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ABSTRACT

While broadband electromagnetic (EM) loss mechanisms have critical implications for both electromagnetic absorbers and
magnetic hyperthermia, integrating diverse loss channels into single material architecture remains a key challenge for next-
generation multifunctional composites. Herein, we introduce carbon confinement of Cobalt Ferrite nanoparticles (CFO@C) as
a design principle to simultaneously address the performance-processability trade-off for broadband functionality. Mesoporous
activated carbon acts as a reactive template that constrains CFO nanoparticle growth (~ 8 nm), mitigates agglomeration, and
provides conductive pathways for complementary dielectric response (¢). Static magnetometry reveals complex magnetic behavior
driven by coexisting hard and soft phases, which is quantitatively resolved using Voigt-profile deconvolution of the wasp-waisted
hysteresis loops, enabling phase-resolved analysis of reversal processes. Ferromagnetic Resonance (18-30 GHz) reveals a stable g-
factor and large damping (¢ = 0.14) indicative of efficient GHz-frequency energy dissipation governed by spin-lattice relaxation.
Low-frequency magnetic hyperthermia validates linear-response relaxation as the dominant loss channel under physiological field
conditions (310 kHz, 400-800 Oe). These results establish CFO@C as a multifunctional nanocomposite that unifies broadband
EM dissipation with efficient low-frequency heating, establishing the pathway for 1 — € co-design in frequency-adaptive materials
relevant to printed electronics, EMI mitigation, and magnetically driven functional devices.

1 | Introduction implementation of these nanoparticles often faces challenges

related to agglomeration, mixed oxidation, and limited disper-

The development of functional materials increasingly demands
precise control over physical properties across diverse length
scales and operating frequencies. Magnetic nanocomposites offer
unique advantages in this regard, enabling tailored responses
suitable for applications ranging from biomedicine to advanced
electronics [1, 2]. Among these materials, spinel ferrites such as
cobalt ferrite (CFO) have emerged as promising candidates owing
to their high chemical stability, moderate saturation magnetiza-
tion, and tunable magnetic anisotropy [3]. However, the practical
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sion in functional matrices [4, 5]. To address these limitations,
embedding magnetic nanoparticles (MNPs) within a carbon-
based matrix, especially one offering structural confinement
and chemical protection, has proven to be a highly effective
strategy [6-8]. From an applications standpoint, many industrial
electromagnetic (EM) absorbers draw on two of the comple-
mentary material classes, carbonaceous media that dissipate via
dielectric/conductive loss and ferrites that dissipate via magnetic
loss, forming the backbone of commercial EMI shielding and
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FIGURE 1 | Schematicillustration of the synthesis protocol for cobalt ferrite nanoparticles embedded within an activated carbon matrix (CFO@C).

radar-absorbent technologies [9, 10]. Integrating both channels
into a single, co-engineered composite is therefore attractive for
attaining stronger, broader-band attenuation with thinner layers
[11].

Carbon-based matrices, including graphene, carbon nanotubes,
and activated carbon, are attractive platforms for electromagnetic
absorber design due to their low density, chemical stability, and
ability to host magnetic nanoparticles in a controlled and spatially
confined manner [12-16]. Among these, activated carbon offers a
porous framework that suppresses nanoparticle aggregation dur-
ing thermal processing while enabling precise control over parti-
cle size and phase evolution, both of which are critical for tuning
magnetic responses across different frequency regimes [17-20].
In composite absorbers, porous carbons primarily regulate the
complex permittivity (¢/, €’’) through conductive pathways and
interfacial polarization, whereas nanoscale ferrites govern the
complex permeability (u’, u”’) via resonance and domain-related
loss processes [21-23]. Co-design of both the dielectric and mag-
netic contributions allows impedance matching to be achieved
while maintaining strong intrinsic loss. Recent studies have
further shown that the carbon environment plays an active role
in shaping magnetic behavior by modulating interfacial coupling,
surface anisotropy, and phase stability in carbon embedded
nanoparticles, providing an additional degree of freedom for
engineering broadband electromagnetic functionality [24, 25].

Herein, we report the synthesis of CFO nanoparticles within a
porous activated carbon matrix (Figure 1), a composite architec-
ture designed to exploit the advantages of both the multiphase
magnetic part and the structural benefits of the carbon host

for broadband electromagnetic functionality with relevance to
EMI shielding, microwave absorption and additive manufactur-
ing for frequency selective devices. Such multiphase systems,
particularly those incorporating both hard and soft magnetic
components, are known to exhibit unique magnetization dynam-
ics and enhanced broadband magnetic loss mechanisms due
to exchange coupling phenomena, critical for high-frequency
applications [26]. Through comprehensive magnetic characteri-
zations spanning distinct frequency regimes of radio spectrum,
including static magnetization measurements, Medium Fre-
quency (MF) calorimetric hyperthermia (kHz), High Frequency
(HF) transverse susceptibility (MHz), and Super High Frequency
(SHF) ferromagnetic resonance (GHz), we demonstrate that
the combination of distinct magnetic phases and the confining
carbon matrix supports tunable magnetic responses across a wide
frequency range (from kHz to tens of GHz).

Overall, in our composite CFO@C system, carbon confine-
ment enables a unified materials strategy in which magnetic
permeability is tuned through controlled phase coexistence,
while dielectric permittivity is independently regulated through
the conductive and porous carbon scaffold. This decoupled
yet cooperative control of u and € provides a direct design
strategy toward impedance-matched, broadband electromag-
netic dissipation across multiple frequency regimes. Beyond
absorption, the same structural features, namely nanoscale
confinement, multiphase magnetic response, and processable
carbon frameworks, also position such composites for integration
into frequency-adaptive shielding architectures and magnetically
driven heating platforms, where tunable loss mechanisms are
essential [27-29].
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FIGURE 2 | Room temperature XRD patterns of samples (a) M-300 and (b) M-350, collected at room temperature in a Seifert XRD 3000 T/T
diffractometer with Mo K, (0.709 V) and K, (0.713 V) radiations, in an angular range (20) of 10 — 30° in steps of 0.03°. Red dots represent experimental
data, black lines show Rietveld fits, vertical green markers indicate the position of Bragg reflections and blue lines correspond to the difference between
experimental and calculated patterns. The first series of vertical bars correspond to the position of the Bragg reflections associated with the crystal
structure of CFO (JCPDS No. 22-1086), the second ones to the Co-HCP (JCPDS No. 05-0727), the third ones to the Co-FCC (JCPDS No. (15-0806) and

the fourth ones to the Fe-BCC (< 2-3%) (JCPDS No. 06-0696) [32-35].

2 | Results and Discussion to properly fit the patterns, particularly near the (400) Bragg
reflection at around 20° in 26. The observed background signal
2.1 | Structural and Microstructural Studies that decreases with the 20 angle comes from the amorphous

Figure 2 shows the room temperature XRD patterns of the two
samples along with the corresponding fits. The main Bragg
reflections: (220), (311), (400), (422), (511) and (440) can be indexed
according to the spinel-type crystal structure of CFO (standard
JCPDS Card No. 22-1086), described in terms of a face centered
(FCC) unit cell with space group Fd3m (No. 227) [32]. The value
of the refined lattice parameters was found to be a = 8.420(2) for
M-300and a = 8.418(1) A for M-350, values consistent with those
reported for bulk CoFe, 0, [26]. Besides the reflections of the CFO
crystal structure, a small amount of metallic Co (~ 20%) is needed

carbon matrix. From the analysis of the broadening of the
diffraction peaks, the average crystallite sizes were estimated to
be ~ 6.5 nm for M-300 and ~ 7.5 nm for M-350.

Representative TEM and HRTEM images of the M-300 sample
together with the size histogram can be shown in Figure 3,
where quasi-spherical NPs are clearly identified. From the NP
size histogram and the fit to a lognormal distribution [see
Figure 3b], we have also estimated the average value of the NP
diameter (Drgy = 8 nm) and the standard deviation (o = 2 nm).
These values coincide, within the experimental error, with those
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FIGURE 3 | (a) TEM image of the NPs revealing their almost-spherical morphology. (b) Histogram of the NP diameter together with the best-fit
log-normal distribution (black solid line), characterized by the mean diameter (Drgy;) and standard deviation (o) parameters. (c,d) HRTEM images for
individual NPs evidencing the (111) and (311) interplanar distances of the CoFe, 0, crystalline structure.

obtained for the sample M-350 and are also consistent with the
crystallite sizes estimated from the XRD analysis. By examining
the HRTEM images [Figure 3c,d], there is clear evidence of
the NP crystallinity. Measured interplanar spacings of 2.54 and
4.75 A correspond to the (311) and (111) reflections, respectively.
Taken together, the TEM/HRTEM and XRD results indicate
that both samples exhibit similar structural and morphological
characteristics.

2.2 | Static Magnetic Studies

To investigate the intrinsic magnetic properties and the tempera-
ture evolution of magnetization in the CFO@C nanocomposites,
static magnetization measurements were performed on the two

samples, M-300 and M-350. The temperature dependence of
magnetization, M(T) curves, was investigated using ZFC, FC, and
FCW protocols for the representative samples under an applied
field of 100 Oe. M(T) curves for the sample M-350 are presented
in Figure 4a and Figure S2a. As can be seen in the figure that
the ZFC-FC curves exhibit a well-defined bifurcation. For both
M-300 and M-350, the magnetization in the ZFC curves increases
with temperature, forming a broad, diffused hump that extends
approximately from 250 K up to 350 K. This broad peak suggests
a wide distribution of blocking temperatures, T, within the
nanoparticle ensemble, This distribution arises from two primary
factors: (1) the polydispersity in particle size observed from TEM
analysis (see Figure 2), and (2) the presence of distinct magnetic
phases, likely stemming from variations in composition and
crystallinity as evidenced from the XRD analysis. Each of these
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FIGURE 4 | (a)Magnetization vs. temperature curves, (b) Bloch fitting of saturation magnetization (M) vs. temperature, and (c) M(H) curves at

different selected temperatures, (d) Modified Kneller law fitting of the coercivity (H,) vs. temperature data of M-350.

phases would possess different magnetic anisotropy constants
and intrinsic Curie temperatures, leading to a broad, composite
distribution of blocking temperatures. In this temperature range,
as thermal energy increases, nanoparticles transition from a
blocked, anisotropic state to a superparamagnetic state, where
their moments rapidly fluctuate and align with the external field
[36]. The diffused nature of the hump, rather than a sharp peak,
further supports a broad distribution of magnetic anisotropy
energies across the varied particle sizes and potentially different
magnetic phases present.

At low temperatures, specifically below ~ 25K, the ZFC curve
exhibits an upward trend, forming a subtle feature, rather than a
sharp peak or plateau commonly associated with uniform block-
ing. This low-temperature behavior, although less pronounced,
suggests the emergence of additional magnetic complexities. This
upward turn in ZFC at cryogenic temperatures, coupled with the
continued divergence from the FC curve, is often associated with
the onset of spin-glass-like behavior or a cluster-glass transition
[37]. Such phenomena in nanoparticle systems typically arise
from either highly disordered spins at the nanoparticle surfaces
(surface spin canting/disorder) or weak, frustrated interparticle
interactions among the randomly dispersed nanoparticles within
the carbon matrix [38]. Given the ~20wt.% CFO loading,

interparticle interactions, even if subtle, are plausible. Further-
more, the multiphases (CFO, Co-FCC, Co-HCP) could introduce
complex interfacial exchange interactions contributing to this
low-temperature freezing.

To further investigate the intrinsic magnetic properties, the tem-
perature dependence of the saturation magnetization, extracted
from M(H) data (as shown in Figure 3c and Figure S2b,c), was
analyzed. The M, vs. T data was fitted using the Bloch law as
follows [39].

M, (T) = My, [1 - BT°] @

where M (T) is the saturation magnetization at temperature T,
M, is the saturation magnetization at temperature T = 0K, fis
the Bloch constant and « is Bloch exponent (typically 3/2 for bulk
materials and greater than 3/2 for nanoparticles system. For our
case, the value of a acquired from the fit is 2.38 + 0.12, which
agrees with the already reported results: 0.83 — 2.87 [40, 41]. As
shown in Figure 4b and Figure S2e, a good fit to the Bloch law
was obtained in the temperature range of 20 to 320 K for both
the samples. However, the fit deviates in the sub 10 K regime,
failing to account for the magnetic behavior in this region. This
deviation relates to the low-temperature observations in the ZFC
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curve, indicating that the magnetic ordering is dominated by
contributions from disordered surface spins or collective freezing
into a glassy state, where the fundamental assumptions of the
Bloch law no longer hold [42, 43].

To gain further insights into magnetic anisotropy and its temper-
ature dependence of the CFO@C nanocomposites, we employed
Kneller law, which describes the temperature dependence of coer-
civity for systems approaching superparamagnetic relaxation.
The experimental data for coercivity Ho(T) as a function of
temperature was fitted using the modified Kneller equation as:

S
He(T) = H, [1 - [Tl] ] ®)

where H, is the coercivity extrapolated to 0 K, Ty is the average
blocking temperature, and & is a dimensionless exponent that
characterizes the type of magnetic interactions and domain
structure. For ideal, non-interacting single-domain ferromagnetic
particles, § = 0.5 is typically expected [41].

In our case, the Kneller fitting to the experimental H-(T) data
over the range of 5-320 K (Figure 4d and Figure S2d) yielded
average blocking temperature of T = 307.7 + 35.3 K and 306. 9 +
36.2K, with § = 0.14 + 0.09 and 0.13 + 0.09, for the respective
samples. The reduced value of § suggests a deviation from ideal
single-domain behavior, likely due to the fact that the magnetic
reversal mechanism in our CFO@C nanocomposite system is
more complex than a simple single-domain model. The lower &
value typically indicates the presence of interparticle interactions
and/or non-uniform magnetic anisotropy [44, 45]. Given the
multiphase nature of our system (CFO, Co-FCC, and Co-HCP), a
distribution of particle sizes and magnetic anisotropies, as well as
exchange or dipolar interactions between the constituent phases
embedded within the carbon matrix, could lead to this reduced
6 value [46, 47]. This finding further complements the insights
gained from the Bloch law analysis, where deviations at low
temperatures suggested collective or disordered spin states not
accounted for by ideal ferromagnetic models.

Further insights into the complex magnetic interactions and
the contributions of individual magnetic phases to the overall
magnetic behavior were obtained through the deconvolution
of the M(H) loops. For both M-300 and M-350 samples, the
as-acquired M(H) loops exhibited a pronounced wasp-waisted
shape (Figure 5b and Figure S2b,c,f), which is characteristic
of systems comprising multiple magnetic phases with distinct
coercivities or exchange interactions [48]. Such wasp-waisted
features were analyzed using a peak-resolved approach applied
to the differential susceptibility curves (dM/dH vs H).

The deconvolution was carried out by fitting the dM/dH data with
a sum of two Voigt profiles, representing the respective hard and
soft magnetic phases. The Voigt function is a convolution of a
Gaussian and a Lorentzian profile and is expressed as:

V (o) = | G(0)L(x—x'57)dx’ ®)

X2 /20

e and L(x;y) = ”(Xz};yz)
sian and Lorentzian components, respectively, and o and y are
the respective broadening parameters [49]. In our analysis, the
soft phase corresponds to a narrow, tall peak in the dM/dH curve
(indicating low coercivity), while the hard phase appears as a
broad, shallow peak (higher coercivity), as shown in Figure 4a.
The cumulative fit from both Voigt components accurately
reconstructs the full dM/dH profile, validating the presence of two
magnetically distinct contributions. By numerically integrating
the individual Voigt-fitted components and reconstructing the
respective magnetization curves, we successfully extracted the
full M(H) response for the hard and soft phases, along with the
total cumulative magnetization. As illustrated in Figure 5b and
Figure S2f, the cumulative M(H) curve aligns excellently with the
experimentally acquired hysteresis data, reinforcing the fidelity
of the deconvolution method.

where G(x;0) = denote the Gaus-

Figure 5c presents the temperature dependence of the coercive
fields for M-350, derived from the Voigt-profile deconvolution
(closed symbols). For comparison, the figure also shows experi-
mental values obtained directly from the hysteresis loops (opened
symbols). As can be seen, the decomposition separates the contri-
butions of the soft and hard magnetic phases, whose individual
trends with respect to temperature are shown. The cumulative
H.(T) extracted from the fits closely follows the trend of the
measured data, confirming the reliability of the deconvolution
procedure. Minor deviations between the two are expected, as the
fitting model treats the hard and soft components as magnetically
independent, whereas in practice, interparticle interactions can
modulate the effective switching field distribution. This analysis
not only supports the structural and phase evidence of CFO coex-
isting with minor elemental Co phases (FCC and/or HCP) but
also provides a quantitative handle on their magnetic switching
characteristics.

Overall, the hysteresis-loop deconvolution provides a powerful
framework for quantifying the relative contributions of these
phases, enabling the strategic co-design of both permeability
and permittivity to achieve optimal impedance matching and
high intrinsic loss, both of which are prerequisites for strong,
broadband absorption. In electromagnetic absorption and EMI
shielding applications, the attenuation of incident radiation is
governed by the combined response of electrical conductivity,
dielectric permittivity, and magnetic permeability. While carbon-
based materials primarily contribute to tailoring dielectric loss
and electrical conductivity, magnetic permeability plays a deci-
sive role in enabling magnetic loss and impedance matching. In
the present system, the Voigt-profile based deconvolution reveals
that permeability is not a fixed material constant in a composite
system like ours, but an emergent property arising from the
relative contributions of magnetically soft and hard phases. The
soft magnetic component, associated with minor elemental Co
phases, exhibits low coercivity and high susceptibility, leading
to an enhanced magnetic response under low applied fields and
contributing strongly to #” and y”’. From an electromagnetic engi-
neering perspective, this high differential permeability (dM/dH)
suggests a tunable skin depth (), allowing for field-modulated
attenuation profiles in low-frequency regimes. Conversely, the
harder CFO phase introduces a broader distribution of anisotropy
fields, stabilizing the magnetic response over extended field and
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FIGURE 5 | Deconvolution of magnetic hysteresis (M(H)) loops data of M-350 taken at 5 K. (a) dM/dH curves with Voigt fits showing hard and soft
magnetic phase contributions. (b) Reconstructed hard, soft, and cumulative M(H) loops overlaying the as-acquired experimental data. (c) Temperature

dependence of the coercive field for M-350 extracted from Voigt-profile deconvolution of the hysteresis loops as well as those from the actual loops

(experimental) data in the temperature range from 5 to 100 K.

frequency ranges. The ability to control this magnetic anisotropy
opens pathways for designing angularly dependent absorbers,
where electromagnetic response can be tailored based on the
directional preference of the magnetization. Consequently, the
coexistence of these phases therefore enables a permeability
profile that is both responsive and spectrally distributed, a key
requirement for broadband electromagnetic dissipation.

Additionally, the relative balance between these magnetic phases
provides a direct materials-level handle to tune frequency-
dependent loss mechanisms: increasing the fraction of the
soft, metallic component enhances permeability and magnetic
susceptibility, while higher oxidation states favor stability and
broadened relaxation dynamics. This magnetic tunability is
complemented by the activated carbon matrix, which operates
at a different but equally critical level by governing dielectric
permittivity and electrical conductivity. Rather than acting as
a passive host, the porous carbon scaffold functions as an
active template that not only constrains nanoparticle growth,
suppresses aggregation, but also establishes conductive pathways
that facilitate dielectric loss through interfacial polarization [12].
In addition, the mesoporous nature of the activated carbon matrix
introduces effective air voids within the composite. Prior studies
on hierarchical magnetic-dielectric systems with interfacial voids
have shown that such structural features can act as impedance-
matching mediators, improving input impedance and enabling
deeper penetration of incident electromagnetic waves before
dissipation within the magnetic core component [50]. Together,
the combined control of x4 through magnetic phase engineering
and ¢ through carbon confinement enables impedance matching
between free space and the composite, integrating magnetic
and dielectric dissipation within a single, processable platform
suitable for broadband electromagnetic attenuation.

2.3 | Dynamic Magnetic Properties and
Frequency-Dependent Response

While static magnetic measurements provide essential insights
into the fundamental magnetic state and phase contributions of
the CFO@C nanocomposites, a comprehensive understanding of
their suitability for advanced frequency-dependent applications,

such as magnetic additive manufacturing and electromagnetic
shielding, necessitates detailed characterization of their dynamic
magnetic response across a broad range of frequencies. In
this section, we present the results from transverse suscep-
tibility, ferromagnetic resonance, and magnetic hyperthermia
measurements, exploring the anisotropy, resonance, and energy
dissipation mechanisms in the kHz to GHz range.

23.1 | Transverse Susceptibility

To probe the magnetic anisotropy and dynamic magnetic
response of the CFO@C nanocomposites, TS measurements were
performed on both the samples (M-300 and M-350) from 25 to 320
K. The advantage of this technique over conventional magnetom-
etry approach lies in the fact that it detects the magnetic response
of spins oriented perpendicular to an applied DC magnetic field.
This selective sensitivity enables the identification of anisotropy
fields as distinct features or singularities within the acquired TS
curves [51]. The fundamental principles of TS for a single-domain
uniaxial particle were initially formulated by Aharoni et al.
in 1957, drawing upon the Stoner-Wohlfarth model. According
to which, a theoretical TS curve, typically obtained during a
unipolar field scan, is expected to exhibit three characteristic
features/singularities. Two of these features correspond to the
effective anisotropy field (u,Hy, ), which is a summation of
crystallographic and shape anisotropy contributions (uH, Kergstal T
I“OHKshape) [52]. The third one is associated with the switching
field. It is important to note that for systems comprising a
collection of randomly oriented particles, the sharpness of these
singular peaks may be diminished due to variations in Hy, yet
they remain experimentally discernible. Importantly, TS can also
be conceptualized as the zero-frequency limit of ferromagnetic
resonance, thereby providing a complementary perspective on
the system’s dynamic magnetic behavior [51].

In our setup, a DC magnetic field was applied perpendicularly

to the RF coil’s axial field, ensuring transverse geometry. For

measurement purposes, dried nanoparticles were placed in a

gelatin capsule inside the coil (Schematics of the setup is shown

in Figure 6a). The normalized transverse susceptibility, Axﬁ, was
T
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FIGURE 6 | (a)Schematics of the TS setup; (b) Temperature-dependent transverse susceptibility (TS) curves for CFO@C (M-300) nanocomposites.

obtained as a function of the applied DC field by measuring the
resonant frequency shift of an LC tank circuit as the field was
swept from positive to negative saturation, which is expressed as:

SAT

Axr Xt (Hpc) —)(TDC]
Aol )
Xr XTpe

xr(Hpc) in the above equation represents the transverse sus-
ceptibility, and y;3¢ is the value of y;(Hpc) at the saturation
field.

Representative TS curves at various temperatures are shown in
Figure 6b and Figure S3a. As can be seen, the TS curve for
a single scan exhibit asymmetry in the anisotropy peaks. This
asymmetry, previously observed in a 3D assembly of ferrite-
based nanoparticle systems, demonstrated that the asymmetry in
TS peak heights is highly sensitive to interparticle interactions
[51]. They found that stronger dipolar interactions led to more
symmetric peak heights, while weaker interactions resulted in
greater asymmetry. In our CFO@C system, the observed asym-
metry, particularly its temperature dependence, likely reflects the
combined influence of some of the contributing factors, which
may include multiphase interactions, where different magnetic
phases (hard and soft) will have distinct anisotropy fields and
interact with each other via exchange and/or dipolar coupling.
Additionally, even within a single phase, dipolar interactions
between nanoparticles within the carbon matrix can influence
the effective anisotropy experienced by individual particles.

Figure 7a and Figure S3b show the TS curves at lower tempera-
tures: 30 and 40 K. It can be seen that the peaks in the negative
scan become more prominent, height wise, than those in the
positive scan, a reversal linked to the dominance of interaction-
driven magnetic freezing or surface spin disorder [38]. Closer
inspection of the TS curves near zero field revealed further
complexity: the switching valley split into two minima separated

by a small peak (Subset Figure 7a and Figure S3b). This peak
is offset from zero field, shifting leftward for positive scans and
rightward for negative scans, a behavior indicative of competing
magnetic phases with distinct coercivities. The depth asymmetry
of the valleys further supports this interpretation, mirroring
the “wasp-waisted” hysteresis loops observed in static M(H)
measurements (Figure 4b).

To quantify the magnetic anisotropy and its evolution with
temperature, the p,Hy.; values were extracted from the TS data
for both M-300 and M-350 samples. The behavior of uyHy.g with
respect to the temperature is given in Figure 7b. Almost across
the entire measured temperature range (25 to 320 K), the poH,y
values for M-350 are consistently higher than those for M-300.
This observation aligns with the slight difference in average size
between the two samples (6.5 + 1 nm for M-300 vs. 7.5 + 1 nm
for M-350, see section 2.1), as larger particles generally possess
higher effective anisotropy due to increased magnetic volume.
Furthermore, the higher synthesis temperature for M-350 may
lead to subtle differences in phase distribution, crystallite quality,
or interfacial coupling between the magnetic phases, which can
impact the overall anisotropy. Moreover, despite some fluctu-
ations, the overall trend of p,Hy.s With temperature appears
relatively constant, particularly at temperatures well below the
primary blocking temperature regime (250-350 K) identified
from M(T) curves. Additionally, while transverse susceptibility
measurements reveal a relatively stable effective anisotropy field
across the measured temperature range, the coercivity, however,
follows a decreasing trend over the same interval. This may be
attributed to the system’s multiphase character and the signifi-
cant influence of thermal activation on reversal processes. The
effective anisotropy field obtained from TS reflects the intrinsic
energy barriers for magnetic moment rotation, which remain
largely preserved due to interactions between the hard and soft
phases. In contrast, coercivity is governed not only by these
barriers but also by the thermally assisted switching of smaller
particles and soft magnetic components present in systems,
like ours. As temperature rises, thermal fluctuations facilitate
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FIGURE 7 | (a) TS curve at 30 K of the M-300 sample with zoomed-in over the zero-field region (inset); (b) Evolution of the average uyHgeg With

respect to temperature for both samples M-300 and M-350.

moment reversal in these components, thereby reducing the
overall coercivity of the composite, even as the average anisotropy
field remains stable. Therefore, the stability of p,Hy in the face
of a drop in coercivity serves as further evidence of a complex,
collective magnetic behavior where the magnetic reversal is a
thermally-activated, cooperative process of the present hard and
soft magnetic phases. This detailed understanding of the dynamic
and static magnetic behavior provides a more complete picture of
the material’s potential for frequency-dependent applications.

Overall, the TS spectra exhibit robust anisotropy peaks and a
split switching singularity indicative of coexisting magnetic con-
tributions and interparticle interactions. The near temperature-
invariance and sample-dependent magnitude of u,Hy., together
with the multi-component features, imply a distribution of
effective anisotropies. In a random nanoparticle ensemble, such
distributions map onto a spread of FMR conditions, broadening
the magnetic-loss spectrum. As shown in the respective section,
the FMR linewidths and large damping validate this picture.
In combination with dielectric loss from the activated carbon
host (which aids impedance matching), these magnetic signa-
tures are consistent with broadband microwave absorption in
magneto-dielectric composites.

2.3.2 | Ferromagnetic Resonance

Building on the discussion from transverse susceptibility mea-
surements regarding the effective anisotropy and comparatively
low-frequency (MHz) dynamic behavior, ferromagnetic reso-
nance spectroscopy offers a powerful means to quantify the
gyromagnetic ratio, effective magnetization, and damping behav-
ior, thereby highlighting the dynamic magnetic response of the
system under GHz excitation, a critical regime for applications
in EMI shielding, radar systems and high-frequency devices (5G
communications). FMR spectroscopy is a widely used technique
to probe the dynamic response of a wide range of material
systems (Ferro/ferrimagnetic materials as well as magnetic
thin films, nanostructured systems and nanoparticles) under
microwave excitation [53]. In nanoparticulate systems, FMR
spectra typically exhibit broadened and asymmetric resonance
line shapes due to inhomogeneities in size, anisotropy, and
interparticle interactions [54]. Importantly, a broad resonance
linewidth (AH) is proportional to the magnetic energy dissipation

under microwave excitation, making it a key indicator of intrinsic
microwave absorption capability. The theoretical foundation of
FMR is captured by the Landau-Lifshitz-Gilbert (LLG) equation,
which describes the precessional motion and damping of the
magnetization vector M under an effective magnetic field. It can
be expressed as [53]:

dM

dm dM
dt

dt ®)

= —toy (M x Hop) + 11 [M x

The above equation represents the precessional motion of the
magnetization vector under an effective magnetic field. Ferro-
magnetic resonance occurs when the frequency of an applied
microwave field matches this intrinsic precessional frequency.
During this precession, intrinsic relaxation processes are quanti-
fied by the dimensionless Gilbert damping parameter, ct. Analysis
of the resonance field and linewidth enables extraction of key
magnetic parameters such as the g-factor, «, and effective magne-
tization (M) and anisotropy field (H,), offering a microscopic
picture of spin dynamics in the GHz regime.

For the measurement purposes, dried CFO@C nanoparticles
of the respective samples were dispersed onto separate Mag-
nesium Oxide (MgO) substrates using GE varnish and left to
cure overnight under the influence of a neodymium magnet
placed beneath the substrate to promote particle alignment and
uniformity. MgO substrate was chosen due to its high dielectric
strength and low microwave loss, minimizing background signal
contributions during FMR measurements. The prepared sample-
on-substrate was then placed inverted onto a coplanar waveguide
(CPW), thereby sandwiching the nanoparticle layer between the
CPW and the MgO substrate. A schematic of the experimen-
tal setup is shown in Figure 8a. FMR spectra were collected
across a range of temperatures and frequencies, with excitation
frequencies spanning from 18 to 30 GHz. The measurements
were performed using a lock-in detection technique, in which
the applied microwave field is amplitude-modulated, and the
detected signal corresponds to the first derivative of a Lorentzian
absorption line shape, rather than the absorption itself. At
temperatures below 200 K, the signal-to-noise ratio dropped
significantly, limiting reliable spectral analysis in that regime.
Figure 8b and Figure S4a presents the frequency-dependent FMR
spectra of the M-300, and M-350 samples recorded at 290 and
300 K, respectively. Figure 8c and Figure S4b, on the other
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FIGURE 8 |

(a) Schematic of the experimental geometry: CFO@C nanoparticles mounted on an MgO substrate and positioned on the coplanar

waveguide (CPW). The Helmholtz coils apply a low-frequency modulation field (Hc). A static bias field (Hpc ) is applied along the sandwiched geometry
(Substrate-NPs-CPW); (b) Fixed temperature FMR fitted spectra taken at different frequencies; (c) FMR spectra at 27 GHz of M-350 taken at different

temperatures.

hand illustrate the FMR spectra of both samples at different
temperatures corresponding to a single frequency of 27 and
26 GHz, respectively.

As can be seen, the FMR spectra exhibit broad, well-defined
line shapes with large linewidths, as expected for magnetic
nanoparticle assemblies [54]. While the theory of FMR is well
established for isolated, single-domain particles, where resonance
linewidths are relatively narrow and dominated by intrinsic
damping with minimal extrinsic contributions, the interpretation
becomes significantly more complex in real nanoparticle systems
due to size distributions, multiphase contributions, and interpar-
ticle interactions [55]. In the case of our CFO@C nanocomposites,
the observed line broadening may arise from several contributing
factors: the distribution of particle size and the presence of
multiple magnetic phases (CFO, Co-FCC, Co-HCP) introduce
varied intrinsic anisotropies and resonance fields; random spatial
orientation of nanoparticles within the carbon matrix further
spreads the resonance condition; thermal fluctuations influence
the magnetic moments of smaller particles; and magneto-dipolar
interactions within the nanoparticle assembly alter the collective
magnetic response [56, 57]. These effects act in concert leading to

a distribution of resonance fields, thereby effectively smoothen-
ing and significantly broadening the FMR spectra observed in
our experiments, a desirable feature for broadband EM wave
absorbers [54, 58].

To quantitatively analyze the FMR line shapes, we employed
a model based on the linear combination of symmetric and
antisymmetric derivatives of Lorentzian functions, as described
by the following relation [59, 60].

dp/d = | —2H/2XFhe ~ Hie)
((HDC - Hres)2 + (AH/Z)Z)

P+ (AH/2)" — (Hpc — Hye) = [PA+ P, (6)
((HDC - Hres)2 + (AH/Z)Z)

In this expression, :—Z is the measured lock-in detected signal as
a function of the applied static magnetic field Hy¢, H,s denotes
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FIGURE 9 | (a)Behavior of the Landé g-factor with respect to temperature for M-300 and M-350 samples. Insets: top left—linear fit of linewidth vs.
frequency for damping extraction; top right—representative Kittel fit used to determine g-factor and anisotropy field (Hy, ). Behavior of (b) Anisotropy

field (H, ) and (c) Gilbert damping (o) with temperature.

the resonance field, and AH represents the linewidth parameter
of the derivative signal. The coefficients P, and P, correspond to
the amplitudes of the symmetric and antisymmetric components,
respectively, while P, is a constant offset parameter accounting
for baseline shifts. The solid lines superimposed on the data
points in Figure 8b,c and Figure S4a,b illustrate the resulting fits,
which accurately capture the experimental line shapes across the
frequency and temperature range studied.

The extracted resonance field values at different excitation fre-
quencies were used to construct frequency (f) vs. resonance field
(H,) relationships. As the magnetic nanoparticles in the carbon
matrix are dilute and quasi-spherical in shape, that is why the
f vs. H,, curves were analyzed using the Kittel equation for
spherical particles (Equation 7 ). For comparison purposes, the
corresponding analysis using the in-plane model of the Kittel
equation is provided in the Figure S4c [61, 62].

f = ()//27'[) (Hres +HA) (7)

In the above equation, y is the gyromagnetic ratio, defined asy =
gugp/h, where g is the Landé g-factor; uy is the Bohr magneton,
and H, represents the anisotropy field. A representative fit using
the above equation is shown in top right inset of Figure 9a. From
the slope, we estimated the value of y, which was subsequently
used to determine the g-factor, while the intercept provided an
estimate of the H,.

Furthermore, to determine the intrinsic damping parameter and
quantify the various contributions, the AH obtained from the

fittings of the line shapes was plotted as a function of frequency.
This dependence was then fitted with a linear equation as follows:

AH = AH, + (470a/y o) f ®

In the above expression, AH, indicates the frequency-
independent contribution to the linewidth, also termed
inhomogeneous broadening. The slope yields the Gilbert
damping, a. A representative linear fit used to extract the
aforementioned parameter is provided in the top right of
Figure 9a.

For both M-300 and M-350 samples, the g-factor remains largely
constant across the measured temperature range (200 to 300
K), as shown in Figure 9a. This temperature independence is
commonly observed in ferrimagnetic systems below their Curie
temperature, where the dominant electronic configurations and
spin-orbit coupling remain stable once the long-range magnetic
order is established [63]. The g-factor is an intrinsic parameter
of the material reflecting the ratio of spin angular momentum
to orbital angular momentum, primarily determined by the
electronic structure and local environment of the magnetic ions.
Once the nanoparticles are magnetically blocked (which is the
case over most of our FMR temperature range: 200-300 K), the
fundamental electronic configurations and spin-orbit coupling
that govern the g-factor do not undergo significant changes with
temperature. This consistency further validates the stability of
the magnetic phases and their interactions across this thermal
range, similar to what we have observed in our previous Co-
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CFO nanocomposite, where we acquired a g,,. = 1.89 [26]. The
estimated g-factor for M-300 is 1.88 + 0.04, whereas for M-350,
it is 2.07 + 0.04. This highlights how sensitive the g-factor is to
subtle changes in the material’s composition, phase distribution,
and interfacial characteristics, which are inherently influenced by
the specific synthesis route and processing temperatures [64]. The
inclusion of the carbon matrix and the slightly different synthesis
conditions in the CFO@C system likely modify the degree of
metallic Co formation, its interaction with the CFO phase, and
the cation distribution within the ferrite, leading to these distinct
effective g-factors.

The anisotropy field, H, for both the samples estimated by
considering the spherical Kittel model, is shown in Figure 9b. As
can be seen, H, exhibits an essentially temperature-independent
trend that closely mirrors the near-constant behavior of t,Hies
obtained from the TS measurements. However, the absolute
magnitude of H, from FMR is systematically lower than those
estimated from the respective TS analysis. This difference may be
attributed to the distinct sample preparations and measurement
geometries: the TS measurements were performed on tightly
packed powder in a gelatin capsule (high local particle density),
whereas the FMR samples were prepared as a more diluted, mag-
netically aligned nanoparticle layer on the MgO/CPW. Denser
packing increases interparticle dipolar (and, where present,
interparticle exchange) interactions and thereby enhances the
quasi-static effective anisotropy sensed in TS [65]. In contrast,
the dilute, aligned FMR sample has relatively larger average
interparticle separations and a preferential orientation, reducing
the contribution of collective dipolar fields to the resonance con-
dition. Simple dipolar-field estimates (Supporting Information)
show that changing mean center-to-center spacing from a few
nanometers to ~ 10 nm significantly alters local dipolar fields
(Figure S5c), consistent with the observed differences between
TS and FMR. It is also important to note that TS measurements
(typically in MHz range) and FMR measurements (in GHz range)
probe magnetization dynamics at different frequency regimes.
While TS measurements probe the linear dynamic magnetic
response of the system at lower frequencies, FMR is directly
sensitive to the resonance conditions at much higher frequencies.
Thus, while fundamentally linked, the specific manifestations of
anisotropy in these two measurements can vary. Nonetheless, the
overall temperature independent trend of H, closely tracks that
of o Hyr from the TS measurements highlighting the stability of
the anisotropy in the CFO@C nanocomposites.

Figure 9c shows that the Gilbert damping estimated from the
linewidth~frequency analysis remains high (Qerage ~ 0.14 +
0.0012) and essentially temperature independent over the 200-
300 K range. Such behavior suggests that the dominant relaxation
channels are not primarily governed by thermally activated
magnon-phonon relaxations, which typically introduce a notice-
able temperature dependence, but are instead predominantly
controlled by intrinsic electronic and interfacial scattering mech-
anisms [66, 67]. This temperature invariance thus provides a
critical constraint on the microscopic origin of the damping and
points toward mechanisms rooted in spin-orbit coupling, struc-
tural disorder, and interfacial exchange rather than thermally
driven relaxation. Furthermore, from an application perspective,
this thermal stability ensures that the magnetic dissipation and
absorption characteristics remain consistent across typical oper-

ating environments. Such performance reliability at and around
room temperature is a significant advantage for the practical
implementation of these nanocomposites.

A primary intrinsic contribution to the large damping originates
from the cobalt ferrite phase itself. In spinel CFO, Co** ions
occupying octahedral sites possess a partially unquenched orbital
moment, leading to strong spin-orbit coupling. Microscopically,
this coupling provides an efficient channel for transferring angu-
lar momentum from the precessing spin system to the lattice via
spin—orbit-mediated electron—-phonon interactions. As a result,
the coherent precession of the magnetization decays rapidly,
manifested as enhanced Gilbert damping. This mechanism is well
established in cobalt-containing ferrites as well as other ferrite
systems, and is consistent with the high damping observed in our
system [67-70]. To place the magnitude of the extracted damping
and related FMR parameters in a broader materials context,
a comparative summary of representative systems reported in
the literature is provided in Table S3, including particle size,
frequency range, gyromagnetic ratio, anisotropy field, g-factor,
and Gilbert damping.

Further insight into the role of spin-orbit coupling can be
obtained from the effective g-factor extracted from the FMR
analysis. In crystal-field-based descriptions of transition-metal
ions, deviations of the g-factor from the free-electron value
(g ~ 2.0023), reflect the influence of spin-orbit coupling and
orbital contributions to the magnetic moment. This behavior is
commonly captured in perturbative models through relations of
the form: g = 2[1 — (%)], where A denotes the spin-orbit coupling
constant and A the crystal-field splitting energy [67]. While such
expressions are rigorously applicable to single-ion systems with
well-defined electronic environments, the g-factors measured
here represent effective values averaged over exchange-coupled
magnetic phases and interfacial regions within the CFO@C
nanocomposite. Consequently, a quantitative extraction of 4 is
not attempted. Nevertheless, the deviation of g from the free-
electron value in both samples qualitatively supports the presence
of significant spin-orbit-mediated relaxation channels, consistent
with the enhanced Gilbert damping observed in this system.

In addition to spin-orbit-mediated lattice coupling, electronic
relaxation processes intrinsic to nanoscale spinel ferrites may fur-
ther contribute to the large damping observed here [71]. In CFO,
mixed-valence configurations such as Fe**/Fe** and Co?*/Co**
can be stabilized by defects, surface disorder, and interfacial
environments, particularly in nanostructured composites. Rapid
electron hopping between neighboring octahedral cations gener-
ates time-dependent local exchange fields that efficiently couple
to the uniform precessional mode probed in FMR, providing
an additional channel for angular momentum dissipation [72].
Because these electronic fluctuations occur on timescales com-
pared to the precession period, they contribute to linewidth
broadening in a manner that is largely insensitive to moder-
ate temperature variations, consistent with the experimentally
observed temperature-independent damping [70].

Beyond intrinsic contributions, extrinsic relaxation mechanisms
associated with the multiphase nature of the nanocomposite are
expected to play a substantial role [73, 74]. The coexistence of mag-
netically hard CFO and softer metallic Co phases, as revealed by
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the XRD, hysteresis-loop deconvolution and transverse suscepti-
bility measurements, creates nanoscale magnetic inhomogeneity
and sharp interfacial exchange gradients. Microscopically, such
interfaces break the translational symmetry of the magnetic
system, allowing the uniform precessional modes probed in FMR
to couple to degenerate or nearly degenerate spin-wave modes.
This mode conversion, often described phenomenologically as
two-magnon or interfacial scattering, leads to an effective transfer
of energy from coherent precession into incoherent magnon
excitations, thereby broadening the resonance linewidth and
enhancing the damping [70].

Nanoscale confinement further amplifies these relaxation path-
ways. The high surface-to-volume ratio of the nanoparticles
introduces surface spin disorder arising from broken exchange
bonds, local strain, and reduced coordination at the particle
boundaries. These disordered surface spins experience a distri-
bution of local anisotropy fields and relaxation rates, acting as
efficient sinks for angular momentum and facilitating additional
magnon scattering [75, 76]. In addition, the surrounding carbon
matrix, while primarily serving as a structural scaffold, modi-
fies the magnetic boundary conditions at the particle surface.
By electronically isolating nanoparticles while simultaneously
introducing interfacial electronic states and conductive pathways,
the carbon environment may influence spin relaxation through
enhanced spin dephasing or interfacial spin-flip processes, fur-
ther contributing to the overall damping [50, 77, 78].

Collectively, these intrinsic and extrinsic mechanisms form a
hierarchical damping spectrum in the CFO@C nanocomposite,
dominated by strong spin-orbit coupling in the ferrite phase
and reinforced by interfacial exchange scattering and nanoscale
disorder. While a quantitative separation of individual damping
contributions would require complementary measurements such
as angular-dependent FMR or systematic interface engineering,
the consistency between the observed temperature stability, mul-
tiphase magnetic structure, and broad FMR linewidths supports
this mechanistic interpretation. Importantly, this combination of
damping channels highlights the robust microwave loss behavior
of the composite and underscores the role of multiphase and
interfacial design for high performance microwave absorption
devices.

2.3.3 | Magnetic Hyperthermia

To complement the high-frequency dynamic analyses, magnetic
hyperthermia experiments were conducted to evaluate the low-
frequency heating efficiency of the CFO@C nanocomposites.
Building on the insights from the preceding sections, we estimate
the magnetic hyperthermia efficiency of the nanocomposites
through field-dependent magnetization, specific absorption rate
(SAR) and intrinsic loss power analyses. Magnetic hyperther-
mia relies on energy dissipation from magnetic nanoparticles
under an alternating magnetic field (AMF), a process dependent
on their magnetic properties at physiological temperatures. As
shown in Figure 10b, the magnetization vs. field curve measured
at 300 K exhibits a finite coercivity (~ 33 mT), indicating that
still some nanoparticles remain in a blocked state at room
temperature consistent with that already discussed in Section 2.2.

Such non-vanishing coercivity is expected for hard ferrite systems
below their blocking temperature, where thermal energy is
insufficient to overcome the anisotropy barrier, resulting in stable
magnetization reversal dynamics [79]. In these kinds of systems,
the heat dissipation efficiency, often quantified via the specific
absorption rate, is expected to scale with the amplitude of the
applied magnetic field.

The magnetic heating efficiency of the CFO@C nanocomposites
was assessed through self-heating characteristic curves obtained
under AMF using an induction heating system as already dis-
cussed in the experimental section of this work. To ensure proper
experimental control, the glass vial containing the nanoparticle
suspension was positioned at the center of the coil using a
Styrofoam disc to maintain geometric alignment and thermal
equilibrium. Additionally, the inner walls of the coil were lined
with silicon paper to thermally insulate the sample from direct
heating caused by the coil itself. A schematic view of the experi-
mental setup is provided in Figure 10a. For these measurements,
AMF amplitudes of 400, 600, and 800 Oe were applied at a fixed
frequency of 310 kHz for a duration of 15 min. To evaluate the
impact of dispersion environment and concentration, two distinct
nanoparticle concentrations (0.5 and 1 mg/mL) were prepared
and tested in both D. I. water and agar media. The self-heating
characteristics under AMF are illustrated by the time-dependent
temperature profiles shown in Figure 10c,d and Figure S7a,b
for suspensions in DI water and agar, respectively. A designated
hyperthermia threshold, defined as the 40°C-45°C temperature
interval is included as a dashed band for reference. Analysis
of these heating curves reveals that under an AMF of 800 Oe,
the agar-based suspensions consistently achieve this therapeutic
threshold more rapidly than their DI water counterparts.

The conversion of magnetic energy into thermal energy by
magnetic nanoparticles subjected to an alternating magnetic field
is commonly quantified using the SAR. For the current study, SAR
was determined calorimetrically through two main approaches.
The first assumes adiabatic conditions and uses the initial slope
method, which estimates SAR from the initial linear portion
of the early-time heating curve. The second accounts for non-
adiabatic heat losses and includes both the Newton cooling model
and the Box-Lucas fitting approach. While Newton’s law of
cooling is a fundamental physical model describing heat loss to
the surroundings, the Box-Lucas equation is an empirical fitting
function derived from it and widely used for practical model-
ing of experimental heating curves under realistic (non-ideal)
conditions [80].

In the initial slope method, SAR is calculated under the assump-
tion that heat losses to the environment are negligible during
the early phase of heating, effectively approximating adiabatic
conditions. This assumption holds over a short time window,
where the temperature vs. time profile remains approximately
linear. In the current work, a time interval of 120 s was selected
based on the linearity of the heating curve within that duration.
SAR was then calculated using the relation:

SAR = (Slope)..[C/m] ©)
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FIGURE 10 | (a) Schematic illustration of the magnetic hyperthermia experimental setup. (b) Room-temperature magnetization vs. field (M-

H) curve for the M-350 sample, showing finite coercivity (inset: zoomed-in view near the origin). (c,d) Self-heating characteristic curves of CFO@C
nanocomposites recorded at two concentrations (0.5 and 1.0 mg/mL) under alternating magnetic fields of 400, 600, and 800 Oe at 310 kHz, in DI water

and agar media.

where (Slope); is the slope of the temperature rise during the
linear region expressed as %, C is the specific heat capacity
of the dispersion medium, and m is the mass concentration
of sample in the dispersion medium. The analysis of the SAR
consistently demonstrated a direct proportionality between SAR
values and the applied AMF amplitude across all investigated
media and concentrations (Figure S7c,d). Notably, samples with a
concentration of 1 mg/mL consistently showed lower SAR values
compared to those at 0.5 mg/mL. This inverse trend in heating
efficiency with increasing concentration is typically attributed
to nanoparticle aggregation at higher concentrations [81]. For
hard magnetic materials like CFO, such aggregation reduces the
overall magnetic relaxation efficiency, thereby diminishing the
system’s heating capability.

To quantify SAR beyond the initial heating phase, it is important
to account for heat dissipation to the surroundings, as the
observed temperature profiles often exhibit a non-linear increase
with time under the applied alternating magnetic field. While the
initial slope method provides a direct measure of heat generation
under adiabatic assumptions (valid only for the very early stages
of heating), it does not account for the continuous heat loss
that occurs as the suspension temperature rises [82]. Therefore,
to obtain a comprehensive estimation of SAR across the entire
heating curve, we employed non-adiabatic fitting approaches,
specifically the Box-Lucas equation and a model based on
Newton’s Law of Cooling, to analyze the full time-dependent
temperature data (Figure 11 and Figure S7e,f). Both these models
incorporate heat exchange with the surrounding medium over
extended time intervals [41]. Additionally, it is important to men-
tion that although these models may not fully capture nanoscale
heat transfer physics, they serve as robust tools to approximate
SAR under more realistic (lossy) conditions. Thus, by applying

multiple fitting approaches, we aim to offer a comparative picture
of heating performance that reflects both early and long-term
energy dissipation behavior in the CFO@C system. To account for
thermal losses to the surrounding environment and capture the
full time-dependent heating behavior, the experimental heating
curves data was fitted using the Box-Lucas model as follows:

T (H)=A(1-eB-0) (10)

where A and B are the parameters that were estimated from the
fitting of the heating curves using the above expression. These
parameters were then placed in the equation below to extract
SAR.

sar = S4B a
m

where C is the specific heat capacity of the dispersion medium
and m is the mass concentration of the suspended sample.

As already mentioned, under non-adiabatic conditions, the tem-
perature evolution of a nanoparticle suspension exposed to an
alternating magnetic field can also be modeled using the Newton
cooling law. The time-dependent temperature profile is described
by the equation

T (£) = Ty + ATpsy (1 - e‘ﬁ) (12)

where T, is the initial temperature, AT,,,, represents the maxi-
mum temperature rise, and 7 is the characteristic time constant.
The extracted parameters AT,,,, and 7 are used to calculate the
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FIGURE 11 | Magnetic hyperthermia analysis of CFO@C nanoparticles: (a) Linear fit of specific absorption rate (SAR) as a function of H,?,

validating the quadratic dependence predicted by the Linear Response Theory (LRT); (b) Constant fit of intrinsic loss power (SAR/fH,?) across applied
field strengths, confirming system stability and LRT applicability; (c) Experimental heating curves of sample M-350 under alternating magnetic field,
fitted using three different methods: Initial Slope Approach (ISA), Newton Cooling Approach (NCA), and Box-Lucas method (BLM).

SAR as follows:

AT max

SAR =

Bla

where C is the specific heat capacity of the dispersion medium,
and m is the mass concentration of the sample. The SAR values
obtained from all three approaches are provided in Table 1
and Table S4. The SAR values derived from the non-adiabatic
models are typically found to be higher than those obtained from
the initial slope method, a phenomenon consistently reported
in the literature for various magnetic ferrite based nanopar-
ticle systems, as non-adiabatic models take into account the
temperature evolution over an extended time scale where heat
loss becomes significant [41, 83]. Additionally, while the non-
adiabatic approaches share the same mathematical form, that
is, saturating exponential, they differ in their physical basis and
interpretation. The Newton cooling model is grounded in heat
balance framework. Its parameters, maximum temperature rise
(AT,,.) and characteristic time constant (7), carry direct physical
meaning related to the system’s thermal properties. In contrast,
the Box-Lucas model is employed as a phenomenological fitting
function: its coefficients A and B map numerically onto AT,
and 1/z, but are typically used in practice as empirical fitting
parameters without invoking the underlying thermal assump-
tions. Despite their mathematical similarity, using both models
provides complementary insights: the Newton model offers a
physically interpretable framework, while the Box-Lucas model
serves as a flexible empirical tool for comparing heating dynamics
across samples. By applying both, we ensure robustness in our
SAR estimation under realistic, non-adiabatic conditions.

While the SAR values extracted using various fitting meth-
ods offer quantitative insight into the heating performance,
understanding the underlying physical mechanisms responsible
for heat generation is essential for interpreting these results.
In magnetic nanoparticle systems subjected to AMF, thermal

energy dissipation typically arises from a combination of loss
mechanisms, including magnetic hysteresis, eddy current losses,
and relaxation processes (Brownian and Néel relaxation). The
relative contribution of each mechanism depends on factors
such as particle size, magnetic anisotropy, aggregation state,
and matrix confinement. Given the finite coercivity observed at
300 K (as shown in Figure 10b), magnetic hysteresis losses are
likely playing a non-negligible role in our CFO@C system. While
the smaller nanoparticles (< 9 nm) enter a superparamagnetic
regime at this temperature (Figure 2), the finite coercivity may
arise from the subset of larger particles (> 9 — 10 nm) that remain
magnetically blocked. In this case, hysteresis losses (though rela-
tively small) may arise from the repeated magnetization reversal
of the blocked particles in response to the alternating field,
dissipating energy corresponding to the area of the hysteresis
loop and is characteristic of magnetically hard phases like cobalt
ferrite [84]. Additionally, due to the nanoscale size regime of our
particles system, both Néel relaxation and Brownian relaxations
are expected to be active. Néel relaxation involves the rotation
of the magnetic moment within the particle, while Brownian
relaxation involves the statistical physical rotation of the particles
within the dispersion media. The impact of particle aggregation,
especially at higher concentrations, would directly influence and
restrict this Brownian contribution, as previously discussed. In
contrast, eddy current losses may be considered negligible for our
system. Such losses require significant electrical conductivity to
support circulating currents. However, cobalt ferrite is insulating,
and the carbon matrix is only weakly conducting, so the effective
resistivity of the composite is high. Consequently, appreciable
eddy currents cannot form. Moreover, at the employed frequency
of 310 kHz and with nanoparticles of only ~ 8 nm, the particle
dimensions are far below the electromagnetic skin depth, further
suppressing any residual eddy current effects; even with the
presence of metallic cobalt phases or potentially carbon matrix,
the porous and discontinuous nature of the activated carbon
further limits large-scale eddy current formation. Therefore,
the heating behavior in the CFO@C system is governed by a
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Comparison of SAR values acquired from the fits by employing different approaches.

TABLE 1

M-300 SAR comparison (W/g)

Newton cooling approach Box-Lucas approach

Initial slope method

Agar D.I. water Agar D.I. water Agar

D.I. water

Field
(Oe)

0.5
mg/mL

0.5 0.5 0.5 0.5
mg/mL mg/mL mg/mL

mg/mL

0.5
mg/mL

mg/mL

mg/mL

mg/mL

mg/mL

mg/mL

mg/mL

41.4 78.4 54.6 109.4 45.5 91.6 66.4 265.2 106.8 220.5 153.5
213.1 165.3 217.1
259.7 310.1

80.1

400
600

800

382.0
446.3

365.5

132.2
230.6

208.3

97.4

75.9 184.8 101.5
303.8

166.7
292.1

519.7

322.8

187.9

370.8

185.5

143.1

combination of relaxation and hysteresis losses, modulated by
the key parameters (like, particle size, coercivity, and magnetic
anisotropy) inherent to the multiphase nanostructure.

Given the abovementioned observations and since our nanoparti-
cles lie in the sub 10 nm size range, near the superparamagnetic-
blocked boundary, we assessed the applicability of the Linear
Response Theory (LRT) to our system. LRT is generally valid
when the magnetic field amplitude (H,) is small compared to the
magnetic anisotropy field (u,Hy), and when energy dissipation
arises primarily through linear relaxational processes such as
Néel and Brownian relaxation [85, 86]. In our case, the applied
field amplitudes (400-800 Oe) are below the expected u,Hy
values for cobalt ferrite (also shown in Figure 7b in our TS
analysis section), and the operating frequency (310 kHz) falls
within a regime where the relaxation mechanisms are expected
to dominate [85]. While our system exhibits finite coercivity,
indicating the presence of magnetic hysteresis losses, we apply
LRT to primarily probe the contribution and scaling behavior
of the relaxational component to the overall heating dynamics.
Under LRT, the SAR is predicted to scale quadratically with the
applied magnetic field, as described by the relation:

SAR = puMPVH, (27 f3)’ /3K TTgp [1 + (27rer)2] a4)

where u, is the vacuum permeability, M; is saturation magnetiza-
tion, V'is the particle volume, H,, is the magnetic field amplitude
and 7y is the relaxation time. To evaluate the applicability of this
model under our experimental conditions, we note that in our
case the frequency is fixed at 310 kHz while the magnetic field
amplitude H, is varied. This allows the LRT expression to simplify
a quadratic dependence of SAR on H,, that is,

SAR « H,’ 15)

The above given proportionality serves as an experimental litmus
test for the validity of LRT in nanoparticle hyperthermia systems.
Figure 11a shows the plot of SAR values, calculated using the
initial slope method, as a function of H?. As can be seen, the data
displays a linear trend, consistent with the theoretical prediction.
To further quantify this, we applied a linear fit (indicated by the
red line in Figure 11a), which captures the trend well and passes
close through the origin, suggesting that our experimental SAR
scales as H,?, as expected in the LRT regime. This observation
suggests that the heating mechanism under our conditions is
predominantly driven by the linear relaxation dynamics.

To further assess the heating efficiency of our CFO@C system
in a field- and frequency-independent manner, we evaluated
the Intrinsic Loss Power (ILP), a widely used figure of merit in
magnetic hyperthermia studies. ILP is defined as:

SAR2 16)

ILP =
Hy

where SAR is the specific absorption rate, f is the frequency of
the alternating magnetic field (kHz), and H, is the amplitude
of the applied magnetic field. This normalization removes the
dependence of SAR on experimental conditions, allowing for a
more meaningful evaluation of the intrinsic heating capability
of the nanoparticles themselves [85]. In our case, the ILP values
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were calculated using SAR values obtained via the initial slope
approach already discussed. The acquired results as a function of
magnetic field amplitude are presented in Figure 11b. As evident
from the figure, the ILP values remain nearly constant across
the tested field range. For the 0.5 mg/mL dispersion for both
the samples, the ILP values fall within the magnetic field range
of 0.2 — 3.1 nH - m?/kg in both samples, which is comparable to
those reported for commercially available ferrite nanoparticles
system, highlighting the efficient heating performance of our
CFO@C nanocomposites [85]. To place the heating efficiency of
the present CFO@C nanocomposites in context, Table 2 summa-
rizes a quantitative comparison of SAR and ILP values reported
for representative carbon-containing and cobalt ferrite-based
nanocomposite systems under comparable conditions.

In addition, and with the aim to validate the field independence
of ILP predicted by LRT, we plotted the ILP values as a function
of the applied magnetic field strength and then performed
constant fit over the data points. As expected, the ILP does
not exhibit any significant dependence on H,, consistent with
the theoretical assumption that SAR scales as H,> under LRT,
making ILP a field-invariant quantity. The constant fit captures
the ILP data well, yielding a fitted value with a small standard
error (as shown in Figure 11b) that closely matches the average
of the measured ILP values across the full magnetic range.
This tight clustering and lack of deviation from the constant
trend confirm that the heating efficiency, when normalized to
magnetic field and frequency, remains stable, further supporting
the applicability of LRT to our system under the tested conditions.
The latter suggests that while the heating behavior in the CFO@C
system is governed by a combination of relaxation and hysteresis
losses, it is predominantly driven by linear relaxation dynamics,
thereby reinforcing the observed operation within the LRT regime
inferred from the SAR vs H,? analysis.

Overall, while the hyperthermia analysis establishes relaxation-
dominated magnetic losses in the kHz regime and confirms
operation within the LRT framework, the CFO@C system has
been interrogated across a much broader frequency spectrum
in this work. When considered together with the transverse
susceptibility and ferromagnetic resonance measurements, these
results enable a comprehensive assessment of how magnetic
energy dissipation evolves from low-frequency relaxation pro-
cesses to high-frequency precessional dynamics. Therefore, to
fully appreciate the multifunctionality of this system beyond the
regime-specific analyses presented above, it is instructive to place
the observed magnetic loss behavior of the CFO@C nanocompos-
ites within a broader frequency-dependent framework spanning
kHz to GHz. At microwave frequencies, magnetic energy dissi-
pation is governed primarily by precessional dynamics, where
the Gilbert damping reflects the efficiency of angular momentum
transfer from the spin system to the lattice. The relatively high
and temperature-stable damping observed here (¢« = 0.14 over
200-300 K) suggests that magnetic losses are dominated by
intrinsic and interfacial mechanisms that are largely insensi-
tive to moderate thermal fluctuations [66, 67]. These include
strong spin-orbit coupling in the cobalt ferrite phase, interfacial
exchange scattering arising from the coexistence of hard (CFO)
and soft (metallic Co) magnetic phases, and enhanced magnon
scattering associated with nanoscale disorder and surface effects,
as discussed in detail in the FMR analysis [68-76]. The weak

Comparison of magnetic hyperthermia performance, expressed in terms of SAR and ILP, for representative carbon-containing and cobalt ferrite-Based nanocomposite systems reported in the

literature. Experimental conditions, including field amplitude, frequency and concentration, are included where available.

TABLE 2

)

) nHm?

)

Frequency

Size/Domain

ILP ( Refs.

w

SAR (

mg
mL

Concent. (

(kHz) Field

(nm)

Morphology

NCs/NPs (Type)

kg

g
20-140
75-375
175-974
30-259

(87]

5-20
0.5-1

6.6 KA/m
400-800 Oe

10-15 kA/m
8-23 kA/m

238-380

80 — 120
10 — 50

32-35
27— 38

Interwoven/Complex

Mn,;Zn,;Fe,0,/MWCNTs

Ni@C

[24]
(88]
[89]
[26]
[90]
[91]

0.2-0.46

310
336
336
310
300

Composite

3-8
0.9-2.3

Spherical/Tubular

Fe;0,/MWCNTs
MWCNT/CoFe,0,
Co — CoFe,0,
Fe;0,/CoFe,0,

SPIONs@C
CoFe,0,@C

Composite

0.2

275
5-15
10-450
52-241
68-191

0.5

800 Oe

50
6.35 - 8.8

Composite

0.75

50

100 Oe
10-30 kA/m
0.025-0.03T

Cc@s
C@S/composites

150

10 — 40
150 — 250

[92]

0.5-2

765
300
252

Cluster

[93]

0.95
0.84

325 Oe
15.89 kA/m

42-104

Irregular/Complex

FeCo@Graphite/C

CoFe,0,

[94]

53.4

15

Cubic
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temperature dependence of «a further suggests that these loss
channels are robust against thermal fluctuations in this range,
a desirable characteristic for broadband and thermally stable
microwave absorption.

At intermediate (MHz) frequencies, as probed by transverse
susceptibility measurements, the dynamic response transitions
from precessional to quasi-linear magnetization processes, where
effective magnetic permeability and anisotropy dominate the
loss behavior. In this regime, the coexistence of hard and soft
magnetic phases leads to a spectrally broadened distribution
of switching fields and relaxation times, enhancing magnetic
losses over an extended frequency window. The Voigt-profile
deconvolution of the hysteresis loops quantitatively demonstrates
how these magnetically distinct phases contribute separately yet
in a complementary manner to the overall permeability spectrum.

Last, at low frequencies (kHz), relevant to magnetic hyperther-
mia, magnetic losses arise predominantly from Néel and Brow-
nian relaxation processes rather than coherent spin precession.
Consistent with LRT, the observed heating efficiency under phys-
iologically relevant field amplitudes reflects relaxation-controlled
energy dissipation governed by particle size, anisotropy barriers,
and thermal activation. Importantly, the same multiphase design
that enhances high-frequency damping also broadens the relax-
ation spectrum at low frequencies, enabling efficient dissipation
without relying much on hysteretic losses.

These results reveal that carbon-confined CFO@C nanocom-
posites dissipate magnetic energy through distinct yet com-
plementary mechanisms across kHz, MHz, and GHz regimes.
The multiphase magnetic architecture primarily tunes magnetic
permeability and damping over a wide frequency range, whereas
the conductive carbon matrix provides dielectric loss path-
ways and promotes impedance matching. This hierarchical loss
mechanism highlights the material’s capability for broadband
electromagnetic attenuation and multifunctional performance
across disparate application-relevant frequency domains.

3 | Conclusion

In this work, the synthesis and systematic characterization of
two distinct cobalt ferrite-based nanoparticle samples embedded
within a porous activated carbon matrix (CFO@C) is presented.
We have successfully demonstrated that the composite architec-
ture, incorporating a multiphase magnetic component (cobalt
ferrite with minor elemental Co-rich phases) within the carbon
matrix, establishes a compelling platform for achieving tun-
able static and dynamic magnetic behavior across an expansive
frequency spectrum, from kHz to GHz.

Magnetization as a function of temperature and applied magnetic
field evidence room-temperature magnetic blocking, finite coer-
civity, and a temperature dependence of saturation magnetization
described by Bloch’s law. The obtained Bloch exponents are in
good agreement with values reported for similar nanoparticle
systems. Kneller law analysis of the temperature-dependent coer-
civity data gives blocking temperatures consistent with magne-
tization vs temperature measurements, and yielding suppressed
Kneller exponents, indicative of complex reversal mechanisms

beyond ideal single-domain behavior. Transverse susceptibility
measurements further quantified robust anisotropy fields that
remain stable across varying temperatures. Dynamic magnetic
studies using FMR revealed well-defined spectra with broad line
shapes and temperature-independent g-factors, along with high
damping, thus suggesting an efficient high-frequency energy
dissipation and strong interfacial spin-orbit effects. Calorimetric
magnetic hyperthermia studies, performed in both deionized
water and agar media, consistently demonstrated that these
nanocomposites are well suited for heating purposes. SAR
values evaluated using multiple approaches (initial slope, Box-
Lucas, Newton cooling), follow consistent trends. The observed
quadratic dependence of SAR on H,, and the calculated magnetic-
field-invariant ILP confirms the system’s operation within the
LRT regime, with heat dissipation predominantly governed
by relaxation-based mechanisms along with minor hysteresis
contributions.

Together, these findings demonstrate the successful integra-
tion of magnetic cobalt-ferrite nanoparticles into a mesoporous
activated carbon matrix, thus positioning CFO@C as a robust
multifunctional nanomaterial platform. The observed magnetic
hardness couple with multiphase switching, broadband loss
characteristics, and structural confinement support its relevance
for not only high-performance hyperthermia applications but
also for future integration into technologies such as magnet-
ically responsive inks, additive manufacturing platforms, and
broadband EMI shielding. Future work may explore optimiza-
tion of particle alignment, dispersion, and interfacial control
within the carbon matrix to elevate its application potential in
tunable and frequency-responsive behavior in next-generation
multifunctional platforms.

4 | Experimental Section
4.1 | Chemicals and Materials Synthesis

A commercial AC was employed as a nano-template for the
preparation of the cobalt ferrite nanoparticles. The AC material
(M30), supplied by Osaka Gas company (Japan), has a large
Brunauer-Emmett-Teller (BET) surface area of 2350 m? - g7}, a
high pore volume of 1.47 cm® - g™! and a porosity composed
of mesopores with diameters up to 6 — 7nm in diameter.
The synthesis route is based on the pyrolysis occurring within
the restricted volume formed by the AC porosity. In a typical
fabrication procedure to obtain CFO nanoparticles embedded
in a porous carbon matrix, 1g of AC was impregnated under
continuous stirring with a solution formed by a stoichiometric
mixing of cobalt nitrate [Co(NO;),] and iron nitrate [Fe(NO,);],
ensuring thorough wetting and capillary filling of the porous
framework. The process takes place in the presence of ethanol
up to the incipient wetness point and then dried at 50°C for
2 h. Subsequently, the composite was impregnated with ethylene
glycol as a complexing agent to improve precursor dispersion
and promote homogeneity. Then, the mixture was heat treated
under a N, atmosphere up to 80°C and maintained at this
temperature for 1 h. The final nanocomposite powder samples
are obtained after a subsequent thermal treatment (pyrolysis) at
target temperatures: 300°C and 350°C for 2 h. These samples will
hereafter be referred to as M-300 and M-350, respectively. The
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CFO loading in the final composite was estimated to be ~ 20 wt.%
as deduced from thermogravimetric analysis (TGA). A schematic
sketch of the synthesis protocol is provided in Figure 1.

4.2 | Structural and Microstructural
Characterizations

Room temperature X-ray powder diffraction (XRD) was used
to identify the crystalline phases and to analyze the crystalline
structure of the samples. The patterns were collected at room
temperature in a Seifert XRD 3000 T/T diffractometer with
Mo K,,(0.709 V) and K,, (0.713V) radiations, in an angular
range (260) of 10 — 30° in steps of 0.03° and a collection time
of 30 s. The instrumental resolution of the diffractometer was
determined using a standard LaB; sample. Detailed structural
and crystallographic information was obtained from the full
profile fitting of the XRD patterns using the FullProf suite package
based on the Rietveld method, with rather good reliability factors,
that is, the R-weighted pattern (R,,,) being below 5% [30].

The microstructure and morphology of the synthesized CFO@C
nanocomposites was analyzed using Transmission Electron
Microscopy (TEM) and high-resolution TEM (HRTEM) in the
JEOL 200-EXII and a JEOL JEM-2100F microscopes, operated at
accelerating voltages of 180 and 200 kV, respectively. For imaging
purposes, the samples were prepared by first dispersing a small
amount of powder in ethanol with the aid of an ultrasonic bath
to ensure homogeneity, followed by drop-casting the resulting
suspension onto carbon-coated copper grids and allowed to
air-dry for several hours prior to imaging. The histograms corre-
sponding to the nanoparticle size distributions were elaborated
by measuring the diameters of thousands of randomly selected
particles from multiple TEM images using ImageJ software, and
modelled with a lognormal fit [31].

4.3 | Static Magnetic Measurements

Static magnetization measurements were carried out using the
Quantum Design Vibrating Sample Magnetometer (VSM) option
of the Physical Property Measurement System. For these mea-
surements, the dried nanoparticle samples were carefully loaded
into the VSM sample holder. Magnetization versus applied mag-
netic field (M(H)) measurements were conducted over a temper-
ature range from 5 to 320 K to evaluate field-dependent magnetic
behavior. Temperature-dependent magnetization (M(T)) mea-
surements were performed under three standard protocols: zero-
field-cooled (ZFC), field-cooled (FC), and field-cooled warming
(FCW), spanning the temperature range of 5 to 350 K.

4.4 | Dynamic Magnetic Measurements

Dynamic magnetic behavior of the synthesized nanocomposites
was investigated through calorimetric magnetic hyperthermia,
broadband ferromagnetic resonance (FMR), and RF transverse
susceptibility (TS) measurements, enabling evaluation across a
broad frequency spectrum ranging from kHz to GHz regimes.

Calorimetric magnetic hyperthermia experiments were con-
ducted using an Ambrell Easyheat LI3542 induction heating
system (4.2 kW, 310 kHz; Ambrell, Rochester, NY, USA). The
measurements were carried out in two different dispersion
media: deionized water and 2% agarose gel, to assess heating
performance under both fluidic and constrained environments.
For each medium, two nanoparticle concentrations (0.5 and
1.0 mg/mL) were tested under three alternating magnetic field
strengths: 400, 600, and 800 Oe. The temperature evolution
of the samples was recorded in real-time, and the specific
absorption rate (SAR) was extracted using multiple fitting
approaches. To probe the high-frequency magnetic dynamics of
the nanocomposites, FMR measurements were performed using
a CryoFMR-40 assembly integrated with the Quantum Design
PPMS. The measurements were carried out over a frequency
window spanning 18-30 GHz. TS measurements were conducted
using a custom-built RF tunnel-diode oscillator (TDO) circuit
operating at a resonance frequency of 15MHz (~ 10 Oe). The
experimental setup was interfaced with a Quantum Design
PPMS DynaCool system to facilitate temperature-dependent and
field-swept measurements.

4.5 | Statistical Analysis

All magnetic characterization data were analyzed using standard
fitting procedures appropriate for physical property measure-
ments. Raw magnetometry, transverse susceptibility, ferromag-
netic resonance (FMR), and hyperthermia datasets were pre-
processed for plotting where required. Reported parameters such
as particle size, blocking temperature, Bloch’s exponent, effective
anisotropy fields, g-factors, Gilbert damping, SAR and ILP were
extracted from model-based fitting of experimental data.

No formal hypothesis testing or significance testing was applied,
as the study focuses on quantitative parameter extraction rather
than statistical comparison between populations. Data analy-
sis and fitting were performed using software that included
OriginPro, ImageJ and custom scripts written in Python.
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Supporting Information
1. EDX data

EDX analysis confirms a near-stoichiometric Co-deficient cobalt ferrite composition,

approximated as CoooFe204, for both samples within the experimental uncertainty (Table S1).

Table S1. Atomic element composition of the M-300 and M-350 investigated samples.

Sample M-300 M-350
C (%) 83.1 83.6
O (%) 14.7 14.5
Fe (%) 1.5 1.3
Co (%) 0.7 0.6
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Figure S1. SEM micrograph and corresponding EDX elemental maps illustrating the spatial

distribution of carbon (yellow), iron (red), and cobalt (blue) in the sample.
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2. Magnetometry
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Figure S2: (a) Temperature-dependent magnetization (M(T)) for the M — 300 sample

measured under ZFC, FC and FCW protocols. (b, ¢) Magnetization versus field (M (H)) loops

acquired at various temperatures (5 — 320 K) for M — 300 and M — 350, respectively. (d)

Kneller law fitting of coercivity (H.) as a function of temperature for M — 300. (e) Bloch law

fitting of saturation magnetization (Ms vs.T) data for M — 300. (f) Deconvolution of the

M (H) loop for M — 300 showing hard and soft magnetic phase contributions.
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3. Transverse Susceptibility Measurements

0.030 hd hd v v v v ¥ 0.008
p— ! I Open Circle: +7Tto-7T|R _ : ® +7Tto-7T
ﬂ 0.0254 Z:S:U:K -;'ﬁ"-. ‘-" CI:Jsed Circle: -7Tto+7T ﬂ ) ; \
c 1 - 20k F "C 0.0064
= 0.020-' e S .
L 0154 - 2k S 0.00-
T 4| - 160k J |
- 0.0104 140 K T ‘
= ) 100 K = 0.002+ __3353
- 0.0054 | - ... ~ |
?E . J 60 K ?I{— )
<lo.o00q | = < 0.000- L
K 8 6 -4 2 0 2 4 6
IUOH (T)

Figure S3: (a) Transverse susceptibility (TS) curves acquired across the temperature range of
20-300 K, highlighting temperature-dependent evolution of anisotropy features. (b)
Representative TS curve at 40 K with a zoomed-in inset, revealing multiphase switching

characteristics near zero field.

S-40f12



WILEY-VCH

4. Ferromagnetic Resonance
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Figure S4: (a) Ferromagnetic resonance (FMR) spectra of the M — 300 sample at 300 K
acquired across multiple frequencies (18 — 30 GHz). (b) FMR line shapes recorded at a fixed
frequency of 26 GHz over a range of temperatures, illustrating the evolution of spectral

broadening and resonance field shifts. (¢) g-factor estimated by considering the in-plane model

Ylo

21

of the Kittel equation: f = Hyos(Hres + Mess) 18U, The blue and red band of colors over

the data points indicates the corresponding error in the estimated value of the g-factor at the

respective temperature.

4.1. Estimation of the Dipolar Field Strength

To quantitatively rationalize the difference in the anisotropy fields derived from the
FMR and TS measurements, we estimated the characteristic dipolar field Bg;, acting on a
nanoparticle due to its magnetic neighbors. The magnitude of this field was evaluated using the

classical magnetic dipole approximation, expressed as 52;

Bu = () ()
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In the above expression, M is saturation magnetization; V = (4/3)7Trp3 is the magnetic
volume of the individual particle with radius rp, and r represents the center-to-center distance
between neighboring particles. The factor Z—Z (H/m) converts the field into SI units (T).
Considering the CFO@C nanoparticles system here, the measured Mg = 9.3 emu/g, which
converts to SI units using the density of CFO (p = 5.3 g/cm3) to 4.9 X 10*A/m 1831,

Substituting these quantities into the above relation and varying r to simulate different packing

conditions gives the results summarized below in Table S1.

Table S2: Estimated dipolar field strength (By;,) for CFO@C nanoparticles as a function of
interparticle spacing.

Configuration r (nm) Bgip (T) By, (Oe)
Dense (Touching) 8 2.56 x 1073 25.64
Moderately Dilute 13 5.98 x 107* 5.9762

Dilute 18 2.25x107* 2.25

As shown in Figure S5, the 1/r3dependence dictates that even small changes in
interparticle separation leads to large variations in the local dipolar field. When particles are in
closer proximity, as in the tightly packed TS sample, the enhanced dipolar coupling effectively
augments the collective anisotropy, giving rise to higher values. Conversely, the FMR
specimen, prepared as a more dilute and partially aligned layer, experiences significantly

weaker dipolar fields, yielding lower apparent H,value.

(a) (b) 28- v T v v T v g
Dense Configuration Dilute Configuration -0~ Bdip
—_ 214
<] c
3 (c)
~ 144 <
=
o
m 74 r
04 g

10 20 30 40 50 60
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Figure S5: Schematic illustration of dipolar-field dependence on interparticle distance.

(a) Dense configuration. (b) Dilute configuration. (¢) Plot demonstrates the Bg;, o r~3
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relationship, highlighting how small increases in interparticle distance sharply reduce the local

dipolar field.
4.2. Estimation of Frequency Dependent Complex Permeability from FMR

The frequency-dependent complex permeability was evaluated using a
phenomenological Landau-Lifshitz ferromagnetic resonance (LL-FMR) model, which

describes the resonance-dominated magnetic response as [541:

urmr(f) =1+

LZ S-2
wilfe = (1) ]

where pg = Mg / H, is the static susceptibility term, f, is the ferromagnetic resonance frequency,

and f, is the damping-related relaxation frequency. The frequency f corresponds to the probing

microwave frequency.

For the M-350 sample, the parameters used in this calculation were obtained
experimentally at 300 K as follows: the saturation magnetization M, = 10.7 emu.g~! from
DC magnetometry, the effective anisotropy field Hy = 0.11 T from FMR analysis, and the
Gilbert damping, a = 0.13 from linewidth—frequency fitting. The gyromagnetic ratio was
taken as y/2m = 0.0027 GHz.0e . Using these values, the characteristic frequencies were

calculated as 55!

f;“ = y\/(MsHA) and fa = VHA/CX .

Substituting these into Eq. (S-2), the real (u') and imaginary (u'’) components of the
permeability were evaluated with respect to frequency. As shown in Figure S5, the calculated
' (f) and u"(f) exhibit the characteristic dispersive behavior associated with ferromagnetic
resonance 56571 At frequencies well below the resonance condition, u’ remains slightly greater
than unity while y” increases gradually with frequency, reflecting the ability of the
magnetization to follow the applied field and dissipate energy through damped precessional
motion. Near the resonance frequency, 1" reaches a pronounced maximum, accompanied by
anomalous dispersion in u’, which decreases below unity due to the increasing phase lag
between the magnetization and the driving field. At frequencies above resonance, both u' and
p" approach unity and zero, respectively, suggesting a transition to a weakly magnetic response
regime where the magnetization cannot efficiently follow the high-frequency excitation. The

broad nature of the resonance and loss peak reflects the high damping and multiphase magnetic

S-7o0f12
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structure of the CFO@C nanocomposite, consistent with the experimentally observed FMR

linewidths and exchange-coupled hard/soft phase coexistence.

1.3

1.2

1.1

3 1.0

0.9

00 15 30 45 60 75 90
Frequency (GHz)

Figure S6: Frequency dependence of the real (u') and imaginary (1”) components of the
complex magnetic permeability for the M-350 sample at 300 K, calculated using the LL-FMR-
based phenomenological model (Eq. S-2).

It is important to emphasize that this LL-FMR-based calculation captures only the
intrinsic, resonance-related magnetic contribution to permeability. It does not account for
additional loss channels arising from interfacial exchange coupling, mesoscale magnetic
inhomogeneity, conductive carbon pathways, or dielectric loss mechanisms, all of which
contribute to the experimentally observed broadband absorption behavior. Accordingly, this
analysis is intended to provide an order-of-magnitude estimate and qualitative insight into the

high-frequency magnetic response, rather than a complete electromagnetic absorber model.
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Table S3: Comparison of ferromagnetic resonance (FMR) parameters reported for

representative nanoparticle systems. The table summarizes particle size, measurement

frequency range (GHz), gyromagnetic ratio (y), Gilbert damping parameter (a), anisotropy

field (Hy), effective g-factor, and corresponding references.

Gyromagnetic Ratio,

Frequency Range Anisotropy g-—
System Size (nm) a Y 8 GHz Damping, a Ref.
(GHz) Y (E) Field, H, Factor
Cr doped ~ 124 0.55 —4.25 S8
5—45 2.7-3.0 0.25 — 0.097 - [S8]
C00_5Ni0_5F62 04 - 148 (kOe)
CoFe,_,AlL.O
pxTRTA sg_g2 1-55 - 0.18 — 0.35 _ _ 891
(x:0-10.9)
Dilute MNPs ~5-—25 49-98 - 0.1-0.2 _ _ [S10]
Co Ni Ferrite NPs ~ ~ 10 — 78 1.5 - 26 3.14 0.0128 - 22 [S11]
Fes0 46.07
3T 0.15 e
Niy=Zny-Fe,0 .
052705TR2E4 L9 _10 01-6 - 0.20 _ S12]
Mng¢eZngz,Fe,0, 012 27.49
(Fluid) ' (kA/m)
rGO/MnFe,0
/ 2re - 5-30 2.84 —2.90 0.12 - 0.15 - - [S13]
(VNA-FMR)
Fe;0
3T 12 (Core) 271 0.18
MnFe,0 ~ ore
2re 0.05 — 10 2.76 0.11 - - [S14]
NiFe,0, ~ 12 (Shell)
2.75 0.13
(VNA-FMR)
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5. Magnetic Hyperthermia
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Figure S7: (a, b) Heating curves for the CFO@C (M — 350) nanocomposites acquired at three
field strengths (400,600, and 800 Oe) in two different media: DI water and agar, at
concentrations of 0.5 and 1 mg/mL. (¢) Specific Absorption Rate (SAR) values derived using
the initial slope method, presented as bar graphs for comparative analysis. (e, f) Representative

fits based on the Box—Lucas and Newton cooling approaches, respectively.

Table S4: Comparison of Specific Absorption Rate (SAR) values obtained for the M — 350

sample using different approaches applied to the heating curves.

M — 350 SAR Comparison (W/g)

Initial Slope Method Newton Cooling Approach Box-Lucas Approach

Field

(Oe) D.I. Water Agar D.I. Water Agar D.I. Water Agar

0.5 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 1
mg/ml mg/ml mg/ml mgml | mgml mgml mgml mgml mgml mgml mgml mgml

400 816 444 871 496 93.6 569 1009 61.2 2431 1428 243.2 1459

600 1764 1014 168.0 116.8 194.7 1134 202.2 1363 362.0 201.1 338.5 2544

800 307.2 160.8 293.2 190.1 332.2 185.1 327.6 204.5 4951 266.7 448.7 282.1
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