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ABSTRACT: This study focuses on the development and Magneticfluidsynthesis Magnetic hyperthermia

——

implementation of a computational model based on a two-level
system framework, employing a kinetic Monte Carlo approach, to
simulate the behavior of magnetic nanoparticles in fluid environ-
ments under alternating magnetic field excitation. The primary
goal is to develop a tool to be used in the investigation of the
impact of different nanoparticle properties on the efliciency of
magnetic hyperthermia. A crucial aspect of this investigation is the
rigorous validation of the computational model through
comprehensive comparisons with experimental observations
varying particle size, concentration, and magnetic field amplitude e

and frequency, ensuring the reliability and accuracy of the model in Two-level system simulations

capturing the complex dynamics of nanoparticles in suspension

and its influence on hyperthermia efficiency. Our findings underscore the potential of this computational model as a predictive tool
for estimating Specific Loss Power (SLP) metrics across various systems subjected to different applied magnetic fields. By delineating
the relationship between the nanoparticle’s characteristics and hyperthermia efficiency, this study contributes to advancing the
fundamental understanding and predictive capabilities of magnetic nanoparticle-based hyperthermia therapies.
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Bl INTRODUCTION therapeutic procedure. In the context of neoplasms, this
thermal elevation operates in two ways: temperatures between

This work explores the field of healthcare-focused nano-
41 and 46 °C trigger alterations in intracellular protein

technologies, encompassing a broad spectrum commonly

referred to as nanomedicine. Within this research area, expression and functionalities, gradually instigating cellular
applications are diverse and include the utilization of degradation and eventual apoptosis (programmed cell death).
nanostructures’ such as nanocarriers for drug delivery} Therefore, Wlthln these temperature thresholds, treatment is
advanced imaging and diagnostic techniques, and the develop- often combined with radiotherapy or chemotherapy. Beyond
ment of biomaterials tailored for prosthetic applications, 46 °C, direct cellular death occurs.'*
among others." Hyperthermia as a neoplasm treatment aligns with modern
In this study, theoretical methodologies rooted in nano- methodologies, presenting viable alternatives to traditional
magnetism and computational simulations are harnessed to approaches, such as surgery, radiotherapy, and chemotherapy.
scrutinize the dynamics of the nanoparticle magnetic moments. Modern strategies aim to amalgamate two pivotal aspects
Nanomagnetism, a field of study, extends its applications from distinguishing them from conventional methodologies: selec-
the investigation of magnetic evolution for sample dating tivity (targeting solely diseased cells) and efficiency (expediting
purposes” to the innovation and construction of high-density the demise of diseased cells with diminished side effects).
hard disks (HD) for information storage.’ Hyperthermia is also a promising candidate for heat-induced

Within the domain of medical physics, magnetic nano-
particles (MNPs) find versatile applications, including drug
transportation mechanismsf’_7 magnetic s.eparators,8 and serve
as contrast agents for MRI™'® or magnetic tracers, notably in
tomography, such as magnetic particle imaging (MPI).'"'*
MNPs have a key part in a treatment modality known as
magnetic hyperthermia (MH),"* which is the central focus of
this research paper.

Hyperthermia, a long-standing medical technique, is
employed to induce cellular death by raising temperatures in
specific regions for a given period of time during the

cancer irnmunotherapy.15
Magnetic hyperthermia involves the administration of
magnetic nanoparticles into the patient, in general, intra-
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tumoral, (although systemic administration is also under
investigation with new nanotechnology-based strategies, like
cell-membrane coating'’), followed by the application of a
radio frequency magnetic field (100—300 kHz)."’ This
interaction between the magnetic field and magnetic moment
of the MNPs precipitates the release of energy in the form of
heat if magnetic hysteresis is established. The genesis of this
technique traces back to the seminal work of Gilchrist et al.'®
in the 1950s, which postulated the use of magnetic materials to
induce localized temperature increases through radio fre-
quency magnetic field applications.

Magnetic hyperthermia (MH) stands out as a promising
approach for combating neoplasms, primarily due to the
utilization of magnetic nanoparticles (MNPs) to induce
controlled heat generation. MNPs, often derived from ferrites
like magnetite Fe;O,, exhibit distinct characteristics that make
them the preferred choice for MH applications.'’~*°

The efficacy of MH has been validated in numerous in vivo
studies targeting neoplasms in diverse anatomical locations,
including the lungs, breasts, prostate, head and neck, pancreas,
and liver. Notably, MH has shown promising outcomes in
addressing highly aggressive tumors such as glioblasto-
ma 172122

These characteristics collectively underscore the potential of
MNPs in MH as a versatile and effective modality in cancer
therapy. Nevertheless, further research is imperative to
optimize MNP design, develop standardized protocols, and
elucidate long-term safety profiles to ensure their clinical
translation and widespread therapeutic application.

In the realm of magnetic fluid solutions, nanoparticles’
efficacy on magnetic hyperthermia is influenced by different
characteristics, such as size, concentration, and distribution.
However, empirically addressing this phenomenon poses
challenges due to the intricate nature of solutions presenting
varying types and properties. This complexity prompts the
necessity for computational simulations to systematically
investigate the diverse forms and sizes of MNPs with a view
to contributing to the development and design of more
efficient nanoparticles for MH use.

As such, the principal objective of this study revolves around
the development and implementation of a computational tool
based on a two-level system model employing a kinetic Monte
Carlo approach. This computational framework aims to
simulate the behavior of magnetic nanoparticles within fluid
environments, specifically elucidating the impact of different
nanoparticle sizes and concentrations on the overall efficiency
of magnetic hyperthermia. This approach has been successfully
used by other groupsB—26 to investigate heat production in
MNPs.

A critical facet of our investigation involves the rigorous
validation of this computational model. This validation process
entails a comprehensive comparison of simulations with
experimental observations. By rigorously aligning computa-
tional predictions with empirical findings, we strive to establish
the reliability and accuracy of our computational approach in
capturing the complex dynamics of nanoparticles in suspension
and their influence on magnetic hyperthermia efficiency.

Importantly, our findings underscore the potential of this
computational model to serve as a predictive tool for
estimating efliciency metrics, particularly specific loss power
(SLP), across a spectrum of systems subjected to varying
applied magnetic fields. By delineating the relationship
between nanoparticle characteristics in suspension and hyper-

928

thermia efficiency, our study contributes to advancing the
fundamental understanding and predictive capabilities in the
realm of magnetic nanoparticle-based hyperthermia therapies.
In this study, we focus on Mn-doped iron oxide nanoparticles,
specifically, Mn-ferrite nanoparticles. This material closely
resembles magnetite but with Mn®* ions replacing Fe*". This
substitution impacts the magnetization and magnetic aniso-
tropy of the nanoparticles. The resulting softer magnetic
nanomagnets exhibit promising applications in low-field
magnetic hyperthermia, alternatin% current biosusceptometry,
and magnetic resonance imaging.1 2729

Our work is organized as follows: first, we discuss the
synthesis and characterization of the MnFe,O, particles and
the theoretical modeling, technical details, and limitations of
our proposed implementation. Next, we directly compare our
simulated results with experimental data obtained in our group
to validate our approach. Finally, we demonstrate that our
model can be used to estimate the specific loss power (SLP)
across various systems subjected to different applied magnetic

fields.

B METHODS

Synthesis of MnFe,0,. The iron oxide-based particles/
magnetic fluid were synthesized in a two-step process. First,
the nanoparticles (MnFe,0,) were prepared following the
procedure reported by Aquino et al’®’' In a typical
experiment, a solution of FeCl;-6H,0 and MnCl,-6H,0 was
mixed with different bases. For small sizes, we used 40 wt %
methylamine (CH,;NH,); for medium diameters, 28 wt %
ammonium hydroxide (NH,OH); and for larger sizes, sodium
hydroxide (NaOH). To suspend the nanoparticles in water, we
used trisodium citrate dihydrate (Nay;C4H;0,-2H,0), obtain-
ing colloidal dispersions of magnetic particles in a carrier
liquid.

Samples with different sizes and low polydispersity were
obtained from a mother sample using the method of diameter
separation by ionic strength.”> This method induces a phase
transition through changes in colloidal forces, leading to the
segregation of the nanoparticles. NaCl was added to the
medium, affecting colloidal stability and causing a gas—liquid
transition, resulting in two phases: one with more dispersed
nanoparticles of smaller diameters (gas type) and the other
with larger, more concentrated nanoparticles (liquid type).
Additionally, magnetic separation was performed by placing a
magnet at the bottom and separating the supernatant from the
sample at the bottom. Thus, samples with different average
sizes and reduced polydispersities were obtained. Immediately
after separation, the samples were washed three times with
acetone to resuspend them. This procedure was repeated for
the three mother samples synthesized with different bases:
Mn2 (produced with CH;NH,) from which samples Mn1 and
Mn3 were obtained, MnS (produced with NH,OH) from
which samples Mn4 and Mn6 were obtained, and Mn8
(produced with NaOH) from which samples Mn7 and Mn9
were obtained.

Magnetic Nanoparticle Characterization. The crystal
structure of the nanoparticles was characterized using powder
X-ray diffraction (XRD) experiments conducted on a
Shimadzu 6000 (Cu Ka radiation) in the 20 range of 25—
65°. The morphology of the nanoparticles was characterized
with a JEOL model JEM-2100 transmission electron micro-
scope (TEM) operating at 200 kV, by measuring low-
resolution and high-resolution TEM images. Hydrodynamic
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Figure 1. (a) Angle between the anisotropy axis and the magnetic moment, 6, and angle between the anisotropy axis and the magnetic field, ¢. (b)

NP energy profile with and without an external magnetic field.

diameter measurements were obtained using dynamic light
scattering (DLS) with a Zetasizer Nano S ZEN 1600 model
from Malvern. Magnetic hysteresis loops were measured using
a vibrating sample magnetometer (VSM) (ADE Magnetic,
Model EV-9) operating in the range of +20 kOe at room
temperature. Additionally, magnetohyperthermia (MH) meas-
urements were performed in an oscillating magnetic field with
frequencies ranging from 174 to 988 kHz using Nanotherics
equipment, model magneTherm.

Theoretical Modeling. Heat generation in magnetic
materials for magnetic hyperthermia arises through hysteresis
loss.'#*"*%** Hysteresis can happen through nonfrequency or
frequency-dependent loss. Larger particles, such as noparticles
in the quasi-static blocked regime, show hysteresis. This can
arise from single-domain nanoparticles at the blocked regime
or through domain wall movements in multidomain nano-
particles. Smaller nanoparticles, that are superparamagnetic at
quasi-static (DC) field conditions, and single-domain, also can
release heat when excited by AC magnetic fields, a
phenomenon known as dynamic hysteresis.””*"** In this
case, heat can arise through Néel or Brown relaxation
processes. Néel relaxation arises from internal magnetic
moment rotations inside the nanoparticle without the particle
itself rotating, while Brownian relaxation results from the
rotation of the nanoparticle in the liquid medium as a result of
the magnetic excitation. So, heat release is related to the spin-
phonon interaction in Neéel relaxation, while for Brownian
relaxation it arises from the friction with the liquid carrier
under an oscillating magnetic field.

The Rosensweig model’® is a linear response theory that
takes into account these relaxations, focusing on noninteract-
ing, evenly dispersed, and single-domain MNPs. In this
scheme, the power released obtained from the hysteresis loss
can be expressed as'*

wT

P = _
1+ szz

1 2
z(uyO;(OH )
where P is the power dissipated per unit of volume; H is the
external magnetic field, @ is the frequency of oscillations of the
external magnetic field, y, is the vacuum permeability, y, is the
magnetic susceptibility of the sample, and 7 is the relaxation
time of the macrospins.

In this approximation, the modified Néel,"”*” Brown, and
total relaxation times can be expressed as
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where 7y, 7, and 7 are the Néel, Brown, and total relaxation
times, 7, is a time constant, kg is the Boltzmann constant, K is
the anisotropy constant, T is the temperature, V is the particle
volume, 7 is the liquid viscosity, and Vy is the particle’s
hydrodynamic volume.

Since Rosensweig’s model is a linear response theory, only
elliptical hysteresis curves are achieved, which are onlgr valid at
the low field regime, as pointed out by Carrey et al.>’ Indeed,
due to the formation of clusters and interactions among the
NPs, both relaxation effects might occur simultaneously. In this
sense, models that are able to take into account nonlinear
responses are necessary to adequately simulate MH at higher
field amplitude.

From a theoretical perspective, Tan et al.** introduced a
quantity that measures this efficiency in the case of heat
dissipation through hysteresis, which depends on the
normalized hysteresis curve area (A), the frequency of external
magnetic field oscillation (f), the saturation magnetization of
the sample (M), and the simulated magnetic fluid density (p):

A X fX M
p (%)

From the experimental point of view, the corresponding
quantity is named either specific loss power (SLP) or specific
absorption rate (SAR). In the following discussions, for
simplicity, we will address both the theoretical and
experimental quantities as SLP.

Hence, simulating magnetic dynamics through stochastic
methods will enable us to obtain hysteresis curves, compare
simulated and experimental SLP values for different MNP
conditions, and subsequently study the optimization of
parameters for magnetic hyperthermia.

Two-Level System Approximation. In this study, an
alternative methodology based on a two-level model is
employed to overcome the inherent limitations associated

SLP =

https://doi.org/10.1021/acs.jpcc.4c07127
J. Phys. Chem. C 2025, 129, 927-939


https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07127?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07127?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07127?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07127?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c07127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

with directly integrating the Landau-Lifshitz—Gilbert equation,
which is usually used to simulate isolated nanoparticles. When
examining theoretical models for investigating single-domain
nanoparticles (NPs), those derived from the two-level model
emerge as the most suitable candidates for studying an
ensemble of Magnetic Nanoparticles (MNPs) intended for
application in magneto-hyperthermia. Unlike models relying
on equilibrium functions (Langevin functions) or linear
response theory (LRT), these models exhibit the capability
to effectively characterize NPs under nonlinear response
conditions.”

The Stoner and Wohlfarth model,*® introduced in 1948 to
elucidate the magnetic hysteresis of single-domain particles,
adopts a macrospin approximation, which becomes particularly
pertinent for nanoparticles (NPs) at the size range used in
MH.* This model offers a framework to describe the energy of
a single-domain nanoparticle exhibiting uniaxial anisotropy, as
expressed in eq 6

E= Kersenz(H) — ,uo,uHmtcos(qﬁ - 0)
field

anis

(6)

where K¢ is the effective magnetic anisotropy constant, V the
NP volume, y, the magnetic permeability, 4 the NP magnetic
moment, H, the effective magnetic field, 6 the angle between
the anisotropy axis and the magnetic moment, ¢ the angle
between the anisotropy axis and the magnetic field. 8 and ¢ are
represented in Figure la, for the sake of clarity. In eq 6, the
indexes anis and field indicate the magnetic anisotropy and
applied magnetic and dipolar field contributions, respectively.

In this study, the interaction among magnetic nanoparticles
(MNPs) plays a central role in the analyses conducted. Within
eq 6, H, can be written as a combination of several terms. Tan
et al.”>* propose that the total field can be written as a

combination of an applied external field (ﬂoﬁ;ﬁ) and a

—
contribution from the dipolar interaction (g, Hdip), which

depends on the relative positions between the MNPs. These
terms can be written as

—

HoHee = A X cos(2 X f X t) )
— MV & 3(m X ) e —
/"0 Hdip = 4 z 3

Tij (8)

where A and f are the amplitude and frequency of the external
field, respectively, and ¢ is the simulation time. Additionally, M,

i#j

-
m;

magnetic moment of particle j, rij is the distance between

denotes the saturation magnetization, represents the

’,
the ith and jth particles, and €; is the unit vector in the

direction of r;.

An important limitation of the Stoner—Wohlfarth model lies
in its failure to account for thermal activation within the
system. To overcome this limitation and extend the model to
encompass more complex systems, one approach involves
introducing thermal activation, approximating it through a
two-level system.”> To achieve this, it becomes necessary to
normalize eq 6 with respect to kpT:

E@©, ¢) _

T = osin“(0) — Ecos(0 — ¢)

©)

where:
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The energy profile for the case of H,, = 0 exhibits two
energy minima of equal magnitude (see Figure 1b). However,
under the influence of an external magnetic field, there is an
imbalance among these energy levels. In particular, the
formation of two minima occurs when the anisotropy field
(ugHx = 2K.4/M;) exceeds pioH,,,,. This specific condition
holds significant relevance in magnetic hyperthermia, as the
transition between these states is accountable for the heat
release via hysteresis phenomenon, considering an ensemble of
NPs, as detailed in the study by Carrey et al.”

Since the behavior of eq 9 in the relevant conditions for
magnetic hyperthermia presents two energy minima, the
challenge regarding the magnetic dynamic response of these
MNPs can be effectively conceptualized as a two-level
problem. The fundamental equation governing the behavior
of uniaxial magnetic nanoparticle systems with two levels is
argrilculated as per the research by Klik et al."” and Chantrell et
al.™:

) n

dn _

dt (11)

where n, is the number of particles in energy state 1; n, is the
number of particles in energy state 2; 7, is the relaxation time
from level 2 to level 1; and 7}, is the Relaxation time from level
1 to level 2.
In terms of probability, eq 11 can be rewritten as
@ _B R _1-R B

at Ty B

T T2

(12)

where P,(t) — Probability of transition from energy state 2 to 1
after time t; P,(¢) — Probability of transition from energy state
1 to 2 after time &

The equation above represents a separable differential
equation, which can be integrated, considering the initial
condition P;(0) = 0, to find an expression for P,(t):

12 T GY)

-1 -1
T T

B(t) = =2 — 2 Xe
T T

—t/7

(13)

It is more convenient to express eq 13 in terms of transition
frequencies between energy levels.

Pl(t) — L X [1 — e—t)((l/1+l/2)]

i 2

(14)

h S N e
w. ereTZI—y—, le—;,f =Uy t+ U,
2 1

Equation 14 is written in terms of v, and v,, which are the
transition frequencies from states 1 to 2 and 2 to I,
respectively. With a comprehensive description of the energy
barrier between the two levels and the transition probability
between them, it is feasible to implement an algorithm based
on the kinetic Monte Carlo method (kMC) that will be
detailed ahead. Through this stochastic method, it is possible
to obtain hysteresis curves for different configurations of
MNPs.

Limitations of the Model. The macrospin approximation
assumes that all of the atomic magnetic moments in a

https://doi.org/10.1021/acs.jpcc.4c07127
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nanoparticle rotate uniformly, treating the entire nanoparticle
as a single magnetic domain with a collective magnetic
moment. While this approximation simplifies the description of
magnetic behavior, especially in theoretical models like the
Stoner—Wohlfarth model,*® it has several limitations when
describing the magnetic properties of a magnetic nanoparticle.
For very small nanoparticles (typically below a few nanome-
ters), the macrospin approximation can be valid because
thermal fluctuations dominate and the particle tends to behave
as a single magnetic domain. However, for larger particles,
multidomain states can form where different regions of the
nanoparticle have distinct magnetic moments, breaking the
uniformity assumed in the macrospin model.**

In addition, nanoparticles are often packed closely together,
leading to interactions between their magnetic moments
(dipole—dipole interactions and exchange coupling). The
macrospin approximation does not account for these
interparticle interactions, which can affect the overall magnetic
behavior of the system.”” The macrospin model does not
adequately capture the effects of thermal fluctuations at higher
temperatures. In small nanoparticles, thermal energy can
induce random fluctuations of the magnetic moment, leading
to superparamagnetism.%_45

The macrospin approximation also neglects surface effects,
assuming uniform magnetization throughout the particle, while
in nanoparticles, the surface atoms often have different
magnetic properties than the atoms in the core (e.g, due to
broken symmetry, surface anisotropy, or different bonding
environments).46 In a similar manner, anisotropy variations are
not taken into consideration since the macrospin approx-
imation assumes a single, uniform anisotropy direction (often
uniaxial). However, nanoparticles can exhibit complex
anisotropy landscapes due to shape irregularities, crystalline
defects, and surface anisotropy. These variations can lead to
nonuniform magnetization behavior, not captured by the
approximation.47

The macrospin model is inherently classical, and it fails to
account for quantum mechanical effects such as quantum
tunneling of magnetization (important in smaller particles at
low temperatures and hence irrelevant for magnetic hyper-
thermia). These effects can lead to magnetic behavior that
deviates significantly from classical predictions.”® It also
assumes a rigid rotation of the magnetic moment, ignoring
the internal dynamics of individual spins within the nano-
particle. In reality, individual atomic spins may respond
differently to external fields or interactions, leading to
noncoherent spin dynamics that are not accounted for in the
macrospin approach.”’

While the Stoner—Wolfarth model aims to obtain the lowest
energy configuration for the magnetization, that is, it is based
on the minimization of energy with respect to the angle
between the magnetization and the anisotropy axis, the
implemented two-level system approximation makes use of a
stochastic approach, i. e. an ensemble of different config-
urations are considered and the derived properties are obtained
from an average behavior of the system.

Monte Carlo simulations are not inherently time-dependent.
While the algorithm provides a statistical average over
configurations, it does not model the time evolution of the
system but provides an approximation of real-time dynamics.>
Since Monte Carlo is a stochastic method, results will exhibit
statistical noise due to the random sampling process. To
reduce this noise and obtain accurate averages, many

931

independent simulations or long runs are necessary, which
increase computational cost. The level of noise can vary based
on the system’s complexity and the number of Monte Carlo
steps.”’ Examples of noise-derived deviations for our target
systems can be seen in the center of the hysteresis loop
presented in Figure S3 of the Supporting Information.

In the present simulation, since we are considering the
magnetic moment of each NP as a macrospin, the single-
particle hysteresis contribution is not explicitly taken into
account. The hysteresis will arise from the ensemble of
magnetic NPs. As a result, one might expect that the simulated
and experimental SLP values should not necessarily be in the
same order. However, since the NP arrangement and dipolar
interaction are explicitly taken into consideration, the overall
behavior of the experimental and simulated SLP are expected
to follow similar patterns.

In summary, while the macrospin approximation is useful for
small, isolated nanoparticles at low temperatures, it becomes
less accurate when dealing with larger particles, interactions
between particles, surface effects, and thermal or quantum
fluctuations. Our Monte Carlo implementation is not
inherently time-dependent and exhibits statistical noise due
to the random sampling process.

Kinetic Monte Carlo Implementation. Having established
that eq 14 describes the magnetic dynamics of a specific
ensemble of Magnetic Nanoparticles (MNPs) within a two-
level system, the next phase of our research involves
developing a Kinetic Monte Carlo algorithm. It is worth
noting that this approach has been successfully applied by
other research groups, including Papadopoulos et al.”® and
Ruta et al.*® In both studies, Kinetic Monte Carlo
approximations were used to investigate how various
parameters, such as frequency, particle size, anisotropy
constants, MNP shape, and distribution, affect heat produc-
tion. However, a direct comgarison between our results and
those of Papadopoulos et al.”° and Ruta et al.** is not feasible,
as essential details of their studies, such as the number of
nanoparticles considered and initial configurations, are not
available.

Additionally, it is important to highlight that our approach
differs fundamentally from previous studies, such as those by
Papadopoulos et al.”® and Ruta et al.*® While these works
primarily aim to explore how nanoparticle properties—such as
magnetization, size, volume, and anisotropy constant—affect
the specific loss power (SLP) response, our approach uses
experimentally measured values as input parameters. This
enables us to directly compare simulated results with
experimental data rather than focusing on identifying the set
of input parameters that best fit the experimental observations
numerically.

During the dynamics, the magnetic moment of a nano-
particle visits multiple configurations, and this system can be
studied using stochastic theory, namely, Monte Carlo methods.
Specifically, we will employ a Kinetic Monte Carlo algorithm
inspired by references.””**

Magnetic Fluid Initial Conditions. A key point in
simulating the magnetic dynamics of the Magnetic Nano-
particles (MNPs) ensemble lies in establishing the initial
conditions of the system. To accurately describe the positions
and magnetic moments of our MNP ensemble, we utilized the
implementation proposed by Castro and colleagues,”” as
detailed by Bakuzis,” who also makes use of a Monte Carlo
approach. In order to avoid confusion, we will refer to Castro’s

https://doi.org/10.1021/acs.jpcc.4c07127
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Figure 2. Schematic representation of the magnetic dynamics algorithm for MNPs using Kinetic Monte Carlo.

approach simply as magnetic fluid initial conditions Monte Carlo
simulations or MFIC for short. Briefly, within each Monte
Carlo step (MC step) on MFIC, the configuration of a given
nanoparticle undergoes random changes in both position and
magnetic moment to generate a new configuration.

The overall interaction potential (U,y,) between a pair of
ionic-surfaced magnetic nanoparticles (indexed as i and j) is
computed by summing individual terms across all considered
pairs, as expressed in eq 15:

Vo (i) = Un(if) + U, G07) + UGH) + UG + Uy(if)

(13)
where U, represents the magnetic dipolar interaction, U,
signifies the van der Waals interaction, U, denotes steric
repulsion, U; refers to ionic repulsion, and Uy accounts for the
Zeeman interaction.

As extensively described in a prior study,” the MFIC
implementation begins with a random configuration of the
considered nanoparticles, subject to the interactions delineated
in eq 15. It then proceeds by executing successive minor
variations in all nanoparticle coordinates. In the simulated
magnetic fluid system investigated in this study, a configuration
is defined by the nanoparticles’ positions and the orientations
of their magnetic dipole moments. Consequently, within each
iteration of the Metropolis algorithm, both the positions and
orientations of the magnetic dipole moments of all considered
nanoparticles undergo random changes. Each simulation
involved a minimum of 400 nanoparticles confined within a
cubic box with sides measuring around 300 nm. Details of
these simulations can be found in the Supporting Information
(SI), Section S3.

Kinetic Monte Carlo Implementation Technical Details. In
our algorithm, we construct the magnetic hysteresis curve
based on the positions of magnetic nanoparticles (MNPs) and
the average diameter of each MNP, following a specific setup
of magnetic dynamics. A detailed discussion of these aspects is
provided below and in Section S4, Simulation’s technical
details, of the Supporting Information (S.L).

In the initial phase of our implementation, we determined
the number of points for each hysteresis curve (Npoims). Once
the input sets are defined, the algorithm sets the magnetization
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easy axis for each nanoparticle, projects, and normalizes the
magnetic moment. We calculate angles @ and ¢ to evaluate the
energy using external and dipolar magnetic fields. Energy
extrema are found, and transition probabilities are computed
considering thermal activation. A random number determines
state transitions, repeated for each nanoparticle. Total
magnetization is summed, and an average over the cycles
generates a single hysteresis curve. Multiple loops are averaged
to account for variations. Figure 2 illustrates a flowchart of the
aforementioned algorithm that is detailed described in Section
S4, Simulation’s technical details, of the Supporting Informa-
tion.

As described in Supporting Information (S4), Simulation’s
technical details, transition frequencies are dependent on the
total energy profile of the magnetic nanoparticles (MNPs),
which, in turn, is connected to the angles between the easy axis
of magnetization and both the external field (¢) and the
magnetic moment (0). Consequently, the behavior of the easy
axis of magnetization is observed to be a pivotal factor. Hence,
two options for the easy axis behavior were incorporated: fixed-
position easy axes and dynamically changing easy axes with
each step of the dynamics. In the case of dynamically shifting
easy axes, the model can be interpreted as simulating both
Néel and Brownian relaxations concurrently.”* For the
simulations presented in this study, the external magnetic
field is consistently oriented along the z-axis, while the
dynamic easy axes undergo alterations at each time step for
each MNP.

In order to illustrate how hysteresis loops are constructed
following our Kinetic Monte Carlo implementation, in Figure
SI-S3, a hysteresis loop of a standard configuration constructed
with just 60 nanoparticles is presented.

B RESULTS AND DISCUSSION

Experimental Characterization. The TEM micrographs
in Figure 3a—c display a collection of nanoparticles (NPs)
synthesized using CH;NH,, NH,OH, and NaOH, clearly
providing different mean size distributions. In the inset,
interplanar distances are observed, highlighting the high
crystallinity of the material’s structure. The size histograms
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Figure 3. (a,b) General size distribution for Mn1, MnS, and Mn8 obtained from the TEM with a scale bar of 50 nm. In inset, the high-resolution
TEM. (d,e) shows the size distribution of NPs obtained from particle counting from TEM images and provides the hydrodynamic sizes of Mnl,
Mn3, MnS, and Mn8 NPs. (f) X-ray powder diffraction (XRD) identified a single crystalline phase on the samples. (gh) hysteresis curves of the
magnetic powder and fluid samples. (i—k) Magnetic hyperthermia, showing temperature versus time of at a concentration of 3% in different

frequencies and magnetic field amplitudes.

Table 1. Characterization Parameters Obtained using XRD, TEM, VSM, and DLS Techniques for Mn1-9 Samples”

diameter diameter hydrodynamic diameter  saturation on magnetic powder saturation on magnetic fluid
sample (XRD) (nm) (TEM) (nm) dispersion (nm) (emu/g) (emu/g
Mn 1 102 102 (2.2) 021 (0.02) 110 300 9.0
Mn 2 10.7 313 9.4
Mn 3 113 112 (2.1) 0.18 (0.02) 117 345 10.4
Mn 4 12.7 352 10.6
Mn $ 13.6 14.0 (3.4) 0.24 (0.03) 143 369 11.1
Mn 6 14.2 366 10.9
Mn 7 16.4 363 10.8
Mn 8 172 18.0 (4.8) 0.30 (0.04) 560 355 10.6
Mn 9 18.6 346 10.4

“The values provided in parentheses represent the associated uncertainties.

(Figure 3d) of NPs counted in the TEM images were fitted
with a log-normal distribution, providing the mean diameter of
the NPs using the log-normal fitting parameters. Image]

software was used to measure the diameters of the nano-
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particles. Approximately 800 nanoparticles were included in
the sample for counting and measurement. The results
obtained are listed in Table 1. Data for the sample Mn3 are

provided in the Supporting Information, Section S1.
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Figure 3e presents DLS measurements from which the mean
hydrodynamic diameter of the samples in the magnetic fluids is
determined. The DLS results for the particle sizes of Mnl,
Mn3, MnS, and Mn8 indicate the mean hydrodynamic sizes,
suggesting the existence of clusters of nanoparticles (NPs). As
the particle size increases, the magnetic dipolar interaction
becomes stronger, leading to the formation of larger
aggregates. This is clearly seen by the presence of two or
three distinct hydrodynamic size distributions within the same
sample. For example, in the sample Mn8, size distributions of
116 and 890 nm are observed.

X-ray diffraction (XRD) values of the nanoparticles (NPs)
are reported in Figure 3f, and the expected peak positions
match those of the bulk MnFe,O, material. The average
crystallite sizes (Table 1) of these NPs were calculated using

Scherrer’s equation Dygp = , where k = 09 is a

K
Pcos O
dimensionless shape factor, A is the X-ray wavelength, 3 is
the line broadening at half the maximum intensity, and @ is the
Bragg angle, in radians. These results agree with the size
distribution obtained through TEM images (additional XRD
data for other samples and a brief discussion on experimental
data are presented in the Supporting Information, S1).

Figure 3gh shows the magnetic hysteresis curves of the
samples in powder and fluid forms. The saturation magnet-
ization (M) is used to calculate the particle volume fraction

fluid
(¢), defined as ¢p = %, where M¢ and MPOWer are the
saturation magnetizations of the fluid and the powder,
respectively. All the magnetic fluids were prepared to have
the same volume fraction (¢), equal to 3% (0.03) or 150 mg/
mL.

Measurements of magnetic hyperthermia (Figure 3i—k)
were performed at frequencies of 174, 262, and 522 kHz with
field amplitudes up to 310 Oe. The magnetic hyperthermia
experiments allowed for the determination of the specific loss

power (SLP) values of the magnetic NPs by the calorimetric

dT .
X —, where C is
Myps dt

myg

method using the expression SLP = C

the specific heat of the sample (considered the same as water),
mg is the mass of the magnetic fluid, myp, is the total mass of

magnetic NPs in the fluid, and ‘Z—f is the maximum rate of

temperature rise. For these measurements, 150 yL of magnetic
fluid was used. Magnetic hyperthermia results for other
diameters are presented in the Supporting Information, Section
S2.

Magnetic Dynamics Simulations. The validation of the
proposed implementation was performed through a compara-
tive analysis of the simulation outcomes and experimental data
presented in this work. We specifically chose this experimental
set of data since there is a significant discrepancy between
Specific Loss Power (SLP) results in the literature."* This is
likely related to variations in sample size distribution,
composition, and even the experimental determination of
SLP, as discussed by Deatsch and Evans,™* Rodrigo et al,>" and
Ring et al.”

Table 2 outlines the modal diameters and dispersions of the
MNPs investigated by using the proposed magnetic dynamics
implementation. For all considered systems, our samples are
composed of 400 nanoparticles, distributed in different
rectangular boxes in order to access different concentrations.
All data presented, unless stated otherwise, are obtained for a
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Table 2. Modal Diameters (d) and Dispersions (6) of the
MNPs Investigated in This Work

d (nm) 9
c 0.20

10
0.21

11
0.18

12
0.20

14
0.25

16
0.25

19
0.30

monodisperse system, i.e., with less than 0.1% of agglomerated
nanoparticles, at a nanoparticle concentration of 0.50%.

We have chosen to perform all calculations assuming
monodisperse systems, as the inclusion of interparticle
interactions introduces significant and complex effects on
hysteresis, which become more pronounced in systems with
aggregated particles.”” Consequently, these complex behaviors
could impact our systematic analysis of different MNP
characteristics, potentially leading to unspecific or even
incorrect inferences. However, recognizing that particle
agglomeration is a crucial factor in MNP heating production,
we plan to address this issue in future work. Other key
parameters used in all simulations are the anisotropy
constant® K = 3.7 X 10° J/m?, the saturation magnetization
of the considered nanoparticles Mg = 3.11 X 10° A/m, as
experimentally obtained by our group,” and the temperature
in the simulations T = 300 K. In addition, since our study aims
to develop tools for investigating MNPs for potential use in
magnetic hyperthermia, the field amplitudes span between 100
and 310 Oe, while the field frequencies range from 100 to 740
kHz.

The primary objective in this study is to determine whether
changes induced in the simulated specific loss power (SLP)
(eq S) correspond to alterations in the experimental SLP data.

This task is evidently challenging. From an experimental
perspective, as discussed previously, there is significant
variation in the measured specific loss power (SLP) values,
even for similar samples, as illustrated in Figure 4 of the work
by Deatsch and Evans.'* These differences in measured SLP
values can span more than 2 orders of magnitude, and their
underlying causes remain unclear.

For instance, our experimental SLP values for 10 nm
magnetic nanoparticles (MNPs) at 190 Oe and 174 kHz range
between 10 and 20 W/g, which are relatively low compared to
other ferrites reported in the literature. Rodrigo et al,>* for
example, reported SLP values close to 100 W/g for 16 nm
MNPs at 200 Oe and 134 kHz. These discrepancies become
even more pronounced under different external magnetic field
conditions. It is also worth mentioning that some authors use
only the iron mass content, in contrast to our methodology,
where we use the mass of the whole nanoparticle. In addition,
we consider the magnetic field amplitude and not the RMS
value.

At this stage, we can speculate only that small variations in
sample properties and in the methods used to measure SLP
may result in substantial numerical differences in the
experimental SLP values.

Similarly, the simulated SLP values are highly sensitive to
the parameters used, particularly the saturation magnetization
(M,), anisotropy constant (K), the diameter, and packing of
the MNPs, as well as the amplitude and frequency of the
external magnetic field. While prior works, such as those by
Papadopoulos et al.*® and Ruta et al,”® primarily focus on
identifying the combinations of M,, K, external magnetic field
parameters, and MNP characteristics that maximize simulated
SLP, our approach uses experimentally measured values of
these quantities as input parameters.

https://doi.org/10.1021/acs.jpcc.4c07127
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Figure 4. Comparison between normalized simulated and experimental SLP results for samples of different modal diameters under different field

amplitudes and frequencies.

For a monodisperse ensemble of 400 nanoparticles with a
diameter of 10 nm and less than 0.1% agglomeration, at 300 K
under an external magnetic field of 310 Oe and a frequency of
100 kHz, with an anisotropy constant of K = 3.69 kJ/m? a
simple change in the saturation magnetization (M) from the
experimentally measured value of 311 kA/m to the bulk
magnetite value of 477 kA/m, and further to the bulk
MnFe,0, value of 500 kA/m, increases the simulated specific
loss power (SLP) by 63 and 58%, respectively.

Considering that magnetic nanoparticles (MNPs) exhibit
core—shell nanostructures, probably due to a surface
passivation process during nanoparticle synthesis, as observed
by Verde et al,”’ it is reasonable to assume that the
nanoparticle’s core is predominantly composed of bulk
crystalline material. In this case, the core’s contribution to
the SLP is better described by using the bulk M; value rather
than the experimental one. This observation explains why SLP
simulations that consider bulk M, values show better
agreement with the experimental results.

Similarly, for M, = 477 kA/m, keeping all other parameters
constant, but increasing K from 3.69 to 36.90 kJ/m* and then
further to 369.00 kJ/ m?, results in increases in the simulated
SLP values of 9 and 5%, respectively.

The sensitivity of SLP to the choice of saturation
magnetization (M,) and anisotropy constant (K) partially
explains why our simulated values are systematically smaller
than those of the experimental SLP data. Since the aim of this
work is not to determine the parameters that maximize the
SLP but rather to test whether our implementation can
adequately replicate the experimental data, a direct comparison
of absolute values is not the central focus. Instead, we
emphasize reproducing the overall behavior and curve profiles.

Another important issue when comparing experimental and
simulated data is related to the sample size. While experimental
data often make use of samples with thousands of nano-
particles, simulations are normally restricted to hundreds of
nanoparticles. In this sense, it is expected that the simulated
and theoretical values possess similar magnitudes but not
necessarily exact agreement due to the intrinsic limitations of
the constructed model. These limitations also include other
intrinsic characteristics of our model, such as the random
distribution of easy axes in each step and the inherent
statistical variations in models based on Monte Carlo
simulations due to their stochastic nature. In order to
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overcome this issue, we have followed an approach where
the normalized values of SLP can be directed to be compared.
Details of the normalization approach can be found in
Supporting Information, S2, Section Normalization framework.

Following this normalization framework, we were able to
directly compare the calculated Specific Loss Power (SLP)
with the experimental SLP for various external magnetic field
amplitudes and frequencies, as shown in Figure 4. As expected,
the numerical values and peak positions are not the same. The
difference in peak positions, for example, might be attributed
to the fact that we do not consider cluster formation in our
calculations, since Ruta et al.”* have suggested that the position
of the maximum is related to the packing fraction. However,
Ruta et al.*® indicates that this is the case only for M, = 400
kA/m, while for M; = 200 kA/m their data suggest that the
dipolar interactions are weak and SLP does not depend on
packing fraction. In addition, Papadopoulos et al.*® data
indicate that the anisotropy constant also influences peak
positions. Since we have not varied M; and K, but consider
them as constant input values, these kinds of differences are
expected. Curve profiles in Figures 4, S4 and S5 reveal that, in
general, the simulations are in consonance with the
experimental trends: SLP increases with particle diameter
until reaching a maximum, after which it decreases. A
secondary maximum is observed for larger particle diameters.
Notably, the simulated SLP maxima consistently occur at
particle diameters that are approximately 20% (or less) smaller
than the experimental SLP maxima. Similar results were
obtained for different external magnetic fields and frequencies,
as clearly seen in the Supporting Information Figures S4 and
SS. In addition, our data (see Figure S6 in the Supporting
Information) indicate that our simulated results are consistent
with the experimental data across a wide range of particle
concentrations. A similar trend was observed by Rodrigo et
al.>* using a Stoner—Wohlfarth model. Specifically, for different
samples and varying external field amplitudes and frequencies,
SLP values tend to increase with the particle diameter up to a
maximum value, after which they decrease. However, Rodrigo
et al>® reported the maximum SLP at a diameter of
approximately 20 nm, whereas we observed it at 10 nm. This
discrepancy is likely due to differences in the system input
parameters such as M, K, magnetic field amplitude, and
frequency.

https://doi.org/10.1021/acs.jpcc.4c07127
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Figure 5. Comparison between normalized simulated and experimental SLP results for samples of different modal diameters under an external

magnetic field of 280 Oe and different oscillation frequencies.

The calculated specific loss power (SLP) is primarily
correlated to the external magnetic field, particularly its
frequency and amplitude. To examine this dependency,
averages were computed across different frequencies with the
same amplitude. Figure § illustrates the averaging process for
experimental and simulated results, considering an external
magnetic field with an amplitude of 260 Oe and varying
frequencies. This procedure notably enhances the agreement
between experimental and simulated outcomes, in a clear
indication that our implementation is capable of adequately
replicating the experimental behavior.

To test the predictive capability of our model, we further
explored the use of averages to establish a direct relation
between simulated and experimental SLP. First, we estimated
the ratio between the maximum values of SLP for different
combinations of magnetic field amplitudes and frequencies.
Then, we computed the average for each frequency, as
described in SI-S4, Experimental and Simulated SLP
Comparison. The resulting averages can be correlated with
the magnetic field amplitude (see Figure SI-S7), allowing for
the determination of SLP values under different conditions and
their direct comparison with experimental SLP values at least
for the magnetic field amplitudes and frequencies considered
by us. Table SI-S1 presents the experimental and simulated
SLP values obtained following this scheme.

The average ratio (for each frequency) between the
experimental and simulated SLP maximum values shows a
clear correlation with magnetic field amplitudes, as illustrated
in Figure SI-S7. Using the quadratic fit indicated in Figure SI-
S7 (P = 1.0943 — 0.0168 X A + 0.0002 X A*), we generated
theoretical predictions for the scenario of frequency f = 740
kHz with amplitudes of A = 100, 130, 160, and 190 Oe. The
results are displayed in Table SI-S2 and shown in Figure 6.
Based on these results, we can infer that the derived function is
transferable, at least for the magnetic field amplitudes and
frequencies considered by us, allowing for the prediction of
experimental outcomes with an average error of less than 10%.
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It follows from our overall discussion that our implementa-
tion can be used as a tool for evaluating the overall behavior
and prediction of the magnetic dynamics of a given set of
nanoparticles, at least for the magnetic field amplitudes and
frequencies considered in our work. If experimental data are
available, it is possible to correlate simulated and experimental
SLP data and hence use our computational approach to
estimate the actual SLP value in different conditions.

However, it is important to point out that although a system
dependent calibration curve is feasible, the deviations observed
for simulated and experimental SLP values might arise from
the limitations of our implementation, as previously discussed.

B CONCLUSIONS

In this study, we compare experimental data to a model
designed to simulate the magnetic dynamics of magnetic fluids.
MnFe,0, nanoparticles of distinct sizes, ranging from 10 to 20
nm, were synthesized by hydrothermal method using different
bases and the ionic force phase separation process. The
nanoparticles were characterized using transmission electron
microscopy (TEM), X-ray diffraction (XRD), dynamic light
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scattering (DLS), and vibrating sample magnetometry.
Magnetic hyperthermia properties were evaluated using the
calorimetric method as a function of frequency and field
amplitude. Magnetic hyperthermia measurements indicate that
the specific loss power (SLP) increases with particle diameter
up to a certain point after which it begins to decrease. This
trend was observed across a wide range of particle
concentrations under varying external magnetic field ampli-
tudes and frequencies.

The experimental data were directly compared to our
simulation results. These comparisons focused on investigating
the dependence of SLP on external magnetic field parameters
(amplitude and frequency) as well as the modal diameters of
various magnetic fluid samples. Although the numerical values
differ slightly due to limitations in our model, the simulated
results capture the key characteristics of the experimental data.
Furthermore, we demonstrated a strong correlation between
the simulated and experimental SLP results, showing good
overall agreement.

Therefore, it is fair to say that the proposed kinetic Monte
Carlo implementation can be used as a tool for the evaluation
and prediction of magnetic dynamics and hence SLP for a
given set of nanoparticles, at least for the magnetic field
amplitudes and frequencies considered in our work. In other
words, our simulation scheme can be used to predict and
compare the energy released by different magnetic nano-
particle systems upon being subjected to various external
magnetic fields. This capability will aid in the design and
development of new magnetic nanoparticles for use in
magnetic hyperthermia, allowing for the testing and compar-
ison of new MNPs even before their synthesis.
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