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In this paper, CuNdxFe2xO4 (x = 0.00 - 0.11) nanoparticles were synthesized via a sol-gel autocombustion
method and systematically investigated to evaluate the impact of neodymium substitution on their structural,
magnetic, and heating performance for magnetic hyperthermia applications. X-ray diffraction confirmed the
formation of spinel structures across all compositions. Magnetic characterization revealed a non-monotonic trend
in saturation magnetization (Ms), reaching a maximum value of 62.11 emu/g at x =0.05, while coercivity (Hc)
varied between 236 and 273 Oe, reflecting the influence of Nd3* on magnetic anisotropy. The magnetocrystalline
anisotropy constant (K) was evaluated using both coercivity-based and high-field approaches, confirming enhanced
anisotropy at moderate Nd substitution. Corresponding Néel relaxation times (tn) ranged from ~5 to 22 ns,
supporting efficient magnetic heating for selected compositions.

Zeta potential measurements demonstrated enhanced colloidal stability with moderate Nd substitution, with
values exceeding +30 mV, suggesting favorable dispersion conditions for biomedical use. Magnetic hyperthermia
performance was assessed under an alternating magnetic field (23.8 kA/m, 357 kHz) using both Box—Lucas and
Newton Cooling models. The highest specific absorption rate (SAR) values, were observed for x = 0.03, 0.05, and
0.11. These findings underscore the importance of optimizing rare-earth substitution to modulate surface charge,

magnetic anisotropy, and relaxation behavior.
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Introduction

Magnetic hyperthermia is a minimally invasive
therapeutic modality that has gained significant attention
for its potential in cancer treatment. Approved for clinical
use in Europe in 2011, magnetic hyperthermia relies on
the ability of magnetic nanoparticles (MNPs) to convert
energy from an alternating magnetic field (AMF) into
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localized heat, enabling targeted thermal ablation of tumor
tissues while minimizing systemic side effects [1—4]. This
localized heating can also enhance the efficacy of other
therapeutic approaches such as chemotherapy and
radiotherapy.

The heating performance of MNPs is quantitatively
described by the specific absorption rate (SAR) and
intrinsic loss power (ILP), which depend on both extrinsic
(field strength and frequency) and intrinsic (material-
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specific) parameters [5, 6]. Among the latter, magnetic
saturation (Ms), coercivity (Hc), anisotropy constant (K),
and superparamagnetic behavior critically influence the
energy dissipation mechanisms — namely Néel and
Brownian relaxations [7-9]. Efficient heat generation
requires a delicate balance between these properties,
tailored to the AMF conditions and biological
environment.

Recent studies emphasize that structural features such
as particle size, crystallinity, and magnetic anisotropy
directly affect the magnetothermal response [10, 11].
Equally important is the colloidal stability of nanoparticle
dispersions, which rules their biodistribution, retention,
and in vivo heating uniformity. Zeta potential, a key
indicator of colloidal stability, is widely used to assess the
electrostatic interactions that prevent aggregation and
maintain dispersibility [12, 13]. Aggregation alters the
hydrodynamic size and relaxation dynamics of MNPs,
often reducing SAR due to suppressed Brownian motion
and uneven heating profiles [14].

Despite substantial progress, a comprehensive
understanding of how intrinsic magnetic properties and
colloidal behavior jointly influence heating efficiency
remains limited especially for spinel ferrites
incorporating rare-carth elements. Among these, copper
ferrite (CuFe,O4) is a promising candidate due to its
moderate magnetization, chemical tunability, and
biocompatibility. Incorporation of trivalent neodymium
(Nd*") can induce modifications in cation distribution,
crystal symmetry, and surface charge, thereby affecting
both the magnetic and colloidal characteristics of the
system.

In this study, we investigate a series of neodymium-
substituted copper ferrite (CulNd«Fe».«O4) nanoparticles
synthesized via a sol-gel autocombustion method. We
focus on establishing direct correlations between magnetic
parameters (Ms, Hc, anisotropy) derived from vibrating
sample magnetometry (VSM), colloidal stability (zeta
potential), and heating efficiency (SAR, ILP) under AMF
exposure. By systematically varying Nd content, we aim
to  elucidate the  structure-property-performance
relationships leading magnetothermal behavior.

I. Materials and Methods

1.1. Synthesis of Nd-Substituted Copper Ferrite
Nanoparticles

Neodymium-substituted copper ferrite nanoparticles
(CuNdyFe;.xO4, where x = 0.00-0.11) were synthesized via
the sol-gel autocombustion technique [15]. Analytical
grade precursors such as iron (III) nitrate nonahydrate
(Fe(NO3)3-9H,0), copper (II) nitrate trihydrate
(Cu(NO3)2-3H,0), neodymium (III) nitrate hexahydrate
(Nd(NO3)3-6H,0), and citric acid monohydrate
(C¢Hs07-H20) were used as received without further
purification. Metal nitrates were taken in stoichiometric
ratios and dissolved in distilled water, then citric acid
solution was added, serving as both complexing agent and
fuel. The blend was mixed under constant stirring, and the
pH was adjusted to ~7 using 25% aqueous ammonia
solution [16]. The resulting sol was heated at ~80 °C to
form a viscous gel, which upon further heating at 250—
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300 °C underwent a self-propagating combustion reaction,
yielding a voluminous and porous ferrite powder. The as-
synthesized (unannealed) sample was labeled FO, while
Nd-substituted compositions were denoted as N1 to N11
corresponding to x =0.01, 0.03, 0.05,0.07,0.09, and 0.11.

1.2. Structural and Microstructural
Characterization

Phase identification and structural analysis were
performed using an Empyrean PANalytical powder X-ray
diffractometer (Malvern Panalytical, UK) operating in
Bragg—Brentano geometry with Cu Ko radiation
(L =1.5406 A). Diffraction patterns were recorded in the
20 range of 20°-90°, with a step size of 0.033° and scan
duration of 25 minutes following a 20-minute stabilization
of the sample stage to minimize thermal drift.

Transmission electron microscopy (TEM) was carried
out using a FEI Tecnai G2 20 instrument (FEI, USA)
equipped with a LaB¢ filament and operated at 200 kV.
Powdered samples were ultrasonically dispersed in
ethanol, and a drop of the suspension was deposited on
carbon-coated copper grids for imaging.

1.3. Zeta Potential Measurement

Zeta potential was determined using electrophoretic
light scattering (ELS) on a Zetasizer Ultra analyzer
(Malvern Instruments, UK). For each measurement,
0.1 mg/mL dispersions were prepared by suspending the
nanopowders in deionized water, followed by 60-minute
sonication to ensure uniform dispersion. The pH of all
suspensions was maintained at ~5.5. Measurements were
conducted at 25 °C using folded capillary cells, and each
sample was measured in triplicate to ensure
reproducibility.

1.4. Magnetic Property Measurement

Magnetic hysteresis loops were recorded at room
temperature using a LakeShore Model 7407 vibrating
sample magnetometer (VSM, USA). Measurements were
performed under a maximum applied magnetic field of
+5kOe to extract key parameters such as saturation
magnetization (Ms), coercivity (Hc), and remanence (Mr).

1.5. Magnetic Hyperthermia Evaluation

The heating efficiency of the nanoparticles under an
alternating magnetic field (AMF) was assessed using a
dedicated hyperthermia setup. Approximately 0.4 mL of
aqueous nanoparticle dispersion was loaded into a
polymeric Eppendorf tube and placed within the center of
a water-cooled induction coil (2.5 cm diameter). A fiber-
optic temperature probe was immersed directly into the
sample to record real-time temperature evolution. AMF
was generated using an EASY Heat 0224 system
(Ambrell, USA), operating at a frequency of 305 kHz.
Magnetic field amplitudes were varied between 23.8 and
35.7kA/m by adjusting generator power from 0.6 to
1.6 kW. For specific absorption rate (SAR) determination,
a field strength of 23.8 kA/m was used consistently across
all samples. SAR values were calculated from the initial
slope of the temperature-time curve, normalized by the
nanoparticle concentration.
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II. 2. Results and discussion

2.1. Structural Studies

Figure 1(a) displays the X-ray diffraction (XRD)
patterns of the synthesized CuNdiFe,«Os4 nanoparticle
series. All compositions exhibit well-defined diffraction
peaks that can be indexed to a cubic spinel structure with
space group Fd3m.

The average crystallite size was calculated from the
broadening of the most intense diffraction peaks using the
Scherrer formula [17]. Across the investigated
compositions, crystallite sizes were found to range from
approximately 17 to 22 nm. These values are consistent
with the grain dimensions observed in the transmission
electron microscopy (TEM) images shown in Figure 1(b).
The TEM micrographs further confirm the nanocrystalline
nature of the powders.

Incorporation of Nd*' ions into the spinel lattice
predominantly occurs at octahedral (B) sites due to their
larger ionic radius (0.983 A) compared to Fe*" (0.645 A)
[18, 19]. This substitution introduces localized lattice

distortion and strain, which expand the unit cell and alter
cation distribution. Such  distortions influence
superexchange interactions between Fe®" ions at
tetrahedral and octahedral sites, thereby modulating the
net magnetic moment and anisotropy of the system.

From the perspective of magnetic hyperthermia,
moderate Nd substitution enhances magnetocrystalline
anisotropy and promotes efficient energy dissipation via
Neéel relaxation. However, excessive incorporation may
lead to structural disorder, weakened magnetic coupling,
and reduced heating efficiency.

2.2. Magnetic Studies

The magnetic properties of the CuNdiFer.<O4
nanoparticles were systematically investigated at room
temperature using a vibrating sample magnetometer
(VSM). Figure 2 presents the magnetization (M) versus
applied magnetic field (H) hysteresis loops.

All samples display well-defined hysteresis loops,
characteristic of ferrimagnetic materials. The saturation
magnetization (Ms), remanent magnetization (Mr), and
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Fig. 1. (a) XRD diffraction patterns of CuNdyFe,.xO4 samples; (b) TEM image of CuNdxFe,.<O4 sample.
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Fig. 2. Room-temperature magnetic characterization of CuNdFe,«O4 samples.
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coercivity (Hc) were extracted from the M—H curves, and
the results are summarized in Table 1. The observed
values of Ms ranged from 37.4 to 62.1 emu/g, with the
highest magnetization recorded for the sample containing
5 at.% Nd substitution (N5). This enhancement in Ms at
moderate doping levels is likely due to optimized cation
redistribution between the tetrahedral (A) and octahedral
(B) sites, improving superexchange interactions [20]. At
higher substitution levels, a reduction in Ms may result
from increased magnetic dilution or spin disorder
associated with the incorporation of larger, magnetically
less-coupled Nd** ions [21, 22].

To further assess magnetic behavior, the squareness
ratio (Mr/Ms) and coercivity efficiency (Hc/Mr) were
calculated (table 1). The squareness ratio, defined as the
ratio of remanent magnetization (Mr) to saturation
magnetization (Ms), ranged from 0.27 to 0.38 across the
CuNd.Fe,.xOs samples. Values significantly below
0.5 typically indicate the presence of multi-domain or
pseudo-single-domain particles, where magnetization
reversal involves domain wall motion rather than coherent
rotation [23, 24].

The magnetocrystalline anisotropy constant (K) was
estimated using the expression [25]:

_ HeXMs
0.96

This model, adapted from the Stoner-Wohlfarth
framework [26], assumes non-interacting, randomly
oriented, single-domain particles. The calculated K values
fall within the range of 0.56 x 10° to 0.87 x 10° erg/cm?,
confirming moderate anisotropy contributions that
influence coercive field strength.

The effective magnetic moment per formula unit (Lerr)
was also estimated using [25]:

_ MgxMy,
Heff = 555

where Mw is the molar mass of CuNdxFe».xO4, and 5585
is the conversion factor to puB/f.u. The calculated ples
values span from 1.60 to 2.71 puB, reflecting compositional
modulation of the magnetic sublattice.

To Dbetter understand the anisotropy of the
nanoparticles, the magnetization curves were analyzed in
the high-field region (H > 2000 Oe) using the Law of
Approach to Saturation (LAS) [26, 27]. This method

works well for cubic magnetic materials, where at high
magnetic fields, domain wall motion is minimal, and
magnetization increases mainly through the rotation of
magnetic moments.

The LAS model is expressed as [25, 27]:

M=M(1-2-2)+kH

Here: a/H accounts for microstructural defects,
porosity, and internal stress; b/H? is associated with
magnetocrystalline anisotropy energy; kH represents the
field-induced paramagnetic contribution, relevant only at
very high fields or elevated temperatures.

To validate this approach, experimental M(H) curves
were fitted using the above expression for all samples. The
parameter b was used to estimate the anisotropy constant
K using the relation [25, 27]:

,105b
Ky = poMs 8

The fitting results, including extracted values of a, b,
k, Ms, and corresponding coefficients of determination
(R?), are presented in Table 2. The fits, shown in Figure 3,
demonstrate excellent agreement (R? = 0.99), indicating
strength of the LAS model in describing the high-field
magnetization behavior of the Nd-substituted ferrites.

Based on the fitting results, the magnetic anisotropy
constant (K) of CuNdFe».«O4 nanoparticles was evaluated
using two methods: one derived from high-field LAS
fitting, and the other from coercivity (Hc). Magnetic
anisotropy determines how easily the magnetization
direction changes, and comparing these two methods
helps clarify which factors affect this property.

The coercivity-based method is based on the Stoner—
Wohlfarth model and uses Hc and Ms to estimate K. While
straightforward, this approach reflects not only the
intrinsic magnetocrystalline anisotropy but also external
factors such as particle shape, surface irregularities, and
interactions between particles. Moreover, the model
assumes ideal conditions — zero temperature, coherent
rotation, and no interparticle effects — which are rarely met
in real nanoparticle systems. As a result, the K values
obtained this way often represent an effective anisotropy
and may be overestimated.

In contrast, the LAS method analyzes how

Table 1.

Room-temperature magnetic parameters of CuNdyxFe,.xO4 samples annealed at different temperatures, obtained from
VSM measurements.

Ms, M, Hec, K x 10°, off,
Samples [emu/g] [emu/g] [Oe] Mr/Ms [egr/cm’] Hc/Mr [u:/f.u.]

Ndo0 37.42 14.13 265.92 0.38 0.56 18.82 1.60
Nd1 45.81 17.56 272.27 0.38 0.70 15.51 1.97
Nd3 51.96 15.16 243.80 0.29 0.72 16.09 2.25
Nd5 62.11 17.50 247.66 0.28 0.87 14.16 2.71
Nd7 44.40 11.83 256.70 0.27 0.65 21.71 1.95
Nd9 45.40 12.58 236.16 0.28 0.61 18.77 2.01
Nd11 46.91 14.42 243.98 0.31 0.65 16.92 2.09

Ms — saturation magnetization, Mr — remanent magnetization; Hc — coercivity; Tc — Curie temperature;
Mgr/Ms — squareness ratio; K — magnetic anisotropy constant; Ho/Mr — coercivity efficiency ratio; perr — effective

magnetic moment per formula unit.
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magnetization approaches saturation at high magnetic
fields, where irreversible processes like domain wall
motion are minimized. The LAS-derived K; is linked to
the rotation of magnetic moments against the crystal’s
anisotropy and is less influenced by external effects.
Therefore, it is considered a more accurate estimate of
intrinsic magnetocrystalline anisotropy.

As shown in Table 2, both methods reveal similar
trends with neodymium substitution: K increases up to
x=0.05, then decreases. This behavior suggests that
moderate Nd content enhances anisotropy — likely by

To better understand the magnetic energy dissipation
mechanisms underlying hyperthermia performance, the
Néel relaxation time (tn) [28] was estimated for all
CuNdFe».<O4 compositions. Néel relaxation describes the
thermally activated reorientation of magnetic moments
within  single-domain  nanoparticles, driven by
overcoming the anisotropy energy barrier. It is the
dominant mechanism in solid or viscous media where
Brownian rotation is suppressed.

The Néel relaxation time (tn) is defined as [29]:

introducing local structural distortion — while excessive T = Trex (ﬂ
L. . . N 08XP \ ;7
substitution disrupts magnetic order and lowers B
anisotropy. . . .
Where 1o is the characteristic attempt time
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Fig. 3. High-field fitting of CuNdyFe,.xO4 samples using the Law of Approach to Saturation (LAS).
Table 2
Parameters obtained from LAS fitting and calculated anisotropy constant K; for CuNdyFe;.<O4 samples.
5 5 -9
Sample Ms, a,0c | bx105,0¢et | K*10% Rz | Kox10%an, <10
emu/g emu/g-Oe [erg/cm’] s
CuFe;04 36.86 379+£5 -184+8 10.22 £0.17 0.99 0.14 6.11
CuNdo.01Fe1.9904 45.94 484 +9 -311£10 9.60 + 0.39 0.99 0.20 5.23
CuNdo.03Fe1.9704 56.25 935+7 =707+ 12 5444042 0.99 0.31 16.75
CuNdo.osFer.0504 66.95 931+£3 -679+ 6 5.27+0.26 0.99 0.37 14.00
CuNdo.o7Fe1.9304 48.59 1055+4 -810+7 6.01 +£0.24 0.99 0.28 6.89
CuNdo.ooFe;.9104 49.70 966 £3 -701+6 8.05+£0.19 0.99 0.28 22.10
CuNdo.i1Fei.8004 49.97 868 +3 -632+6 1.02 +£0.19 0.99 0.27 7.84
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(~107?s), K is the magnetocrystalline anisotropy constant
(in J/m?), V is the magnetic core volume of a nanoparticle,
ks is the Boltzmann constant
(1.38 x 102 J/K), T is the absolute temperature (300 K).

For this analysis, the anisotropy constant K was taken
from the LAS high-field fitting, as it provides a more
intrinsic estimation of the magnetocrystalline contribution
compared to the coercivity-based approach. The particle
volume V was calculated assuming a spherical geometry
and using the average crystallite size d derived from XRD
analysis:

V==-d3

6

where d is expressed in meters. The calculated values of
T~ were then compared to the characteristic period of the
applied alternating magnetic field (AMF), tamr=1/f, with
f=357kHz (i.e., Tamr=2.8 ps).

If tn&Ktamr, the particle magnetization can follow the
field oscillations effectively, leading to high SAR values
via Néel relaxation. Conversely, larger T~ values indicate
reduced relaxation efficiency and lower heat dissipation.

As summarized in Table 2, the Néel relaxation times
(t~) for the CuNdyFe;<Os series span a narrow
nanosecond range, from approximately 5.23 x 10 s to
22.10 x 107 s, indicating fast relaxation behavior across
all compositions. This dynamic range is governed by the
combined effects of magnetocrystalline anisotropy (K)
and particle volume, both of which directly influence the
thermal energy barrier (KV/kgT) for magnetization
reversal.

The relaxation time shows a non-linear dependence
on Nd content, closely mirroring the evolution of the
anisotropy constant. For example, the x = 0.09 sample
exhibits the longest T~ (22.10 ns) due to its relatively large
particle size (20.6nm) combined with moderate
anisotropy (K; = 0.28 x 10° erg/cm?). Conversely, samples
with lower K; and/or smaller diameters — such as CuFe;O4
(x = 0) and x = 0.01 — exhibit shorter t~ values (6.11 ns
and 5.23ns, respectively), indicative of more rapid
magnetic moment fluctuations.

Interestingly, the x = 0.03 and 0.11 samples display
intermediate Tt~ values (16.75 and 7.84 ns, respectively),
suggesting a favorable balance between anisotropy and
size for efficient energy dissipation. These values fall
within the optimal relaxation window for magnetic
hyperthermia under an alternating magnetic field (AMF)
of 23.8 kA/m and 357 kHz, where 1~ is expected to be
comparable to the AMF period (1/f~= 2.8 ps). While none
of the samples reach the microsecond regime, the Tn/tamr
ratio remains sufficiently low to permit effective Néel-
based heating in the clinical frequency range.

The x = 0.05 composition, with high anisotropy
(Ki = 0.37 x 10° erg/cm®) and moderate T~ (14.00 ns),
aligns well with its superior SAR performance,
confirming the relevance of finely tuned magnetic
anisotropy in maximizing hyperthermia output. These
results suggest that moderate Nd substitution enables
precise control over the Néel relaxation regime, providing
a strategy to engineer spinel ferrite nanoparticles with
optimized thermal response for biomedical applications.
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2.3. Zeta potential measurements

Colloidal stability is a key factor affecting the
performance and biocompatibility of magnetic
nanoparticles  (MNPs), especially in  magnetic
hyperthermia (MH) [30]. Zeta potential reflects the
electrostatic potential at the slipping plane between a
particle’s surface and the surrounding fluid [12, 31]. It is
widely used to evaluate the stability of colloidal
dispersions. High absolute values of zeta potential
(positive or negative) indicate strong repulsion between
particles, reducing aggregation and improving dispersion
stability. Values close to zero, by contrast, suggest poor
stability and a tendency for particles to agglomerate.

In the context of MH, stable dispersions help ensure
uniform heat generation, reduce localized overheating,
and support consistent temperature control during
treatment. Moreover, in biological systems, well-
dispersed nanoparticles exhibit prolonged circulation time
and reduced clearance by the reticuloendothelial system
(RES). Aggregation not only affects biodistribution but
also impacts heating efficiency by altering the effective
hydrodynamic diameter and diminishing the contribution
from Brownian relaxation, potentially lowering the
specific absorption rate (SAR).

Zeta potential was measured using electrophoretic
light scattering [32]. Nanoparticle suspensions were
introduced into a folded capillary cell, and an external
electric field was applied. Charged particles moved
toward the oppositely charged electrode with a velocity
proportional to their electrophoretic mobility (p.), which
was determined from the Doppler shift of scattered laser
light.

The zeta potential ({) was then calculated using the
Smoluchowski approximation [33]:

_ HeX7
¢= €

Where ( is the zeta potential (in Volts, V); L. is the
electrophoretic mobility (in m?V~!s™); 1 is the dynamic
viscosity of the dispersion medium (Pa‘s); & is the
dielectric permittivity of the dispersion medium (F/m),
given by € = gp-¢;.

Here, ¢ is the vacuum  permittivity
(8.854 x 102 F/m), and & is the relative dielectric
constant of water (= 78.5 at 25 °C).

The zeta potential measurements of the CuNdFe».«O4
nanoparticles revealed a non-linear dependence on
neodymium content, highlighting the sensitivity of surface
charge behavior to compositional modification. The
undoped CuFe,O4 sample exhibited a modest positive zeta
potential of +12.40 mV, indicating limited electrostatic
repulsion and a moderate tendency toward aggregation in
aqueous dispersions. Upon initial Nd** substitution
(x=0.01-0.05), the zeta potential increased significantly,
reaching a maximum of +32.24mV at x=0.05. This
enhancement is attributed to neodymium-induced changes
in surface chemistry, such as altered protonation—
deprotonation behavior of surface hydroxyl groups,
modification of the electrical double layer, and shifts in
surface complexation equilibria. The larger ionic radius
and trivalent charge of Nd3* also influence local
coordination environments and stabilize a more uniform
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surface structure, leading to increased surface charge and
colloidal stability. These effects are particularly beneficial
for magnetic hyperthermia applications, where well-
dispersed nanoparticles minimize aggregation-induced
dipolar interactions and enable efficient Brownian and
Néel relaxation heating pathways.

At higher substitution levels (x > 0.07), the zeta
potential declined markedly, with a drop to +20.68 mV for
x=0.11, suggesting that excessive Nd*" incorporation
introduces surface disorder, lattice strain, or saturation of

hydration shells and reduce electrostatic repulsion through
charge screening and surface reconstruction. These
changes compromise colloidal stability, increase the
likelihood of particle agglomeration, and adversely affect
heating homogeneity and therapeutic performance.

From a biomedical standpoint, particles with zeta
potential magnitudes above +30 mV are generally

less likely to be recognized and tagged by immune
proteins for removal (a process known as opsonization,

sites.

Nd-rich

charge-compensating

Additionally,

domains or partial surface segregation could alter

where particles are marked for clearance by immune
cells). Rapid clearance by the mononuclear phagocyte
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Fig. 4. Zeta potential of CuNd.Fe,«O4 samples.
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system, improving blood circulation time and enhancing
tumor accumulation via the enhanced permeability and
retention (EPR) effect. Furthermore, since zeta potential
tends to be reduced in physiological media due to ionic
screening, a high initial surface charge provides a
necessary buffer to maintain dispersion stability under
biologically relevant conditions.

2.3. Inductive Heating Behavior

The inductive heating behavior of CuNdxFe,«O4
nanoparticles was evaluated by applying an alternating
magnetic field (AMF) with an amplitude of 23.8 kA/m and
a frequency of 357 kHz [34]. As shown in Figure 6, the
time-dependent temperature profiles for samples with
varying neodymium content (x =0.00-0.11) reveal
differences in heating rates and saturation temperatures,
highlighting the influence of compositional and thermal
treatment on magnetic energy conversion efficiency.

To mimic biologically relevant conditions, the
nanoparticles were embedded in a 2 wt% agar matrix,
which replicates the porosity, viscosity, and thermal
conductivity of soft tissue. The sample preparation
followed a modified protocol based on Serantes et al. [35],
involving two stages of sonication to ensure homogeneous
dispersion: the first at 70 °C for 10 minutes to liquefy the
agar and disperse the particles, followed by a second 60-
minute step after agar addition. The final suspensions
(1 mg/mL nanoparticle concentration) were loaded into
custom-designed holder with constant volume and
geometry to eliminate variability in field exposure or heat
loss, as shown schematically in Figure 5.

Optical
Thermometer

Eppendorf
Tube

AC Magnetic

Field
Generator

/

CuNd,Fe, O,
Colloidal Suspension
Fig. 5. Schematic representation of the experimental setup
used for magnetic induction heating measurements.

The heating profiles (Figure 6) show that Nd
substitution and thermal annealing significantly modulate
the heating response. The inductive heating performance
of CuNdyFe,«O4 nanoparticles exhibited a non-monotonic
dependence on neodymium content. As depicted in Figure
6, the x = 0.05 composition (N5) demonstrated the most
pronounced thermal response under AMF excitation,
reaching the highest temperature increase within the
measured interval. This was followed by N3 (x =0.03) and
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N11 (x = 0.11), while the undoped CuFe,O4 sample (F0)
exhibited the weakest heating profile. The observed trend
in heating efficiency —

N5 > N3 > N11 > NI > N9 > N7 > FO - reflects the
complex relationship between intrinsic magnetic
parameters (e.g., saturation magnetization, coercivity),
surface charge characteristics (zeta potential), and
nanoparticle dispersion quality within the agar matrix.
Samples exhibiting a favorable combination of high
magnetic moment and strong colloidal stability showed
enhanced energy dissipation under AMF, resulting in
elevated Specific Absorption Rate (SAR) values.
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~ 504 e
SOl d o __ |
~ HT treatment
q,_’ 451 temperatures
2
E 40 1 "
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= 30- ——N5 |
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251 — N9 |
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0 200 400 600 800 1000 1200
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Fig. 6. Time-dependent heating curves of CuNd.Fe;.xO4
nanoparticles (x 0.00-0.11) measured under an
alternating magnetic field of 23.8 kA/m and 357 kHz.

2.3.1. Box Lucas Method for SAR Determination

The heating dynamics of the CuNdiFe,«O4
nanoparticle suspensions under alternating magnetic field
(AMF) were quantitatively analyzed using the Box—Lucas
fitting method [34, 36], which is well-suited for non-

adiabatic systems where heat exchange with the
environment cannot be neglected. This approach
incorporates Newtonian cooling behavior and is

particularly effective in modeling the typical exponential
rise and subsequent thermal saturation observed in
magnetic hyperthermia measurements.

Following an initial thermal equilibration phase, the
time-dependent temperature evolution was fitted using the
Box—Lucas equation [37]:

T(t) = a[1 — exp (=b(t — to))]

where to=20s represents the initial time offset, and @ and b
are fitting constants. The parameter a corresponds to the
maximum temperature increase, while b reflects the
effective heating rate.

The Specific Absorption Rate (SAR), which
quantifies the heat dissipated per unit mass of magnetic
material, was calculated from the Box—Lucas parameters
using [37]:

M
SARgox-Lucas = M_z X C(axb)

where C is the specific heat capacity of the medium
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(4.13J-g7-°C™* for 2 wt% agar); Ms = 1.5 g is the total
mass of the suspension; Mn=0.01g is the mass of
magnetic nanoparticles.

To assess the intrinsic heating efficiency of the
materials independently of applied field conditions, the
Intrinsic Loss Power (ILP) was calculated as [34, 38]:

ip =22
Hf

where H=23.8kA/m is the field amplitude and
f= 357 kHz is the excitation frequency.
Representative Box—Lucas fits of the experimental

42
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heating curves are shown in Figure 7, demonstrating good
agreement between the model and the measured
temperature profiles. The corresponding SAR and ILP
values derived from the fits are summarized in Table 3. A
clear non-monotonic trend in heating efficiency is
observed across the CuNdFe»«Oj4 series. The sample with
x=0.05 (CuNdo.osFe1.9s04) exhibited the highest SAR of
33.03 W/g and ILP of 0.163 nH-m?%kg, indicating optimal
energy conversion under AMF. Interestingly, a
comparable SAR 0f33.43 W/gand ILP of 0.165 nH-m%*kg
was also recorded for x=0.11, despite its lower zeta
potential and saturation magnetization, suggesting the
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Fig. 7. Box—Lucas fitting of time-dependent heating curves for CuNdFe,.xO4 nanoparticles under 23.8 kA/m and
357kHz AMF.

Table 3.

SAR and ILP values of CuNdFe,.<O4 nanoparticles calculated from Box—Lucas and Newton Cooling fits. Magnetic
properties (Ms, Hc) are shown for correlation.

Box-Lucas Fit Newton Cooling Approach Fit
Sample SAR, W/g ILP, SAR, W/g ILP, Ms, emu/g | Hc, Oe
nH-m?/kg i nH-m?*/kg i ’
CuFe,04 26.79 0.133 20.90 0.103 37.42 265.92
CuNdo.01Fe1.9904 31.79 0.157 25.23 0.125 45.81 272.27
CuNdo.03Fe1.9704 31.08 0.154 23.67 0.117 51.96 243.80
CuNdo osFe1.9504 33.03 0.163 26.54 0.131 62.11 247.66
CuNdo.o7Fe1.9304 25.13 0.124 19.41 0.096 44.40 256.70
CuNdo.goFe1.9104 23.40 0.116 17.86 0.088 45.40 236.16
CuNdo.11Fe1.8004 33.43 0.165 25.36 0.125 46.91 243.98
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possible contribution of enhanced Néel relaxation or
favorable anisotropy. In contrast, intermediate substitution
levels (x = 0.07 and 0.09) showed reduced heating
efficiency, likely due to suboptimal magnetic and
colloidal characteristics.

2.3.2. Newton Cooling Approach Method

The temperature evolution of CuNdxFe;«O4
nanoparticle suspensions under an alternating magnetic
field was also analyzed using the Newton Cooling
Approach, which accounts for heat dissipation to the
environment under non-adiabatic conditions. According
to Newton’s law of cooling, the time-dependent
temperature increase can be expressed as [39]:

T =Ty + ATmax [1 —exp (_Tt)]

where To is the initial temperature, ATmax is the
maximum temperature increase, and t is the characteristic
thermal time constant. This model effectively captures
both the heating phase and thermal equilibrium behavior
of the system. The experimental temperature-time curves
were fitted using this expression, and representative fits
are shown in Figure 8.

Based on the fitting parameters ATmax and t, the
specific absorption rate (SAR) was calculated using the
following relation [34, 39]:

] CuFe,O,

O Experimental Data Points

22 —— Fit to Newton Cooling Approach
0 200 400 600 800 1000 1200
Time, (s)
(a)
421 CuNd, ;;Fe; 4,0,
40
© 38+
o
9_; 36 1
S 341
e
O 32.
8— 30
g 28
-
26
24 O Experimental Data Points
2 —— Fit to Newton Cooling Approach
0 200 400 600 800 1000 1200
Time, (s)
(c)

SAR = CATmax <msample+mmedia)
T
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where C is the specific heat capacity of the medium (4.13
J g™ °C™! for 2 wt% agar), Msampie is the mass of magnetic
material (0.01g), and mMpedgiun 1s the mass of the
surrounding matrix (1.49 g).

The SAR values calculated using the Newton Cooling
Approach are summarized in Table 3 and consistently
show lower values compared to those obtained via the
Box—Lucas fitting method. For all CuNdiFe><O4
compositions, the Newton model yielded SAR values
approximately 20-25% lower - for instance, CuFe,O4
exhibited a SAR of 20.90 W/g via Newton fitting, versus
26.79 W/g using the Box—Lucas model. The most
prominent example is the x = 0.11 sample, where SAR
dropped from 33.43 W/g (Box—Lucas) to 25.36 W/g
(Newton). This discrepancy originates from fundamental
methodological differences: the Newton approach
emphasizes the initial heating slope and assumes
negligible heat loss during early heating, whereas the
Box—Lucas model accounts for the full heating curve,
including plateau formation. In realistic, non-adiabatic
conditions, continuous thermal dissipation occurs, and
thus the Newton method may underestimate total energy
conversion. As such, while the Newton Cooling Approach
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Fig. 8. Fit to the Newton Cooling Approach of time-dependent heating curves for CuNd.Fe,«O4 nanoparticles under
23.8 kA/m and 357 kHz AMF.

573



M. Mokliak, L. Kaykan, J. Mazurenko, M. Moiseienko, M. Kuzyshyn, I. Dovbnia, N. Ilnitsky, S. Yuriev, V. Mokliak

provides a more conservative estimate, it serves as a
valuable comparative tool for evaluating heating
efficiency under practical constraints.

Despite using different models, the Box—Lucas and
Newton Cooling methods showed consistent SAR trends
across the CuNdFe»«O4 series. The highest SAR values
(31.08-33.43 W/g) were observed for x =0.03, 0.05, and
0.11, with ILP values above 0.154 nH-m%kg, indicating
strong heating ability under the applied AMF (23.8 kA/m,
357 kHz).

Saturation magnetization (Ms) strongly affects SAR,
as it determines how much magnetic moment interacts
with the field. The sample with x =0.05 had the highest
Ms (62.11 emu/g) and one of the top SAR values
(33.03 W/g), confirming this link. However, the
relationship is not linear: the x = 0.11 sample showed SAR
(33.43 W/g) despite lower Ms (46.91 emu/g), suggesting
that other factors like anisotropy and relaxation also play
arole.

Zeta potential analysis showed that samples with
x=0.03-0.05 had good colloidal stability (>+30 mV),
reducing aggregation and promoting Brownian relaxation
in solution, which improves SAR. In contrast, x =0.11 had
lower stability (+20.68 mV) but still gave high SAR,
pointing to Néel relaxation — dominant in smaller,
anisotropic particles — as the key mechanism. Moderate
Ms and coercivity (He =243.98 Oe) likely helped efficient
heat generation without major losses.

Samples with x=0.07 and 0.09 had lower SARs
(25.13 and 23.40 W/g), even with reasonable Ms (~44—
45 emu/g). This may be due to too much Nd*" disrupting
magnetic order or increasing spin disorder, which reduces
heating efficiency.

The inductive heating behavior of CuNd«Fe,«O4
nanoparticles results from the combined effects of
magnetization, coercivity, surface charge, and the balance
between Néel and Brownian relaxation. The best
performance at x=0.05 highlights the importance of
optimizing composition to achieve effective heating in
biomedical applications.

Conclusions

In this study, a series of CuNdxFe»«O4 (x =0.00-0.11)
nanoparticles were successfully synthesized via a sol-gel
autocombustion route and systematically evaluated for
their structural, magnetic, colloidal, and magnetic
hyperthermia properties. X-ray diffraction confirmed the
formation of a spinel structure across all compositions,
while magnetic measurements revealed enhanced
saturation magnetization (up to 62.11 emu/g) and
moderate coercivity values (236-273 Oe), suggesting the
introduction of neodymium ions modulates magnetic
anisotropy without destabilizing the ferrite lattice. Zeta
potential analysis demonstrated improved colloidal
stability with moderate Nd** substitution (x = 0.03-0.07),
with values exceeding +30 mV, which is favorable for
dispersion and biomedical applicability. A non-linear
dependence of magnetic heating performance on Nd
content was observed.

The magnetocrystalline anisotropy constant (K) was
estimated using two methods. The Stoner—Wohlfarth
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approach, based on coercivity and Ms, yielded effective K
values of 0.56-0.87 x 10° erg/cm’, while the Law of
Approach to Saturation (LAS) provided intrinsic values up
to 0.37 x 10° erg/cm?® for x = 0.05. The coercivity-based
method reflects both intrinsic and extrinsic effects,
whereas LAS isolates true magnetocrystalline anisotropy.
Both approaches showed that anisotropy increases with
Nd content up to x = 0.05, then decreases, suggesting
enhanced local distortion at moderate doping and disorder
at higher levels. The effective magnetic moment (LLefr)
ranged from 1.60 to 2.71 pug/fu., with a maximum at x =
0.05, consistent with enhanced energy dissipation via Néel
relaxation and optimal magnetic heating efficiency. To
quantify this behavior, the Néel relaxation time (tn) was
calculated using the LAS-derived K values and particle
sizes. The results revealed a non-linear trend, with TN
ranging from 5.23 x 10 to 22.10x 10s. The longest
relaxation time was observed for x = 0.09, while moderate
T~ values for x = 0.05 and 0.11 align with their high SAR
values, confirming that finely tuned anisotropy and
volume favor efficient magnetic moment reversal and
energy dissipation under an alternating magnetic field.
Specific Absorption Rate (SAR) and Intrinsic Loss
Power (ILP), determined using both the Box—Lucas and
Newton Cooling models, revealed that samples with
x = 0.03, 0.05, and 0.11 delivered the highest heating
efficiencies, reaching SAR values above 33 W/g and ILP

values >0.154nH-m?*kg under clinically relevant
alternating magnetic field conditions (23.8 kA/m,
357 kHz).

The sample with x = 0.05 demonstrated an optimal
combination of high magnetization, favorable coercivity,
and colloidal stability, resulting in the most efficient
magnetic heating behavior. Conversely, samples with
higher Nd content (x = 0.07-0.09) exhibited reduced SAR
despite reasonable magnetic properties, likely due to spin
disorder and reduced relaxation efficiency. The perfor-
mance of the x = 0.11 sample, despite lower zeta potential
and moderate magnetization, suggests a shift toward Néel-
dominated relaxation supported by favorable anisotropy.
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VY nmaniii po6oti HanouactHHKH CuixNdxFe204 (x = 0,00-0,11) Oynu cuHTE30BaHI METOAOM 301b-TElb
aBTOTOPIHHS Ta JOCIIIKEeH] AJIs OLIHKY BIUIUBY 3aMillleHHS HEOJUMOM Ha iX CTPYKTYpPHI, MarHiTHI Ta HarpiBaJbHI
XapaKTEePHUCTHKH Ul 3aCTOCYBAHHS B MarHiTHiH rineprepmii. PeHTreHiBchka qudpaxiis miaTBepauia yTBOPEHH
IIMTHENEHUX CTPYKTYp y BCIX cKiagax. MarHiTHI BHMIpPIOBaHHS IPOAEMOHCTPYBAJH HEMOHOTOHHY 3MiHY
HaMarHiyeHocti HacuueHHs (Ms), ska Jgocsraja MaKCHMalbHOTO 3HaueHHs 62,11 emu/g mpu x = 0,05.
Koepuurusna cuna (Hc) konmBanacs B Mexax 236273 E, mo cigunts npo BB Nd**-3aMillleHHs Ha MarHiTHY
aHi30Tpomio cucTeMu. Binnoinui yacu penakcaunii 3a Henem (tn) 3Haxoawics B qiana3oni npubimsHo 5—22 He,
10 CBiTYUTH PO e(heKTHBHE MAarHiTHE HArpiBaHHS ISl OKPEMUX CKIIaJiB.

BumMiproBaHHs [J3€Ta-TOTEHIIANY 3acBIMYMIM TOKPANICHY KOJIOIMHY CTaOUIBHICTH 32 YMOB ITOMIPHOTO
3amimeHHss Nd, npu sikoMy 3HaueHHs nepesunryBanmu +30 MB mig x = 0,03-0,07, mo Bka3ye Ha CHIPHUATIHBY
IICTIEPCHICTh YaCTUHOK /I O10MEMYHHX 3acTOCYyBaHb. EQEKTHBHICTS MarHiTHOI TiepTepMii JOCIIIKYBaIach y
3MiHHOMY MarHiTHoMy nomi (23,8 kA/M, 357 xI'i) 3 BukopucTaHHsM Moxenel Bokca—Jlrokaca Ta HbroToHa.
HaiiBurii 3HaueHHst muTOMOro Koedimienta nornuaanus (SAR) 6ymu 3adikcosani st 3paskis 3 X = 0,03, 0,05 Ta
0,11. Otpumani pe3ynbTaTH IMiJAKPECIIOIOTh BAXKIUBICTH PETENBHOrO MiA0Opy piBHA  3aMilleHHS
PiAKICHO3EeMENbHUMY i0HAMU [UISl KEPYBaHHs [TOBEPXHEBUM 3apsiIOM, MarHiTHOIO aHi30TPOMI€I0 Ta MeXaHi3MaMHu
penakcarii.

KiouoBi ciioBa: minHWiA dheput, HEOAUMOBE 3aMilllCHHs, MarHITHI HAHOYAaCTHHKH, MarHiTHA TillepTepMis,
eHeproedekTuBHa Teparis, MeTox bokca-Jlykaca, miaxix oxonomkeHHs HeioToHa.
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