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Abstract

:

Bi-magnetic core/shell nanoparticles were synthesized by a two-step high-temperature decomposition method of metal acetylacetonate salts. Transmission electron microscopy confirmed the formation of an ultrathin shell (~0.6 nm) of NiO and NiFe2O4 around the magnetically hard 8 nm CoFe2O4 core nanoparticle. Magnetization measurements showed an increase in the coercivity of the single-phase CoFe2O4 seed nanoparticles from ~1.2 T to ~1.5 T and to ~2.0 T for CoFe2O4/NiFe2O4 and CoFe2O4/NiO, respectively. The NiFe2O4 shell also increases the magnetic volume of particles and the dipolar interparticle interactions. In contrast, the NiO shell prevents such interactions and keeps the magnetic volume almost unchanged.
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1. Introduction


Bi-magnetic exchange coupled systems consisting of ferro(i)-/antiferromagnetic (F(i)M/AFM) or magnetically hard/soft (h-FM/s-FM) materials provide enhanced magnetic properties compared to their individual counterparts (i.e., single-phase systems) [1,2,3,4,5]. AFM/FM systems may cause an increase of magnetic anisotropy, that is exploited in different applications such as recording media, spintronics and permanent magnets [3,6,7,8]. Aside from the Exchange Bias phenomenon, resulting in unidirectional exchange anisotropy, an increase of the effective anisotropy energy of the FM phase has also been observed in AFM/FM systems [8,9]. On the other hand, bi-magnetic systems consisting of two FM or FiM interfaced phases, such as h-FM/s-FM core/shell nanoparticles (NPs), with tunable saturation magnetization (MS), and magnetic anisotropy (K) are beneficial to achieve, for example, contrast-enhanced magnetic resonance imaging or a high thermomagnetic effect [1,2,4,10,11,12]. Indeed, the magnetic properties of core/shell systems depend on the intrinsic parameters of h-FM and s-FM phases, as well as on the coupling strength and nanoparticle architecture which are controlled by the synthesis procedure (size of layers, quality of interface, shape, etc.) [4].



Depending on the size/thickness of h-FM and s-FM phases, the bi-magnetic system can act in a rigidly coupled regime if the s-FM phase is thinner than the double domain wall thickness of the h-FM [5]. This regime is characterized by a squared hysteresis loop of the soft phase being strongly exchange-coupled with the hard phase and the magnetization reversal process of the two phases occurring at the same field. In the case of the thicker s-FM phase, its reversal occurs at significantly lower fields than the switching of the h-FM. However, with regard to nanoparticles, a wider phenomenology may be observed due to the large dispersion of magnetic properties arising from size distributions or divergences in the structural properties (i.e., stoichiometry and unit-cell parameters) of nanomaterials compared to bulk analog materials [13]. Special attention has been paid to the formation of the ultrathin shell of a few atomic layer thicknesses, exhibiting an enhanced spin canting (ESC) effect [14] which brings out a larger magnetic surface anisotropy, allowing exchange coupled systems to increase, for example, magnetic energy product (BH)max or specific loss power.



This paper discusses the effect of thin AFM and s-FiM shells on the magnetic properties of CoFe2O4 nanoparticles. The cobalt ferrite is one of the most studied oxides with a spinel structure that presents (semi-)hard magnetic properties [15,16]. To tune its magnetic anisotropy, a thin shell (~0.6-nm) of s-FiM-NiFe2O4 or AFM-NiO has been deposited on the nanoparticle’s surface. Both core/shell systems showed an increase of coercivity (HC) with an almost unchanged saturation magnetization compared to cobalt ferrite NPs.




2. Materials and Methods


2.1. Synthesis of NPs


Iron (III) acetylacetonate (97%), Cobalt (II) acetylacetonate (97%) and Nickel (II) acetylacetonate (95%) were purchased from Alfa Aesar (Kandel, Germany). Oleic acid (AO) (technical grade, 90%), Oleylamine (OLA) (technical grade, 70%), benzyl ether (99%), toluene, 2-propanol, and acetone were purchased from Sigma Aldrich (Darmstadt, Germany) and used without further purification. All the syntheses were conducted under oxygen-free conditions in a Schlenk line.



The single-phase core system was synthesized following a modified procedure reported elsewhere [17,18]. To synthesize the CoFe2O4 core, (CFO sample), Fe(acac)3 (2 mmol), Co(acac)2 (1 mmol), 1,2-hexadecanediol (10 mmol), OA (6 mmol), OLA (6 mmol), and benzyl ether (20 mL) were mixed and magnetically stirred under a flow of nitrogen. The mixture was heated to 200 °C for 100 min (5 °C/min) and then heated to reflux at 300 °C (5 °C/min) for 60 min. The black-colored mixture was left to cool to room temperature overnight and washed with acetone, toluene and isopropanol.



A seed-mediated growth technique at high temperature was used to achieve the core/shell structure. For example, for CoFe2O4/NiFe2O4 NPs (CFO/NFO sample), cobalt ferrite seeds were sonicated in 5 mL benzyl ether in the presence of OA (600 μL). Then, the suspension was added to the round bottom flask containing Ni(acac)2 (0.33 mmol), Fe(acac)3 (0.67 mmol), OA (600 μL) in benzyl ether (15 mL). After 1h vacuum at RT, the solution was heated to reflux at 290 °C (5 °C/min) under an Argon atmosphere and was then kept at this temperature for 30 min. A similar protocol was used to prepare the CoFe2O4/NiO NPs (CFO/NiO sample).




2.2. Morphostructural Properties


The X-ray diffraction (XRD) patterns were obtained from a Bruker DaVinci2 diffractometer (Bruker, MA, USA) with a Cu Kα (λ = 1.54056 Å) source in the 10°–75° 2θ range. Crystal phase identification was performed with QualX software. The mean size of crystallites, dXRD, was calculated by using Scherrer’s equation [19]:


   d  XRD   = 0.9  λ  β cos  θ    ,  



(1)




where β is the full width at half-maximum (FWHM) of the peaks of the corresponding reflections at 2θ geometry.



Scanning Transmission Electron Microscopy (STEM) Hitachi S5500, operating at 30 kV, was used to investigate the size distribution and morphology of the particles. The specimens for the TEM analyses were prepared by depositing one or a few drops of the sample on 300 mesh cupper carbon grids. The particle size distribution obtained by the TEM image analysis was fitted by normal and log-normal functions:


  P =  A   σ  TEM     2 π     exp −    1 2       D   σ  TEM   <  d  TEM   >      2    ;       — normal   distribution  



(2)






   P l  =  A  D  σ  TEM     2 π     exp −       ln  2     D  <  d  TEM   >       2  σ  TEM  2      ,       — log - normal   distribution  



(3)




where <dTEM> is the mean value of particle diameter D (variable) and σ is its standard deviation.




2.3. Magnetic Properties


The DC magnetization measurements were performed by a Quantum Design superconducting quantum interference device (SQUID) magnetometer. The sample, in the form of a powder, was immobilized in epoxy resin to avoid the movement of the nanoparticles during the measurements. Hysteresis loops were obtained in the ±5 T applied magnetic field range at different temperatures from 5 to 300 K. The value of saturation magnetization, MS, was estimated from the Law of Approach to Saturation (LAS) by fitting the high-field region of hysteresis with the function


  M =  M S    1 − A / H   − B /  H 2    ,  



(4)




where A and B are free parameters [20].



The magnetization versus temperature measurements were performed using the zero-field-cooled MzFC(T) and field-cooled MFC(T) protocols in a low measuring magnetic field of 2.5 mT [21,22]. MZFC(T) magnetization was carried out by firstly cooling the sample from room temperature to 5 K in a zero magnetic field. Then, a small measuring magnetic field was applied and the MZFC(T) was measured during warming from 5 to 300 K, whereas MFC(T) was recorded during the subsequent cooling.



For an assembly of non-interacting particles, the difference in MFC−MZFC is related to the distribution of the anisotropy energy barriers [22,23,24]:


   M  FC   −  M  ZFC     ~ α   ∫   Δ  E c   ∞  f ( Δ  E a  )   d E ,  



(5)




where α is a parameter proportional to the initial susceptibility of non-relaxing particles, measuring field and time; ∆Ec is a critical value of energy, above which the particles are blocked. In other words, ∆Ec = KV = 25kBTB, thus, Equation (5) shows the distribution of blocking temperatures:


  f    T B    ~   d (  M  FC   −  M  ZFC   )     d T   .  



(6)







The f(ΔTB) can be fitted by a (log-)normal function because TB is proportional to the particle volume, which is well-described by a (log-)normal function of the particle size distribution (Equations (2) and (3)) [22,25,26]; for the determination of TB in the case of unmerged ZFC/FC, the d(MFC−MZFC)/dT is fitted by the normal function, then the average <TB> is determined as a temperature at which d2(MFC − MZFC)/dT2 = 0, to the left of the MZFC peak position [24].





3. Results


3.1. Morphostructural Properties


The XRD patterns suggest the presence of only spinel and rock salt phases in the bi-magnetic core/shell NPs (Figure 1a). No extra phases have been detected. Scanning transmission electron microscopy (STEM) images show a nearly spherical core and core/shell NPs (Figure 1b), for which the mean diameter (dTEM) has been evaluated using Equations (2) and (3) by counting more than 200 NPs.



On the other hand, the mean crystallites’ size (dXRD), has been calculated using Equation (1) by averaging 5 the most intense XRD reflections. The size of the XRD and STEM measurements, reveals an increase in the diameter after the deposition of a thin shell around the CFO seed NPs, thus confirming the formation of core/shell structures (Figure 1c and Table 1). In particular, the size increase of the dXRD for the CFO/NiO samples is found to be less than the size increase of the dXRD for the CFO/NFO sample. This can probably be ascribed to the partial mismatch of spinel phase planes of the CoFe2O4 with those of the rock salt structure of the NiO phase. However, the dTEM values confirm the growth of a thin shell (~0.6 nm) in both core/shell systems, thus indicating a similar increase in the physical size for both systems. In all cases, these core/shell NPs exhibit a narrow size distribution characterized by the low values of the standard deviation σTEM of the log-normal distribution; the formation of a NiO shell induces a slightly higher dispersion with respect to the CFO/NFO sample (Table 1).




3.2. Magnetic Anisotropy


The temperature dependence of magnetization, which was investigated by the ZFC/FC protocol, shows the typical behavior of single-domain magnetic nanoparticles (Figure 2a). In all samples, MZFC and MFC show irreversibility in the entire explored temperature range. Nevertheless, the average blocking temperature <TB>, which is determined as the temperature at which the magnetic anisotropy energy distribution f(ΔEa) reaches 50% (Figure 2b), is below 300 K. To define this value, we performed an extrapolation of the experimental data with the normal function fit following the procedure explained in p.2.3. In the literature, the log-normal distribution is mainly used to describe uncentered distributions of particle size [27]. The distribution of particle sizes is reflected in a log-normal distribution of the magnetic anisotropy energy barriers f(ΔEa)~KV [22,25,26]. However, in our case, the best fit of f(ΔEa) was achieved with the center-symmetrical normal distribution (Figure 2b). This may be attributed to the specific particle growth process. Fitting the particle size distribution with both Equations (2) and (3) provided similar results. Furthermore, f(ΔEa) is proportional to the particle volume but not to the diameter [28]. The volumetric distribution is three-times higher, thus it is expected σMAG = 3σTEM, where σMAG is the standard deviation of the magnetic anisotropy distribution f(ΔEa) [21]. The average value of the blocking temperature <TB> was found to be ~200 K for the CFO and CFO/NiO samples, while it is significantly higher than the value of ~260K for the CFO/NFO samples (Table 2).



Considering the Stoner–Wohlfarth model, the temperature dependence of coercivity can be expressed as follows:    H C  = ξ   2 K /  M S    1 −     T /  T B      1 / 2      , where ξ is a coefficient, depending on the type of magnetic anisotropy and distribution of anisotropy axes (for an assembly of non-interacting randomly distributed magnetic particles with a dominating uniaxial anisotropy ξ = 0.48) [23]. Thus, at temperatures above TB, all samples exhibit non-hysteretic behavior confirming the superparamagnetic state at 300 K (inset of Figure 3). M-H hysteresis loops recorded at 5 K show a typical shape for h-F(i)M magnetic material with a high value of both the coercivity (µ0HC) and the reduced remanent magnetization (MR/MS) for all samples (Figure 3 and Table 2). The one-step hysteresis loop confirms the rigid exchange coupling between the core and the shell phases. The values of saturation magnetization (MS) at 5 K extrapolated using Equation (4) are listed in Table 2. The highest value of MS was found in the CFO sample (~84 Am2/kg) while the value of MS was slightly reduced for both core/shell samples. Overall, the magnetic properties, in terms of MS, µ0HC and <TB>, that were observed for the CFO single-phase system are close to those previously reported for an ~8-nm [29] and ~7.5-nm [30] CoFe2O4 NPs prepared using the high-temperature decomposition method.



Notably, both core/shell samples showed increased µ0HC values, i.e., 1.5 and 2.0 T for CFO/NFO and CFO/NiO, respectively, compared to the CFO sample (µ0HC = 1.2 T). An enhancement of the coercive field in exchange-coupled nanostructures, consisting of NiO AFM with h-FM CoPt [8] or h-FiM CoFe2O4 [31] counterparts, had already been observed and was attributed to the interface exchange interaction. Moon et al. showed an increase of the anisotropy of h-FiM CoFe2O4 covered with the ultrathin NiFe2O4, MnFe2O4 and Fe3O4 s-FiM shells with a shell volume fraction (fshell = Vshell/Vtotal) lower than 0.25 [14]. This effect was attributed to an enhanced spin canting (ESC) regime of the surface. Indeed, the cobalt ions with the high anisotropy are found to have been less subjected to the canting, while in softer ferrites the spin canting may be stronger [32,33]. According to the literature, the surface and interface terms contribute to the uniaxial magnetic anisotropy of magnetic NPs [34,35,36]. In this case, the surface/interface effects in both core/shell systems demonstrated a tendency towards cubic anisotropy with MR/MS value of around 0.75, which is close to the theoretical value of ~0.8, while in the case of the uniaxial anisotropy, the lower value of ~0.5 is expected [20].



A typical fingerprint of exchange-coupled AFM/F(i)M systems with the Néel temperature (TN) of an AFM phase below that of the Curie (Néel) temperature (TC) of an F(i)M phase is the horizontal shift of the hysteresis cycle (i.e., Exchange Bias) that may be observed under specific conditions [37,38]. Indeed, in a typical experiment to induce a preferential orientation of interface anisotropy, the material is cooled in the presence of a saturating magnetic field from a temperature of above TN to lower temperatures. Indeed, in the TN < T < TC temperature range, the AFM phase is in the paramagnetic state while F(i)M spins are aligned along the direction of the external magnetic field; according to the classical phenomenological description of the Exchange Bias phenomena [6], when cooling down to T < TN, the AFM interface spins become aligned due to the exchange interaction with the F(i)M spins. At low temperatures, interfacial spins are pinned along the field cooling direction and act as a torque, thereby inducing a preferential direction to the magnetization of the F(i)M phase with a resulting horizontal shift of the hysteresis loop. In the case of the NiO AFM phase, although the TN is relatively high (525 K), the loop shift can often be observed even after cooling from a temperature in the range of 300–380 K [8,32,39,40]. This result is explained as an effect of the disordered spins anchored at the interface as follows: since those spins are frustrated, their freezing occurs within a large temperature range which depends on the distribution of the anisotropy energy barrier; such a distribution depends on the local surroundings and the resulting freezing temperature can be significantly lower than the bulk TN [38]. Nevertheless, in our systems, M-H cycles measured at 5 K after cooling from room temperature in a magnetic field of 3 T do not show any exchange bias shift (data are not presented). This can be explained as a result of an extremely thin AFM shell (tshell~0.6 nm) that is not able to maintain the antiferromagnetic order, as well as due to a possible divergence in the stoichiometry of the shell material [13]. However, the core/shell exchange coupling of CFO/NiO nanoparticles leads to an increase of the effective anisotropy at 5 K.




3.3. Intra- and Interparticle Interactions


The effect of interparticle interactions was studied via a remanence plot technique by collecting the values of the remanent magnetization versus the external applied magnetic field µ0Happ obtained from two different initial states of the sample, i.e.,: (i) being demagnetized (mR) and (ii) being saturated in the negative field (mD) [41,42]. The mR (Happ) curve was obtained beginning with a demagnetized sample by applying a positive field µ0Happ, which was then removed, and the remanence mR(Happ) was measured; the process was repeated after increasing the field of µ0Happ up to +5 T (Figure 4a). Similarly, the mD(Happ) curve was measured by saturating the sample in a field of +5 T and then measuring the remanence mD(Happ) after applying a gradually increasing reverse field of µ0Happ up to −5 T.



For a non-interacting assembly of uniaxial single-domain magnetic particles, mR(Happ) and mD(Happ) are connected according to the Wohlfarth model [43]. To quantify the level of interparticle interactions, the Kelly plot was used [44]:


δm = mD − (1 − 2·mR)



(7)




where the peak value of the δm(Happ) function can be considered as a quantitative parameter of interparticle interactions (δm = 0 for the ideal, non-interacting case). This method was extended to the case of particles characterized by a cubic anisotropy [42].



A negative value of δm indicates the dominant role of dipolar interactions among particles (Figure 4b). The higher magnitude of |δm| observed in CFO/NFO NPs may be attributed to the greater size of the particles compared to the CFO seeds. For CFO/NiO NPs the value of |δm| was the lowest among all samples because the AFM shell prevents the interactions among the FiM cores, by increasing the average core-to-core distance l (dipolar field ∝ MS2V2l−3), in agreement with the previously observed decrease of |δm| in the nanocomposite of the CoFe2O4 and NiO NPs [31].



To further disclose the effect of the thin shell on the magnetic behavior of the NPs, the “magnetic size” of the particles was studied using three different approaches:




	
Activation volume through magnetic viscosity coefficient [12,45,46];



	
Fit of superparamagnetic M-H curve with Langevin–Chantrell method [47];



	
Fit of superparamagnetic M-H curve with numerical inversion method [48,49].








The magnetic viscosity coefficient was found through the following relaxation measurements [12,32,46]: the sample was cooled down to 5 K; the sample was saturated in the magnetic field of −5 T; a positive field (µ0Happ) was applied and magnetization as a function of time t was recorded during 120 min. In this way, a set of M(t) curves was obtained at different µ0Happ around the coercivity field of the irreversible component of magnetization mD (µ0HCR) [26,50]. The µ0HCR values were defined as fields at which mD(Happ) crosses zero and were found to be ~1.5, 1.6 and 2.1 T for CFO, CFO/NFO and CFO/NiO, respectively (the same fields corresponding to maximum position of dmD/dHapp). A logarithmic character for M(t) was also observed (Figure 5a):


  M  t  = c o n s t   ±   S ln    t   t 0      ,  



(8)




where S is the magnetic viscosity coefficient and t0 is the reference time. The descending slope of M(t) changes to ascending when the µ0Happ reaches the value ~µ0HCR (Figure 5b).



According to the Néel theory [51], the fluctuation field (µ0Hf) is defined as µ0Hf = S/χirr, where χirr is the irreversibility susceptibility, defined as a peak value of the first derivative MS × (dmD/dHapp). This field describes the effect of the thermal fluctuations on magnetization reversal processes, leading to an equilibrium thermodynamic state. Based on this concept, the magnetic activation volume (Vact) was defined as a volume of magnetic material involved in the process of overcoming the energy barrier for magnetization reversal. For single-domain particles with uniaxial anisotropy, Vact is:


   V  a c t   =    k B  T  χ  i r r      M S  S   ,  



(9)




where kB is the Boltzmann constant. In the case of the dominating cubic anisotropy, the magnetic particles have three easy axes and thus the energy barrier separating the minimums of the potential energy of magnetization states is lower than in the case of uniaxial anisotropy. It was shown in the first approximation that Vactcubic = 4 × Vactuniaxial [46]. Following this procedure and considering the dominant cubic anisotropy, the activation volumes were found to be comparable to the expected values for all the samples; the magnetic volume of the seeds of CFO and CFO/NiO was equal within the experimental error, while it was larger for the CFO/NFO system. As shown in Table 3, Vact was converted into a “magnetic size” dmagI accounting for the spherical shape of particles. For a weakly interacting particles system, the magnetic size is expected to be equal to the physical size of the particles as estimated by the TEM analysis.



Additionally, a determination of the magnetic size was performed by the fit of the superparamagnetic M-H curves with a Langevin function [52]:


    M  H     M S b    = coth     V  M S b  H    k B  T     −    k B  T   V  M S b  H   ,  



(10)




where MSb is the saturation magnetization of bulk material. In the Langevin–Chantrell method [47], V is considered to follow a log-normal distribution (Equation (3) with the appropriate replacement of size to volume or magnetic moment variables). The implementation of the fit procedure using Equation (10), with the substituted variable of the particle volume to its distribution, provides the magnetic size dmagII with its standard deviation σmagII of the log-normal distribution. The fitted M-H curves at 300 K are presented in Figure 6.



An approach proposed to fit M-H is based on the numerical inversion method using the MINORIM software [49]. This method is also based on the fit of the M-H superparamagnetic curve with Equation (10) but does not assume a particular shape of the particle size distribution. To perform the fit for the CFO/NFO sample, an averaged value of MSb for both CoFe2O4 and NiFe2O4, with regard to their content, has been considered. In the case of the fitting of the magnetization curve of the CFO/NiO sample, the value of MSb of the bulk CoFe2O4 was obtained, considering that only the core contributes to the magnetization (Table 3).



By comparing the results from three different methods for the estimation of the magnetic size, a qualitative agreement among the three methods can be observed. The magnetic size increases when the h-FM CFO seeds are covered with the s-FiM NFO shell, while it remains the same in the case of an AFM NiO shell. Moreover, the magnetic size determined through magnetic viscosity was in better quantitative agreement with the result obtained from the numerical inversion method. This fact can be attributed to the non-log-normal distribution of the magnetic properties of the investigated samples. All the magnetic sizes are slightly lower than the physical particle sizes, which can be related to the following surface effects: disordered spins on the surface form a non-magnetic shell with a thickness in the range of 0.5–1 nm or some internal spin canting.





4. Conclusions


A two-step seed-mediated thermal decomposition strategy was employed to fabricate bi-magnetic core/shell CFO/NFO and CFO/NiO NPs. The deposition of an ultrathin layer of ~0.6 nm NFO (s-FiM) and NiO (AFM) on ~8 nm CFO (h-FiM) seed particles strongly affected the magnetic reversal process of core/shell NPs. Both of the shells increased in their magnetic anisotropy and prevented reversible processes (residual thermal fluctuations) at low temperatures. The coercive field increased from ~1.2 T (CFO sample) to ~1.5 T for CFO/NFO and to ~2.0 T for CFO/NiO. The increased anisotropy results from the interface exchange interaction between the FiM core and AFM shell (CFO/NiO) or the disordered spins in the ESC regime (CFO/NFO). Nevertheless, the MR/MS ratio increases from ~0.61 for CFO to ~0.75 for core/shell samples, suggesting that the cubic-type magnetocrystalline anisotropy of the cobalt ferrite core is stabilized by the presence of the thin shell.



A more accurate description of the magnetic structure of synthesized particles was obtained via an analysis of the magnetic size of the particles, determined by three alternative approaches (i.e., magnetic viscosity, Langevin–Chantrell and numerical inversion methods). The magnetic size of the CFO seeds was slightly lower than the physical size, suggesting the presence of canted spins on the surface. In the CFO/NiO sample, the magnetic size was unaltered while the physical diameter increased (Figure 7). Thus, the AFM material on the particle’s surface is not involved in the magnetization reversal processes, but, due to the strong exchange coupling, it strengthens the anisotropy and stabilizes the spins of the core against the thermal fluctuations. The increase in the magnetic size of the CFO/NFO sample confirms the coupling of the FiM shell spins with the core, while the shell affects the ESC regime, and increases the effective magnetic anisotropy. The s-FiM material of the NiFe2O4 shell is more affected by the magnetic frustration than the effect of the frustration in the h-FiM material of the core. Co2+ ions with stronger single-ion anisotropy are less subjected to the canting than Fe3+ and Ni2+ with the lower anisotropy energy [32].



Interestingly, despite the very low thickness, the presence of different shells can affect not only single-particle behavior but also has a notable effect on the interparticle interaction strength. Indeed, the s-FiM shell increases the negative value of δm, suggesting a higher impact of the dipolar interactions, while the NiO shell prevents such interactions. The <TB> of the CFO/NiO sample was approximately equal to that of the CFO; however, given that it is proportional to the anisotropy barrier (<TB> ∝ KV), and considering that both systems have the same magnetic size, one expects the higher <TB> value for the sample with the higher anisotropy. This can be attributed to the significant effect of temperature on the interface component of magnetic anisotropy as well as the effect of interparticle interactions on the anisotropy energy barrier.
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Figure 1. (a) XRD patterns and (b) STEM images for CFO seeds and core/shell systems; (c) diameter distribution obtained from STEM images. 






Figure 1. (a) XRD patterns and (b) STEM images for CFO seeds and core/shell systems; (c) diameter distribution obtained from STEM images.
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Figure 2. (a) Zero-field cooling and field cooling (ZFC/FC) magnetizations recorded in 2.5 mT measuring field; (b) distribution of magnetic anisotropy energy: measured (dots) and extrapolated by fit with the normal function (dashed lines). 






Figure 2. (a) Zero-field cooling and field cooling (ZFC/FC) magnetizations recorded in 2.5 mT measuring field; (b) distribution of magnetic anisotropy energy: measured (dots) and extrapolated by fit with the normal function (dashed lines).
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Figure 3. M-H hysteresis loop at 5 K for all samples. Inset shows low field region of M-H loops at 300 K. 
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Figure 4. (a) mR and mD remanent magnetizations and (b) δm-plots for CFO, CFO/NFO and CFO/NiO systems at 5 K. 
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Figure 5. (a) normalized M(t) measured at different values of µ0Happ after saturation at −5 T for CFO/NFO sample; (b) magnetic viscosity S as a function of the applied field µ0Happ for all samples. 
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Figure 6. Measured and fitted with the Langevin–Chantrell method M-H cycles at 300 K. 
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Figure 7. Schematic representation of the magnetic structure of CFO/NFO and CFO/NiO core/shell samples. 
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Table 1. Morpho-structural properties of samples: crystallite size (dXRD), particle size (dTEM) and standard deviation of the particle size distribution (σTEM) after fit with normal and log-normal functions.






Table 1. Morpho-structural properties of samples: crystallite size (dXRD), particle size (dTEM) and standard deviation of the particle size distribution (σTEM) after fit with normal and log-normal functions.





	
Sample

	
dXRD, nm

	
Normal

	
Log-Normal




	
dTEM, nm

	
σTEM

	
dTEM, nm

	
σTEM






	
CFO

	
7.2 ± 0.4

	
8.3 ± 0.1

	
0.25 ± 0.03

	
8.3 ± 0.1

	
0.13 ± 0.02




	
CFO/NFO

	
8.9 ± 0.9

	
9.3 ± 0.1

	
0.31 ± 0.03

	
9.5 ± 0.1

	
0.15 ± 0.02




	
CFO/NiO

	
7.8 ± 0.7

	
9.3 ± 0.1

	
0.38 ± 0.03

	
9.6 ± 0.2

	
0.19 ± 0.02








Error for dXRD is the standard deviation over values for all peaks; the error for dTEM and σTEM is the error of fitting with normal and log-normal functions.
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Table 2. Mean value of blocking temperature (<TB>) and its dispersion (σMAG), saturation magnetization (MS), reduced remanent magnetization (MR/MS) and coercivity field (µ0HC).






Table 2. Mean value of blocking temperature (<TB>) and its dispersion (σMAG), saturation magnetization (MS), reduced remanent magnetization (MR/MS) and coercivity field (µ0HC).





	Sample
	<TB>, K
	σmag
	MS, Am2kg−1
	MR/MS
	µ0HC, T





	CFO
	201 ± 8
	0.76 ± 0.05
	84 ± 4
	0.61 ± 0.01
	1.2 1



	CFO/NFO
	259 ± 10
	0.50 ± 0.05
	75 ± 4
	0.76 ± 0.01
	1.5 ± 0.1



	CFO/NiO
	200 ± 8
	0.65 ± 0.05
	80 ± 4
	0.74 ± 0.01
	2.0 ± 0.1







1 Error for this value is lower than reported significant digits.
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Table 3. Physical particle size determined from TEM analysis after log-normal fit (dTEMlog), magnetic size from the magnetic viscosity (dMAGI), Langevin–Chantrell fit (dMAGII) and MINORIM software (dMAGIII), standard deviation of log-normal distribution of physical (σTEMlog) and magnetic (σMAGII) size.






Table 3. Physical particle size determined from TEM analysis after log-normal fit (dTEMlog), magnetic size from the magnetic viscosity (dMAGI), Langevin–Chantrell fit (dMAGII) and MINORIM software (dMAGIII), standard deviation of log-normal distribution of physical (σTEMlog) and magnetic (σMAGII) size.





	Sample
	dTEMlog, nm
	dMAGI, nm
	dMAGII, nm
	dMAGIII, nm
	σTEMlog
	σmagII





	CFO
	8.3 ± 0.1
	6.9 ± 0.2
	5.5 ± 0.2
	6.9
	0.13 ± 0.02
	0.22 ± 0.02



	CFO/NFO
	9.5 ± 0.1
	7.3 ± 0.2
	6.0 ± 0.2
	7.7
	0.15 ± 0.02
	0.20 ± 0.02



	CFO/NiO
	9.6 ± 0.2
	6.5 ± 0.5
	5.4 ± 0.2
	6.9
	0.19 ± 0.02
	0.23 ± 0.02
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