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Dynamic magnetic response of magnetic multicore particles: Competing anisotropies
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Magnetic multicore nanoparticles offer a versatile route to tuning magnetic response via particle geometry
and internal structure. In this work, we investigate the dynamic magnetic behavior of ellipsoidal multicore
particles, focusing on the interplay between elongation, intercore dipolar interactions, and magnetic anisotropy.
Using Brownian dynamics simulations with explicit Néel and Brownian relaxation, combined with a spectral
reconstruction method based on non-negative least-squares fitting of autocorrelation functions, we resolve the
underlying relaxation modes across a wide frequency range. To interpret the simulation results, we develop a
theoretical model for the static susceptibility of multicore ellipsoids that incorporates demagnetization effects
within a modified mean-field framework. We show that while elongation merely shifts the Brownian relaxation
peak in weakly interacting systems, it strongly enhances dipolar correlations at higher interaction strengths,
leading to spectral broadening, multiple relaxation modes, and a redistribution of dissipation towards lower
frequencies. As a consequence, elongated multicores display a specific loss power at low frequencies that is
improved by over an order of magnitude, while maintaining their performance at high frequencies without any
decrease. This behavior is particularly relevant for magnetic hyperthermia, where operational constraints limit
the accessible frequency range. Our findings provide a microscopic basis for tailoring magnetic response through

particle shape and internal architecture.
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I. INTRODUCTION

Magnetic soft matter comprises a broad class of systems
whose macroscopic behavior emerges from the interplay be-
tween thermal fluctuations, magnetic interactions, and particle
architecture widely used nowadays for applications in tech-
nology [1-3], arts [4], and biomedicine [5-10].

Since the early theoretical description of noninteracting
magnetic moments by Langevin and later Elmore [11,12]
and the subsequent realization of stable ferrofluids [13,14],
it has become clear that even subtle changes in particle
properties—such as size [1,15-17], anisotropy [18-29], or
shape [30-35]—can qualitatively alter magnetic response. Al-
though single-core spherical nanoparticles have long served as
the canonical model system, advances in synthesis now allow
for precise control over particle shape [36—41] and internal
structure [42-45], motivating a reexamination of the funda-
mental assumptions underlying magnetic self-assembly and
dynamics.

One particularly striking example of the importance of par-
ticle shape arises in systems of ellipsoidal magnetic particles
[46-54]. Even at the level of simple point-dipole models,
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ellipsoids behave fundamentally differently from spheres:
Instead of forming chainlike aggregates aligned with the mag-
netic field, elongated particles tend to arrange themselves into
antiparallel or side-by-side configurations [55]. This behav-
ior originates from the anisotropic demagnetizing fields and
orientational constraints imposed by particle shape, and it pro-
foundly modifies both equilibrium structures and dynamical
processes. As a result, magnetic correlations, relaxation path-
ways, and collective response functions in ellipsoidal systems
deviate markedly from those of their spherical counterparts.

At the same time, increasing attention has been directed
towards multicore magnetic particles, in which several single-
domain magnetic nanocrystals are embedded within a larger,
typically rigid, nonmagnetic matrix [56—69]. Such particles
introduce additional internal degrees of freedom: magnetic
interactions between the cores, correlations mediated by the
surrounding matrix, and multiple relaxation mechanisms op-
erating on distinct length and timescales [70,71]. Magnetic
multicores have already emerged as a source of innovation in
the field of drug targeting [7,72], particle imaging [57,73], and
immunoassays or biosensing [59,74-76]. Besides biomedical
applications, multicore magnetic nanoparticles (MMNPs) also
find use in nanorheology [77-80] and for the degradation
of endocrine disrupting chemicals such as bisphenol A in
water [81].

Previous studies have demonstrated that multicore archi-
tecture can significantly enhance magnetic losses and modify
relaxation spectra compared to single-core particles, even
when the overall particle size is comparable [60,82—-84]. Over-
all, the architecture and magnetic properties of MMNPs are

Published by the American Physical Society


https://orcid.org/0000-0003-0422-1436
https://orcid.org/0000-0002-4034-6861
https://orcid.org/0000-0001-7995-0890
https://orcid.org/0000-0001-5700-7009
https://ror.org/00hs7dr46
https://ror.org/03prydq77
https://crossmark.crossref.org/dialog/?doi=10.1103/hb1v-81qm&domain=pdf&date_stamp=2026-10-21
https://doi.org/10.1103/hb1v-81qm
https://creativecommons.org/licenses/by/4.0/

ZVEREV, NOVAK, KUZNETSOV, AND KANTOROVICH

PHYSICAL REVIEW E 114, 045405 (2026)

closely linked to their synthesis process [85,86]. Tomogra-
phy [87], scattering experiments [88,89], and the first-order
reversal curves diagram method [90-92], among others, are
of significant aid for a detailed analysis of internal struc-
ture. It has recently been shown that changes in the shape
and architecture of multicore magnetic nanoparticles sig-
nificantly affect their thermomagnetic response, opening up
broad prospects for various applications [56,93]. Examples of
shape modification include ring-shaped [94] and cubic [41,95]
MMNPs.

In multicore magnetic ellipsoids, however, the two sources
of anisotropy—geometrical shape and internal magnetic
architecture—are expected to interact in a nontrivial manner.
The elongated shape not only affects the external magnetic in-
teractions between particles but may also influence the spatial
correlations between magnetic cores within a single parti-
cle, biasing their relative orientations and collective response.
Such internal correlations are anticipated to leave distinct
signatures in the dynamic magnetic susceptibility, altering
both the characteristic relaxation times and the spectral weight
associated with different relaxation modes.

In this work, we investigate the dynamic magnetic response
of multicore magnetic ellipsoids with a particular focus on
their zero-field susceptibility spectra. Using Brownian dy-
namics simulations combined with a microscopic description
of magnetic relaxation at the level of individual cores, we
analyze how particle shape and multicore architecture jointly
determine magnetic correlations and relaxation mechanisms.
By contrasting the behavior of ellipsoidal multicores with that
of spherical particles and simple point-dipole models, we aim
to clarify how shape-induced anisotropy reshapes magnetic
dynamics. Our results provide insight into the fundamental
processes governing the magnetodynamic response of com-
plex magnetic particles and establish a framework for tailoring
susceptibility spectra through controlled particle design, thus
opening new avenues for controlled magnetic heating.

The structure of the paper is as follows. First, we describe
the model and the set of parameters used to simulate mag-
netic multicore ellipsoidal particles. We begin Results with a
discussion of ellipsoids carrying a point dipole and possessing
an infinite magnetic anisotropy. Next, in the second part under
Results, we analyze the impact of ellipsoidal elongation on
the dynamic susceptibility spectra of multicore ellipsoids with
finite anisotropy, with particular emphasis on the number and
positions of the dissipation maxima. In the third part under
Results, we elucidate this impact by calculating the demag-
netization fields and examining their influence on intercore
correlations, varying magnetic anisotropy and intercore inter-
actions. The paper concludes with a brief summary and an
outlook.

II. MODEL AND METHODS
A. Multicore ellipsoid

We consider a multicore magnetic nanoparticle modelled
as a rigid composite object, as shown in Fig. 1(a). The shape
of the modelled ellipsoid of revolution is characterized by the
semiaxes ratio [Fig. 1(b)],
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FIG. 1. (a) Snapshot of a multicore ellipsoidal particle. It con-
tains N, = 100 magnetic cores. The blue arrows denote the magnetic
moments of the individual cores, while the green double-sided ar-
rows indicate their corresponding magnetic anisotropy axes. (b) The
overall multicore is modelled as an ellipsoid of revolution with semi-
axes a and b, defining the aspect ratio Xy = b/a. Each core moment
forms an angle B with the long axis of the ellipsoid and an angle 6
with its core magnetic anisotropy axis.

The particle consists of N, identical, nonoverlapping spherical
cores [darker spheres in Fig. 1(a)] of diameter d, mass m,, and
individual volume,

ve = d? /6.

The cores are randomly and uniformly distributed within the
ellipsoidal volume,

Once assigned, the relative positions of the cores are fixed

with respect to the particle body, forming a rigid cluster that

can freely move and rotate in three dimensions. The volume

fraction of cores inside the multicore particle is given by
Nev,

De = .
Up

Each core has a magnetic moment vector ji = uit, shown
with blue arrows in Figs. 1(a) and 1(b) (x = ji/u). The length
of |ji| = u is fixed, but its orientation 1 is defined by the
balance between the internal anisotropy field, the dipolar field
created by other cores, and thermal energy kzT, where kg is
the Boltzmann constant and 7 is the absolute temperature.
We assume that each core is governed by uniaxial magne-
tocrystalline anisotropy with randomly orientated easy axes
represented by unit vectors 72, shown with green double arrows
in Figs. 1(a) and 1(b). The magnitude of the anisotropy field
is characterized by the product of the material anisotropy
constant K, and the volume of the core. As long as entropy
plays a crucial part in the behavior of nanoscale magnetic par-
ticles, it is convenient to introduce a dimensionless anisotropy
parameter:

_ K,v.
T kgT

045405-2



DYNAMIC MAGNETIC RESPONSE OF MAGNETIC ...

PHYSICAL REVIEW E 114, 045405 (2026)

The anisotropy energy of a single core is
Ui = —Knve( - 10)". M

Interactions between the cores are modelled via dipole-
dipole potential. For two magnetic moments ii; and fip
separated by the vector 7 (with magnitude r = |F|) this energy
has a form:

Mo
Uis = —

: |:(ﬁ1 “h2) 3(7"111)(7'112)]’ 2
P

3 P
where (¢ is the vacuum permeability.

The total energy of the system includes both single-core
anisotropy and intercore dipole-dipole interactions, quantified
by the dimensionless coupling parameter,

o W

" 4 kT

Our model accounts for two distinct magnetization relax-
ation mechanisms: (i) internal Néel relaxation of individual
magnetic moments 1i; via the Landau-Lifshitz-Gilbert formal-
ism accompanied by thermal fluctuations and (ii) Brownian
rotation of the entire ellipsoidal cluster, described by the
stochastic rotational dynamics of its orientation. This dual
treatment captures the interplay between intraparticle dipolar
reorientation and physical reorientation of the composite par-
ticle in a viscous medium.

The Brownian rotational dynamics of a single ellipsoidal
particle suspended in a Newtonian fluid is governed by the
overdamped (inertialess) Langevin equation for its orienta-
tion. The angular velocity $2 of the particle is only affected by
the stochastic Brownian torque T due to thermal fluctuations.
In the body-fixed frame aligned with the particle’s principal
axes, this reads

y, - Q=Tp. 3)

The tensor p, depends on the particle geometry and the
fluid viscosity 5. For an ellipsoidal particle, it can be written
as [96,97]

v, =K.

The components of K, are given explicitly in terms of the
semiaxes (ai, az, az), corresponding to (b, a, a), as shown in
Fig. 1(b), using the shape-dependent factors for each Carte-
sian coordinate 1, 2, or 3,

o 1
£12,3) = dL.
" (s + L) (@ + L)@ +L)(@E +L)

The diagonal components of the rotational resistance ten-
sor for an ellipsoid are

l6nr a3+ a’

K.y =——5—.
’ 3 82&% +€3a§
K l6n  af +d3
2T T3 d + el
16 303
lonr  a? +a3
K 3 =

3 81612 + &ra ’
1 2

with all off-diagonal elements equal to zero.

The stochastic torque T3 is a Gaussian random vector with
zero mean, and its variance satisfies the fluctuation-dissipation
theorem in a tensor form:

(T3(t) ® Ty(s)) = 2kgT p, 8(t — s).

The net magnetic moment of the composite particle, M =
Zyzl it ;. The internal (Néel) dynamics of each core magnetic
moment direction 71; is described by the overdamped Landau-
Lifshitz-Gilbert equation. Neglecting fast Larmor precession
and working in the laboratory reference frame, this equa-
tion for a core i can be written as

diti =
o= QX i,
with the effective precession frequency
S?ZM Zé—i-@ﬁl X;li-l-é:]v.
Vi

Here &y denotes a stochastic field accounting for thermal
fluctuations in the Néel dynamics, whose components satisfy
the white-noise correlation for any pair of cores i, j in a tensor
form,

2kgT
Yu

(Eni(1) @ En j(9)) = 1———8;8(1 —3),
where I is a unit tensor.
The characteristic Debye relaxation time is

_
2ksT

in the limit of zero anisotropy. The effective damping co-
efficient is y, = pop(l +a?)/(ayLLg), incorporating the
gyromagnetic ratio y g and the dimensionless Gilbert damp-
ing parameter « from the Landau-Lifshitz-Gilbert equation.
Finally, h; represents the effective magnetic field acting on the
ith core, which comprises the anisotropy field derived from
Uani, and the dipolar field due to interactions with all other
cores:

D

> 1

i

_ a[]ani _ 1 Z aUdd(ﬁiv ﬁj)
Mop it fiopt P O
The time tp is a prefactor of the Néel relaxation time,

parallel and perpendicular to the core easy axis, defined as

- -1
= ] %\/EH—H L@
200 [1+1/cV

k=0, L6 (5)
NTEPY LG

The order parameter G quantifies the average alignment of the

particle magnetic moment with its easy axis in the absence of

an external field. It can be expressed as [25]

3., 1 31 o 1
I

2 2 4o
where

Da(x) = e /eyzdy
0

is the Dawson integral.
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The technical details related to the coupling of the cores
magnetodynamics to the particle Brownian dynamics can be
found in Ref. [98].

B. Simulation parameters

The particle aspect ratio was varied within the range X, €
[1, 8], allowing us to continuously transform the particle
shape from a sphere to a highly elongated ellipsoid of revo-
lution. For the spherical case, the ratio between the magnetic
torque coefficient and the rotational friction coefficient was
fixed to

e b

= . 6
Yr1i1 200 ©

This ratio implies that the rotational Brownian relaxation of
the multicore particle is approximately 200 times slower than
the Debye relaxation of an individual core. For magnetite,
however, the Brownian relaxation time of a 10-nm core is
typically about two orders of magnitude larger than the cor-
responding Debye relaxation time, making the ratio defined
by Eq. (6) unrealistically large. Nevertheless, in the present
work we retain this ratio by artificially reducing the viscos-
ity of the implicit solvent, a common computational strategy
employed to accelerate Brownian dynamics simulations while
preserving the qualitative behavior of the system [99]. It is
possible to do it for a single multicore in a zero applied field,
as the rotation of the multicore and the internal magnetization
rotation are fully decoupled.

The volume of the overall multicore, as well as the number
of cores were preserved, N, = 100. The volume fraction of the
cores was set to ¢, = 0.25. We explored interaction strengths
A=1,3,5ando =1, 3,5, 7.

All equations of motion were solved numerically using the
software package ESPRESSO 4.2 [100,101]. Each simulation
started with a warm-up phase of 5000 integration steps. The
integration time step was set to §t = 0.005. Statistical data
for the autocorrelation functions (ACF) were recorded every
five integration steps, while the statistics for the orientational
correlations, cosf and cos 8, Fig. 1(b), were sampled every
100 steps. The total simulation length was 2 x 10° integra-
tion steps, except for the most elongated particles (Xo = 8),
for which simulations were extended up to 5 x 10° steps to
ensure sufficient statistical sampling.

In order to assure independence from the placement of
the cores inside the ellipsoid, four independent configurations
have been simulated for every set of magnetic anisotropy,
dipolar coupling constant, and ellipsoidal elongation.

C. Theory for zero-field static magnetic susceptibility

Assuming a homogeneous distribution of cores and ran-
dom orientations of their easy axes within the ellipsoid, we
can estimate its static susceptibility, x (0), using the following
continuous approximation. In general, the initial susceptibili-
ties of a linearly magnetisable ellipsoidal body along (||) and
perpendicular (L) to its major axis are given by

Xin Xin

= —, = — 7
1+ xin V) X + XxinN L 2

Xl

FIG. 2. Demagnetization factors parallel, A (blue, solid line),
and perpendicular, N, (green, solid line), to the main axis of the
ellipsoidal multicore particle as functions of particle elongation, Xj.
Horizontal lines indicate the value for spheres Ay = N, = 1/3 (gray
dashed line), 1/6 (black dashed line), 1/12 (black dash-dotted line),
and 1/24 (black dotted line).

where xi, denotes the intrinsic susceptibility of the material
and N, and NV, are the corresponding demagnetization fac-
tors. For elongated particles (X, > 1), these factors are given
by [102]

1 X 1 — N,
0 arccosh Xp — 1 |, /\ﬂ:—”-

T X2 1 2
0 JX§ -1
3
For xin, we adopt the second-order modified mean-field
theory [103]:

N

2
XL XL
in = 1+ =+ —=). 9
Here yx; is the Langevin susceptibility, i.e., the equilibrium
susceptibility of an ideal gas of magnetic cores,
2
Hop“N,
XL = (10)
3kBTUp
To account for the random mechanical rotation of the el-
lipsoid due to Brownian motion, the susceptibility must be
averaged over all possible orientations of the major axis:

x(0)=1x;+3x.. (11)

This approach generalizes the theory developed and val-
idated in Refs. [68,104] for spherical multicore particles,
corresponding to Xo = 1 and N = V| = 1/3.

Inspection of the demagnetization factors shown in Fig. 2
reveals a systematic reduction with increasing elongation. In
particular, the longitudinal demagnetization factor is approxi-
mately halved at Xy = 2, as indicated by the intersection of the
blue solid curve with the dashed black line. As Xj increases
further to around 4, \/; decreases to slightly below one quarter
of its spherical value, corresponding to the crossing with the
dash-dotted line. For strongly elongated particles (Xy = 8),
the demagnetization factor falls well below one eighth of the
spherical value. These trends highlight the significant reduc-
tion of internal demagnetizing fields with increasing particle
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elongation. Below we shall examine the impact of these de-
magnetization fields on all aspects of the dynamic magnetic
response of ellipsoidal multicore particles.

D. Zero-field dynamic magnetic susceptibility

The dynamic magnetic response of the multicore ellipsoid
is analyzed in the limit of an infinitesimally weak external
magnetic field using the fluctuation-dissipation theorem [39].
In this framework, the key quantity is the ACF of the total
magnetic moment, defined as

(M(t) - M(0))

C = =
W= oy

12)

where M (1) denotes the sum over all core magnetic moments
at time ¢ and the angular brackets indicate averaging over
independent realizations.

The normalized dynamic magnetic susceptibility is ob-
tained from the Fourier transform of the ACEF,

x (@) x' (@) L x (@)
x(0) x(0) x(©0)’

where o is the frequency of the weak probing oscillatory
magnetic field, x’(w) is the real part of the dynamic magnetic
susceptibility, and x”(w) is its imaginary part. To minimize
the errors originated from the Fourier transform of the numer-
ical ACF, the latter is fitted by a superposition of exponential
functions. The details, as well as the examples of fitting are
collected in the Supplemental Material (Fig. S1) [105].

+00 )
=1+ ia)/ Cut)e dt =
0

E. Specific loss power

The imaginary part of the dynamic susceptibility pro-
vides an estimate for the heating efficiency of the magnetic
system—a property that is of particular importance in
magnetic hyperthermia applications. In the presence of a har-
monically oscillating magnetic field (Hp cos w), the specific
loss power (SLP), also referred to as the specific absorption
rate, quantifies the heating rate per unit mass of magnetic
material [106—108] and can be written as

. H?
SLP:Q Uc . Q:MOO

(s 2

o x" (). (13)

To isolate the influence of multicore particle shape, in-
tercore interactions, and magnetic anisotropy on the heating
performance across different frequencies, we introduce the
following dimensionless form of the loss power:

q = oty (). (14)

III. RESULTS

A. The impact of particle shape on Brownian relaxation

In order to isolate the effect of particle shape on rotational
diffusion, we first neglect the internal magnetic degrees of
freedom of the multicore particles and consider only their
rigid-body rotation. This approximation corresponds to the
limit of infinitely large magnetic anisotropy of the individual
cores, such that all core moments are locked to the particle
body. In this limit, each multicore ellipsoid can be represented

0.5 4
0.4

2 0.3 1

.A;;:f-f
10~4 103 101 1 101 102

wWTB

102

FIG. 3. For point dipoles (infinite magnetic anisotropy, Brownian
relaxation only): The shift of the imaginary part of the zero-field
dynamic magnetic susceptibility towards lower frequencies with
growing ellipsoidal elongation. Theoretical calculations based on
Eq. (16). The reference for a sphere has a maximum at unity.

by a single effective point dipole fixed in the particle frame,
and magnetic relaxation occurs solely through Brownian rota-
tion of the entire particle.

For an anisotropic body, the rotational diffusion coeffi-
cients along the principal axes, 11(22,33), are given by

kBT _ ‘L'[(zq3)kBT

Vr11(22,33)

Di12,33) = , (15)

J102,3)

where y;.11(22,33) denotes the rotational friction coefficient
about axis 1,(2,3), Ji,2,3) is the corresponding principal mo-
ment of inertia, and 7y (2,3 is the angular velocity correlation
time about that axis [109].

For a solid elongated ellipsoid, permanently magnetized
along its principal axis, the imaginary part of the nor-
malized dynamic susceptibility is given by a Debye-like
expression [96,110],

x" (@) _ 0T ’ (16)
x(0) 1 + &?7?
where the effective relaxation time is
1
Tp= ———. (17)
Dy + D33

In the limit Xy = 1, 7, reduces to the standard Brownian
relaxation time of a sphere:

_ 1 _ 3nv,
T 2DXy=1) kgT’

Figure 3 shows predictions from Eq. (16) for a sphere
(Xo = 1) and for ellipsoids with elongations up to Xy = 8. In
all cases, the dipole is rigidly fixed inside the particle, and
relaxation is purely Brownian. With increasing elongation, a
systematic shift of the peak position towards lower frequen-
cies is observed. Quantitatively, the frequency at which x”(w)
reaches its maximum decreases roughly as 1/Xj.

This behavior directly reflects the anisotropic rotational
diffusion of ellipsoids. As Xj increases, the rotational friction
about the transverse axes grows, leading to smaller effective
rotational diffusion coefficients and, thus, to a longer Brow-
nian relaxation time. Since the maximum of x”(w) scales as

7 (18)
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FIG. 4. The evolution of the dynamic magnetic susceptibility spectra for ellipsoids with changing elongation, core magnetic anisotropy
and intercore interactions. The interaction grows from left to right as indicated by the brightness of the color; the anisotropy grows from top to
bottom and is differentiated by color; the symbols are different for each elongation as shown in the legend (reference spheres are shown with
circles in each subfigure); real parts of the spectra are shown with empty symbols, while the imaginary parts with filled symbols.

Omax ~ T, ! an increase in 7, results in the observed shift of
the dissipation peak to lower frequencies.

Importantly, while the peak position changes signifi-
cantly, the overall spectral shape remains single-peaked and
Debye-like. This confirms that the elongation modifies the
characteristic timescale of rotational diffusion without intro-
ducing additional relaxation channels in the fixed-dipole case.

B. Combined shape and magnetic anisotropies reflected
in magnetic susceptibility spectra

As the next step, we introduce finite values of both the
dipolar coupling parameter A and the magnetic anisotropy
parameter o for the cores. As noted earlier, this introduces
another relaxation mechanism linked to the internal dynamics
of the magnetic cores, which in turn gives rise to two ad-
ditional characteristic timescales. One of these is the Debye
time tp, which we use as the normalization factor for the

frequency axis. Consequently, when o is small in Egs. (4) and
(5), the magnetic relaxation is governed almost exclusively by
7p. In this limit, the maximum of the imaginary part of the
susceptibility x” appears at unity when the horizontal axis is
expressed as wp.

For finite anisotropy, however, internal relaxation of the
core moments becomes relevant. The characteristic frequency
associated with the Néel relaxation time from Eqgs. (4) and (5)
for o =1, 3, 5, 7 can be estimated as 0.6, 0.25, 0.07, and
0.017 respectively.

Under the same normalization, but for an infinite
anisotropy, the peak corresponding to the Brownian relaxation
of a spherical particle is shifted to wtp = 1/200 = 0.005.

Figure 4 summarizes the frequency-dependent dynamic
magnetic susceptibility of the multicore ellipsoids for differ-
ent combinations of dipolar interaction strength A, magnetic
anisotropy o, and particle elongation Xy. The real part of
the susceptibility x'(w) is shown by open symbols, while
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the imaginary part x”(w) is indicated by filled symbols.
The columns correspond to increasing dipolar coupling (A =
1, 3, 5 from left to right), whereas the rows represent increas-
ing magnetic anisotropy of the cores (o = 1, 3, 5, 7 from top
to bottom). Different particle elongations are distinguished by
marker shape according to the legend.

For weak dipolar interactions (A = 1) and low magnetic
anisotropy (o < 3), the spectra display a single relaxation
process governed by the Debye time. The imaginary part
x"(w) shows a well-defined peak near the inverse dipolar
rotational diffusion time, while x'(w) decreases smoothly
from its static value at low frequencies to zero at high fre-
quencies. When the anisotropy increases, the spectra broaden
and the peak of x” splits (see the two lower panels in the
left column). One component appears at frequencies higher
than 1/tp and corresponds to the absorption peak [26], while
the second shifts to considerably lower frequencies, indicating
much slower relaxation processes. In this weakly interacting
regime the spectra remain essentially insensitive to the particle
elongation.

Increasing the dipolar interaction strength to A = 3 (second
column in Fig. 4) leads to a noticeable broadening of the spec-
tra and a progressive shift of spectral weight towards lower
frequencies. The imaginary part becomes increasingly asym-
metric, reflecting a wider distribution of relaxation times. This
broadening becomes stronger for larger particle elongations,
indicating that both particle shape and intercore interactions
contribute to slowing the magnetic response. For o < 3,
multicore spheres and weakly elongated ellipsoids (Xy =
2) still show very similar spectra. For larger elongations,
however, the spectra clearly separate into two contributions:
a high-frequency component associated with fast dipolar
fluctuations and a slower collective relaxation at lower
frequencies.

For the strongest coupling (A = 5, right column in Fig. 4),
the spectra become strongly stretched along the frequency
axis. The peaks of x” shift to significantly lower frequencies,
and the spectra broaden substantially, particularly for large
Xo. At the same time, the peak height decreases slightly,
indicating that the response is distributed over several compet-
ing relaxation processes. These trends point to a pronounced
slowing down of the magnetic dynamics caused by the
combined action of particle shape, strong dipolar intercore
coupling, and magnetic anisotropy.

Overall, Fig. 4 shows that the dynamic magnetic response
of multicore ellipsoids is governed by the interplay of par-
ticle elongation, dipolar coupling, and magnetic anisotropy.
While particle shape primarily sets the Brownian rotational
timescale, strong intercore interactions broaden the spectra
and shift the response towards slower dynamical regimes. At
the same time, comparing the spectra for different values of
A at 0 < 3 demonstrates that intercore interactions have a
substantially stronger effect than in the o > 5 case. Increasing
anisotropy progressively hinders the reorientation of the core
magnetic moments, reducing the influence of dipolar interac-
tions on the relaxation dynamics. In this regime the particle
elongation also begins to influence the internal relaxation
processes.

Figure 5 summarizes the positions of the maxima
of the imaginary part of the susceptibility. Each circle

corresponds to the frequency at which a maximum of x”(w)
occurs for a given elongation Xp. If several maxima are
present, then multiple circles appear at the same elonga-
tion. The circle size reflects the height of the corresponding
peak. The columns correspond to increasing dipolar coupling
(A =1,3,5 from left to right), while the rows represent in-
creasing core anisotropy (o = 1, 3, 5,7 from top to bottom).
The horizontal reference lines indicate the characteristic re-
laxation frequencies, from the inverse Brownian rotational
time (wtp = 0.005/X), solid line) to the inverse Debye time
(wtp = 1, dashed line), while the horizontal dash-dotted lines
mark the inverse Néel relaxation times for corresponding
values of 0.

For weak dipolar coupling (A = 1), the maxima remain
close to the Debye reference frequency and are basically
independent of elongation. At larger anisotropy, o > 5,
additional maxima appear at higher frequencies, correspond-
ing to fast internal magnetic fluctuations (absorption peak),
while a slower branch emerges near the Néel timescale. As
for the low anisotropy case, the elongation of an ellipsoid does
not affect neither the positions, nor the heights of the maxima
foro > 5.

For A = 3, even for o = 1, we observe the shift of x”
maximum towards lower frequencies with growing X,. While
a multicore sphere with cores characterized by A =3, 0 =1
(upper plot in the middle column, Fig. 5) is clearly dominated
by the combination of Debye and Neél relaxations, the max-
ima corresponding to ellipsoids with Xy > 4 are found clearly
below 1/ty. With increasing o, several maxima coexist for
many combinations of elongation and anisotropy, indicating
the presence of multiple relaxation mechanisms. The maxima
separate into two distinct branches: a high-frequency branch
associated with fast internal fluctuations and a low-frequency
branch related to the combination of Neél and Brownian-like
relaxation, with the latter being promoted by the elongation.

For the strongest coupling (A = 5), the separation between
the relaxation branches becomes even more pronounced. The
slow branch shifts further towards lower frequencies as the
particle elongation increases, indicating a significant slowing
down of the dominant relaxation mode. The larger circle
sizes show that these slow modes increasingly dominate the
response as dipolar coupling, elongation, and anisotropy grow.

Overall, Fig. 5 demonstrates that in systems with interact-
ing magnetic cores, the elongation of the particle leads to a
substantial slowing of the relaxation dynamics. Note that, in
the absence of shape effects, all circles would have retained
both their size and their vertical position. Instead, for the
middle and right columns at o < 5, we observe a decay of
nearly three orders of magnitude in the dominant relaxation
frequency, accompanied by an almost complete disappearance
of the high-frequency maxima. This effect becomes stronger
with increasing dipolar coupling. Even when the relaxation
mechanism remains Néel-like, the characteristic relaxation
time depends on the particle elongation, which must originate
from changes in the internal arrangement of the core magnetic
moments.

Figure 6(a) shows the static initial magnetic susceptibil-
ity, x(0), as a function of the ellipsoidal elongation X, for
different values of the intercore interaction strength A at
fixedo = 1.
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FIG. 5. Maxima positions of the imaginary part of the dynamic magnetic susceptibility spectra. Each circle corresponds to a certain
frequency, at which the maximum is found for a given ellipsoidal elongation (horizontal axis). Horizontal lines in each subplot from bottom
to top correspond to inverse Brownian relaxation time of the whole multicore to Debye inverse time of a single core, as shown in the legend.
If the imaginary part exhibits more than one maximum there are several circles corresponding to a given elongation. The size of the circle
corresponds to the height of the maximum, and their colors are chosen by calculating the distance from the circle center to reference inverse
time line. The intercore interaction grows from left to right; the anisotropy of the cores grows from top to bottom.

In contrast to suspensions of single-core ellipsoids with
a point dipole aligned along the main axis, where the sus-
ceptibility typically decreases with increasing elongation, the
present results for multicore ellipsoids exhibit a strikingly
different behavior: x (0) increases strongly with Xj.

Moreover, this growth is clearly enhanced by the interac-
tion strength A. For larger A, the increase in susceptibility
with X, becomes significantly more pronounced, indicat-
ing that elongation amplifies the effect of intercore dipolar
coupling.

These findings suggest that, in multicore systems, particle
elongation does not simply reduce the magnetic response
through geometric effects but instead promotes stronger in-
ternal dipolar interactions, leading to an overall enhancement
of the susceptibility.

This is further confirmed by Fig. 6(b), where the normal-
ized static magnetic susceptibility x(0)/x is plotted versus
the elongation and is compared to the modified mean-field

model, developed in Sec. IIC. It turns out that mean-field
level consideration of the dipolar interactions describes the
behavior of highly elongated ellipsoids only for weakly in-
teracting cores (A = 1, dark green). With increasing intercore
interactions, the deviations from the mean-field theory be-
come evident at Xy > 4.

In order to provide a microscopic insight into enhanced
intercore correlations with growing Xj, we next analyze the
alignment angles 8 and 6, introduced in Fig. 1(b).

C. Microscopic insight: Intercore correlations

Figure 7 presents the probability distributions of cos S,
where B is the angle between the magnetic moments of the
cores and the long axis of the ellipsoid, for different elonga-
tions Xy and dipolar coupling strengths A. The upper panel
corresponds to o = 1, while the lower panel shows the case
o =3.
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FIG. 6. (a) Static initial magnetic susceptibility, x (0), plotted as
a function of ellipsoidal elongation, X,. Note that these curves are
o independent [111]. (b) Normalized initial magnetic susceptibility,
x(0)/xL, compared to the theoretical model developed in Sec. II C.

In both cases, the distributions exhibit a clear dependence
on particle elongation. As X, increases, the probability density
becomes progressively enhanced near cos 8 = +1, indicating
a growing tendency of the core magnetic moments to align
along the major axis of the ellipsoid. Conversely, the prob-
ability of finding orientations perpendicular to the axis (i.e.,
cos B ~ 0) is reduced.

This effect is further amplified by increasing dipolar
coupling A. Stronger intercore interactions lead to more pro-
nounced peaks at cos 8 = %1, demonstrating that dipolar
interactions promote collective alignment of the core mo-
ments along the elongated direction.

The behavior is qualitatively similar for both values of o,
although the distributions for o = 3 appear smoother and less
sharply peaked, reflecting a broader orientational spread.

Overall, these results confirm that particle elongation en-
hances the internal alignment of magnetic moments and
that this alignment is strongly mediated by dipolar in-
teractions. This provides a microscopic explanation for
the previously observed slowing down of the relaxation
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FIG. 7. Probability density of the cosine of the angle between
the magnetic moments of the cores and the long axis of the ellipsoid,
cos B; see Fig. 1(b). The color and the line type both indicate the
intercore interactions, while the symbol differentiates the elongation.
The probability of dipoles aligning with the ellipsoidal axis increases
with elongation.

dynamics: Elongation promotes cooperative dipolar ordering
within the multicore structure, which in turn hinders magnetic
reorientation.

The distributions of angles 6, Fig. 1(b), turn out to be
much less sensitive to the multicore elongation and show an
expected transition from uniform distributions to more easy-
axis-orientated ones with growing o. The details can be found
in Fig. S2 in Supplemental Material [105].

D. Specific loss power

Had the interactions between the cores inside a multicore
particle been independent of the shape of the latter, the elon-
gation of the overall multicore that preserves the total volume
would not have affected the values of g, defined in Eq. (14).
However, as we showed above, the intercore interactions are
enhanced by the growth of Xj, and as a result, X, has a clear
impact on the shape of x”(w).

In Fig. 8, we plot a normalized specific loss power, g/qy,=1,
as a function of wtp. This way, we can clearly visualize the
impact of multicore particle shape on heat efficiency.
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particle, X, = 1.

For weak interactions (A = 1, left column), the normalized
loss power remains close to unity across the entire frequency
range, indicating that particle elongation has only a minor
effect on heating efficiency. This behavior is largely indepen-
dent of o, suggesting that in the weakly interacting regime,
both anisotropy and shape play a limited role.

As the interaction strength increases (A = 3, middle col-
umn), deviations from unity become more pronounced,
particularly at low and intermediate frequencies. Elongated
particles (Xy > 1) exhibit an enhancement of g at low wtp,
followed by a reduction at higher frequencies. This reflects
the growing influence of intercore dipolar interactions, which
modify the spectral shape of x”(w).

In the strongly interacting regime (A = 5, right column),
the effect of elongation becomes significant. A marked en-
hancement of the loss power is observed at low frequencies
for larger X,, whereas at higher frequencies the normalized
loss power is basically shape independent.

Increasing anisotropy o (from the top to the bottom rows)
generally suppresses the magnitude of these variations and
shifts the crossover between the enhancement and the shape-
independent range of parameters. For large o, the curves tend
to flatten, particularly at high frequencies, suggesting that
strong anisotropy limits the ability of intercore interactions to
enhance heating efficiency.

Overall, the figure demonstrates that particle elongation,
through its effect on intercore interactions, significantly al-
ters the frequency dependence of the heating efficiency. The
impact is negligible for weak interactions but becomes sub-
stantial in the moderate-to-strong interaction regimes, where
elongation enhances low-frequency losses by more than one
order of magnitude at no expense to high-frequency perfor-
mance.

The enhancement of losses at low frequencies is particu-
larly relevant for magnetic hyperthermia applications, where
operational constraints limit the accessible frequency range.
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In this context, elongation-induced interactions effectively
shift the dissipation spectrum towards experimentally viable
frequencies, thereby improving heating efficiency under real-
istic conditions, albeit at the expense of reduced performance
at higher frequencies.

IV. CONCLUSIONS

In this work, we have investigated the dynamic magnetic
response of ellipsoidal multicore nanoparticles, focusing on
the combined effects of particle elongation, intercore dipolar
interactions, and magnetic anisotropy. By employing Brown-
ian dynamics simulations with explicit modeling of both Néel
and Brownian relaxation mechanisms, we have systematically
analyzed how these factors shape the magnetic susceptibil-
ity spectra and heating performance. A key methodological
element of this study is the use of a spectral reconstruction
technique based on non-negative least-squares fitting of auto-
correlation functions, which enables a stable and physically
consistent identification of multiple relaxation modes across a
wide range of timescales.

To complement the simulations, we have developed a the-
oretical description of the static susceptibility of multicore
ellipsoids that incorporates demagnetization effects within a
modified mean-field framework. This model captures the es-
sential role of particle shape in modulating internal fields and
provides a useful baseline for interpreting deviations arising
from strong intercore correlations.

We have shown that particle elongation plays a funda-
mentally different role depending on the strength of intercore
interactions. In the limit of weak coupling, elongation primar-
ily modifies the Brownian rotational timescale, leading to a
predictable shift of the susceptibility peak without qualitative
changes to the spectral shape. However, as dipolar interactions
increase, elongation significantly enhances internal magnetic
correlations, which results in a pronounced slowing down of
the magnetic dynamics. This manifests as a broadening of the
susceptibility spectra, the emergence of multiple relaxation
modes, and a shift of dominant dissipation processes towards
lower frequencies.

A key finding of this study is that elongation amplifies
dipolar correlations within the multicore structure by reducing

demagnetization effects along the major axis. This promotes
partial alignment of core magnetic moments, as confirmed
by the analysis of orientational distributions, and leads to an
increase in the static susceptibility with particle elongation—
in contrast to the behavior of single-core ellipsoids. At the
same time, deviations from mean-field predictions highlight
the importance of spatial correlations in strongly interacting
systems.

These microscopic changes in magnetic structure have di-
rect consequences for energy dissipation. We demonstrate that
elongation induces a redistribution of the specific loss power,
enhancing heating efficiency at low frequencies. At high fre-
quencies, instead, the SLP is basically shape independent.
This effect becomes particularly pronounced in systems with
strong dipolar interactions and moderate anisotropy. Impor-
tantly, such a shift of dissipation towards lower frequencies is
advantageous for applications such as magnetic hyperthermia,
where operational constraints limit the accessible frequency
range.

Overall, our results establish a clear link between par-
ticle geometry, internal magnetic correlations, and dynamic
response in multicore systems. They show that particle elon-
gation is not merely a geometric parameter but a powerful tool
for tuning magnetic relaxation and energy dissipation. These
findings provide a framework for the rational design of multi-
core magnetic nanoparticles with tailored dynamic properties,
opening new possibilities for optimizing their performance in
technological and biomedical applications.
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