0.15, aspect ratio rp(=d/b)=3, volumetric fraction ϕV=0.02, time interval Δt

*
=0.00001 and 

total simulation time ttotal
*
=100. The phenomena treated in this study are governed by the four 

dimensionless parameters as expressed in Equation (6.8). 

 

                                                                        (6.8) 

 

λ is the strength of the magnetic interaction between particles, ξ is the strength of the interaction with 

the magnetic field, and λV is the strength of the repulsion force due to the overlap between surfactant 

layers. RB is the ratio of the random force to the viscous force. If RB is greater than 1, the random 

force dominates, and if RB is less than 1, the viscous force dominates. RB also contains a term related 

to the frequency of the alternating magnetic field; the smaller RB is, the higher the frequency is. 

These dimensionless parameters were set to λ = 1 to 120, ξ = 1 to 100, λV = 150, and RB = 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 λ=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 RB, reaches a peak, and 

then decreases. In the small RB 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 RB 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 RB 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 RB < 

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 RB 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 RB 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 RB, 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 

(RB = 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3 Dependence of the heating effect on the frequency of the magnetic field (λ=1, ξ=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, RB = 0.3, 0.7 and 3 in the modified magnetic field with a very strong 

inter-particle magnetic force λ = 120 and a strong magnetic field ξ = 80. For the case of RB =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 RB = 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 RB = 0.7. However, despite the magnetic field being 

reduced at RB = 0.7, the direction of the magnetic field switches before the particles approach each 

other, causing them to rotate. At RB = 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 (λ = 120, ξ = 80, t
*
 = 0.1, modified 

magnetic field: (a)RB = 0.3, (b)RB = 0.7 and (c)RB = 3). At RB =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 RB = 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 RB = 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 λ = 100 or λ = 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 λ = 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 RB = 0.5, there is almost 

no difference in the heating effect between λ = 1 and λ = 100. This arises because the magnetic field 

is reduced in the case of RB = 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 λ = 1, where no aggregates are formed. In the case of λ = 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 RB = 0.7, for the same reason as for λ = 100, the 

aggregate formation does not occur even for λ = 120, and the heating effect is almost the same as for 

λ = 1 and 100. For the case of RB = 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 ξ = 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 RB =3 on the strength of the inter-particle magnetic force. At RB =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 λ=1, where the inter-particle magnetic force is very weak, the magnitude of 

the magnetic field strength ξ 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 λ = 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 ξ = 40, 

the heating effect decreases rapidly as the strength of the inter-particle magnetic force λ 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 ξ = 80, on the other hand, the heat 

generation effect increases as the inter-particle magnetic force increases. For the case of λ = 120, 

unlike the case of ξ = 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 ξ = 60, there is a slight increase in the heating effect from λ 

= 60 to λ = 100, and for λ = 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 ξ = 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, RB =3). From λ = 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 λ.  

 

 

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.     



89 

 

 

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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