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Abstract

Magnetic hyperthermia is a promising therapeutic technique in which magnetic nanoparti-
cles (MNPs) generate heat when exposed to a high-frequency alternating magnetic field.
The magnetic dipolar interactions between magnetic nanoparticles play an important role
in the relaxation dynamics and overall magnetic heating efficiency. In this work, the thermal
response of a tumoral tissue was studied considering the dipole—dipole interactions in
chain-like nanoparticle assemblies. A 3D space-time model implemented in COMSOL
Multiphysics 6.2 is used to investigate the temperature field and thermal damage in tumoral
tissue considering magnetic relaxation mechanisms for both (i) parallel and (ii) perpendic-
ular anisotropy configurations with respect to the applied magnetic field. Dipole-dipole
interactions significantly modify the effective energy barriers involved in magnetic relax-
ation mechanisms, when nanoparticles are closely spaced. Interparticle spacing and MNP
size are two very important parameters that influence the effective anisotropy barrier and,
implicitly, the heating efficiency of magnetic nanoparticles. Moderate dipolar interactions
lead to optimal SAR values, while strong interactions reduce heating efficiency due to
magnetic locking. This study provides guidelines for the design of magnetic nanoparticles
for hyperthermia applications.

Keywords: magnetic hyperthermia; magnetic nanoparticles; dipole-dipole magnetic
interaction; specific absorption rate (SAR)

1. Introduction

Magnetic hyperthermia is an innovative approach for destroying malignant/cancerous
cells which uses the therapeutic heat given by the magnetic nanoparticles when an ex-
ternal magnetic field is applied [1-4]. The heating efficiency of magnetic nanoparticles
strongly depends on their magnetic relaxation dynamics and on dipolar interactions arising
in nanoparticle aggregates [5-12]. These magnetic systems absorb energy from a high-
frequency electromagnetic field and convert it into heat. The therapeutic temperature
values corresponding to the hyperthermic range 4045 °C are achieved by a fine control of
the magnetic field parameters (frequency and amplitude) [13-23]. The magnetic and ther-
mal properties of these magnetic systems injected within tumoral tissues play an important
role in the efficiency of this therapy method. Rosensweig linear response theory considers
noninteracting nanoparticles and their ideal dispersion in a ferrofluid [24]. In realistic
biological environments such as inside tumoral cells, MNPs tend to form aggregates in
chains and/or clusters due to magnetic dipole—-dipole interactions. Previous experimental
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and theoretical studies have shown that dipolar interactions may either increase or de-
crease the effective energy barrier depending on the spatial arrangement of nanoparticles
and the orientation of their magnetic moments. Dormann and Mgrup models describe
MNP ensembles with randomly oriented anisotropy axes. They study how dipole-dipole
interactions between MNPs modify the effective energy barrier for magnetization reversal
and the blocking temperature through collective interaction effects [5-7]. These models
do not assume aligned anisotropy axes. Analytical and semi-analytical models for 1D
chains of MNPs were developed to understand how dipole-dipole coupling modifies the
anisotropy barrier. For example, Branquinho et al. [9] proposed a linear-response model for
ideal chains and showed that dipolar coupling adds an additional term to the anisotropy
energy. In their model, dipolar interactions increase the effective energy barrier, shifting the
optimum particle size for magnetic heating toward smaller values under strong coupling.

This paper investigates the influence of dipolar interactions in chain-like magnetic
nanoparticle assemblies on the temperature field generated in tumor tissues under an
applied high-frequency electromagnetic field. The novelty of the present study lies in the
analysis of dipolar interaction effects, magnetic relaxation regimes, SAR generation, and
the resulting thermal response in tumor tissues, providing a multiscale description linking
nanoparticle interactions with macroscopic heating efficiency. Specifically, this theoretical
and computational study combines an analytical description of dipole-dipole interactions
in chain-like assemblies of magnetic nanoparticles with magnetic relaxation modeling
based on the Néel and Brownian mechanisms. The resulting effective relaxation time is
used to calculate the magnetic susceptibility, power dissipation, and specific absorption
rate (SAR). These quantities are subsequently introduced as the magnetic heat source in a
3D bioheat model implemented in COMSOL Multiphysics to calculate the 3D space-time
temperature distribution and thermal damage in tumoral tissues. This approach provides a
direct link between nanoparticle interaction physics and the macroscopic thermal response
of biological tissues.

2. Theoretical and Computational Model

This section presents the theoretical framework used to describe the influence of
dipolar interactions on the effective anisotropy energy barrier of magnetic nanoparticles.
The resulting effective energy barriers are subsequently introduced into the Néel relaxation
time and used to calculate the specific absorption rate (SAR) employed in the thermal
model. The model assumes identical single-domain superparamagnetic nanoparticles with
uniaxial anisotropy arranged in ideal chain-like assemblies. Only magnetic dipole-dipole
interactions are considered, while exchange interactions and particle-size dispersion are
neglected (Figure 1).

2.1. Dipolar Interaction and Effective Energy Barrier
. . . . . . - =
For two identical magnetic nanoparticles with the magnetic moments m; and m;
= = . . . .
(‘ml ’ = |my| = m) separated by a center-to-center distance d, the dipole-dipole interac-
tion energy is given by [9]:
I L I = N\N/= .
Ei = ind [my my — 3<m1~ r) (m2~ r)} (1)
R
where # = 7 is the unit vector connecting the particle centers. The remaining parameters
are defined in Table 1. Dipolar interactions modify the energy landscape governing mag-

netization reversal and, depending on the relative orientation of the magnetic moments
and the interparticle axis, may either increase or decrease the effective anisotropy barrier.

https://doi.org/10.3390 /nano16171069


https://doi.org/10.3390/nano16171069

Nanomaterials 2026, 16, 1069 3o0f17

For a nanoparticle with uniaxial anisotropy, the effective energy barrier can therefore be
expressed as
Y = KV 4 B @

where: KV is the intrinsic anisotropy barrier and AE;,;; represents the dipolar contribution.

2. THEORETICAL AND COMPUTATIONAL MODEL

2.3 Néel and Brownian

Relaxation
Néel relaxation  Brownian relaxation

2.1 Dipolar Interaction and
Effective Energy Barrier

2.2 Dipolar Interactions in a
One-Dimensional Nanoparticle Chain

2.4 Magnetic Power Dissipation

Hysteresis losses under AC field lead to

Bomo W W W W W m power dissipation P per particle

_ P
Myyp

(W/g)

Magnetization reversal via internal
(Néel) mechanism and physical
rotation (Brownian) in the fiuid

This section develops the magnetic model of interacting nanoparticles: dipolar interactions in a 1D chain, modification of the energy barrier, and Néel and Brownian
relaxation mechanisms, leading to magnetic power dissipation and the calculation of the specific absorption rate (SAR).

\ /
3. BIOHEAT MODEL AND NUMERICAL

3.1 Tissue Bioheat Model Ve ™\ 3.2 Boundary Conditions 3.3 Numerical Implementation
\

p — density Magnetic heat source
¢ —specific heat « Continuity atr = R, « Finite element method (FEM)
Heat transfer k —thermal conductivity + Convective heat « 3D spherical geometry Q; = PpSAR,
described by the | o _blood density transferatr = R, » + Time-dependent sofver w/m?)
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z equation @, — blood perfusion rate temperature at far field + Convergence criteria and @ — nanoparticle
o4 - / h study . i
]\',, blood temperature Spherical tumoral tissue (r < Ry ) mesh study volume fraction
/. S

surrounded by healthy tissue (R, <r < R.)

This section formulates the bioheat model for spherical tumor tissue, defines the boundary conditions,and describes the numerical implementation used to compute the
temperature field generated by the magnetic heat source.

4. RESULTS AND DISCUSSION

4.1 Dipolar Interactions and SAR

Effect of nanoparticle
diameter, interparticle
spacing, viscosity and
anisotropy on SAR
for different dipolar

SAR (W/g)

4.2 Thermal Response and
Thermal Damage
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4.3 Comparison with
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results reported

4.4 Model Limitations

* Particle size distribution

« Random anisotropy orientations

« Finite chain length effects

« 3D aggregation of nanoparticles

+ Neglected biological complexities

dy, a, 1, K configurations o @ s m T : Assumptions of the model and their
e e ma oponee. SARey (W/g)  in the literature impact on the results.
This section presents and discusses the magnetic and thermal results, compares the model with I data, and highlights the limitations and ility of the proposed
\ approach.
Figure 1. Schematic representation of this study.
Table 1. The main parameters used in simulations.
Symbol Definition Units
K Magnetic anisotropy constant J/m3
M, Saturation magnetization A/m
\% Nanoparticle volume m?
dp Particle diameter nm
o Surface-to-surface interparticle spacing nm
r Center-to-center distance nm
m Magnetic moment A-m?
™ Néel relaxation time S
TR Brownian relaxation time
T Effective relaxation time s
SAR Specific absorption rate W/g
Average relaxation time s
Surfactant layer thickness nm
Carrier liquid viscosity Pas
Hydrodynamic volume of the particle m?

0BTZD I3 ond

Magnetic field frequency

Magnetic field amplitude

Magnetic material density
Volumetric power loss

Volumetric heat source

Volume fraction of the magnetic nanoparticles

kHz
kA/m
kg/ m°>
W/m?3
dimensionless
W/m3

The table describes the main parameters used in this paper.

https://doi.org/10.3390/nano16171069


https://doi.org/10.3390/nano16171069

Nanomaterials 2026, 16, 1069

40f17

In this paper, two anisotropy configurations are considered depending on the ori-
entation of the magnetic moments: (i) parallel and (ii) perpendicular anisotropy. In the
parallel anisotropy configuration, the magnetic moments (or easy axes) are aligned along
the interparticle axis. In the perpendicular anisotropy configuration, the magnetic moments
are oriented perpendicular to the interparticle axis.

. . . . A — N

For magnetic moments aligned parallel to the interparticle axis (1 || my || r), the

dipolar interaction increases the effective energy barrier:

(Eiff)l = KV + 3C 3)

. . . . . i
whereas for magnetic moments oriented perpendicular to the interparticle axis (17 || m, L7),
dipolar contribution reduces the barrier.

(Eiff ) — KV —3C @)
2
with )
_ pom
" 47d8 ®)

The parallel and perpendicular anisotropy configurations considered here represent
two limiting cases of the orientation-dependent dipolar interaction rather than a complete
description of realistic nanoparticle assemblies. In the parallel configuration, dipolar
coupling increases the effective energy barrier, whereas in the perpendicular configuration
it decreases it. Arbitrary orientations are expected to generate intermediate and distributed
dipolar contributions, leading to a distribution of effective energy barriers and relaxation
times. Thus, the two limiting configurations provide a useful framework for establishing
the range of possible effects of dipolar coupling on magnetic relaxation and SAR, while a
complete description of disordered nanoparticle assemblies would require averaging over
the orientational distribution.

2.2. Dipolar Interaction in One-Dimensional Nanoparticle Chain

We consider a sufficiently long linear chain of identical superparamagnetic nanoparti-
cles, separated by a center-to-center distance d. Each magnetic moment forms the same
angle 6 with the chain axis (Figure 2a). The dipolar interaction energy between two mag-

netic moments m; and m; separated by a distance r;; = nd can be written as:
B, — o (1 — 3cos%) ©)
o=
! 47 (nd)®

Considering the dipolar contributions from neighboring particles on both sides of a
reference particle, the interaction energy per particle becomes

Eint(0) = 2C 2(3) (1 - 3c0526) 7)
where (3) = Y7, % is a Riemann zeta function. For a sufficiently long chain edge
effects can be neglected and the dipolar sum converges to {(3) = 1.202. The total magnetic

energy per particle is therefore:

E(8) = KVsin®0 + 2C g(3)(1 - 300526>. (8)
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tumoral
tissue

healthy
tissue

(b)

Figure 2. (a) One-dimensional chain model consisting of 2N interacting nanoparticles. (b) Geometric

configuration of the tumoral tissue surrounded by the healthy tissue.

For the parallel anisotropy configuration, the effective energy barrier (8) becomes:

M2V

eff\ _
E = KV + _—
( i )1 ﬁ14n(dp + zx)3

©)

with: By = +6((3) and d = d, + wa. Thus, dipolar interaction increases the effective
energy barrier and stabilizes the magnetic configuration. For the perpendicular anisotropy
configuration, the effective energy barrier (8) becomes:

M2V
(E;ff> _ KV + ﬁzﬂoisy (10)
2 4rc(dy + a)
with: B = —6{(3). In this configuration dipolar interactions reduce the effective energy

barrier, particularly at small interparticle spacing where the dipolar coupling becomes
stronger. The two configurations can therefore be written in the general form:

po M2V

_HMVE g0 11
4m(d, + a)3 i ) =

(57), = kv o

where: i = 1 corresponds to the parallel anisotropy configuration which increases the
effective energy barrier and i = 2 corresponds to the perpendicular anisotropy configu-
ration in the interaction model which reduces the energy barrier. The effective energy
barrier thus depends strongly on nanoparticle size d,(nm), interparticle spacing a(nm)
and magnetic-moment orientation. Since the Néel relaxation time depends exponentially on
this barrier, dipolar interactions can significantly modify the magnetic relaxation dynamics
and consequently the heating efficiency of interacting nanoparticle assemblies.
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2.3. Néel and Brownian Relaxation

MNPs are essential for controlling the temperature and the resulting thermal damage
in tumor tissue during hyperthermia therapy. The efficiency of this technique strongly
depends on the magnetic and thermal properties of the nanoparticles, which are deter-
mined by particle characteristics such as size, magnetic anisotropy, material type, and
concentration. Understanding the relationship between these parameters and the heating
efficiency is therefore essential for optimizing hyperthermia treatments.

Magnetic energy dissipation in nanoparticle systems occurs through magnetic relax-
ation processes. In the Néel relaxation mechanism, the magnetic moment of a superpara-
magnetic nanoparticle reverses its orientation across an anisotropy energy barrier due to
thermal fluctuations (kg T). In contrast, Brownian relaxation corresponds to the physical
rotation of the entire nanoparticle within the surrounding fluid, allowing the magnetic
moment to align with the external magnetic field. During Brownian relaxation the particle
experiences viscous friction with the carrier liquid or biological medium. The energy dissi-
pated through this friction is converted into heat, contributing to the specific absorption rate
(SAR) defined as (SAR; = P;/p), where the parameters are defined in Table 1. The relative
contribution of Néel and Brownian relaxation depends strongly on the magnetic anisotropy
and on the viscosity of the surrounding medium. When the effective anisotropy barrier is
low, the Néel relaxation time is short and Néel relaxation is dominant. Conversely, as the
anisotropy barrier increases, the Néel relaxation time increases and internal magnetization
reversal becomes progressively suppressed. In this case Brownian relaxation may become
more important if the nanoparticle is free to rotate.

The relaxation dynamics of the magnetic moment is governed by the effective energy
barrier (11) (Eif f ) , (i = 1, 2), which depends strongly on the nanoparticle diameter d,,
the magnetic anisoicropy constant K and the dipole—dipole interactions between particles.
In this analysis, three physical relaxation regimes of the Néel-Brown relaxation depending

eff
<ET>i,i =1,2 (12)

kgT

on the dimensionless parameter

0 =

are considered: (i) regime I—fast relaxation (superparamagnetic regime), (ii) regime II—
intermediate (Néel-Brown contribution) and (iii) regime III—slow relaxation (blocked
regime) [15,16].

Regime I corresponds to a low anisotropy barrier (¢; < 1), where the magnetic
moment fluctuates freely and the relaxation is not thermally activated. In this case the Néel
relaxation time approaches the attempt time Ty = 19 ~ 107 s.

Regime II (1 < o0; < 5) describes the transition between superparamagnetic and
blocked behavior. In this region thermal energy and the effective anisotropy barrier are
comparable and both Néel and Brownian mechanisms contribute to the relaxation process.

Regime III (0; > 5) corresponds to nanoparticles approaching the blocked state. In
this case the effective barrier is high and the Néel relaxation time becomes very large
(v > 1)

Dipolar interactions between nanoparticles modify the effective energy barrier and
therefore influence the relaxation regimes. In the interaction model (i = 1), with parallel
anisotropy configuration, dipole-dipole interactions between nearby particles oriented
along the dipolar coupling direction increase the effective energy barrier, leading to:

eff
U:(Ef)lzg g, JoME dj
! kT kT Y4 kgT (dy + )

(13a)
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In contrast, in the interaction model (i = 2) with perpendicular anisotropy configura-
tion, the magnetic moments are oriented perpendicular to the dipolar interaction direction.
In this case the dipolar coupling reduces the effective anisotropy barrier and the corre-
sponding parameter becomes:

Eeff 6
0y = ( T )2 _ ﬂ + ﬁZ VOME dp (13b)
kgT kgT 24 kgT (dp + 06)3
The effective relaxation time 7; (i = 1, 2)
. 1)
(TN>1' +TB
contains the Néel relaxation time (7y); [15]
To, o <1
(tn); = Texp(oi), 1 <o; <5 i=1,2 (15)
Togiexg(g), o;>5
and Brown relaxation time:
= 21V (16)
kgT

3
Vg =V (1 + %) . The parameters appearing in Equation (16) are defined in Table 1.

2.4. Magnetic Power Dissipation

For both cases, the volumetric heating rate, developed by a magnetite particle,
P;(W/m?) (i = 1, 2) in a magnetic field is given by the following relation [15,16]:

Pi = pof iy H* (17)
The magnetic susceptibility x; is given by the following relation:

o = woM2V  2rf
! 3kgT 1+ (27f7)*

(18)

The thermal sources which are used in the modeling of heating processes in the
tumoral and surrounding healthy tissues are given by the following relations: Q; = ®P;
(i = 1, 2). The maximum SAR values are obtained when the effective magnetic relaxation
time becomes comparable to the period of the applied alternating magnetic field, i.e., when
2rift; = 1 which corresponds to the optimal matching between magnetic relaxation
dynamics and field oscillation.

The effective energy barrier modifies the Néel relaxation time, which directly affects
the magnetic susceptibility and therefore the SAR. In chain-like aggregates the Brownian
rotation may be partially suppressed, however, its contribution is still considered in the
model for completeness.

3. Bioheat Model and Numerical Implementation
3.1. Tissue Bioheat Model

The tumoral tissue surrounded by healthy tissue is represented by a geometric con-
figuration of two concentric tissues having the radiuses R; and R; (Figure 2b). Different
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physical processes such as conduction, convection, blood perfusion and metabolic heat
generation occur within heating process of the living tissues.

The temperature developed in tissues, T (k = 1,2), is described by the bioheat trans-
port equation [13]:

oT
Pka(—Tf = V(kV'Tx) + ppwpcy(To — Ti) + Qb -+ Sourcey (19)

The solution of these equations describes the evolution of the space-time temperature
in the geometric configuration of tumoral and surrounding healthy tissues. In Equation (19)
the index k = 1 represents tumoral tissue and the index k = 2 represents healthy tissue.
The thermophysical parameters and their numerical values are summarized in Table 2.

Q; = ®P;, = PpSAR; (i=1, 2), tumoral tissue (k =1)

S p—
ourcey { 0, healthy tissue (k =2)

is volumetric heating rate dissipated by the volume fraction ® of MNPs injected within
tumoral tissue.

Table 2. Thermophysical properties of the tumoral and healthy tissues used in the bioheat model.

Property Tumor Tissue (k = 1) Healthy Tissue (k = 2)
Density py (kg/m3) 1045 1045
Specific heat, cx (J/(kg-K)) 3760 3760
Thermal conductivity, kx (W/(m -K)) 0.56 0.50
Blood perfusion rate, wp* (s71) 0.0095 0.0036
Blood density, pp, (kg/m?) 1060 1060
Blood specific heat, ¢ (J/(kg-K)) 3770 3770
Blood temperature, T, (K) 310.15 310.15
Metabolic heat source, QX,,; (W/m?) [25] 31,872 6374

The metabolic heat source, (Q ; k = 1, 2), represents the volumetric rate of heat gen-
erated by cellular metabolic activity within biological tissue and is expressed in W/m?3. It
corresponds to the endogenous heat production of the tissue and is distinct from the
additional magnetic heat source generated by the magnetic nanoparticles during ex-
posure to the alternating magnetic field. The values used in the simulations (Table 2),
Ql.; =31,872 W/m?3 for tumoral tissue and Q2 , = 6374 W/m?3 for healthy tissue, were

met

considered from previously published bioheat modeling data [25].

3.2. Boundary Conditions
In this case, the following boundary conditions were used:

e  Dirichlet-type condition on the outer surface of healthy tissue:
Tz(]” = Rz) =37°C (20)

e Neumann-type conditions at the tumor-healthy tissue interface:

ky o =k 9T and Ty (r = Ry) = To(r = Ry) 1)
or r=R or r=R
1 1

Thermal damage is described by the following relation:

t Ek
ug(r,t) = /0 Ag exp —R;,k dt, (22)
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where EF is the activation energy, Ay is the frequency factor, R is the universal gas constant
and 7 is the tissue heating time. The expression y,(r,t) = exp[— ui(r,t)] defines the
fractions of damaged tissues. Tissue temperature, Ty strongly influences the evolution of
this fraction of tissue damage.

3.3. Numerical Implementation

The computational domain was discretized using an unstructured free tetrahedral
mesh generated automatically in COMSOL Multiphysics 6.2. The mesh was constructed
with a maximum element size of 0.2, a minimum element size of 0.036, a maximum element
growth rate of 1.5, a curvature factor of 0.6, and a narrow region resolution parameter
of 0.5. These settings provide an adequate balance between computational efficiency
and numerical accuracy while ensuring a proper representation of the geometry and the
physical fields involved in the simulation.

The numerical model consists of approximately 35,170 degrees of freedom (DOFs),
indicating a sufficiently refined spatial discretization for resolving the coupled magnetic
and thermal phenomena. The exact number of computational cells is determined by the
generated tetrahedral mesh and can be obtained from the mesh statistics within COMSOL.
The computational mesh was generated using the free tetrahedral meshing algorithm
implemented in COMSOL. Mesh refinement was automatically controlled according to
the specified element size limits and geometric features, allowing a finer discretization
in regions with higher curvature and narrow domains where enhanced spatial resolution
is required. The governing equations were spatially discretized using the finite element
method (FEM) implemented in COMSOL Multiphysics. This discretization approach pro-
vides accurate numerical solutions for the coupled partial differential equations describing
the magnetic and thermal processes. Time integration was performed using an implicit
backward differentiation formula (BDF) time-dependent solver with adaptive time step-
ping and a maximum integration order of 2. This implicit integration scheme is particularly
suitable for solving the stiff nonlinear equations encountered in coupled magnetic and
heat transfer simulations while maintaining numerical stability over the entire simulation
interval. The nonlinear algebraic system was solved using a fully coupled Newton solver,
whereas the linearized systems were solved using the GMRES iterative solver, configured
with a maximum of 10,000 linear iterations. The model also includes the PARDISO direct
solver, which is available for selected solution stages when required. A damping factor
of 0.9 was employed in the Newton iterations to improve the robustness of the nonlinear
solution procedure.

The convergence of the numerical solution was monitored through the nonlinear resid-
ual, linear residual, and linear error during each time step. The adopted numerical strategy
ensured stable convergence of the coupled multiphysics model and reliable prediction of
the magnetic and thermal responses throughout the simulation.

4. Results and Discussion

The therapeutic temperature values and implicitly the thermal damage of a tumoral
tissue are strongly dependent on the nanoparticle size dj,, magnetic field parameters,
(i) frequency f(kHz) and (ii) field amplitude H (%), the volume fraction of nanopar-
ticles injected into the tissue (®) and the interparticle surface-to-surface distance be-
tween nanoparticles «(nm). The magnetic field parameters used in the simulations sat-
isfy the following clinical safety criterion: H * f < 5-10° A m~!s™!, for magnetic
hyperthermia treatments.

https://doi.org/10.3390 /nano16171069
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log,,(7y(s))

4.1. Dipolar Interactions and SAR

Figure 3a,b describe 3D logarithmic Néel relaxation time (7y) in dependence with
interparticle distance a(nm) and particle size (d,) for the magnetite nanoparticles in the
following cases: (i) the magnetic moments are oriented along the direction connecting
the MNPs (parallel anisotropy model) (Figure 3a) and (ii) magnetic moments oriented

perpendicular on the direction connecting the MNPs (perpendicular anisotropy model)
(Figure 3b).

' I -7.75

4 log(ry(s)
-8.00
-8.0
-8.25
-8.5
-8.50
-7 -9.0

-8.75

-9.00

(a) Parallel anisotropy model (b) Perpendicular anisotropy model

Figure 3. Logarithmic Néel relaxation time as a function of nanoparticle diameter and interparticle
spacing for magnetite nanoparticles: (a) parallel anisotropy configuration and (b) perpendicular
anisotropy configuration.

For small nanoparticles and large interparticle spacings «, magnetic dipolar interac-
tions are weak, resulting in a relatively low effective energy barrier and fast Néel relaxation
(Figure 3a). As the particle size increases and the interparticle spacing « decreases, dipolar
coupling becomes stronger, modifying and, for the configuration considered here, increas-
ing the effective energy barrier and consequently increasing the Néel relaxation time. The
surface therefore illustrates the transition between three characteristic relaxation regimes:
(i) regime I (o < 1), corresponding to a low effective energy barrier and fast Néel relaxation;
(ii) regime II (1 < ¢ < 5), an intermediate regime in which Néel and Brownian relaxation
may become comparable; and (iii) regime III (¢ > 5), characterized by a high effective
energy barrier, strongly suppressed Néel relaxation, and an increasing relative contribution
of Brownian relaxation as the particles approach the magnetically blocked regime.

The parallel anisotropy model (with increased effective energy barrier) predicts that
stronger dipolar coupling appears for smaller interparticle spacing « (nm) and larger parti-
cle size and both increase the Néel relaxation time, indicating slower relaxation dynamics
in strongly interacting chains.

Figure 3b shows the second dipolar configuration, in which the dipolar interaction
reduces the effective energy barrier. For small nanoparticles, the Néel relaxation time
remains very short and only weakly dependent on the interparticle spacing &, indicating
fast magnetization reversal. As the particle diameter increases, Ty increases markedly due
to the increasing intrinsic anisotropy energy KV. However, decreasing the interparticle
spacing a strengthens the dipolar interaction and, in this configuration, partially reduces
the effective energy barrier, thereby counteracting the size-induced increase in ty. The
surface therefore reflects the competition between the intrinsic anisotropy energy, which
increases strongly with particle volume, and the dipolar contribution, which lowers the
effective barrier in this configuration.

Effect of nanoparticle diameter and interparticle spacing « on SAR. Figure 4a shows
the variation of the specific absorption rate SAR; (W/g) with size (diameter) (d,) and
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interparticle spacing in the parallel anisotropy model for an alternating magnetic field
applied with the following parameters: H = 5 kA/m and f = 300 kHz. The size
of the nanoparticle fundamentally influences the increase in the SAR; parameter. An
increase in SAR values is observed with the diameter of the MNPs, reaching a maximum
in the range of 12-18 nm, due to the significant influence of anisotropy energy in the Néel
relaxation processes. Then, SAR values decrease significantly, indicating the transition
from an optimal relaxation regime to a regime with more stable anisotropy barriers in
which magnetic moment relaxation becomes slower. The energy dissipation process is
influenced by the parameter a(nm) associated with the distance between nanoparticles.
Dipolar interaction increases when particles are close together (low a values), contributing
to the increase in the effective anisotropy barrier. In this case, the slower relaxation of
the magnetic moment causes a decrease in SAR values. As a(nm) increases, the particles
are more dispersed, the dipole interaction decreases, and the lower effective anisotropy
barriers favor faster relaxation of the magnetic moment, causing an increase in SAR values.

Figure 4b describes the variation of the specific absorption rate SAR, (W/g) with
size (diameter) (d,) and distance between MNPs in the perpendicular anisotropy model
for an alternating magnetic field applied with the same parameters: H = 5 kA/m and
f = 300 kHz. The maximum SAR values and consequently an optimal energy dissipation
are observed in the size range 18-20 nm, where both relaxation mechanisms are activated.
At very small MNP sizes (below 10 nm), SAR values are reduced because the magnetic
moment fluctuates thermally and Brownian relaxation is negligible. As the diameter
increases, the coupling with the viscous medium becomes more efficient and the rotation
of the particles in the fluid amplifies the dissipated energy.

Interparticle distance a(nm) also influences SAR values in this case. For small
a(nm) distances, the particles are close together and strong dipole interactions reduce
the anisotropy barrier, causing the magnetic moment to relax too quickly. As a result, the
decrease in magnetic moment relaxation efficiency leads to a decrease in SAR values.

The increase in the distance between particles a(nm) causes a significant reduction
in dipole interactions, the effective energy barrier is reduced to the initial KV value, and
the two relaxation mechanisms become comparable, causing an increase in SAR parameter
values. Figure 4b highlights the optimal range of MNP size and interparticle distance in
which SAR values are maximum. In practice, strong dipole interactions (which occur at
small distances between particles) reduce the efficiency of magnetic hyperthermia, while
weak and/or moderate interactions (which occur at greater distances) increase the efficiency
of magnetic hyperthermia by optimizing SAR values.

Effect of viscosity and interparticle spacing on SAR. Figure 4c demonstrates the
independence of SAR values from ferrofluid viscosity (the Brownian relaxation process is
almost negligible), confirming the dominance of Néel relaxation. It can also be observed
that SAR values are significantly dependent on interparticle distance. Figure 4d shows
that SAR values decrease slightly with increasing viscosity of the medium. In other words,
nanoparticles heat more efficiently in media with lower viscosity.

Effect of magnetic anisotropy and interparticle spacing on SAR. Figure 4e shows the
dependence of SAR values on interparticle distance #(nm) and anisotropy constant K for
nanoparticles with a diameter of 18 nm. SAR values increase with the distance between
nanoparticles and show a maximum for intermediate values of anisotropy K. For higher
values of K, the magnetic moment relaxes over a longer time, which causes SAR values
to decrease. Figure 4f highlights a pronounced maximum depending on the anisotropy
constant. At low values of K, the energy barrier is insufficient to stabilize the magnetic
moment, which results in low SAR values and therefore low heating. SAR reaches a
maximum for intermediate values of K where Néel relaxation is optimal. For high values of

https://doi.org/10.3390 /nano16171069


https://doi.org/10.3390/nano16171069

Nanomaterials 2026, 16, 1069 12 of 17

K, the magnetic moment becomes locked and, as a result, SAR values decrease significantly.
SAR values are higher for dispersed MNPs (high values a(nm)). Strong dipole interactions
at short distances reduce the effective energy barrier, which destabilizes the orientation
of the magnetic moments and results in low SAR values (the magnetic moments relax
very quickly). As a(nm) increases, the dipole coupling becomes very weak and the KV
anisotropy energy becomes dominant. In this case, Néel-type relaxation dominates, causing
SAR to increase to a saturated value for very large distances between particles. This effect
may be present in dilute colloidal suspensions.
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Figure 4. Effect of nanoparticle diameter dp, interparticle spacing «, viscosity n and magnetic
anisotropy constant K on SAR for the two dipolar-interaction configurations: (i) parallel anisotropy
(SAR;) and perpendicular anisotropy (SARp).

https://doi.org/10.3390/nano16171069


https://doi.org/10.3390/nano16171069

Nanomaterials 2026, 16, 1069

13 of 17

The relative importance of the Néel and Brownian mechanisms can be assessed
by comparing their characteristic relaxation times. Since the effective relaxation time is

defined as
(v); T8
(tv); + T8

the faster mechanism predominantly controls the magnetic response. Thus, when effective

T =

relaxation time approaches (7y);, Néel relaxation dominates, whereas for (ty); > tp effec-
tive relaxation time approaches 7 and Brownian relaxation becomes dominant. Figure 4c
shows that SAR is nearly independent of the ferrofluid viscosity over the investigated range,
indicating that (7y); is the relevant timescale and that the heating response is predomi-
nantly Néel-controlled. In contrast, the slight decrease in SAR with increasing viscosity
observed in Figure 4d indicates a larger, although still secondary, influence of Brownian
relaxation. Therefore, under the conditions corresponding to the main SAR maxima inves-
tigated here, Néel relaxation provides the dominant contribution to the effective magnetic
relaxation, while Brownian rotation acts mainly as a secondary mechanism whose influence
increases when the two characteristic relax times become comparable.

In the present model, the term moderate dipolar interaction refers to an intermediate
coupling regime in which the dipolar contribution modifies the effective energy barrier
while maintaining the relaxation dynamics close to the optimal condition (27tf)7; ~ 1.
For nanoparticles within the optimal diameter range 12-20 nm, the calculated SAR maps
indicate that the region around & ~ 30-50 nm represents the transition from strong to
moderate dipolar coupling. At larger interparticle separations, the dipolar contribution
rapidly decreases according to (d, + «) 3, and the system progressively approaches the
weakly interacting limit.

Figures 4 and 5 represent two successive levels of the computational framework.
Figure 4 describes the nanoparticle-scale magnetic response and the resulting SAR, whereas
Figure 5 shows the corresponding tissue-scale thermal response obtained by introducing
the magnetic power dissipation as a volumetric heat source into the 3D bioheat model.

4.2. Thermal Response and Thermal Damage

Figure 5 describes the spatial-time evolution of the temperature distribution and the
corresponding thermal damage predicted by the bioheat model for different nanoparti-
cle parameters. The thermal response follows the SAR behavior previously presented in
Figure 4, confirming that the magnetic heating efficiency directly determines the tempera-
ture increase within the tumoral tissue.

Figure 5a,b show the influence of nanoparticle diameter on tissue temperature and
thermal damage. The highest temperatures are obtained for nanoparticle diameters corre-
sponding to the maximum SAR values identified in Figure 4. Consequently, the Arrhenius
thermal damage parameter reaches its highest values in the same diameter range, indi-
cating more effective destruction of the tumoral tissue. Outside this optimum interval,
the reduced heating efficiency leads to lower tissue temperatures and less pronounced
thermal damage.

Figure 5¢,d present the effect of interparticle spacing. The temperature distribution
closely follows the SAR dependence on dipolar interactions discussed previously. Moder-
ate interparticle spacing, corresponding to optimal magnetic losses, produces the highest
temperature increase and the largest damaged region. At very small interparticle distances,
strong dipolar coupling reduces the heating efficiency, whereas for sufficiently large separa-
tions the nanoparticles behave almost independently and the thermal response approaches
that of noninteracting particles.
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Figure 5. Effect of nanoparticle diameter dp, interparticle spacing a, carrier-medium viscosity n, and

magnetic anisotropy constant K on tissue temperature and thermal damage.
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Figure 5e,f illustrate the influence of ferrofluid viscosity. Lower viscosities promote
more efficient magnetic relaxation and therefore higher heat generation, resulting in in-
creased tissue temperatures and larger thermal damage. As the viscosity increases, the
thermal response becomes progressively weaker, consistent with the reduction in SAR
observed in Figure 4.

Figure 5g,h show the dependence on the magnetic anisotropy constant. The maximum
temperature rise and thermal damage are obtained for intermediate anisotropy values,
where the magnetic relaxation process is most efficient. Both lower and higher anisotropy
constants reduce the heating efficiency, leading to smaller temperature elevations and less
extensive tissue damage.

Overall, Figure 5 demonstrates that the temperature field and the resulting thermal
damage are direct consequences of the magnetic power dissipated by the nanoparticles.
Therefore, the thermal behavior predicted by the bioheat model consistently reflects the SAR
variations determined by nanoparticle diameter, interparticle spacing, ferrofluid viscosity,
and magnetic anisotropy.

4.3. Comparison with Experimental Data

The calculated SAR values can also be compared with experimental magnetic hy-
perthermia data reported for iron-oxide nanoparticles. Under the conditions considered
in the present study, H = 5 kA/m and f = 300 kHz, the predicted maximum SAR val-
ues are of the order of (10%) W/g, with optimal nanoparticle diameters of approximately
12-18 nm for the parallel configuration and 18-20 nm for the perpendicular configuration.
Experimental studies have similarly reported SAR/SLP values ranging from several tens
to several hundreds of W/g for iron-oxide nanoparticles, depending strongly on parti-
cle size and magnetic-field conditions [26]. Moreover, Branquinho et al. [9] showed that
dipolar interactions and chain formation significantly modify the heating efficiency, with
the resulting SLP depending on particle size, interparticle separation, chain organization,
and polydispersity. Although a direct quantitative comparison is limited by differences in
nanoparticle properties and experimental field conditions, the order of magnitude of the
calculated SAR values, the predicted optimal size range, and the dependence on dipolar
interactions are consistent with published experimental observations [9,26].

4.4. Model Limitations

The present analytical model intentionally considers a sufficiently long one-dimensional
chain of identical single-domain nanoparticles with perfectly aligned easy axes and
two limiting anisotropy configurations (parallel and perpendicular). Structural disor-
der, particle-size distributions, random anisotropy orientations, finite-chain effects, and
three-dimensional aggregation are not included. These factors may broaden the effective
energy-barrier and relaxation-time distributions in realistic nanoparticle assemblies. The
present simplified model is intended to isolate the fundamental role of dipolar interac-
tions and provide a transparent framework for evaluating their influence on magnetic
relaxation, SAR, and tissue heating.

5. Conclusions

This study analyses the influence of dipole-dipole interactions on the heating effi-
ciency of MNPs for magnetic hyperthermia. A dipolar coupling in a chain of MNPs was
considered to evaluate the effective anisotropy barrier and its impact on the Néel-Brown
relaxation mechanisms.

Dipolar interactions significantly modify the effective energy barrier governing mag-
netization reversal. Depending on the orientation of the magnetic moments relative to the
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interparticle axis, dipolar coupling may either increase or decrease the effective anisotropy
barrier. These two cases correspond to the parallel and perpendicular interaction models,
which represent two limiting regimes of dipolar coupling in interacting nanoparticles.

Three characteristic relaxation regimes were determined by the competition between
thermal energy and the effective anisotropy barrier: (i) fast superparamagnetic relaxation,
(if) an intermediate Néel-Brown regime, and (iii) a slow blocked regime. Nanoparticle size
and interparticle spacing are two very important parameters in the magnetic relaxation
processes and heating efficiency in nanoparticle assemblies.

Optimal magnetic heating is obtained for intermediate nanoparticle diameters and
moderate dipolar interactions, where the magnetic relaxation time becomes comparable
to the period of the applied alternating magnetic field. Strong dipolar interactions at very
small interparticle distances may lead to magnetic locking and reduced heating efficiency.

The model therefore provides useful guidelines for the optimization of nanoparticle
parameters in magnetic hyperthermia applications.
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