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ABSTRACT 

Antiferromagnetic(AFM)|ferrimagnetic(FiM) core|shell (CS) nanoparticles (NPs) of formula 

Co0.3Fe0.7O|Co0.6Fe2.4O4 with mean diameter from 6 to 18 nm have been synthesized through 

a one-pot thermal decomposition process. The CS structure has been generated by topotaxial 

oxidation of the core region, leading to the formation of a highly monodisperse single 

inverted AFM|FiM CS system with variable AFM-core diameter and constant FiM-shell 

thickness (~2 nm). The sharp interface, the high structural matching between both phases and 

the good crystallinity of the AFM material have been structurally demonstrated and are 

corroborated by the robust exchange-coupling between AFM and FiM phases, which gives 

rise to one among the largest exchange bias (HE) values ever reported for CS NPs (8.6 kOe) 

and to a strongly enhanced coercive field (HC). In addition, the investigation of the magnetic 

properties as a function of the AFM-core size (dAFM), revealed a non-monotonous trend of 

both HC and HE, which display a maximum value for dAFM = 5 nm (19.3 and 8.6 kOe, 

respectively). These properties induce a huge improvement of the capability of storing energy 

of the material, a result which suggests that the combination of highly anisotropic AFM|FiM 
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materials can be an efficient strategy towards the realization of novel Rare Earth-free 

permanent magnets.  

 

INTRODUCTION 

The ability to control the assembly of materials with different properties into complex 

nanoscale architectures has recently provided a formidable thrust towards the discovery and 

unraveling of novel exciting physical phenomena, often of high technological impact. Indeed, 

the full exploitation of such effects relies on the capability of a fine control of the interface 

shared by the coupled materials, and on the ability to independently vary every single 

parameter involved.1,2 In this context, bi-magnetic core|shell (CS) nanoparticles (NPs) have 

attracted considerable interest over the last decades, due to the many intriguing phenomena 

stemming from the coupling at the interface.3,4 Frequently, the exchange interaction between 

two different magnetically ordered phases gives rise to exchange bias (HE), that consists in a 

horizontal hysteresis loop shift and a coercive field (HC) increase, after cooling the sample in 

a magnetic field.5 This behavior originates from the pinning force exerted by the 

antiferromagnetic (AFM) phase, which leads to a dominant unidirectional anisotropy.6 This 

unidirectional anisotropy makes the switching of the magnetization of the ferromagnetic one 

(FM) more difficult in the direction opposite to the cooling field.  

Since his discovery, exchange bias has been proposed as an efficient tool for several 

applications, including the enhancement of the performances of permanent magnets.7,8 

However, scientific community has never felt the urgency to develop this idea, mostly 

because of the difficulties in building up complex heterostructures and to the large 

availability of Rare Earth (RE) permanent magnets.3,9 The criticality of RE-elements, 

emerged in the last few years, 10 is pushing researchers to find feasible alternative approach to 
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develop novel RE-free materials. In addition, the tremendous improvement in controlling the 

quality of heterostructures at the nanoscale makes nowadays the exploitation of the exchange 

bias a promising and feasible strategy to attempt to solve the problem of RE-based permanent 

magnets.11 

Being a boundary effect, HE is critically influenced by the quality of the interface shared by 

the two phases, and it is promoted by an epitaxial relationship.12,13 Because of the similarity 

in packing of the oxygen ions, spinel and rock-salt phases are useful building blocks to 

produce high-quality epitaxial superlattices.14 Accordingly, several transition metal oxides 

with these crystal structures have been exploited to realize exchange coupled CS NPs, the 

inverted AFM|ferrimagnetic (AFM|FiM) FexO|Fe3O4, CS system being the most 

investigated.15–18  

A major issue of the FexO|Fe3O4 exchange coupled nanosystem in view of a possible 

application as permanent magnet is the low magnetic anisotropy of the ferromagnetic layer. 

This limitation can be overcome by simply doping the spinel ferrite with a certain amount of  

Co2+ ions.19 On the other hand, doping the spinel ferrite with cobalt, offers the additional 

advantage of increasing the low ordering temperature of FexO (FexO TN = 205 K, CoO TN = 

298 K). 

Here we report on the investigation of exchange bias properties in a family of CoxFe1-

xO|CoxFe3-xO4 CS NPs obtained through one-pot thermal decomposition of mixed cobalt and 

iron oleate complexes. We show how the high crystalline quality of the AFM material and its 

boundary with FiM shell without cationic intermixing lead to exceedingly high HE, even in 

systems where both components exhibit high magnetic anisotropy, a phenomenon which has 

never been previously reported for CS NPs.20 On the other hand, the possibility of 

engineering CS NPs where the size of the AFM core could be systematically varied, while the 
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others structural parameters remained unchanged, allowed us to address its effect on the 

exchange coupling in this class of materials. In particular, we identified the minimum amount 

of the AFM phase which maximizes the energy product of the exchange coupled system and 

thus the performances as permanent magnet.   

 

RESULTS AND DISCUSSION 

CS NPs based on a CoxFe1-xO core and CoxFe3-xO4 shell were synthesized by one-pot thermal 

decomposition of (Co2+Fe3+)-oleate, following a procedure slightly modified from the one by 

Park et al.21 (see Supporting Information). Transmission Electron Microscopy (TEM) images, 

reported in Figure 1a, show a spherical shape and unique size population for all NPs. The 

corresponding particle size histograms, displayed in the insets, are consistent with a Gaussian 

distribution with a narrow particle size distribution (≤ 15%) and mean diameter of 6(1), 9(1), 

15(2) and 18(1) nm. In the following the samples will be denotes as CS#, where # 

corresponds to the mean diameter. The control of the average particle size was achieved by 

varying the decomposition temperature; specifically, by setting the temperature at 300, 315, 

335 and 350 °C, NPs with progressively larger average size were obtained. The increase of 

the particle size with the decomposition temperature is indeed expected, due to the increased 

reactivity of the metal-oleate precursor.21–23 Interestingly, in our case, such dependence 

follows a linear behavior, as shown in Figure S1, Supporting Information.  

High-Angle Annular Dark-Field (HAADF) images demonstrate the formation of a CS 

structure: Figure 1b clearly shows two different regions in the NP, an inner core with higher 

contrast and an outer shell with lower contrast. In order to corroborate the formation of a CS 

structure the local fast Fourier transform (FFT) of a HAADF image and their respective 

inverse FFT were analyzed. FFT images acquired from core and shell regions, revealed the 
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presence of similar face-centered cubic structures (see Figure S2, Supporting Information): 

the core region has the typical periodicity of the rock-salt phase (CoxFe1-xO), while the shell 

shows extra diffraction spots related to the cubic spinel structure (CoxFe3-xO4), as the 0.30 nm 

interplanar distance between (220) planes. Interestingly, from the inverse FFT obtained by 

selecting the spinel (220) reflections (Figure S2, Supporting Information), the corresponding 

planes are clearly visible mainly in the outer part of the NP, as expected for a CS architecture.  

Electron-Energy-Loss Spectroscopy (EELS) analysis was performed in order to assess the 

elemental distribution within the NPs (see Figures 2a and S3). Elemental quantification 

shows a clear CS structure with a non-homogeneous distribution of iron, cobalt and oxygen 

along the NP diameter. Curiously, even if for each sample the ion distributions change with 

radial distance, the stoichiometry of the core and shell regions are the same for all the 

investigated samples, independently of the particle size. The stoichiometry of the two regions 

was evaluated by analyzing the oxygen-to-metal ratio variation, shown in Figure 2b. A sharp 

change from ∼1.0 to ∼1.3 occurs at a given radial distance for each sample, confirming the 

MO|M3O4 CS stoichiometry. Since these compounds are characterized by the presence of 

only divalent ions in the MO core, and by a combination of divalent and trivalent ions in the 

M3O4 shell, a variation in the cobalt-to-iron ratio should be expected in order to maintain 

charge neutrality (as discussed below, we can reasonably assume that only iron ions are in the 

trivalent state). In fact, as reported in Figure 2b, while the iron content is mainly constant 

along the NP, cobalt is present in a higher amount into the inner region than in the outer one, 

the cobalt-to-iron ratio varying from ∼0.43 in the core to ∼0.25 in the shell. Furthermore, the 

Fe2+ and Fe3+ distribution in the NP was examined. EEL mapping, obtained by fitting 

reference spectra to the acquired spectrum image and shown in Figure 2c, displays an evident 

segregation of iron ions with different oxidation states: Fe2+ ions are mostly confined in the 

core region, while Fe3+ ions are exclusively located in the shell. These data demonstrate that 
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the oxidation process is associated to a Co2+ self-diffusion ion mechanism, where the NPs 

release the excess of cobalt atoms to the solution media in order to allow the formation of the 

spinel shell.24 Combining all these results, core and shell structures can be finally assigned to 

rock-salt Co0.3Fe0.7O and spinel Co0.6Fe2.4O4 stoichiometries. Comparing different samples, it 

emerges that NPs have a different average core diameter, which increases with the total 

particle size, while the shell thickness remains roughly constant (~2 nm), independently of 

particle size, reaction temperature or solvent.  

X-Ray Diffraction (XRD) analysis (Figure S4, Supporting Information) confirms the 

presence of two crystallographic phases, which can be indexed as face-centered cubic rock-

salt and cubic spinel phase; the structural parameters obtained from the Rietveld refinement 

are reported in Table 1. Interestingly, in larger NPs (CS15 and CS18) the cell parameter of 

the rock-salt phase falls in between those expected for cobalt and iron monoxide (0.425 and 

0.429 nm for CoO and FeO, respectively), confirming the formation of a mixed cobalt and 

iron monoxide.25–27 Conversely, when the core particle size decreases, the rock-salt unit cell 

undergoes to a progressive contraction. On the other hand, the spinel phase presents a similar 

but opposite behavior: the cell parameter of CS15 and CS18 corresponds to that expected for 

Co0.6Fe2.4O4,
28 while a slight expansion is observed on decreasing the particle size. It has to 

be stressed that the deviation of the cell parameter from the bulk value, in our case, is not 

related to interface effects, as it is observed in epitaxial films where the cell parameter tends 

to the value of the substrate when the film becomes thinner.29  On the contrary, in our case 

both the contraction and expansion of the cell parameters arise from the shell pressure over 

the core, and vice versa, are considered as a manifestation of coherent interface between the 

two phases. A similar behavior has indeed been previously observed in FexO|Fe3O4 CS 

NPs.14,18,30 In addition, it should be stressed that interphase mismatch between core and shell 

grows from small to large NPs, (from 0.2% for CS6 to 1.4% for CS18). This increase can be 
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related to the loss of contraction or expansion suffered by the core or the shell in extremely 

confined system like small NPs. Crystal sizes obtained from profile broadening analysis for 

rock-salt and spinel phases are also reported in Table 1. Due to the broadness of the 

diffraction peaks of the spinel structure and to the overlap between the peaks of the two 

phases, the following procedure was adopted: starting from the mean diameter values 

obtained from TEM image statistics, core diameter (dC) and shell thickness (tS) were 

estimated considering a solid sphere shape and a spherical crown, respectively, with volume 

ratio equal to that obtained from Rietveld evaluation.31,32 With these assumptions we obtained 

that the as-synthesized NPs have a constant shell thickness of ~1.4 nm and a core diameter 

which increases from 3.2 to 14.8 nm (see Table 1), in agreement with EELS results.  

To conclude, the structural characterization (XRD, HAADF) denotes each sample has rock-

salt|spinel CS architecture. In particular, also considering the EELS results, the formation of a 

series of Co0.3Fe0.7O|Co0.6Fe2.4O4 CS NPs with variable core diameter and constant shell 

thickness of ~2 nm is evidenced. The formation of AFM|FiM CS nanostructures by thermal 

decomposition of Fe3+-oleate was previously reported in the literature.14,15 Indeed, it has been 

shown that Fe3+-oleate decomposition at high temperatures allows the formation of 

FexO|Fe3O4 CS NPs through the initial reduction of Fe3+ ions to Fe2+ due to the breakup of 

the oleate chain, forming FexO NPs. Later, the surface oxidation of FexO during purification 

and separation processes leads to the formation of a Fe3O4 shell.33 However, FexO|Fe3O4 CS 

NPs obtained from Fe3+-oleate undergo a progressive oxidation and thus to the thickening of 

the Fe3O4 shell till the complete disappearance of the AFM core.
34 Conversely, as it can be 

seen in Figure S5 Supporting Information, the CS NPs structure does not change with the 

aging of the samples, probably thanks to the higher stability of Co2+ ions with respect to Fe2+ 

ones (E0
Fe(III)/Fe(II) = 0.77 V and E0

Co(III)/Co(II) = 1.82 V).35 Finally, it should be noted that the 

close relationships between cell parameters of both phases (cell mismatch less than 2%) 
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suggests that the spinel shell formation occurs by a topotaxial transformation of the particle 

surface through the oxidation of initial Co0.3Fe0.7O. Notably, this mechanism allows for the 

formation of a sharp boundary between the two phases. HAADF simulation images at [100] 

and [011] directions corroborate the good matching between the core and the shell observed 

in the experimental images (see Figures 1b and S6).36 Interestingly, even for smaller NPs, 

(CS6) where the reduction in size was found to induce structural distortions, (cell expansion 

and contraction of the spinel shell and rock-salt core, respectively), the good matching 

between the two phases was preserved.14,30  

From the point of view of the magnetic properties, Co0.3Fe0.7O|Co0.6Fe2.4O4 CS NPs can be 

considered as a single inverted exchange biased CS system, where the AFM phase is placed 

in the core and the FiM one in the shell, and the ordering temperature of the AFM phase, 

TN(Co0.30Fe0.7O), expected between 198 and 291 K, is lower than that of the FiM one, 

TC(Co0.6Fe2.4O4) = 820 K.37,38 Interestingly, the series of CS NPs shows some characteristics 

which make it an ideal candidate to systematically address the effect of the size of AFM 

counterpart on the final magnetic properties of the nanosystem.39,31 This effect has been much 

less investigated than the influence of the FM size.4 All the samples, indeed exhibit the same 

morphology (narrow particle size distribution, spherical shape and constant 2 nm FiM shell 

thickness), a sharp interface and a high quality structural matching.  

At first, the temperature dependence of the magnetization after zero-field cooling (ZFC) and 

field cooling (FC) processes was measured (Figure 3a). For all CS NPs the ZFC curves 

present a maximum at different temperatures, T1, above which magnetization decays 

monotonically and merges with the FC curve. T1 is size dependent (see Table 2) and 

increases with particle size. In particular, it scales with the volume of the FiM phase (see 

Figure S7, Supporting Information). This behavior is characteristic of superparamagnetic 
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systems, and then, T1 can be associated to the blocking temperature (TB) of the FiM spinel 

shell phase (Co0.6Fe2.4O4), being, as a first approximation, TB = KV/25kB (K is the effective 

anisotropy constant, V is the FiM volume and kB is the Boltzmann’s constant).40 Larger NPs 

(CS18) are still blocked at RT, as expected for cobalt ferrite NPs of 14 nm which is the 

equivalent particle size of a sphere with the same volume of a crown sphere of 14 and 18 nm 

internal and external radius, respectively.28 Furthermore, it should be noted that in the FC 

curves of CS15 and CS18 another maximum in magnetization (T2) is observed at a fixed 

temperature T2 ≈ 220 K. A similar increase in the magnetization is also visible in the ZFC 

curves, even if the kink becomes less prominent as particles size decreases. In order to 

elucidate the nature of the observed magnetic transitions, 30 kOe FC magnetization vs. 

temperature curves were acquired (see Figure 3b). With the exception of the smallest NPs 

(CS6), where AFM rock-salt phase is present only in small amount, at 30 kOe the FC curves 

always present a maximum in magnetization at 220 K. This temperature can be attributed to 

the TN of the AFM rock-salt core phase. Notably, this value is intermediate between the TN of 

bulk FeO and CoO (198 and 291 K, respectively).5,41 As reported in the literature, indeed, 

there exists a linear dependence of TN with cobalt amount in Co-doped wüstite, being FeO 

and CoO isostructural antiferromagnetic oxides.42,43 The estimation of TN for a Co0.3Fe0.7O 

structure, assuming the linear dependence,44 provides TN = 226 K, that is very close to the 

experimental one. It deserves to be stressed that we observed TN even for very low size of the 

AFM phase (5 nm). This result is rather surprising, since for FeO the appearance of the Néel 

transition is usually reported only for much larger NPs size18 and it can be probably ascribed 

to the large magnetocrystalline anisotropy of the mixed monoxide, which makes the material 

less prone to size effects.45 Moreover, for the smallest CS NPs we cannot exclude that TN is 

not visible just because of the too low contribution of the AFM phase or for a progressive 

loss of magnetic order.  
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Figure 4 depicts ZFC hysteresis loops recorded at 10 K, normalized by the magnetization at 

120 kOe. ZFC loops show large HC, in agreement with those expected for cobalt ferrite NPs 

with similar stoichiometry.28 In particular, HC
ZFC values are almost constant around 13 kOe, 

with only a small decrease (< 10%) on passing from small to large particle size. The observed 

behavior, which is markedly different from that commonly observed in single phase magnetic 

NPs,28,46 may arise from a combination of size and morphological effects: in fact, the ZFC 

behavior is mainly determined by the FiM shell, which is characterized by a large surface-to-

volume ratio because of its geometry. Moreover, due to the small shell thickness, we cannot 

exclude that non-coherent magnetization reversal processes are operating, depending on the 

curvature of inner and outer surfaces. The ZFC hysteresis loops are well far from the 

saturation regime even at high fields, although the reversibility regime was reached close to 

the highest measuring field and no vertical shifts were observed.47 The non-saturation 

behavior can be explained by the presence of a high anisotropic AFM material. 

In order to study the exchange coupling properties, low temperature hysteresis loops were 

measured after FC from RT in a 120 kOe field. The loops show the presence of HE, i.e. a 

loop-shift along the field axis, and an enhancement in HC
FC, denoting an increase in the 

effective magnetic anisotropy of the system. These features are typical for exchange coupled 

AFM and FM or FiM materials.6 Interestingly, we did not observe any vertical shift of the 

loops, as reported in previous works focused on similar AFM|FiM CS NPs.35,48,49 In these 

cases the shift was attributed to the role of uncompensated spins in the FiM layer. However, 

we believe this effect should be rather related to the fact that the maximum applied field was 

not large enough to reach the fully reversible regime, independently of any field cooling 

procedure.31,47 The validity of this description is well demonstrated by the FC minor loop 

recorded only up to 70 kOe on CS9 (see Fig. S8): unlike the full loop, the minor cycle is 

largely shifted along the vertical axis.  
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An extremely large HE values, with a maximum of 8.6 kOe for 9 nm CS9 NPs is observed in 

the FC hysteresis loops. To our knowledge, this corresponds to one of the largest HE ever 

reported for CS NPs. This large value can be attributed to the high crystallinity and magnetic 

anisotropy of the AFM counterpart and to the high quality of the interface with the FiM shell, 

i.e. the excellent matching of the two lattices and the remarkable sharp interface.4,36 

Interestingly, the high magnetic anisotropy of both the core and shell regions should 

theoretically quench HE and produce the increase of the coercive field alone.20,50,51 

Conversely, in this system we observed simultaneously both phenomena. Indeed, while the 

demagnetizing branches are shifted towards larger fields, the magnetizing ones are perfectly 

superimposed with those of the ZFC loops, pointing out that the enhancements of HC are 

related to the presence of HE. Therefore, we can conclude that classical macroscopic HE 

theories are not fully valid for CS NPs,3,4,52 and more sophisticated theories such as 

perpendicular coupling must be considered.4,53 Interestingly, previous results on highly 

anisotropic CS NPs have revealed different types of exchange coupling behavior. If in some 

cases no HE was observed and this was ascribed to the high anisotropy of both 

counterparts,50,51,54 in some others moderate and large HE values were reported, although the 

anisotropy of the materials involved was similarly large.48,49 However, in our opinion, a high-

quality structural matching between core and shell regions their sharp interface and the well-

defined crystallographic structure of the AFM materials are crucial issues to realize excellent 

exchange-coupled materials. Another remarkable effect of exchange bias is that of largely 

increasing the area of the hysteresis loop. Since the loop area corresponds to the energy losses 

in a full cycle and hence to the magnetic energy stored in the material55 we can argue that this 

effect can be a powerful tool on the way of building up RE-free permanent magnets (see 

discussion below).  
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The temperature dependence of FC hysteresis loops, measured for CS18, (see Figure S9, 

Supporting Information) further elucidated the nature of the observed magnetic transitions 

(T1 and T2). Both HC
FC and HE display a dramatic reduction as the temperature increases. In 

particular, while HC
FC approaches zero at RT, HE vanishes at 210 K. This behavior is in good 

agreement with the description given above: HC
FC disappears close to the observed TB when 

the FiM spinel shell becomes superparamagnetic; conversely, HE vanishes above the ordering 

temperature of the AFM-core, confirming indirectly the interpretation of T2 as TN of the 

AFM-core region.4 

The present series of AFM|FiM CS NPs is an ideal candidate for a systematic analysis of the 

dependence of exchange-coupling effect on the size of the AFM core. In Figure 5 the 

dependencies of HC and HE as a function of the AFM-core diameter (dAFM) are shown. 

Interestingly, both parameters show non-monotonic trend with dAFM, as they exhibit a 

maximum for CS9 (dAFM = 5 nm) and a subsequent decay to a value that remains constant for 

the two larger samples (CS15 and CS18). Regarding HE, its dependence is in good agreement 

with that theoretically predicted4,56 and experimentally observed4,57,58 in AFM|FM bilayers. 

The non-monotonic dependence is described by considering the concomitant effect of the 

energy barrier of the AFM material (KAFMVAFM) and the formation and growth of AFM 

domains, which are responsible for the onset and the maximum of HE, respectively.31,56 

However, due to the reduced volume of our CS NPs, the formation and growth of AFM 

domains appears rather unlikely. An alternative explanation, recently proposed after some 

MonteCarlo simulations, suggests the competition between uncompensated spins of the core 

and shell regions as responsible of the HE size dependence in AFM|FiM CS NPs.59 

Uncompensated spins, which comes mainly from the non-collinearity of the two AFM and 

FiM sublattices60,61 and from structural defects,62 have been demonstrated to be related to the 

exchange bias phenomena.63 The non-monotonic dependence, thus, can be better attributed to 
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a crossover in the relative number of uncompensated spins located in the FiM surface, i.e. the 

outer surface of the NPs, or in the AFM-core and FiM-shell interface.  

Also the HC
FC dependence has been previously interpreted in terms of domain formation in  

highly anisotropic AFM materials57 or of competition of uncompensated spins in the CS 

structure.59 In our case, however, the maxima of HC
FC and HE occurs at similar dAFM. This 

behavior, which is different from that reported in the literature for other exchange coupled 

systems, where the maximum of HC
FC is usually reached at lower size than HE, clearly 

demonstrates that the increase of coercivity is driven by the presence of the induced bias in 

the demagnetizing branches of the loop. Therefore, the standard models which predict 

different trends for coercivity and exchange bias do not fully describe the behavior of 

AFM|FiM CS NPs with high anisotropy of both components.   

The evolution of the magnetic properties with the size of the AFM core provides precious 

information about the optimal relative amount of AFM and FiM (or ferromagnetic) phases to 

be combined to design an exchange-coupled permanent magnet. The performance of a 

material as permanent magnet is normally quantified by the so-called maximum energy 

product, BHmax, which is defined as twice the maximum magnetostatic energy available from 

a magnet of optimal shape.55 In our case, the relative increase of BHmax before and after the 

FC procedure, BHmax
FC/BHmax

ZFC, has the same non-monotonous trend observed for HC and 

HE (BHmax
FC/BHmax

ZFC  = 2, 7, 3, 1 for CS6, CS9, CS15 and CS18, respectively), confirming 

the strong effect of bias on the permanent magnet properties. More interestingly, we observed 

a very large increase of BHmax (more than 7 times for CS9), for a relatively low amount of 

AFM phase (ca. 20% in volume). Given the very low magnetization of AFM 

nanomaterials,64,65 this aspect assumes a crucial relevance to preserve a high magnetic flux in 

the composite. Indeed, a large volume of the AFM phase could significantly affect MS 

compromising (BH)max.
7,8  
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CONCLUSIONS 

In summary, a series of narrowly size distributed Co0.3Fe0.7O(AFM)|Co0.6Fe2.4O4(FiM) CS 

NPs with mean diameter from 6 nm to 18 nm was synthesized through the one-pot thermal 

decomposition of a (Co2+,Fe3+)-oleate precursor. The formation of the CS structure was 

obtained by topotaxial oxidation of the core region leading to a series of CS NPs with 

variable AFM-core size and constant FiM-shell thickness. The excellent interphase matching 

and the well-defined CS morphology and stoichiometry for all the series makes it a proper 

candidate for a systematic analysis of the exchange-coupling dependence on the AFM size in 

AFM|FiM CS NPs. Accordingly, magnetic characterization has revealed ZFC hysteresis 

loops with large irreversible fields and HC almost independent of particle size. In addition, 

upon field cooling the robust exchange-coupling between AFM and FiM phases was 

demonstrated to give rise to one of the largest value of HE ever reported for CS NPs (8.6 kOe) 

and to an enhanced HC. The combination of these two effects leads to a significant increase of 

the energy stored in the material, even in a highly anisotropic material such as cobalt ferrite 

nanoparticles and for a relatively low amount of AFM phase. Therefore, biasing is 

demonstrated to be a powerful strategy to improve the performance of RE- free permanent 

magnets, which is currently a largely investigated research area. Although the low ordering 

temperatures of the most common high anisotropy AFM components may appear a critical 

limitation to the proposed approach, it should be observed that the combination of magnetic 

proximity effects66,67 and high susceptibility AFM materials68 can enhance the effectiveness 

of exchange bias at higher temperatures, suitable for practical applications.  

Interestingly, the FC process was found to affect the loop on the demagnetizing branches 

only, suggesting that classical macroscopic HE theories do not accurately describes the 
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behavior of high anisotropic CS NPs. Both HC
FC and HE depict a non-monotonic trend with 

dAFM, showing a maximum value at dAFM = 5 nm. The observed trend for HE was explained 

by the internal competition between uncompensated spins at the NP surface and core-shell 

interface.   

 

MATERIALS AND METHODS 

The synthesis was carried out using standard airless procedures and commercially available 

reagents: 1-octadecene (ODE, 90%), docosane (DCE, 99%), ethanol (EtOH, >99.8%), hexane 

(Hx, >95%), oleic acid (OA, 90%), sodium oleate (NaOl, >97.0%), iron(III) chloride 

hexahydrate (FeCl3·6H2O, >98%), cobalt(II) chloride hexahydrate (CoCl2·6H2O, >98%). All 

starting materials were purchased from Sigma-Aldrich, except sodium oleate that was 

acquired from TCI America, and used without further purification.  

Monodisperse spherical NPs were synthesized through thermal decomposition of metal-

oleate complex in high-boiling solvent containing oleic acid as stabilizing surfactant, 

following a procedure slightly modified from that developed by Park et al.21 The metal-oleate 

complexes were prepared dissolving 4 mmol of FeCl3·6H2O, 2 mmol of CoCl2·6H2O and 16 

mmol of NaOl in 10 mL of H2O, 10 mL of ethanol and 20 mL of hexane and heating the 

mixture to reflux for 4 h. In a typical synthesis, 1.5 g of mixed metal-oleate complex  

((Co2+Fe3+)-oleate) and 0.15 g of OA were dissolved in 10 g of ODE or DCE in a 50 mL 

three-neck round bottom flask. The mixture was heated to the desired decomposition 

temperature at 3 °C min-1 for 2 h. Four different decomposition temperatures were selected, 

300, 315, 335 and 350 °C, leading to the formation of NPs of different size. Finally, the flask 

was removed from the heating mantle and allowed cooling down. During heating, digestion 

and cooling processes the mixture was exposed to an N2 flow. All NPs were washed by 
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several cycles of coagulation with ethanol, centrifugation at 5000 rpm, disposal of 

supernatant solution and re-dispersion in hexane.  

Transmission electron microscopy (TEM) images were obtained using a CM12 Philips 

microscope with a LaB6 filament operated at 100 kV. High resolution high angle annular dark 

field images (HAADF) were acquired on a FEI Titan ‘cubed’ microscope equipped with a 

probe corrector (probe size 0.08 nm, convergence 22 mrad, inner detector angle 50 mrad) 

operated at 300 kV. High resolution images (HR-TEM) were acquired on a JEOL JEM-

2200FS operated at 200 keV, setting the spherical aberration to a small negative value (~ -30 

µm) to obtain a low delocalization and a high phase contrast transfer at high frequencies, and 

by filtering the elastic signal with the Ω-filter to further increase contrast. The electron energy 

loss (EEL) profiles for the particles with different sizes were acquired on the same instrument 

with the filter in spectroscopy mode. The quantification of O-K, Fe-L2,3, and Co-L2,3 edges 

was performed using EELSMODEL and a Likelihood derived fitter algorithm for Poisson 

statistics, to assure the highest possible accuracy and precision.69 High resolution EEL maps 

to determine the Fe valence were obtained at 120 kV with a Gatan Enfinium SR spectrometer 

and by exciting the monochromator, to reach an energy resolution of ~0.25 eV in the Fe-L2,3 

edge. Fe2+ and Fe3+ maps were obtained by fitting reference spectra to the acquired spectrum 

image. The simulations of the core/shell structure and the EEL profiles were done assuming a 

perfect match between rock-salt core and cubic spinel shell, and a full occupancy at the 

atomic sites. Simulated HAADF images of the core/shell particles were obtained with 

STEM_CELL using a linear approximation,70 taking into account the detector collecting 

angle (50 mrad – 180 mrad) and the nominal probe size (0.08 nm). The NPs were dispersed 

in hexane and then placed dropwise onto a carbon supported grid. The particles size and the 

standard deviation were obtained by calculating the number average by manually measuring 

the diameters of more than 300 particles from TEM images.  
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The determination of cobalt and iron concentration in the sample was performed using a 

Rigaku ZSX Primus II X-ray fluorescence spectrometer (XRF). The structure of the NPs was 

investigated by X-ray powder diffraction (XRD) using a Bruker New D8 ADVANCE ECO 

diffractometer with a Cu Kα radiation. The measurements were carried out in the range 25-

70°, with a step size of 0.03° and a collection time of 1.5 s. Quantitative analysis of the XRD 

data was performed with a full pattern fitting procedure based on the fundamental parameter 

approach (Rietveld method)71 using the Topas 2.0 software package (Bruker AXS).  

The magnetic properties of the NPs were measured on tightly packed powdered samples 

using a vibrating sample mode magnetometer with 120 kOe (MagLab VSM12T-Oxford) and 

90 kOe (VSM, Quantum Design PPMS) maximum field. Magnetization versus temperature 

measurements were performed in zero-field cooled (ZFC) and field cooled (FC) conditions 

with 50 Oe or 30 kOe probe fields. Hysteresis loops were measured in ZFC and FC 

conditions after cooling from RT to 10 K with a 120 kOe applied field.  

 

ASSOCIATED CONTENT  

Supporting Information.  

Dependence of the CS NPs size on the decomposition temperature of (Co2+Fe3+)-oleate 

precursor. Indexed HR-TEM FFT for core and shell regions and inverted FFT image from the 

(220) diffraction spots. Simulated HAADF images for the rock-salt and spinel structures and 

superposition of the two. Experimental and simulated EELS profiles. XRD patterns. 

Dependence of TB and TN on the volume of the FiM phase. FC hysteresis loops of CS9 

recorded at 10 K in the ± 70 kOe and ± 120 kOe field ranges, and of CS18 recorded at 

increasing temperatures, from 10 K to 300 K. Temperature dependence of HC and HE for 
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CS18. Room temperature hysteresis loops. This material is available free of charge via the 

Internet at http://pubs.acs.org. 
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TABLES 

 

 

Table 1. Left: mean diameter (<d>), core diameter (dcore), and shell thickness (tshell) obtained from 

TEM images. Right: cell parameter (a), crystal size (D), weight percentage (w%), core diameter (dcore) 

and shell thickness (tshell) obtained from XRD patterns (rs and s stand for rock-salt and spinel 

structure, respectively) 

Label 

 

TEM  XRD 

<d> 

(nm) 

 

dcore 

(nm) 

tshell 

(nm) 

 

Rock-Salt Phase (RS) 

 

Spinel Phase (S) 

ars 

(nm) 

Drs 

(nm) 

%rs 

(w%) 

dcore 

(nm) 

as 

(nm) 

Ds 

(nm) 

%s 

(w%) 

tshell 

(nm) 

CS6 6 (1) 2 2 0.420 6.3 13 3.2 0.842 2.3 87 1.4 

CS9 9 (1) 5 2 0.424 7.4 36 6.6 0.841 2.1 64 1.2 

CS15 15 (2) 11 2 0.426 14.0 57 12.6 0.841 2.6 43 1.2 

CS18 18 (1) 14 2 0.426 14.8 53 14.8 0.840 3.0 47 1.6 

 

 

 

 

Table 2. Blocking temperature (TB), Néel temperature (TN), coercive field (HC) and exchange 

bias (HE) measured at low temperature (10 K) both in ZFC and FC (120 kOe) conditions. 

Label  TB (K) TN (K)  
ZFC  120 kOe FC 

HC
ZFC

 (kOe) HE
ZFC (kOe)  HC

FC (kOe) HE
FC (kOe) 

CS6  115 -  13.5 0  15.0 3.2 

CS9  179 223  13.7 0  19.3 8.6 

CS15  300 217  12.4 0  16.2 5.5 

CS18  380 227  12.6 0  16.3 5.5 
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FIGURES 

 

Figure 1. (a) TEM images and corresponding particles size histograms of the series of CS NPs (white scale bars 

correspond to 50 nm). (b) HAADF images: FFT analysis on the core and shell regions (left) and comparison 

between HAADF images and HAADF simulations for rock-salt|spinel CS NPs. 
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Figure 2. (a) Experimental (symbols) and simulated (lines) EELS profiles for each sample of the series. (b) 

Experimental oxygen-to-metal and cobalt-to-iron ratios along the NP radius for CS18. The solid line 

corresponds to the ratio estimated for a CS structure with composition Co0.3Fe0.7O|Co0.6Fe2.4O4 (c) Iron ions 

mapping across the NP and representative Fe-L2,3 spectra from inner (sum of core and shell) and outer (shell) 

regions of one  NP from CS9. 

Page 26 of 30

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



27 

 

 

Figure 3. (a) Temperature dependence of the magnetization of CS NPs recorded at 50 Oe after ZFC-FC 

processes and (b) FC magnetization recorded at 30 kOe.  
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Figure 4. Hysteresis loops at 10 K recorded in a field range of ±120 kOe after ZFC (black) and 120 kOe FC 

(red) processes. 

 

Page 28 of 30

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



29 

 

 

Figure 5. (a) HC at 10 K as a function of dAFM; HC values were obtained after FC at 120 kOe (red) or ZFC 

(black) processes from RT. (b) HE at 10 K as a function of dAFM after FC at 120 kOe process from RT. (The 

lines are guides to the eyes). 
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