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Abstract  
The magnetic behavior of the hard/soft CoFe₂O₄@NiFe₂O₄ system is discussed within the framework of two 

established models for magnetic nanoparticle ensembles, the Langevin model and the Random Anisotropy 

Model (RAM), both of which assume coherent and spatially uniform magnetization within the magnetic volume. 

The proposed approach allows us to quantify how magnetic coherence develops across the structurally distinct 

core and shell regions and to identify the regime in which these models remain valid, as well as the conditions 

under which their interpretative limits emerge. In the superparamagnetic state at 300 K, the magnetic sizes 

extracted from Langevin fitting (~5.5 nm for the core and ~8.1 nm for the core@shell particles) are smaller 

than the geometric diameter, indicating partial spin disorder. Field-dependent blocking temperatures fitted 

using RAM yield correlation lengths Lcorr,0 ≈ 9–10 nm, and intrinsic effective anisotropy constants Keff ≈ 3.2×105 

J m−3 for both systems. These results reveal an intrinsic limitation of coherent-rotation models when applied 

to core–shell architectures: the effective energy barrier represents a composite parameter that includes 

contributions from the core, shell, surface, and interfacial regions, which cannot be individually disentangled 

within a macrospin framework. 

 

1. Introduction 
Bi-magnetic nanoparticles (MNPs) with the core@shell (CS) nanoarchitecture represent a versatile 

class of materials in which magnetically distinct phases are exchange-coupled, enabling finely tunable and 

application-specific magnetic properties [1–3]. The interfacial exchange coupling between magnetically hard 

and soft phases enables control over key parameters such as anisotropy, surpassing the performance limits of 

single-phase systems. By adjusting the relative volumes of the two phases and the structural coherence at their 

interface, the magnetization reversal mechanisms shift from rigid coupling to spring-like behavior [4–6]. This 

structural and magnetic flexibility enables diverse applications, including magnetic hyperthermia, data storage, 

permanent magnets, and magnetoelectric composites [7–9]. Advances in seed-mediated growth methods 

provide precise control over the shell thickness and compositional gradients, yielding nearly single-crystalline 

nanoarchitectures such as CoFe2O4@NiFe2O4, Fe3O4@CoFe2O4, Fe3O4@ZnxCo1−xFe2O4, among others [10–12]. 

The rapid progress in CS engineering, and in particular the ability to finely tune interfacial structure 

and magnetic exchange coupling across it, has also prompted a new examination of the interplay among 

structural length scales and magnetic behavior. In this context, the magnetic size has emerged as a key 

descriptor, bridging the structural and magnetic properties of MNPs [13–19]. While the physical diameter 

defines the geometric boundary of a nanoparticle typically observed by transmission electron microscopy 

(TEM), the magnetic size corresponds to the effective region within which local (atomic) magnetic moments 

are coherently aligned and contribute to the net magnetization. Disparities between these metrics arise from 
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non-collinear spins at the surface, lattice imperfections that disrupt exchange pathways, and magnetic 

interparticle interactions [20]. Saturation magnetization (MS) is another key parameter defining the 

performance of any magnetic material; yet, its interpretation in MNPs is not straightforward. Numerous studies 

on spinel ferrite MNPs have shown that their MS values deviate from the bulk values [19,20]. This difference is 

generally attributed to two main factors: (i) the presence of a non-collinear spin structure [20–22], (ii) 

variations in the cationic distribution in the interstitial sites of the spinel structure [23,24]. Surface spin 

disorder typically reduces MS at relatively high temperatures, whereas shifts in the inversion degree may 

compensate for this loss or even enhance the magnetization [23,24]. Consequently, adopting bulk MS values for 

nanoscale systems often leads to inconsistent interpretations, particularly when attempting to relate magnetic 

moment to particle volume. 

The discrepancy between magnetic and physical sizes in ferrimagnetic oxides arises from disordered 

surface regions, where broken Fe–O–Fe superexchange bonds and reduced coordination hinder long-range 

spin alignment, effectively shrinking the magnetic volume [20,21,25,26]. In multi-core iron oxide nanoflowers 

magnetic cores form through oriented attachment with specific crystallographic relationships [27]. Magnetic 

sizes extracted from Langevin fits of magnetization curves M(H) at 300 K closely match microstructural 

dimensions, showing that hierarchical structure and crystallographic coherence govern magnetic properties. 

However, the MS of these nanoflowers is reduced by a ~0.5 nm disordered spin layer at the core boundaries 

and by inhomogeneous vacancy ordering in γ-Fe2O3. In other iron oxide nanoparticles, MS reduction stems 

primarily from antiphase boundaries within the core with a minor contribution of a ~0.3 nm non-magnetic 

surface layer [28]. For instance, in iron oxide nanoparticles, the transition from a Fe3O4 core to a γ-Fe2O3 shell 

can create a diffuse magnetic interface despite a sharp structural boundary, as revealed by polarized small-

angle neutron scattering (SANS) and micromagnetic simulations [29]. Furthermore, this magnetic boundary is 

not static; in CoFe2O4 MNPs, field-dependent SANS has shown that the apparent magnetic size evolves with the 

applied field, governed by the local competition between magnetocrystalline anisotropy, magnetostriction and 

Zeeman energy [30]. 

Although fundamental, magnetic size remains poorly quantified in bi-magnetic CS systems because 

experimentally separating the magnetic contributions of the core, shell, and interface is highly challenging. 

Conventional magnetometry provides only averaged information, while advanced techniques such as polarized 

SANS, XMCD, or electron holography require complex modeling [1,29–32]. Neutron-based approaches are 

especially powerful for separating intrinsic anisotropy and nanoscale magnetic disorder from bulk 

magnetometry [29,30]. These tools are rarely accessible in standard laboratories. Moreover, exchange coupling 

and spin canting generate diffuse magnetic boundaries rather than well-defined interfaces [1]. As a result, most 

studies focus primarily on tuning anisotropy and coercivity, leaving systematic quantification of magnetic size 

largely unexplored [8,33–35].  

While intraparticle spin disorder inherently leads to a discrepancy between the physical and magnetic 

sizes of individual nanoparticles, the collective magnetic response of nanoparticle ensembles is further 

modulated by interparticle interactions. The combined influence of intra- and interparticle exchange and 

dipolar coupling has become a central theme in contemporary nanomagnetism, as it decisively shapes 

collective phenomena and functional responses [36–42]. For ensembles of interacting nanoparticles with size 

𝑑  well below the characteristic exchange length, spin correlations extend beyond individual particles. This 

forms a single magnetic unit of correlated elements with nearly uniform magnetization and an averaged 

magnetic response. A generalized expression describing this extended magnetic correlation length Lcorr has 

been proposed [38]: 

𝐿𝑐𝑜𝑟𝑟 = 𝑑 + [
2 ∙ 𝐴𝑒𝑓𝑓

𝜇0 ∙ 𝑀𝑠 ∙ 𝐻 + 𝐶
]

1/2

     (1) 
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where Aeff represents the effective intergranular exchange constant, μ0 is the vacuum magnetic permeability 

(1.2566∙10−6 T∙m∙A−1), MS is the saturation magnetization, H is the applied magnetic field, and C is an empirical 

parameter introduced to avoid divergence at H = 0, reflecting the variation of interaction strength with particle 

concentration [38]. More recently, this model has been applied to describe ensembles of single-domain MNPs 

with dominating dipolar interparticle interactions [41–43]. 

Within the RAM framework, the effective magnetic anisotropy constant (Keff) represents the averaged 

anisotropy of N interacting units and can be expressed as: 

𝐾𝑒𝑓𝑓 =
𝐾𝑒𝑓𝑓

∗

√𝑁
= 𝐾𝑒𝑓𝑓

∗ ∙ [1 +
𝑥 ∙ (𝐿𝑐𝑜𝑟𝑟

3 − 𝑑3)

𝑑3
]

−1 2⁄

,     (2) 

where 𝐾𝑒𝑓𝑓
∗  is the intrinsic anisotropy constant and x is the volume fraction of interacting grains. To the best of 

our knowledge, the RAM model has not yet been applied to bi-magnetic CS-MNPs. However, such an approach 

could offer valuable insight into both the collective magnetic behavior and the internal collinearity of magnetic 

moments in these complex nanoarchitectures. Indeed, recent studies have shown that the magnetization of CS-

MNPs, specifically those with the magnetically hard core and soft shell structure, demonstrated a 

nonhomogeneous distribution of the magnetization [44]. 

The magnetically hard and soft regions in CS-MNPs exhibit distinct correlation regimes, reflecting 

differences in anisotropy, exchange stiffness, and structural continuity. The presence of non-collinear magnetic 

moments alters magnetic anisotropy and produces a pronounced temperature dependence of magnetization 

[45,46]. At low temperatures, this disordered region may freeze and act as a distinct magnetic phase, 

influencing both anisotropy and overall magnetization of the system, thus it can be magnetically active at least 

at low temperatures [23]. We therefore avoid the term dead layer in favor of non-collinear spin structure (i.e., 

spin canting), which better reflects the underlying physics. 

In this work, we extend our previous study on CoFe2O4 (CFO) seeds and CoFe2O4@NiFe2O4 (CFO@NFO) 

CS-MNPs by quantifying their effective magnetic coherence lengths [47]. We estimate the magnetic size from 

Langevin fitting (dsp) of magnetization curves and the Lcorr using RAM. These parameters reveal how interfacial 

exchange coupling and interparticle interactions influence spin alignment and collective magnetic behavior. 

Beyond their fundamental interest, these insights provide a quantitative foundation for optimizing exchange-

coupled nanoparticles in functional applications such as magnetic hyperthermia, magneto-mechanical 

actuation, high-density data storage, and advanced permanent-magnet architectures [48–52]. 

 

2. Samples: Synthesis and morpho-structural characterization 
Cobalt ferrite (CoFe2O4, CFO) MNPs and CoFe2O4/NiFe2O4 (CFO@NFO) CS-MNPs were synthesized via 

a two-step high-temperature seed-mediated growth procedure under oxygen-free conditions using a Schlenk 

line. The synthesis route, based on the thermal decomposition of metal acetylacetonate precursors in the 

presence of oleic acid, oleylamine, and benzyl ether, was reported elsewhere [47]. The method ensures the 

formation of monodisperse CFO seeds subsequently employed for the growth of the NFO shell under controlled 

reflux conditions.  

X-ray diffraction (XRD) patterns were recorded with a Bruker DaVinci2 diffractometer using Cu Kα 

radiation (λ = 1.5406 Å) in Bragg–Brentano (θ–2θ) geometry over the 10°–75° 2θ range. The mean crystallite 

size was estimated from the Scherrer equation (dXRD = 0.9λ/β cos θ), using the full width at half maximum (β) 

of the 5 most intense reflections [53]. Particle morphology and size distribution were analyzed by Hitachi 

S5500 scanning transmission electron microscopy (TEM) operating at 30 kV. The particle size distribution was 

fitted with a log-normal function, yielding the median diameter (dTEM). Magnetic characterization was 

performed with a Quantum Design SQUID magnetometer up to μ0H = 5 T in the 5–300 K range. Results of 

magnetic measurements are available online [54]. 
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XRD patterns confirmed that both CFO and CFO@NFO MNPs crystallize in the cubic spinel structure, 

with no detectable secondary phases (Figure 1a). Due to the close lattice parameters of CoFe2O4 and NiFe2O4, 

the individual phases could not be resolved by conventional powder XRD and STEM (Figure 1b). The observed 

reflection broadening and increased structural coherence length in the CS-samples indicate epitaxial growth of 

the NFO shell on the CFO core. According to STEM analysis, the CS-MNPs were larger than their corresponding 

CFO seed particles, consistent with the formation of a ~2 nm shell, as also supported by XRD results. Average 

sizes obtained by both methods are reported in Table 1. Complete details of the synthesis procedure, basic 

magnetic and structural characterization are described in our previous work [47]. 

 

Figure 1. (a) XRD patterns and (b) TEM images of CFO and CFO@NFO MNPs.  

 

Table 1. Structural and magnetic parameters of the samples at 300 K: dXRD and dTEM – the average volume-

weighted crystallite and particle sizes, respectively; MS – the saturation magnetization; µ0Ha – the anisotropy 

field; 𝐾𝑒𝑓𝑓
𝐿𝐴𝑆

 – the effective anisotropy constant, and 𝜒𝑑 – the high-field magnetic susceptibility. Uncertainties 

are given in parentheses. 

Sample  dXRD, nm dTEM, nm MS,b, 
A∙m2∙kg−1 

µ0Ha, T 𝑲𝒆𝒇𝒇
𝑳𝑨𝑺, 

kJ∙m−3 
𝝌𝒅, A∙m2∙kg−1∙T−1 

CFO 6.2(2) 7.1(1) 74(3) 1.7(1) 327(33) 0.40(1) 
CFO@NFO 9.2(4) 12(1) 68(2) 0.68(4) 120(21) 0.39(1) 

 

3. Magnetic saturation, size, and anisotropy 
Single-domain MNPs exhibit two limiting regimes depending on temperature and anisotropy energy 

[37,55,56]. When the thermal energy is sufficient to overcome the anisotropy barrier within the experimental 

timescale, the magnetic moment of each particle undergoes rapid fluctuations. Under these conditions, the 

system is in the superparamagnetic regime, characterized by zero coercivity (HC = 0) and remanence (MR = 0). 

The term superparamagnetic reflects the fact that magnetization reversal occurs freely through thermal 

activation, without being hindered by the anisotropy energy barrier. At lower temperatures, thermal 

fluctuations become insufficient to overcome the anisotropy energy barrier, individual magnetic moments 

become blocked, and the system behaves like an ensemble of quasi-static single-domain magnets. The 

transition between these regimes is characterized by the so-called blocking temperature (TB), which depends 

on particle volume, effective magnetic anisotropy, and the experimental measurement time [55,57]. Within this 

framework, the analysis of blocked/superparamagnetic states provides direct access to magnetic size, 

anisotropy, and collective effects. 

As shown in Figure 2a, the field dependence of the magnetization of samples measured at 300 K display 

superparamagnetic-like behavior with negligible HC and MR/MS, indicating that all samples are 
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superparamagnetic at room temperature. For an ensemble of single-domain particles with randomly 

distributed easy axes, the high-field region of M(H) loop can be fitted with the law of approach to saturation 

(LAS) 

𝑀(𝐻)|𝐻≫𝐻𝑖𝑟𝑟
=  𝑀𝑆,𝑏 ∙ [1 −

1

15
∙ (

𝐻𝑎

𝐻
)

2

 ] + µ0 ∙ 𝜒𝑑 ∙ 𝐻,     (3) 

where MS,b denotes the saturation magnetization of magnetically ordered phase, Ha – anisotropy field, related 

to anisotropy constant, and 𝜒𝑑 – susceptibility at high field, which can be attributed to the non‐collinear spin 

structure due to competing interactions between sublattices, and to the symmetry breaking at the particle 

surface [58–60]. To perform the LAS fits, the high-field window was systematically adjusted in the range from 

0.7 to 5 T (Figure S1). We find that MS exhibits remarkable stability, varying by less than 5% across all tested 

high-field ranges (70–74 Am2/kg for CFO and 68–69 Am2/kg for CFO@NFO). This high stability demonstrates 

that the data density in the high-field regime is entirely sufficient to yield robust values for MS. In contrast, Ha 

is inherently more sensitive to the choice of fitting range. Specifically, Ha varies from 1.7 to 1.1 T for CFO and 

from 0.70 to 0.62 T for CFO@NFO as the lower bound of the fit is adjusted. Based on the analysis of the goodness 

of fit parameter χ2 (Figure S1), the interval from 2 to 5 T was selected as the optimal high-field fitting range. 

The corresponding magnetic parameters obtained from the LAS fits in the 2–5 T range are summarized in Table 

1. The experimentally derived MS values are slightly lower than those of bulk (volume-averaged estimates for 

the CS-system). 

The equilibrium magnetization of MNPs above the blocking temperature (TB) can be described using 

the Langevin function, assuming a distribution of particle magnetic moments μ = MS∙V that follows a log-normal 

size distribution. In this approach, the total magnetization M(H) of an ensemble of non-interacting particles is 

obtained by integrating the Langevin function L(α) over all particle sizes [14,61]: 

𝑀(𝐻)  =  𝑀𝑆 · ∫ 𝐿(𝛼) · 𝑃(𝜇) 𝑑𝜇

∞

0

,     (4) 

where P(μ) is the normalized log-normal distribution: 

𝑃(𝜇) =  
1

𝜇 · 𝑤 · √2𝜋
  · 𝑒

 −
[𝑙𝑛(𝜇 <𝜇>⁄ )]2

2𝑤2 .     (5) 

Here <μ> is the median magnetic moment of particles in the superparamagnetic regime, and w – the width 

parameter of the distribution. The Langevin function L(α) is defined as [14,61]: 

𝐿(𝛼) =  𝑐𝑜𝑡ℎ(𝛼) −
1

𝛼
         (6) 

with 

𝛼 =
𝜇0 · 𝜇 · 𝐻

𝑘𝐵 · 𝑇
,         (7) 

where kB – the Boltzmann constant, and T – the absolute temperature. 

Figure 2a shows M(H) curves measured at 300 K and fitted with the Langevin function, considering a 

log-normal distribution to determine magnetic size distribution parameters <μ> and w. As discussed in the 

following sections, the blocking temperature (TB) for both systems is well below 300 K; consequently, the 

thermal energy kBT substantially exceeds the magnetic anisotropy energy KV at room temperature, placing 

both samples in the superparamagnetic regime within the Néel–Brown model [62,63]. Regarding interparticle 

interactions, dipolar coupling is limited by the dispersion of particles in a non-magnetic medium and by the ~2 

nm oleic acid surfactant coating, which enforces a minimum interparticle separation [47]. While dipolar 

interactions cannot be entirely excluded, we expect them to introduce only a minor perturbation to the 

superparamagnetic response at 300 K. 

In Langevin analysis, the MS in Eq. (4) can be treated as a free fitting parameter. For the CFO seed MNPs, 

the fit with MS treated as a free parameter yielded a value consistent with the LAS (MS,L = 77±2 A·m2·kg⁻¹) with 
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an average moment <μ> = 5.0(2)×103 μB. In contrast, leaving MS free for the CFO@NFO CS-sample produced an 

unphysically high value (MS,L = 90±15 A·m²·kg⁻¹), accompanied by large parameter uncertainties, a symptom 

of over-parameterization in a system where MS and <μ> are correlated in the fitting landscape. The extracted 

average magnetic moment <μ> = 16(4)×103 μB is approximately three times higher than that of the CFO seeds. 

This proportional increase is consistent with the expected growth of the magnetic volume, since the physical 

volume of the CFO@NFO particles is roughly 3–4 times larger than that of the CFO cores. 

To resolve the ambiguity in the fit, MS was fixed to the values determined independently from the LAS. 

It is important to emphasize that this constraint does not predetermine the magnetic size: the median moment 

<μ> is mostly governed by the shape and curvature of the M(H) curve and is extracted independently of MS. The 

MS enters the subsequent geometric conversion, fixing it reduces the number of free parameters and stabilizes 

the fit without introducing circularity in the determination of dsp. The resulting average magnetic moments are 

5.2(2)×103 μB and 12(1)×103 μB for CFO and CFO@NFO, respectively. Assuming spherical geometry and 

expressing the magnetic moment in A·m2, the corresponding magnetic diameter of superparamagnetic 

particles (dsp) can be calculated as 

𝑑𝑠𝑝 =  (
6

𝜋
·

 < 𝜇 >

 𝑀𝑆,𝑏
 )

1/3

 .         (8) 

Converting <μ> to a magnetic diameter requires a physically appropriate value of 𝑀𝑆,𝑏. For composite 

nanoparticles, a nominal bulk reference is often unavailable or not meaningful, as the effective magnetization 

depends on phase composition, cation distribution, and interfacial disorder [28,34]. The LAS fit provides a 

reliable alternative: by explicitly separating the ordered-spin contribution 𝑀𝑆,𝑏 from the non-collinear surface 

term 𝜒𝑑 ∙ 𝐻, it yields the intrinsic magnetization of the ferrimagnetically ordered volume. Using this 𝑀𝑆,𝑏, 𝑑𝑠𝑝 

then represents the diameter of the coherently magnetized region. The dsp obtained from the Langevin fitting 

were ~5.5 nm for the CFO sample and ~8.1 nm for CFO@NFO, when the MS,b values from LAS fit are used to 

represent the magnetically ordered core. For comparative purposes, we also adopt slightly higher MS values 

representative of bulk materials: 80 A·m²·kg⁻¹ for CFO and 60 A·m²·kg⁻¹ for CFO/NFO (the latter being a rough 

approximation due to the lack of precise bulk data for the composite system). Under these assumptions, the 

corresponding magnetic diameters are ~5.3 nm and ~8.5 nm, respectively. These values follow the same trend 

as the dXRD and dTEM, though they are systematically smaller (dSP < dXRD < dTEM), as expected when comparing 

magnetic and geometric dimensions (Figure S2). 

While the Langevin formalism successfully captures the overall superparamagnetic behavior, the 

visible deviations in the intermediate-field region for the CFO sample arise from physical mechanisms 

neglected by the ideal, single-size Langevin model. Specifically, cobalt ferrite is characterized by a high 

magnetocrystalline anisotropy that partially limits thermally induced moment rotation under an applied field. 

Additionally, the combined effects of size polydispersity and weak interparticle dipolar interactions within the 

ensemble shear the magnetization curve, thereby slowing the approach to saturation relative to the ideal, non-

interacting isotropic model [19].  
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Figure 2. (a) M(H) curves measured at 300 K for CFO (empty symbols) and CFO@NFO (full symbols) samples. 

Fit with the Langevin function considering the log-normal distribution of magnetic moments is shown by 

lines, and the resulting parameters are indicated. (b) Distributions of the dSP corresponding to the fits in panel 

(a); the inset shows normalized to unity of the area of the distribution of corresponding magnetic moments. 

 

3. 1 Intrinsic anisotropy and coherence length in CS-MNPs 
The temperature dependence of magnetization was studied using zero-field-cooled (ZFC) and field-

cooled (FC) protocols [37]. In the ZFC procedure, the sample was cooled from 300 K to 5 K in a zero magnetic 

field, after which a static field H was applied. MZFC(T) was measured during heating to 300 K, and MFC(T) was 

recorded during subsequent cooling. This procedure was repeated for a set of magnetic fields ranging from 2.5 

mT up to 100 mT. Figure 3 shows the MZFC(T) and MFC(T) curves for CFO and CFO@NFO samples, which exhibit 

markedly different temperature dependences between the two systems.  

 

 

Figure 3. MZFC(T) and MFC(T) curves measured at various fields for (a) CFO and (b) CFO@NFO samples. 

 

According to the Néel–Brown model, the thermal relaxation of a nanoparticle’s magnetic moment 

occurs by overcoming an energy barrier Ea = Keff·V. Since real systems contain particles with a distribution of 

sizes and anisotropies, they exhibit a corresponding distribution of energy barriers. The average blocking 

temperature TB marks the condition where Ea ≈ kB·T, meaning that approximately half of the particles remain 

magnetically blocked while the other half is in the superparamagnetic regime [37,64]. The distribution of 

magnetic energy barriers is then proportional to the first derivative of the thermoremanent magnetization 

(MTRM ≈ MFC − MZFC) (Figure S3) [65]: 
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𝑓(𝛥𝐸) ∝
𝑑(𝑀𝐹𝐶 − 𝑀𝑍𝐹𝐶)

𝑑𝑇
≡ 𝑓(𝑇𝐵).         (9) 

The average blocking temperature (TB) was determined as a temperature where the cumulative 

integral of the 𝑓(𝑇𝐵)  reaches 50% of its maximum value [57]. It should be noted that in core–shell 

nanoparticles, the energy barrier extracted within the Néel–Brown framework represents a single effective 

term (i.e., Keff = Kcore + Kshell)which also encompasses contributions from the surface and interfacial regions [66]. 

Deconvolving individual contributions for different phases is non-trivial from experimentally observed energy 

landscapes.  

Interestingly, the average blocking temperature TB remains nearly identical for both samples, with a 

difference that changes from 7% to 1% from minimal to maximal applied field (Figure 4). Since TB ∝ Keff·V, the 

average magnetic volume and effective anisotropy can be estimated from the field dependence of TB using the 

expression [37]:  

𝑇𝐵(𝐻) =
𝐾𝑒𝑓𝑓𝑉

𝑘𝐵 ∙ ln (𝜏𝑚/𝜏0)
[1 −

𝜇0𝐻

𝜇0𝐻𝑎
]

1.5

,         (10) 

where 𝜇0𝐻𝑎 = 2 ∙ 𝐾𝑒𝑓𝑓 𝑀𝑆⁄  is the Stoner–Wohlfahrt anisotropy field, 𝜏𝑚 = 60 s can be considered as the typical 

experimental time in DC magnetization measurements and 𝜏0  = 10−11 s for ferromagnetic particles. As the 

values and general trend of field dependence of TB for core and CS systems are quite similar, the calculated 

values of particles size and effective magnetic anisotropy constants are similar as well (d = 8.2(8) nm, Keff = 

210(20) kJ∙m−3 for CFO and d = 9.6(9) nm, Keff = 140(10) kJ∙m−3 for CFO@NFO). Notably, these variations are 

much smaller than expected from geometric size differences and simple volume-averaging of anisotropy. A 

plausible explanation is that interparticle magnetic interactions modify the field dependence of TB, an effect 

that can be incorporated within the RAM [39,42]: 

𝑇𝐵(𝐻) =
𝐾𝑒𝑓𝑓

∗ ∙ 𝑉𝑁

𝑘𝐵 ∙ ln (𝜏𝑚/𝜏0)
[1 −

𝜇0𝐻

𝜇0𝐻𝑎
𝑁

]
1.5

,         (11) 

where 𝐾𝑒𝑓𝑓
∗  is the effective magnetic anisotropy constant over N interacting particles, occupying volume 𝑉𝑁 =

𝜋/6 ∙ [𝑑3 + 𝑥 ∙ (𝐿𝑐𝑜𝑟𝑟
3 − 𝑑3)]. 

The field dependence of the TB is presented in Figure 4, and the fitting parameters extracted from TB(H) 

using eq. 11 are summarized in Table 2. A critical aspect in applying RAM is the choice of the internal magnetic 

length scale d. When the physical diameter dTEM of the CFO@NFO particles is used, the fit does not converge. 

This indicates that the effective magnetic volume participating in coherent relaxation is smaller than the 

geometric size of the CS-MNPs. Because magnetic anisotropy is dominated by the CFO core, we therefore take 

d equal to the CFO core diameter for both samples when applying the RAM analysis. 

 

 

Figure 4. Field dependence of mean blocking temperature for CFO (empty symbols) and CFO@NFO (full 

symbols). Lines indicate fit with RAM (eq. 10). 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

03
33

28
7



 
9 

 

 

The intrinsic effective anisotropy constants from the RAM analysis are almost equal, within 

experimental error, for both samples (𝐾𝑒𝑓𝑓
∗  = 326(4) kJ∙m−3 for CFO and 319(1) kJ∙m−3 for CFO@NFO) and align 

with the first-order magnetocrystalline anisotropy of cobalt ferrite (K1 = 290 kJ∙m−3 [67]), consistent with a 

hard-core–dominated response. Although increased 𝐾𝑒𝑓𝑓
  is frequently reported for small CoFe2O4 MNPs due 

to surface spin canting and broken symmetry [60,68,69], this surface contribution is significantly minimized in 

high-crystallinity nanoparticles synthesized via high-temperature thermal decomposition. Consequently, the 

magnetic anisotropy in CFO is predominantly governed by the intrinsic magnetocrystalline contribution 

[32,70]. For the CFO sample, 𝐾𝑒𝑓𝑓
∗  matches the anisotropy constant estimated at 300 K from the LAS fit, while 

it is ~3 times higher for CFO@NFO sample (Table 1). This discrepancy may arise because the Stoner–

Wohlfarth-based LAS model assumes non-interacting, single-phase coherent rotation, while neglecting 

relaxation processes. In the exchange-coupled CFO@NFO CS system, however, the soft-magnetic NFO shell 

facilitates magnetization rotation, resulting in a significantly reduced volume-averaged effective anisotropy 

under high-field LAS fitting, whereas the RAM analysis remains highly sensitive to the local, core-dominated 

exchange correlation length. 

The correlation lengths at zero field are similarly comparable for the two systems (Lcorr,0 = 9(1) nm for 

CFO and 10(1) nm for CFO@NFO), both remaining close to the CFO core diameter. The observed similarity of 

Lcorr,0 to the core size could arise from (i) the hard core dominating the energy barrier even if the shell is 

partially coherent, (ii) a distribution of shell thickness/anisotropy leading to an effective barrier dominated by 

the core, or (iii) model assumptions (single effective Keff*, single Lcorr, and d=dcore assumption) that average out 

shell contributions.  

These conclusions are supported by the intrinsic blocking temperatures 𝑇𝐵
∗ : in a simple additive-

barrier picture, adding a magnetically active shell should increase the effective energy barrier, considering 

preservation of the core. The experimental observation that 𝑇𝐵
∗  remains essentially unchanged between 

systems (~160 K for CFO and 157 K for CFO@NFO), phenomenologically can be explained as the NFO shell 

does not measurably contribute to the barrier extracted from the TB(H) analysis, i.e., the soft shell does not 

participate in the coherently relaxing magnetic unit described by the macrospin model.  

The larger Aeff for CFO@NFO (6.4(7)×10−14 J∙m−1 vs. 1.5(7)×10−14 J∙m−1 for core) is consistent with 

stronger interparticle dipolar coupling, expected from the approximately threefold increase in magnetic 

moment per particle, since Edip∝μ2, as it was already discussed [47]. An additional geometric contribution arises 

from the reduced relative interparticle separation for larger particles with a fixed surfactant layer thickness. 

However, we note that forcing d=dcore in the RAM fit for CFO@NFO introduces a parameter ambiguity: the model 

cannot fully distinguish between a genuine increase in interaction strength and an artifact of the constrained 

reference length scale. The value of Aeff for the CS-system should therefore be treated as a phenomenological 

indicator of enhanced interparticle coupling rather than a quantitative absolute measure. 

 

Table 2. Derived magnetic properties: dsp – magnetic diameter from Langevin fit, Lcorr,0, is the magnetic 

correlation length at zero magnetic field from the RAM, 𝐾𝑒𝑓𝑓
∗  – the intrinsic effective magnetic anisotropy 

constant, 𝑇𝐵
∗ is the intrinsic blocking temperature, and Aeff is the effective exchange stiffness constant. 

Uncertainties are given in parentheses. 

Sample dsp, nm Lcorr,0, nm 𝑲𝒆𝒇𝒇
∗ , kJ∙m−3 𝑻𝑩

∗ , K Aeff, 10−14 J∙m−1 

CFO 5.5(5) 9(1) 326(4) 160(2) 1.5(7) 
CFO@NFO 8.1(8) 10(1) 319(1) 157(2) 6.4(7) 

 

Interestingly, the Lcorr,0 values show a behavior that differs from the dsp obtained from the Langevin fit. 

Both RAM and Langevin fit approaches provide information on the magnetic size. However, the first relies on 
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the analysis of phenomena governed by the equilibrium of the anisotropy energy (Ea = Keff·V) vs. temperature. 

The latter investigates the equilibrium between the Zeeman (Ez = H·MS·V) and the thermal energy. Hence, the 

difference in characteristic lengths Lcorr,0 and dsp may originate from a combination of factors such as the 

temperature dependence of Keff, anisotropy dispersion for particles of different sizes in distribution, or 

consideration of clusterization in the RAM model. The estimated magnetic size of both the systems investigated 

does not overcome the physical size of two particles (2×dTEM), considered as a limit for long-range collective 

states [42]. Thus, the magnetic behavior of both samples is determined by the intrinsic magnetic anisotropy 

within the non-interacting model [40].  

The Néel–Brown formalism — even when extended within the RAM framework — rests on the 

assumption of coherent, uniform magnetization rotation within a macrospin. This assumption becomes 

progressively less valid in exchange-coupled core–shell architectures, where the magnetically soft shell may 

undergo non-uniform or spring-like reversal driven by competing exchange interactions. In such cases, the 

reversal is not governed by a single energy barrier but by a more complex energy landscape that explicitly 

includes the interfacial exchange coupling energy. This interpretation remains speculative, and further 

experimental and theoretical studies are required to clarify the origin of this discrepancy.  

Recent studies have revealed that CS-MNPs may exhibit complex and unconventional magnetic 

structures. For instance, polarized small-angle neutron scattering combined with atomistic simulations on 

Fe3O4/MnxFe3−xO4 systems demonstrated that the spin canting extends throughout the entire particle rather 

than being confined to the surface, driven by the Dzyaloshinskii–Moriya interaction [34]. Moreover, this 

frustrated magnetic configuration can give rise to multiparticle coherent spin canting under an applied field. 

Theoretical works have further suggested that magnetically soft shells can behave as screening layers, forming 

demagnetizing-like spin textures [44]. Song and Zhang [71] showed that reversing the order of soft and hard 

phases in CS-architectures leads to pronounced changes in magnetic anisotropy, likely associated with different 

coherent rotation mechanisms. An enhancement of magnetic anisotropy in hard@soft configurations relative 

to their soft@hard counterparts was also confirmed in our previous study [47]. Taken together, these findings, 

along with our present observation of an unexpectedly preserved Lcorr and the intrinsic effective magnetic 

anisotropy 𝐾𝑒𝑓𝑓
∗ , indicate that hard@soft MNPs represent a distinct class of magnetically correlated 

nanostructures, warranting further detailed investigation. 

 

4. Conclusions 

This work focuses on the magnetic correlations across the interface of hard@soft CS-MNPs. 

CoFe2O4@NiFe2O4 nanoparticles with a narrow size distribution were selected as a model system for a well-

defined exchange-coupled nanoarchitecture. The quantitative evaluation of the magnetic correlation length 

obtained from the RAM analysis reveals that the CoFe2O4@NiFe2O4 heterostructure preserves essentially the 

same magnetic coherence scale and intrinsic anisotropy as the magnetically hard CoFe2O4 core. Although the 

physical particle size increases with the growth of the NiFe2O4 shell, the correlation length extracted from RAM 

does not extend beyond that of the core, indicating that coherent magnetization does not propagate through 

the soft shell probed by this analysis for hard@soft MNPs. The comparison between the magnetic size derived 

from Langevin analysis and the correlation length from RAM highlights their complementary nature. The 

former reflects the thermally active magnetic volume, whereas the latter traces the spatial extent of 

ferro(i)magnetic coherence.  

This inference must be interpreted within the limitations of the Néel–Brown/RAM macrospin 

framework. Both approaches treat the relaxing entity as a single coherently magnetized unit with an effective 

anisotropy barrier, and thus cannot represent incoherent magnetization textures, interfacial spin frustration, 

or exchange-spring–like modes in the soft shell [44,52]. In the “inactive shell” conclusion is thus 

phenomenological: the shell does not contribute to the effective barrier extracted from 𝑇𝐵(𝐻), but it may still 
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participate in reversal through non-uniform processes that lie outside the model’s degrees of freedom. A more 

complete description would require spatially resolved (micromagnetic) modeling beyond a uniform-rotation 

picture. 

This picture is consistent with the current state of the art, as confirmed by SANS, Monte Carlo 

mesoscale and micromagnetic simulations [29,30,66]. Real interfaces in bi-magnetic CS-MNPs can extend over 

several nanometers, forming chemically, structurally, and magnetically graded regions. Our results support a 

shift toward a center–periphery model: the magnetic identity of the nanoparticle develops progressively from 

the core toward the outer region rather than being partitioned into two idealized domains. This framework, 

which will be described in detail in future work, reflects how structural coherence, interfacial exchange, and 

local spin disorder collectively shape magnetic correlations across the entire nanoarchitecture.  

 

Supplementary material 

Figure S1: Magnetization versus magnetic field, M(H), measured at 300 K for CFO and CFO@NFO 

samples. Figure S2: Distributions of the magnetic particle size estimated from Langevin fit of M(H) 

dependencies at 300 K and histograms of physical particle size distribution measured with TEM for CFO 

and CFO@NFO samples. Figure S3: The first derivatives 𝑑𝑀𝑇𝑅𝑀/𝑑𝑇 = 𝑑(𝑀𝐹𝐶 − 𝑀𝑍𝐹𝐶) 𝑑𝑇⁄  at various 

measuring magnetic fields for CFO and CFO@NFO samples. 
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