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Abstract: A precise evaluation of magnetic nanoparticle heating under AC fields is essential to
optimize hyperthermia treatments within physiologically safe limits. Standard models often rely
on the uniaxial anisotropy approximation, assuming shape effects to dominate. However, we show
that this assumption fails at low field amplitudes relevant to clinical conditions. Using computa-
tional simulations based on the Landau-Lifschitz-Gilbert equation implemented via OOMMF, we
demonstrate that intrinsic magnetocrystalline anisotropy significantly influences the specific loss
power (SLP), and that even minor deviations from the spherical shape can strongly affect heating
efficiency. We will compare our results under the Thiesen-Jordan criterion to those obtained using
the more commonly adopted Brezovich criterion, highlighting the importance of including intrin-
sic anisotropy, as well as controlling NP size and ensemble aspect ratio variability, when modeling
hyperthermia performance under realistic safety constraints.
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I. INTRODUCTION

safety threshold to ensure patient safety. The follow-

Magnetic fluids have recently received attention for
their use in clinical applications such as drug delivery,
diagnosis, disease detection or cancer treatment via mag-
netic hyperthermia. The latter offers an attractive alter-
native for local therapy in cancer treatment as it has
fewer side effects than traditional methods and can be
used combined with radiation or chemotherapy treat-
ments to improve their performance. Localized heating
to 42—45°C has been discovered to potentially kill tumor
cells without harming healthy tissue.

The heat generation in magnetic hyperthermia arises
from energy losses in NPs, which can be broadly cate-
gorized as Néel and Brownian relaxation losses. Since
we consider the NPs to be fixed in this study, Brownian
relaxation is irrelevant and excluded from the analysis.
In Néel relaxation, heat is produced as the magnetic mo-
ments dissipate energy while aligning with an alternating
magnetic field (AMF). The efficiency of this heating pro-
cess is quantified by the specific absorption rate (SAR),
also referred to as specific loss power (SLP), which rep-
resents the energy dissipated per unit time and per unit
mass of NPs. The SLP is strongly dependent on both
the amplitude and frequency of the applied field, as well
as the intrinsic magnetic properties of the material.

For a magnetic field of amplitude H,,,, and frequency
f, SLP = A - f/p, where p is the density of the mag-
netic material and A stands for the hysteresis losses area,
which can be computed as the area of the M(H) loop.
However, hyperthermia calculations are constrained by
bio compatibility requirements. Several criteria have
been proposed to establish a biological limit for the field-
frequency product used in in-vivo applications. In the
previous literature, it has been common to adopt the
Brezovich criterion (f - H < 4.8 x 108 A/(m's)) as a

ing research departs from earlier works by choosing the
Thiesen-Jordan criterion [1] (f - H < 1.8 x 10° A/(m's))
to see how pushing the biological limit further may affect
the heating capacity of NPs.

Magnetic anisotropy is a crucial parameter that deter-
mines the heat released by the NPs under the AC field be-
cause reasonable heat can only be obtained if a minimum

field threshold is met. That is, H,,q, = 0.5HK = %

is required for significant heating [2]. Since calculating
anisotropy conditions can be very complex, the common
working procedure in hyperthermia simulation is to as-
sume uniaxial anisotropy of NPs. Recent studies have
shown that, while the uniaxial approach holds in high-
range fields, it may fail in small-range fields. [3]

The aim of our work is to study heat generation us-
ing a less restrictive criterion and to evaluate its effects
on the applicability of the uniaxial anisotropy approx-
imation and in the proposal of a more realistic model
involving both magnetocrystalline and shape anisotropy.
The optimal NP sizes that maximize the SLP and the in-
fluence of NP shape deviations from sphericity will also
be reported.

II. THEORETICAL FRAMEWORK AND
SIMULATION DETAILS

A. Physical description of model

Under the application of alternating magnetic fields
(AMF's) all magnetic materials can produce heat through
hysteresis losses, related to the energy dissipated in each
magnetization reversal cycle.

As particle size decreases into the single-domain regime
at T = 0, the equilibrium magnetization direction is de-
termined by the anisotropy contributions due to crys-
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tal structure, particle shape, and surface effects. In the
single-domain limit, the Stoner-Wohlfarth (SW) model
[4] provides a simple description of magnetization re-
versal treating anisotropy as uniaxial. The model pre-
dicts coherent rotation of magnetization and ideal square
hysteresis loops for non-interacting particles with easy
axes aligned to the external field [5]. In that case, the
condition for surpassing the anisotropy energetic bar-
rier is given by Hec > 0.5Hg. For NPs with randomly
oriented easy axes, the hysteresis cycle becomes more
rounded, with remanence M, = 0.5M,, and coercivity
H, = 0.48H}, [4], as shown in Fig. 1.
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FIG. 1: Example of major hysteresis loop for an ensemble of
NPs with diameter 25 and random easy axes obtained with
OOMMF in agreement with the results of the SW model.

For small NPs at finite temperatures, thermal fluctua-
tions facilitate Néel relaxation, enabling the NP magnetic
moment to overcome anisotropy energy barriers and to
flip under an external AMF, dissipating heat in the pro-
cess. We define the Néel relaxation time as the inverse
of the frequency between to minimum energy jumps:

Ep
TN = ToeEBT (1)

where Ep = KV is the anisotropy energy barrier, V' the
particle volume and 7y a characteristic switching time.

Effective particle heating is observed when the ”mea-
surement time” 7, ~ 1/f matches 7y, causing magne-
tization to lag behind the applied field and to dissipate
heat to the environment.

B. Pathways to SLP optimization

SLP can be optimized by enhancing the amplitude-
frequency field product, choosing a material with a large
saturation magnetization (M) and fine-tuning the mag-
netic properties of the NPs such as composition, shape,
structure, aggregation state, and size.

The first two routes are limited by biological con-
straints. M, is intrinsic to the material proposed and
fixed because only bio-compatible NPs can be used. In
our study, we will consider the oxide ferrite magnetite
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that has M, = 4.8 x 108 A/m ~! and p = 5170 kg/m3.
As for the field conditions, we will consider the physi-
ological limits imposed by the Thiesen-Jordan criterion
[1] which, being less restrictive than the usually consid-
ered Brezovich criterion, will allow us to consider larger
field amplitudes and, hopefully, obtain an increased SLP
output.

In the hyperthermia literature, it is common to
assume spherical NPs with uniaxial anisotropy, ne-
glecting contributions from intrinsic magnetocrystalline
anisotropy. This assumption is based on the idea that
shape anisotropy dominates over magnetocrystalline ef-
fects. However, the latter, which is cubic and nega-
tive in the case of magnetite (K, = —1.1 x 10* J/m3),
is an intrinsic property of the material and can signifi-
cantly influence the values of the energy barriers. In this
study, we simulate ensembles of 5000 NPs under different
anisotropy assumptions to investigate the role of magne-
tocrystalline anisotropy in the dissipated heat.

The shape anisotropy for a prolate ellipsoid (long polar
¢ and short equatorial a axis) can be considered as a uni-
axial contribution with an effective anisotropy constant
K, defined as:

K = % (N, — No) M2 (2)

1 T
R A 2 _
Nc—rz_l[ f_lln(r—k T 1) 1]
1- N,
Na: )
2

where N,, N, are the demagnetizing factors.

C. Simulation Model

First, to establish the model of particle ensembles, we
consider magnetite NPs with sizes within the single do-
main limit, thus ranging from 25 to 55 nm [2]. Moreover,
the NPs are assumed to be non-interacting, with their
easy axis randomly oriented. Within these premises,
we consider each particle to be a single superspin with
magnetic moment m = MsV, and an effective uniaxial
anisotropy K.y as described by the SW model. How-
ever, contrary to this description, our simulations will
include thermal fluctuations at "= 300K. As discussed
above, we will add shape and cubic magnetocrystalline
anisotropy contributions, in contrast to the assumptions
of that model. To perform the simulations, we will use
the OOMMEF micromagnetic software [6], identifying the
magnetization of each cubic discretization cell with a NP
superspin. This approach has been shown to produce the
correct SW results, as illustrated in Fig. 1. The software
enables us to study field-driven magnetization dynamics
using the Landau-Lifshitz-Gilbert equation [7, 8]:

dM v = Yo
T g M Hers - M. (1+ a?)
v is the gyromagnetic factor, and « is the damping pa-
rameter, which we have fixed to 0.1. The module UHH-
Evolve in OOMMEF solves the equation and also adds a

M x M x He.;; (3)
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stochastic thermal field to account for temperature ef-
fects.

III. RESULTS AND DISCUSSION
A. Field dependence of the SLP

Before starting the analysis regarding SLP under phys-
iological safety conditions, we first examine the depen-
dence of SLP on the maximum applied field at f = 100
kHz for two different assumptions: NPs with only uni-
axial anisotropy (K, = K.), and NP with both cubic
and shape anisotropy contributions with the same value.
The SLP values, calculated from the simulated hysteresis
loop are shown in in Fig. 2 for f = 100 kHz and applied
fields up to 30 mT, which approaches Hy = 48 mT. Re-
sults for NPs with only K. are not shown, as they yield
negligible SLP in this regime. However, as it will be lat-
ter discussed in Sec.III B, this case delivers more heat
than any other approximation but at higher frequencies
and larger NP sizes. Under the Thiesen—Jordan criterion,
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FIG. 2: SLP dependence on the maximum applied field Hoax
at a frequency f = 100 kHz for for NPs with diameters
25 nm (dots) and 30 nm (squares). Blue lines correspond

to NPs with only uniaxial approximation K, = 1.1 x 10*
J /mg7 dashed orange lines to NPs with cubic anisotropy
K. = —1.1 x 10* J/m? and a shape contribution anisotropy

with the same value. Dashed vertical lines indicate the field
values for which Thiesen-Jordan is achieved at the corre-
sponding labeled frequencies.

the field amplitude reaches its maximum at the lowest
frequency. Therefore, to comply with bio compatibility
limits at f = 100 kHz, the maximum allowable field am-
plitude is poH = 22.26 mT. When comparing the two
cases, it becomes evident that the SLP values for both
K, and K.+ K, cases are quite similar, particularly for
field amplitudes that maximize the field-frequency prod-
uct at 100 kHz. Moreover, in contrast to prior studies
based on the Brezovich criterion-where the physiologi-
cally allowed field region yielded negligible SLP [3, 9]-the
present results show that the required Hy,.x for signifi-
cant SLP now lies within the safety threshold. This is a
consequence of the less restrictive conditions imposed by
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the Thiesen—Jordan criterion, which allows an expanded
range of field to be applied. As shown in Fig. 2, un-
der Thiesen-Jordan conditions, the bio-compatible region
(bounded by labeled vertical dashed lines) yields signif-
icant heating output. At 100 kHz, an SLP value of ap-
proximately 300 W/g is attained.

The first remarkable result in Fig.2 is that the SLP val-
ues are several times higher than those obtained under
the Brezovich criterion [3]. To validate this observation,
it is necessary to examine SLP behavior strictly within
the Thiesen—Jordan limits. Notably, the 30 nm NP en-
semble yields higher SLP than the 25 nm one, indicating
that larger NP sizes may enhance heating efficiency, as
energy barriers scale with volume (Ep o< KV).

The influence of energy barriers also explains why the
K.+ K, scenario produces more SLP at low fields. The
cubic anisotropy of magnetite provides 4 easy axes along
the [111] directions, facilitating magnetization reversal
under small fields more readily than the uniaxial case.
At high fields, this same mechanism results in reduced
SLP: the magnetization quickly aligns with the field, de-
creasing the hysteresis loop area. Conversely, in the case
with only K., the presence of a single easy axis direction
results in a higher energy barrier. Therefore, at suffi-
cient strong fields, where the applied field can overcome
the anisotropy barrier, NP ensembles with K, will have
larger hysteresis loops and thus dissipate more heat.

Understanding how changes in energy barriers affect
magnetization reversal is crucial. As commented before,
in the uniaxial model, energy barriers scale with both the
particle volume and the anisotropy constant (EFp o< KV').

Optimizing SLP thus requires a careful balance: in-
creasing either K or V can enhance heating efficiency,
but if the energy barrier becomes too large, the NP may
become magnetically blocked, requiring too strong fields
to achieve significant heating.

B. Size and shape influence on the SLP

This subsection further analyzes how NP size and devi-
ations from the commonly assumed spherical shape (ac-
counted for via a shape anisotropy contribution Ky ) can
affect the SLP performance. Building on the NP ensem-
ble configurations described in Sec. III A, we now analyze
the impact of varying the aspect ratio r of the NP, also
considering the cubic anisotropy contribution. We have
considered three systems with r = 1.09,1.19,1.31 corre-
sponding to effective shape anisotropies K, = 5,10, 15 X
10* J/m3.The results are compared to cases where only
cubic or only uniaxial anisotropy is included. The SLP
values calculated from simulations for all five cases are
shown in Fig. 3.

Compared to the results reported in [3], where the
maximum SLP values were around 80 W /g, the heating
power under the Thiesen-Jordan criterion reaches several
hundreds of W/g (see Fig. 3), an increase of the order
of 5 to 6 times with respect to the Brezovich criterion.
For example, for the case of only K,, and f = 100 kHz,
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an SLP = 50 W/g was achieved in [3], whereas in our
study, the same conditions yield an SLP of 300 W/g.
Moreover, for elongated NPs, a maximum SLP of 300
W /g is reached for all the studied values of r at some
frequency, while under the Brezovich criterion, the max-
imum achievable SLP depended on 7 [3]. Another key
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FIG. 3: Dependence of the SLP on NP diameter D and for
maximum AC fields achieving the Thiesen criterion. Upper
panel: NPs with only cubic (K, left) or only shape anisotropy
(K s, right). Lower panel: ellipsoidal NPs with aspect ratios
r =1.09,1.19,1.31 as indicated.

difference from Brezovich-based results is that, while the
SLP in that case was maximized at the lowest frequency
(100 kHz), independently of r, in the present study this
condition depends on NP elongation. This trend can be
seen more clearly in Fig. 4, where the maximum SLP
and the corresponding optimal diameter are plotted as
functions of f. In the lower panels, the peak frequen-
cies decrease from 300 to 200 and then 100 kHz as r
increases from 1.09 to 1.31. This indicates that, under
the Thiesen—Jordan criterion, , even for field amplitudes
large enough that SLP peaks occur at higher frequencies,
the maximum attainable SLP still depends on r. For this
reason, In the r = 1.31 scenario, the aspect ratio may be
sufficiently large so that the corresponding energy barrier
can only be overcome at the maximum field amplitude
(100 kHz).

As shown in Fig. 4, for elongated NPs, the maximum
SLP wvalues typically occur for NP sizes in the range
20 —40 nm over the studied frequency range. These opti-
mal sizes are larger than those found under the Brezovich
criterion, which were in the 15— 28 nm range [3]. Among
the models, NPs with only K, yield the highest SLP at
all frequencies. However, note that for lower frequencies,
the maximum SLP values occur for NP sizes in the range
50 — 80 nm and above, approaching the single-domain
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limit for magnetite [2] and falling outside the range of
validity of the macrospin approximation. This inverse
dependence of D4, on f in K.-based models can be
attributed to the lower energy barrier associated with
cubic anisotropy (E o« KV/12) compared to the uniax-
ial case. Adding shape anisotropy K, on top of the
cubic one shifts the maximum SLP toward smaller NP
sizes. As Kgj increases, SLP,.x decreases, and conse-
quently Dy shifts to lower values, demonstrating that
shape anisotropy dominates over K.. This behavior can
be explained by considering the condition for energy loss
( T ~ 7n). In the uniaxial approximation, the equation
for the critical volume [10] that satisfies the relaxation
condition is given by:

—3/2

KpT H

V:zn<f°) = (1—) , (4)
fm Ku Hk

Where an increase in Ky, raises the energy barrier, re-

quiring a reduction in volume to maintain said condition.
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FIG. 4: Frequency dependence of SLP maximum values (a)
and corresponding NP diameter at which it is attained (b),
as extracted from Fig. 3.

C. Aspect ratio variability influence on the SLP

The lower panels of Fig. 3 show how different NP elon-
gations have an impact on SLP. To examine this in more
detail, we have considered simulations with aspect ratios
ranging from 1.00001 (almost spherical) to 1.31 (consid-
erably elongated), all following the Thiesen-Jordan crite-
rion.

The results in Fig.5 (a), (b) illustrate an initial in-
crease in SLP with aspect ratio, displaying a peak that
depends on the H - f product, followed by a decrease in
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FIG. 5: Dependence of the SLP on the aspect ratio for 20 and
25 nm NPs and for maximum AC fields achieving the Thiesen-
Jordan criterion shown in panels (a) and (b). Influence on
SLPpaz of ensembles with aspect ratio variability (c), (d).

SLP for larger r. The SLP increases first due to an in-
crease in K, but, as the anisotropy constant increases,
the energy barriers become higher, which leads to a mis-
match of the relaxation time and AC field frequency, ex-
plaining the drop in SLP.

At larger sizes (D = 25 nm), there is a shift of the SLP
maxima toward lower r values, indicating that the aspect
ratio for which the heating is maximum decreases as the
NP size increases. This is consistent with the results in
III B for K.+ K scenarios.

In practice, it is impossible to guarantee that synthe-
sized NP ensembles contain NP with identical aspect ra-
tios. Therefore, we will conclude our study considering
NP ensembles with aspect ratios uniformly distributed
between r = 1 and a maximum value 7,4, = 1+ 0 to see
how the SLP values in this case compare with the case
of a fixed r. The results are shown in panels ¢) and d) of
Fig.5 for two NP sizes and several frequencies.

The results in panels (a) and (b) show an increase of
SLP for small o, followed by a progressive decrease. In
ensembles with high aspect ratio variability, NPs with
large r present energy barriers too high to overcome,
while those with small r will contribute minimally to
heating, resulting in reduced overall efficiency. The opti-
mal o values in panels (c¢) and (d) correlate directly with

the corresponding 7,4, in (a) and (b). For D = 25 nm,
the optimal aspect ratio is approximately rmax ~ 1.1,
with an optimal variability range of ¢ ~ 0.1-0.15. In
contrast, for D = 20 nm, ry.y ~ 1.15-1.20, with an op-
timal o range of approximately 0.15-0.20. This suggests
that efficient heating requires narrow r distributions cen-
tered around the optimal r value. For D = 20 nm, the
o peaks are less pronounced than those for D = 25 nm.
This difference arises because the simulations increase r
starting from r = 1.00001. This method works well for
D = 25 nm, where the optimal ry., ~ 1.1 is close to the
starting point. However, for D = 20 nm, where 7,4, is
significantly higher, starting the distribution near » = 1.0
makes the optimization unclear.

IV. CONCLUSIONS

Our findings highlight the importance of considering
the H - f product criterion in simulation studies of real-
istic magnetic hyperthermia models. Compared to Bre-
zovich criterion, SLP values obtained using the Thiesen-
Jordan criterion increase by a factor of 5 to 6, signifi-
cantly enhancing heating efficiency. A primary objective
of this study was to assess the suitability of the commonly
used uniaxial-only anisotropy model for describing hyper-
thermia performance under Thiesen-Jordan conditions.
Our results show that magnetocrystalline anisotropy
plays a significant role in determining the SLP efficiency
and that it must be explicitly considered. Moreover,
our simulations including shape anisotropy(Ksp,) demon-
strate that even slight deviations from spherical geometry
can significantly influence SLP performance. The results
for the dependence of SLP on both NP size and aspect
ratio variability in NP ensembles underscore the impor-
tance of precisely controlling these parameters in NP de-
sign strategies for hyperthermia treatment. In particu-
lar, reduced aspect ratio variability within NP ensembles
is shown to promote more uniform heating across the
NP ensembles, yet leading to optimal therapeutic heat-
ing output.
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Resum: Una avaluacié precisa de P'escalfament de les nanoparticules magnetiques (NPM) sota
camps AC és essencial per optimitzar els tractaments de hipertérmia dins dels limits fisiologicament
segurs. L’estudi d’aquest treball es basa en la simulacié de sistemes de NPM amb variacions de
mida i anisotropia per tal d’analitzar-ne el comportament sota diferents condicions de camp extern.
Per estudiar I’evolucié temporal del camp magnetic i la dinamica de la magnetitzacié del sistema,
s’ha utilitzat el model micromagneétic basat en 1’equacié de Landau-Lifshitz-Gilbert, implementat
al programari OOMMEF. Els models usuals es fonamenten en I'is de l'aproximacié d’anisotropia
uniaxial, on I'escalfament de les NPM esta dominat pels efectes de forma. Tanmateix, les nostres
simulacions mostren que el model convencional falla quan s’apliquen camps de baixa amplitud dins
els limits fisiologics acceptats. En aquestes condicions, els resultats mostren que la anisotropia
magnetocristal-lina té un impacte no negligible en la generacié de potencia especifica dissipada,
i que desviacions petites respecte a la forma esferica influencien significativament 1’eficiéncia de
I’escalfament. Els resultats, avaluats sota el criteri de Thiesen-Jordan, confirmen que un funciona-
ment Optim de la hipertérmia requereix models que incorporin tan ’anisotropia de forma com la
intrinseca, aixi com una distribucié de mida adient i una minima variabilitat de forma de les NP.
Paraules clau: Nanoparticules magnetiques, micromagnetisme, histeresi, tractament de cancer,
aplicacions biomediques, metodes de simulacio
ODSs: Salut i benestar, educacié de qualitat i industria, innovacid, infraestructures.

Objectius de Desenvolupament Sostenible (ODSs o SDGs)

1. Fi de la es desigualtats 10. Reduccié de les desigualtats

2. Fam zero 11. Ciutats i comunitats sostenibles
3. Salut i benestar X |[12. Consum i produccié responsables
4. Educacié de qualitat X|13. Accié climatica

5. Igualtat de genere 14. Vida submarina

6. Aigua neta i sanejament 15. Vida terrestre

7. Energia neta i sostenible 16. Pau, justicia i institucions solides
8. Treball digne i creixement economic 17. Alianga pels objectius

9. Industria, innovacié, infraestructures|X

El contingut d’aquest TFG, part d’'un grau universitari de Fisica, es relaciona amb I’ODS 3, i en particular amb la
fita 3.4 ja que contribueix a la reduccié de la mortalitat prematura per malalties no transmissibles, en aquest cas el
cancer, mitjangant el tractament (hipertérmia). També es pot relacionar amb I’ODS 4, fita 4.4 vist que contribueix
a l'educacié a nivell universitari. Finalment amb I’ODS 9, fita 9.5, perque promou la transferencia de coneixement
cientific cap a aplicacions practiques i el desenvolupament de técniques terapéutiques.
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