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Abstract 
 
Nanoparticles which combine several magnetic phases offer wide perspectives for cutting edge 
applications because of the high modularity of their magnetic properties. Besides the addition of the 
magnetic characteristics intrinsic to each phase, the interface that results from core-shell and, further, 
from onion structures leads to synergistic properties such as magnetic exchange coupling. Such a 
phenomenon is of high interest to overcome the superparamagnetic limit of iron oxide nanoparticles 
which hampers potential applications such as data storage or sensors. In this manuscript, we report 
on the design of nanoparticles with an onion-like structure which have been scarcely reported yet. 
These nanoparticles consist in a Fe3-O4 core covered by a first shell of CoFe2O4 and a second shell of 
Fe3-O4, e.g. a Fe3-O4@CoFe2O4@Fe3-O4 onion-like structure. They were synthesized by a multi-step 
seed mediated growth approach which consists to perform three successive thermal decomposition 
of a metal complexes in a high boiling point solvent (about 300 °C). Although TEM micrographs clearly 
show the growth of each shell from the iron oxide core, core sizes and shell thicknesses markedly differ 
from what is suggested by the size increase. We investigated very precisely the structure of 
nanoparticles in performing high resolution (scanning) TEM imaging and geometrical phase analysis 
(GPA). The chemical composition and spatial distribution of atoms were studied by electron energy 
loss spectroscopy (EELS) mapping and spectroscopy. The chemical environment and oxidation state of 
cations were investigated by Mössbauer spectrometry, soft X-ray absorption spectroscopy (XAS) and 
X-ray magnetic circular dichroism (XMCD). The combination of these techniques allowed us to estimate 
the increase of Fe2+ content in the iron oxide core of the core@shell structure and the increase of the 
cobalt ferrite shell thickness in the core@shell@shell one, while the iron oxide shell appears to be 
much thinner than expected. Thus, the modification of the chemical composition as well as the size of 
the Fe3-O4 core and the thickness of the cobalt ferrite shell have a high impact on the magnetic 
properties. Furthermore, the growth of the iron oxide shell also markedly modifies the magnetic 
properties of the core-shell nanoparticles, thus demonstrating the high potential of onion-like 
nanoparticles for tuning accurately the magnetic properties of nanoparticles according to the desired 
applications.   
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Introduction 
 
Bimagnetic nanoparticles open huge perspectives toward potential applications in fields such as 
biomedicine, sensors, or data storage because of the high modulation of their magnetic properties.1 It 
is very well established that, at the nanoscale, the surface contribution predominates on the volume 
contribution.2 Therefore, slight modifications of the size and the shape significantly influence the 
magnetic properties. Besides controlling the size and the shape of nanoparticles, the design of 
multicomponent nanoparticles allows the intrinsic magnetic properties of different phases to be 
combined. In addition, core@shell structures which result in large interfaces at the nanoscale usually 
favor synergistically enhanced magnetic properties such as effective magnetic anisotropy energy. This 
approach represents a high potential to reduce the amount of rare earths used to produce permanent 
magnets and classified by the European Union as critical raw materials.3,4,5 Metal oxide nanoparticles 
such as iron oxide (Fe3-O4, magnetite / maghemite)6 - which is cheap, nontoxic and abundant – 
represent an interesting alternative. Although the magnetic anisotropy energy is not high enough to 
produce permanent magnets at room temperature – iron oxide nanoparticles are superparamagnetic-
, it can be markedly enhanced by coating nanoparticles with a harder magnetic metal oxide.7–12,13 The 
design of core-shell nanoparticles gives rise to an interesting interfacial magnetic properties which 
consists in the pinning of soft spins of the iron oxide core by the harder spin of the harder shell, e.g. 
the so-called exchange bias coupling.14 This phenomenon is of great interest to push the 
superparamagnetic limit over room temperature.15 Fe3-O4 is usually combined to antiferromagnetic 
phases such as CoO that have a magnetic anisotropy constant which is two order of magnitude higher 
than the one of Fe3-O4.16,16–20,21 Nevertheless, exchange bias coupling only happens below the Néel 
temperature (TN = 290 K for CoO). Indeed, above the Néel temperature, the antiferromagnetic order 
vanishes and loses its ability to pin the spins of the soft phase.  
In contrast, ferrite (MFe2O4) phases open interesting perspectives because of their common spinel 
structure and close lattice parameters, while their magnetic hardness and softness markedly depend 
on the transition metal M.22 Such ferrimagnetic (FiM) materials display Curie temperatures that are 
usually much higher than room temperature (TC = 790 K for CoFe2O4), thus avoiding the Néel 
temperature limitation of antifferomagnetic phases. Exchange coupled nanoparticles which combine 
several ferrite phases into a core-shell structure showed remarkably tunable magnetic properties such 
as enhanced magnetic anisotropy and magnetization saturation.23,24–30 The exceptional properties of 
Ferrite@Ferrite nanoparticles result from much more complex structure than the ideal picture of a 
well-define interface in core-shell structure. Although each crystal phase is selected because of the 
low lattice mismatch, defects may occur at the interface because of the shape of the nanoparticles.31 
Indeed, an isotropic shape which is close to sphere induces a high curvature radius and facets with 
different surface energies which result in the complex growth of the shell component at the core 
surface. Considering defects at the surface of the nanoparticle which result from the break of 
symmetry, diffusion of cations leading to an interfacial composition gradient between the core and 
the shell has been regularly reported.8,32–34 The growth of the shell usually occurring at high 
temperatures (200 – 300 °C) results from a synthesis mechanism which does not systematically consist 
in a simple seed mediated growth process. Indeed, it usually consists in the partial solubilization of the 
seeds which is usually followed by a recrystallization of the monomers issued from the Ostwald 
ripening process and with those that remain from the decomposition of the reactant.34,35 All these 
features significantly alter the expected ideal chemical composition of the core-shell. Therefore, the 
magnetic properties deviate from those initially expected and are difficult to anticipate. 
Non-hydrolytic synthesis techniques have been demonstrated to be particularly effective to design 
core-shell nanoparticles with a very high control of their structure. Hence, the effect of the core size 
and of the shell thickness on their magnetic properties can be systematically studied.8,19,20,24,29 The new 
challenge is to design nanoparticles with more complex structure in order to precisely tune their 
magnetic properties. In this aim, onion-like structures, which consist of a core covered by several 
shells, have recently driven a tremendous interest, although they have been scarcely reported so far.36–

38 Although the synthesis of such complex nanoparticles is not trivial, the fine understanding of the 
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onion structure is necessary to rationalize the study of their magnetic properties. Recently, we 
reported on the synthesis of nanoparticles which consist in a Fe3-O4@CoO@Fe3-O4 onion-like 
structure.39 Both soft/hard and hard/soft interfaces resulted in blocked magnetization at room 
temperature, although these nanoparticles are mostly composed of iron oxide with a size below 16 
nm. Such enhanced magnetic properties account from a more complex structure that resulted from 
the partial replacement of CoO by cobalt ferrite at both interfaces during the synthesis steps.40 
 
In this context, we have designed new multi-component nanoparticles in order to rationally investigate 
their structure by combining advanced characterization techniques. Hence, we report here on onion-
like magnetic nanoparticles which consist of an iron oxide core combined with a first shell of cobalt 
ferrite and a second shell of iron oxide, i.e. a Fe3-O4@CoFe2O4@Fe3-O4 structure. We have deeply 
studied the structure in order to bring a better understanding on its relationship with the magnetic 
properties. The onion-like structure of nanoparticles was systematically compared to those of seeds – 
iron oxide and core@shell nanoparticles – by means of highly complementary and advanced 
characterization techniques. Spatially-resolved energy electron loss spectroscopy (EELS) mapping and 
spectrum analysis, Mössbauer spectrometry, X-ray absorption spectroscopy (XAS) and X-ray magnetic 
circular dichroism (XMCD) were used in order to accurately characterize the chemical composition and 
the cationic distribution. The combination of such advanced techniques allowed us to show that the 
core size and the shell thicknesses markedly differ from what is suggested by size variations observed 
on TEM micrographs. Finally, the magnetic properties were correlated to the structure of the 
nanoparticle, in order to evaluate the effect of the modification of the iron oxide core size, the cobalt 
ferrite shell thickness and the growth of the second iron oxide shell. 
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Experimental section 
 
Metal (Fe or Co) stearate synthesis. Iron stearate was synthesized according to our previous work41 
while the synthesis of cobalt stearate was adapted. In a 1 L two-necked round bottom flask, 9.8 g (32 
mmol) of sodium stearate (98.8 %, TCI) were poured and 320 mL of distilled water were added. The 
mixture was heated to reflux under magnetic stirring until all the stearate was dissolved. Afterwards, 
3.80 g (16 mmol) of iron (II) chloride tetrahydrated (or 3.16 g (16 mmol) of cobalt (II) chloride 
hexahydrated) dissolved in 160 mL of distilled water were poured in the round bottom flask. The 
mixture was heated to reflux and kept to this temperature for 15 minutes under magnetic stirring 
before cooling down to room temperature. The colored precipitate was collected by centrifugation 
(15 000 rpm, 5 min) and washed by filtration with a Buchner funnel. Finally, the powder was dried in 
an oven at 65 °C for 15 hours. 
 
Nanoparticle synthesis. Fe3-O4@CoFe2O4@Fe3-O4 nanoparticles were synthesized using a three steps 
thermal decomposition method in a similar way that we reported recently.39 First, iron oxide 
nanoparticles were synthesized according to our previous work.42 A two-necked round bottom flask 
was filled with 1.38 g (2.22 mmol) of iron (II) stearate, 1.254 g (4.44 mmol) of oleic acid (99% Alfa 
Aesar) and 20 mL of ether dioctyl (BP = 290 °C, 97 % Fluka). The brownish mixture was heated at 100 
°C under a magnetic stir for 30 min in order to remove water residues and to homogenize the solution. 
The magnetic stirrer was then removed and the flask was connected to a reflux condenser before 
heating the solution to reflux for 2 h with a heating ramp of 5°C/min. At the end, the mixture was 
allowed to cool down to 100 °C and 4 mL of the solution were removed and washed to serve as a 
reference (sample C).  
Secondly, 0.29 g (0.46 mmol) of cobalt (II) stearate, 0.791 g (2.8 mmol) of oleic acid and 32 mL of 1-
octadecene were added to the reaction medium. The mixture was heated to 100 °C for 30 min under 
magnetic stirring to remove water residues and to homogenize the solution. After removal of the 
magnetic stirrer, 0.585 g (0.94 mmol) of iron (II) stearate was added. The flask was then connected to 
a reflux condenser in order to heat the solution at reflux for another 2 h with a heating ramp of 1 
°C/min. After cooling down to room temperature, the nanoparticles were precipitated by the addition 
of acetone in order to wash them by centrifugation with a mixture of chloroform: acetone (1 : 5). The 
final nanoparticles (sample CS) were stored in chloroform. 
Thirdly, half of the volume of the washed CS suspension was poured in a two-necked round bottom 
flask with 0.548 g (0.88 mmol) of iron (II) stearate, 0.497 g (1.76 mmol) of oleic acid and 20 mL of ether 
dioctyl. The mixture was then heated to 100 °C under magnetic stirring for 30 min. As mentioned 
above, after removing the magnetic stirrer, the mixture was heated to reflux for 2 h with a heating 
ramp of 1 °C/min. After cooling down, the nanoparticles were collected and washed in the same way 
as for CS nanoparticles. The final nanoparticles (sample CSS) were stored as a colloidal suspension in 
chloroform. 
 
Transmission electron microscopy (TEM) was performed by using a JEOL 2100 LaB6 with a 0.2nm 
point-to-point resolution and a 200 KV acceleration voltage. EDX was performed with a JEOL Si(Li) 
detector. The average size of the nanoparticles was calculated in measuring at least 300 nanoparticles 
from TEM micrographs by using the Image J software. The average shell thickness was calculated as 
the half of the difference between the size of the nanoparticles before and after the thermal 
decomposition step. The size distribution was fitted by a log-normal function.  
 
Scanning transmission electron microscopy (STEM) experiments were carried out using a probe 
aberration corrected Titan (Thermo Fisher Scientific) equipped with a high-brightness field emission 
gun. While the electron gun was operated at 300 keV for acquisition of high-angle annular dark field 
(HAADF, acceptance angle 47.9 mrad) STEM images to obtain maximum spatial resolution 
(convergence angle 25 mrad), the high energy was lowered to 80 keV for electron energy-loss 
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spectroscopy (EELS) to minimize beam damage, to increase the EELS signal and to improve energy 
resolution (~1 eV). The Gatan imaging filter (GIF, Gatan Inc) was operated at a dispersion of 0.2 eV /px 
in order to simultaneously analyze OK, FeL and CoL edges with a collection angle of 119 mrad. EELS 
spectra and spectrum images (SI) were treated using a custom Matlab software including principal 
component analysis (PCA) for noise reduction. Quantification was done using power-law background 
subtraction and an integration width of 40 eV for the C and 30 eV for the CS/CSS nanoparticles. The 
sample preparation was done by drop casting 2 μL of the nanoparticle suspension on Holey-C grids 
followed by 14 s of plasma cleaning.  
 
X-ray diffraction (XRD) was performed using a Bruker D8 Advance equipped with a monochromatic 
copper radiation (Kα = 0.154056 nm) and a Sol-X detector in the 20− 80° 2θ range with a scan step of 
0.02°. High purity silicon powder (a = 0.543082 nm) was systematically used as an internal standard. 
Crystal sizes were calculated by the Scherrer’s equation and cell parameters by the Debye’s law. 
 
Fourier transform infra-red (FT-IR) spectroscopy was performed using a Perkin Elmer Spectrum 
spectrometer in the energy range 4000−400 cm−1 on samples diluted in KBr pellets. 
 
Granulometry measurements were performed using a nano-sizer Malvern (nano ZS) zetasizer at a 
scattering angle of 173°. A measure corresponds to the average of 7 runs of 30 seconds. 
 
Themogravimetry analyses (TGA) were performed using a SDTQ600 from TA instrument. 
Measurements were performed on dried powders under air in the temperature range of 20 to 600 °C 
at a heating rate of 5 °C/min. 
 
X-ray absorption. XAS and XMCD spectra were recorded at the L2,3 edges of Fe and Co, on the DEIMOS 
beamline at SOLEIL (Saclay, France)43 and on I10 (BLADE) beamline at Diamond Light Source (Oxford, 
United Kingdom). All spectra were recorded at 4.2 K under UHV conditions (10-10 mbar) and using total 
electron yield (TEY) recording mode. The measurement protocol was previously detailed by Daffé et 
al.44 An external parallel magnetic field H+ (respectively antiparallel H-) was applied on the sample while 
a σ+ polarized (σ- polarized respectively) perpendicular beam was directed on the sample. Isotropic 
XAS signals were obtained by taking the mean of the σ++σ- sum where σ+ = [σL(H+)+ σR(H-)]/2 and σ- = 
[σL(H-)+ σR(H+)]/2 with σL and σR the absorption cross section measured respectively with left and right 
circularly polarized X-rays. XMCD spectra were obtained by taking the σ+-σ- dichroic signal with a ± 6.5 
T applied magnetic field.  
At DEIMOS beamline, the circularly polarized X-rays are provided by an Apple-II HU-52 undulator for 
both XAS and XMCD measurements while EMPHU65 with a polarization switching rate of 10 Hz was 
used to record hysteresis cycle at fixed energy.43.  Measurements were performed between 700 and 
740 eV at the iron edge and between 770 and 800 eV at the cobalt edge with a resolution of 100 meV 
and a beam size of 800*800 µm. Both XMCD and isotropic XAS signals presented here are normalized 
by dividing the raw signal by the edge jump of the isotropic XAS. 
At BLADE beamline, the circularly polarized X-rays were provided by a helical undulator with 48 cm 
periodicity. Monochromatic X-rays in the soft X-ray range (400-1600 eV) were provided with a plane 
grating monochromator45 beamline giving an energy resolution of 100meV and a beam size of 
100*100μm2 (root mean square) at the sample position. Sample cooling and applied field were 
supplied with an Oxford Instruments cryomagnet. 
 
The samples consist of drop casted suspension of nanoparticles in chloroform onto a silicon substrate. 
The substrates were then affixed on a sample holder. 
 
Mössbauer spectrometry. 57Fe Mössbauer spectra were performed at 77 K using a conventional 
constant acceleration transmission spectrometer with a 57Co(Rh) source and a bath cryostat. The 
samples consist of 5 mg Fe/cm2 powder concentrated in a small surface due to the rather low 
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quantities. The spectra were fitted by means of the MOSFIT program46 involving asymmetrical lines 
and lines with Lorentzian profiles, and an α-Fe foil was used as the calibration sample. The values of 
isomer shift are quoted relative to that of α-Fe at 300 K. 
 
SQUID magnetometry. Magnetic measurements were performed in using a Superconducting 
Quantum Interference Device (SQUID) magnetometer (Quantum Design MPMS-XL 5). Temperature 
dependent zero-field cooled (ZFC) and field cooled (FC) magnetization curves were recorded as 
follows: the sample was introduced in the SQUID at room temperature and cooled down to 5 K with 
no applied magnetic field and after applying a careful degaussing procedure. Then, a magnetic field of 
7.5 mT was applied, and the ZFC magnetization curve was recorded upon heating from 5 to 400 K. The 
sample was then cooled down to 5 K under the same applied field, and the FC magnetization curve 
was recorded upon heating from 5 to 400 K. Magnetization curves as a function of a magnetic field 
(M(H) curves) applied in the plane of the substrate were measured at 5 and 400 K. The sample was 
also introduced in the SQUID at high temperature and cooled down to 5 K with no applied magnetic 
field (ZFC curve) and after applying a subsequent degaussing procedure. The magnetization was then 
measured at constant temperature by sweeping the magnetic field from +7 T to −7 T, and then from 
−7 T to +7 T. To evidence exchange bias effect, FC M(H) curves were further recorded after heating up 
at 400 K and cooling down to 5 K under a magnetic field of 7 T. The FC hysteresis loop was then 
measured by applying the same field sweep as for the ZFC curve. The coercive field (HC) and the MR/MS 
ratio were measured from ZFC M(H) curves. The exchange bias field (HE) was measured from FC M(H) 
curves. Magnetization saturation (MS) was measured from hysteresis recorded at 5 K. 
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Results and discussion 
 
 
 

 
Figure 1.  Schematic illustration of the synthesis pathway of onion-like nanoparticles (CSS) using a three-
step thermal decomposition method. 
 
Core@shell@shell nanoparticles were synthesized by performing successively the thermal 
decomposition of a metal stearate three times (Figure 1). First, the thermal decomposition of iron (II) 
stearate (FeSt2) in ether dioctyl (BP = 290 °C) was performed in presence of oleic acid in order to 
synthesize Fe3-O4 nanoparticles (C). Second, cobalt (II) stearate (CoSt2) and FeSt2 (molar ratio 1:2) were 
decomposed together in octadecene (BP = 320 °C), in order to grow a cobalt ferrite (CoFe2O4) shell at 
the surface of pristine Fe3-O4 nanoparticles. The aim was to synthesize core-shell Fe3-O4@CoFe2O4 
nanoparticles (CS). Finally, FeSt2 was again decomposed in ether dioctyl in the presence of CS 
nanoparticles with the aim to grow a second Fe3-O4 shell, i.e. to synthesize Fe3-O4@CoFe2O4@Fe3-O4 
(CSS) nanoparticles. 
 
TEM micrographs (Figure 2) show that C nanoparticles display a homogeneous shape close to sphere 
and a narrow size distribution centered at 8.0 ± 0.9 nm. The nanoparticle size increases from CS (10.0 ± 
1.5 nm) to CSS (13.1 ± 2.2 nm) corresponding to average shell thicknesses of 1.0 nm and 1.6 nm, 
respectively. The broadening of size distribution and the deviation of shape from sphere to CS and CSS 
is ascribed to the inhomogeneous growth of both shells. Indeed, the nanoparticle surface consists in 
facets which feature different surface energies according to the corresponding hkl planes. 
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Figure 2. Conventional TEM micrographs of a), b) C nanoparticles; d), e) CS nanoparticles and g), h) CSS 
nanoparticles with (c), f), i)) their corresponding size distributions. 

 
Table 1. Structural characteristics of nanoparticles. Mean core sizes and shell thicknesses were 
calculated from TEM micrographs. Cell parameters and crystal sizes were calculated from XRD patterns. 

  C CS CSS 
Size (nm) 8.0 ± 0.9 10.0 ± 1.5 13.1 ± 2.2 
Size variation (nm) - 2.0 3.1 
Fe : Co at. Ratio by EDX - 86 : 14 94 : 6 
Hydrodynamic diameter (nm) 8.7 13.5 18.2 
Cell parameter (Å) 8.37 ± 0.01 8.41 ± 0.01 8.41 ± 0.01 
Crystal size (nm) 7.4 ± 0.5 10.1 ± 0.5 12.0 ± 0.5 
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Figure 3. STEM-HAADF micrographs of a) C, b) CS and c) CSS nanoparticles showing their 
microstructures. Inter-reticular distances are highlighted by double red arrows. A stacking defect may 
be observed by the change of the atomic column contrast along the highlighted area in yellow, also 
visible in neighboring lines. (d)-f)) FFT from the C, CS and CSS nanoparticles obtained from the core 
region of the nanoparticle using a circular smoothed mask. FFT from the shell region are overlaid in 
green color in the right half for CS and CSS nanoparticles. Colored circles evidence the related hkl 
reflections attributed to magnetite (JCPDS card n° 19-062) and to cobalt ferrite (JCPDS card n° 00-022-
1086). Colors refer to hkl plan families. 

 
STEM-HAADF micrographs of C, CS and CSS nanoparticles display straight and continuous lattice fringes, 
evidencing the single crystal-like structure of the nanoparticles resulting from the successive epitaxial 
growth of the different shells (Figures 3a-c). Minor crystal defects were observed in a few nanoparticles, 
e.g. in the CS nanoparticle (Figure 3b). These defects are recognizable by the changing contrast of the 
atomic columns from dots to a line along the highlighted area. As the pattern remains undisturbed, the 
defects are attributed to stacking defects. Figure S1 shows additional STEM micrographs of the 
nanoparticles suggesting that minor defects were already present in few of the C nanoparticles, 
although an induction by electron beam damage cannot be excluded. The inter-reticular distances 
between two fringes were attributed to the spinel ferrite phase (including magnetite, maghemite and 
cobalt ferrite) for each sample. These results are supported by FFT calculated from STEM-HAADF 
micrographs that show spots corresponding to (hkl) directions of the spinel phase (Figures 3d-f). A 
comparison of FFT calculated from core and shell regions revealed perfect overlap of the spots, agreeing 
with good epitaxial relationships. 
 
Energy dispersive X-ray spectrometry (EDX) showed that CS nanoparticles consist of Fe (86 at. %) and 
Co (14 at. %) which agree with values calculated for a Fe3-O4 core of 8.0 nm (Fe: 84 at. %) and a CoFe2O4 
shell thickness of 1.0 nm (Co: 16 at. %), as measured from TEM micrographs. CSS nanoparticles display 
the increase of Fe (94 at. %) vs. Co (6 at. %) ratio, in agreement with the size variation measured from 
TEM micrographs, which corresponds to the growth of iron oxide at the surface of CS (Fe : 93 at. % and 
Co : 7 at. %). Nevertheless, EDX does not give any information on the spatial arrangement of Fe and Co 
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within the nanoparticle volume. Therefore, we performed complementary measurements using 
advanced characterization techniques. 
 

  
Figure 4. Elemental mapping performed by EELS-SI on isolated nanoparticles (a)-c)) C, (d)-g)) CS, (h)-k)) 
CSS with a), d), h) the sum of the composite (Fe in green + Oxygen in red + Cobalt in blue), b), e), i) Fe-
edge, c), f), j) O-edge and g), k) Co-edge, which is displayed in magenta to improve visibility compared 
to blue.  

 
The spatial distribution of Fe, O and Co atoms was investigated by performing elemental mapping (~ 0.2 
nm resolution) with electron energy loss spectroscopy spectrum-imaging (EELS-SI) of the Fe L-edge 
(green), Co L-edge (magenta, blue in composite) and O K-edge (red) (Figure 4). EELS-SI micrographs of 
C nanoparticles evidence the homogeneous atomic distribution of Fe and O atoms all across the 
nanoparticle which agrees with an iron oxide structure. In the case of CS nanoparticles, Fe, O and Co 
spatial distributions also overlap. A slight increase of the Co content at the edges of the nanoparticle 
(blue border of NP in Figure 4d) was observed, which agrees with the expected Fe3-O4@CoFe2O4 
core@shell structure. Finally, CSS nanoparticles display a homogeneous spatial distribution of Fe, Co 
and O atoms all across the nanoparticle. The Fe/Co atomic ratio tends to increase in comparison to CS 
nanoparticles, in agreement with the expected Fe3-O4@CoFe2O4@Fe3-O4 structure and in line with EDX 
results. Line profiles of the composition across CS and CSS confirmed that the Co content increases at 
the edges of both nanoparticles (Figures S2 and S3). Therefore, the second shell of iron oxide is much 
thinner than the size variation between CS and CSS (3.1 nm). 
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Figure 5. Dark field images of a) C, b) CS and c) CSS nanoparticles. d) Exemplary EELS spectra obtained 
from positions marked in (a)-c)) showing the O-K edge (532 eV, red vertical line), Fe-L (708 eV, green 
vertical line) edges as well as the Co-L edge (779 eV, blue vertical line) in case of CS and CSS 
nanoparticles. The spectra are vertically displaced to improve visibility. e)-g) Comparison of the 
background-subtracted EELS spectra of the e) O-K, f) Fe-L and g) Co-L edges reveal fine structure 
changes induced by the presence of Co in comparison to the C spectra. The Fe-L3 peak shifts to lower 
energies in case of high Co percentages (CS shell). All spectra are normalized to the Fe-L3 peak. 

 
To further investigate the chemical composition of C, CS and CSS nanoparticles, EELS spectra were 
recorded at precise positions within the EELS-SI data by averaging over the corresponding area, 
excluding the shell (Figure 5). Spectra recorded for C (magenta) do not vary within the nanoparticle and 
corresponds to a homogeneous chemical composition of Fe3-O4 (Figure S5).47 In contrast, spectra of CS  
clearly show a higher Co (779 eV) / Fe (708 eV) intensity ratio at the edge than in the center of the 
nanoparticle (red and blue line in Figure 5d), which agrees with a Fe3-dO4@CoFe2O4 core@shell 
structure. In contrast, spectra recorded for CSS (yellow) nanoparticles show that OK and FeL signals are 
closely related to that of the C spectrum and displays a weaker signal at the Co-L edge than CS. The 
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Fe/Co ratio is thus increased compared to CS nanoparticles which is coherent with EDX results. A 
comparison of spectra obtained from different CS and CSS nanoparticles of the same batch reveals the 
reproducibility and homogeneity within the batches (Figures S6 and S7). 
 
The background-subtracted oxygen signal of the same spectra is shown in Figure 5e and reveals a clear 
dependence on the different cation environments. While the appearance of the broad peak around 540 
eV does not differ much between the spectra, the intensity of the sharp peak at 532 eV and the intensity 
of the following valley at 534 eV strongly vary with the Co content. The spectrum from the C 
nanoparticle displays a similar shape to the spectrum of magnetite Fe3O4 (Figure S5),47–49 exhibiting a 
sharp and intense peak at 532 eV followed by a deep valley at 534 eV. With increasing the presence of 
Co in the material, the peak intensity at 532 eV decreases while the intensity in the valley at 534 eV 
increases. In the spectrum obtained from the shell of the CS nanoparticle, i.e. the area with the highest 
Co content, the intensities at 530 eV and 533 eV almost level out. This behavior is consistent with the 
one observed in CoO spectra.50 The comparison of the local intensity ratio between the pre-peak and 
the following valley allows to map the chemical composition (Figure S8). While the O-K edge is highly 
sensitive to the Co content in the crystal, an effect on the Fe-L edge is only visible at considerable Co 
contents leading to a shift of the peak position to lower energies as it is observed in the shell of the CS 
nanoparticle (red and blue lines in Figure 5f). A fit of the Fe-L peak allows to determine the exact peak 
position and to map the chemical composition within the CS nanoparticles (Figure S8). Unfortunately, a 
fine edge analysis of the Co peak is not possible because of the low intensity in the Co peak (Figure 5g). 
 
 

 
Figure 6. XRD patterns of C, CS and CSS nanoparticles. Black and blue bars correspond to the Fe3O4 
(JCPDS card n° 19-062) and CoFe2O4 (JCPDS card n°00-022-1086) phases, respectively. 

 
XRD patterns recorded for each nanoparticle show peaks that were attributed to the spinel structure 
(Fd-3m space group) (Figure 6). Unfortunately, Fe3O4 and CoFe2O4 cannot be discriminated because of 
similar cell parameters (a(Fe3O4) = 8.396 Å, JCPDS card n°19-062 and a(CoFe2O4) = 8.392 Å, JCPDS card 
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n°00-022-1086). Nevertheless, peaks become narrower from C, CS to CSS, which correspond to larger 
crystal sizes of 7.4, 10.1 and 12.0 nm (Table 1), respectively. These values are consistent with the 
nanoparticles’ size measured from TEM micrographs. Hence confirming the good epitaxial relationship 
between each core and shells as observed in high resolution (HR) TEM micrographs. The slight increase 
of the XRD signal at low angles arises from the presence of oleic acid which is used as a ligand. 
The cell parameter of C nanoparticles (8.37 Å) is intermediate to that of magnetite (a = 8.396 Å, JCPDS 
card n° 19-062) and maghemite (a = 8.338 Å, JCPDS card n° 39-1346) which confirms the partial 
oxidation of C at their surface.51 The cell parameter of CS (8.41 Å) and CSS (8.41 Å) are larger than those 
of magnetite and cobalt ferrite which can be attributed to crystal strains resulting from the small size of 
the nanoparticles (high curvature radius). Indeed, crystal strains up to 10 % were observed by 
performing GPA on isolated CS and CSS nanoparticles using HR-STEM images (Figure S9). Furthermore, 
it may also partially account from the high content of Fe2+.39 These results confirm those of Lopez-Ortega 
et al.52 who reported cell parameters of 8.40-8.42 Å for Co0.6-0.7Fe2.4-2.3O4 nanoparticles of different sizes. 
They attributed such observation to the stabilization of a pure cobalt-doped magnetite phase with Fe2+ 
that were not oxidized and to the presence of strains for such a small size. 
 

 
Figure 7. FT-IR spectra recorded at low wavelength for C, CS and CSS. Stars correspond to bands that were 
ascribed to some residue of iron and cobalt stearates (see Figure S10 for more information). 

 
Fourier transform infrared (FT-IR) spectra exhibit large bands in the region from 800 to 450 cm-1, which 
give additional indications on the chemical composition of the nanoparticles (Figure 7).53 C nanoparticles 
display a broad band centered at 602 cm-1 which agree with the partial oxidation of Fe3O4 in -Fe2O3, 
denoted as Fe3-O4.51  Indeed, Fe3O4 displays a single band at 574 cm-1 with a shoulder at 700 cm-1 while 
-Fe2O3 maghemite shows a maximum centered at 639 cm-1 with several oscillations from 800 to 600 
cm-1.53 This band shifts down to 600 cm-1 and becomes narrower for CS, which agree with a higher 
content in Fe3O4. The CoFe2O4 shell partially avoids the oxidation of the core when exposed upon to air 
after washing. Furthermore, as cobalt ferrite displays a band at 590 cm-1,54 it also contributes to shift 
down the band. This band shifts down even lower to 581 cm-1 for CSS, getting closer to that of magnetite 
(574 cm-1). Hence, the second shell in CSS would mainly consists of magnetite, although it was expected 
to be fully oxidized according to our previous work on single Fe3-O4 nanoparticles.51 The narrower band 
of CS and CSS than C, and the concomitant disappearance of oscillations attributed to maghemite, 
confirm these observations. Thus, FT-IR shows the increase of Fe2+ content from C, CS to CSS and the 
presence of CoFe2O4 in CS and CSS. Small bands around 725 cm-1 were attributed to the H-C-H scissoring 
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bond and correspond to negligible amounts of remaining stearates that could not be removed after 
washing without avoiding nanoparticle aggregation. 
 
The chemical composition was investigated deeper by means of cationic distribution in Oh and Td sites 
and oxidation state by performing Mössbauer and XAS/XMCD spectroscopies. 57Fe Mössbauer 
spectrometry brings information on the valence state of each Fe species, the local electronic structure 
and the magnetic environment which are described by the isomer shift δ’, the quadrupolar shift ε and 
the hyperfine field Bhf, respectively (Table 2).  
 
 
Table 2. Refined values of hyperfine parameters calculated from the fit of 57Fe Mössbauer spectra 
recorded at 77 K. 

Sample 

isomer shift 
relative to α-

Fe 
  

(mm/s) 
±0.01 

quadrupole 
shift or 

quadrupole 
splitting 
(mm/s) 
±0.01 

Hyperfine 
field  

 
 

(T) 
±0.5  

Relative sub-
spectral area  

 
 

(%) 
±2 

Fe species Site 
occupancy 

C <0.44> <0.04> <42.8> 100 Fe3+ - 

CS 

0.53 -0.04 53.4 36 Fe3+ Oh 
0.41 0.02 50.9 51 Fe3+ Td 
0.65 0.02 47.4 9 Fe2-3+ Oh 
1.11 2.13 34.5 3 Fe2-3+ Oh 
1.27 2.38  - 1 Fe2+ 

<0.50> <0.07> <50.5>  99 - - 

CSS 

0.50 0.08 52.5 46 Fe3+ Oh 
0.33 -0.07 51.8 45 Fe3+ Td 
0.53 -0.09 47.1 6 Fe3+ Oh 
1.04 1.74 32.4 3 Fe2+ Oh 

<0.49> <0.05> <51.2> 100 - - 
 
Mössbauer spectra were recorded at 77 K for each sample (Figure 8). They all display a resolved sextet, 
consistent with rather magnetic blocked state. Mössbauer spectrum of C sample displays the broadest 
sextet lines which are ascribed to the faster relaxation time of a fraction of spins than the measurement 
time of the experiment (τm = 10-10 – 10-7 s). Such a superparamagnetic contribution can be attributed to 
a fraction of nanoparticle with small size (about 6.0 nm) as shown by the size distribution (Figure 2c). 
These results are consistent with the literature: Iron oxide nanoparticles of 11 nm measured at 77 K 
display no superparamagnetic contributions in Mössbauer spectra,55 while smaller iron oxide 
nanoparticles of 4.6 nm measured at 77 K show significant superparamagnetic contributions.56 The 
superparamagnetic contribution decreases significantly for CS (1 %) and is not observed for CSS. 
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Figure 8. Mössbauer spectra of C, CS and CSS recorded at 77 K recorded at 77 K: black, blue and red 
lines correspond to the total theoretical spectrum, the total contribution of Fe3+ and Fe2-3+ components 
and the Fe2+ components, respectively. 

 

The fitting procedure requires great care to describe the Mössbauer spectra, which consist of magnetic 
sextets composed of wide, asymmetrical lines.hey have been well described by means of a discrete 
number of magnetic and/or quadrupolar components with independent values of isomer shift, 
quadrupolar shift and hyperfine field. As the solution is not unique, we report in Table 2 the 
corresponding refined values obtained from one example of it, but it is important to note that the mean 
values of hyperfine parameters are independent of the fitting procedure. Although the broad sextet 
lines of C were not accurate for spectrum refinement, the mean isomer shift (0.44 mm/s) is much closer 
to that of maghemite (δ = 0.40 mm/s) than magnetite (δ = 0.61 mm/s).57,58 According to a linear 
extrapolation, C consists of approximately 19 % of magnetite and 81 % of maghemite. The mean isomer 
shift for CS increases to 0.50 mm/s which is correlated to a larger amount of Fe2+ than C. More precisely, 
the spectrum refinement evidences two contributions with the typical Fe2+ isomer shift (1.11 and 1.27 
mm/s), the first one as a sextet corresponding to Fe2+ in magnetically blocked magnetite, the second 
one as quadrupolar doublet to Fe2+ in superparamagnetic nanoparticles containing a substantial core of 
magnetite. The main contribution centered at 0.53 mm/s was attributed to Fe3+ in Oh sites that account 
for 36 %. A second contribution centered at 0.41 mm/s was attributed to Fe3+ in Td sites and accounts 
for 51 %. In addition, a third component centered at 0.65 mm/s was assigned to some intermediate 
Fe2+,3+ species, which occurs below the Verwey transition. The 𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇3+ 𝐹𝐹𝐹𝐹𝑂𝑂ℎ

2+,3+�  ratio calculated for CS is 
approximately 1, which is much higher than the theoretical value of 0.5 for pure magnetite. Considering 
the core-shell structure where Co2+ partially replaces Fe2+ in Oh sites, an intermediate value was 
expected. It may be attributed to a super stoichiometry in oxygen or to the presence of vacancies.59 
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Furthermore, high hyperfine fields of 53.4 T and 50.9 T for Fe3+ in Oh and Td sites, respectively, agree 
with the presence of Co species in the vicinity of Fe species, consistent with CoFe2O4.60,61 In contrast, 
hyperfine fields of 47.4 and 34.5 T measured for Fe3+ and Fe2+ in Oh sites correspond to the Fe3-O4 core. 
According to isomer shifts reported previously for Fe2.95O4 (0.61 mm/s)62 and CoFe2O4 (0.45 mm/s)63 
nanoparticles, the mean isomer shift of CS (0.51 mm/s), would correspond to a composition of 63 % of 
CoFe2O4 and 37 % of Fe3-dO4, i.e. a core size of 6.8 nm and a shell thickness of 1.6 nm, assuming a simple 
core@shell model with a radial structure. According to the size variation measured from TEM 
micrographs, we expected a cobalt ferrite shell thickness of 1 nm. Therefore, such a thicker cobalt ferrite 
shell may result from the partial solubilisation of the iron oxide core followed by the recrystallization35 
of Fe monomers with Co monomers in a similar way we reported earlier.23,39,40 Considering that a 
stoichiometric ratio of Fe and Co stearate was used, we expect the cobalt ferrite shell to be under 
stoichiometric. 
 
In CSS, the mean isomer shift decreased slightly to 0.49 mm/s which evidences a slightly lower content 
of Fe2+ than in CS. The contribution centered at 1.04 mm/s felt down to 3 %. Additional contributions 
centered at 0.53 mm/s and 0.50 mm/s were attributed to Fe3+ in Oh sites (6 % and 46 %, respectively). 
A third contribution centered at 0.33 mm/s was attributed to Fe3+ in Td sites (45 %). The lower 
𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇3+ 𝐹𝐹𝐹𝐹𝑂𝑂ℎ

2+,3+�  ratio (0.82) for CSS than for CS (1) agrees with higher amount of Fe2+ that may be 
localized in the second shell of iron oxide that was grown at the surface of the CoFe2O4 shell. High 
hyperfine fields (52.5 and 51.8 T) calculated for Fe3+ in Oh and Td sites also confirm the presence of 
cobalt ferrite within CSS. The slight increase of their sub spectral areas in comparison with CS is 
indicative of a larger fraction of cobalt ferrite. It is clearly confirmed by the higher mean isomer shift 
which corresponds to 75 % of cobalt ferrite and 25 % of Fe3-O4. Thus, the composition of CSS 
nanoparticles would consist in a core of 6.8 nm, a 2.9 nm thick cobalt ferrite shell and a 0.3 nm thick 
Fe3-O4 shell, which is in agreement with STEM-EELS measurements. Therefore, the cobalt ferrite shell 
in CSS would be thicker than in CS (1.6 nm).  
 
Mössbauer spectrometry has shown that the Fe2+ content increases from C to CS but slightly decreases 
from CS to CSS. It has also shown that the Fe3-O4 core size decreases concomitantly to the cobalt ferrite 
shell which increases further from CS to CSS thus resulting in a much thinner Fe3-O4 shell than expected. 
According to the results obtained with the above-mentioned techniques (the increase of the mean cell 
parameter (XRD) and the shift of the M-O band to lower frequencies (FT-IR) from C, CS to CSS as well as 
the broad Co distribution in CSS nanoparticles revealed by STEM-EELS (mapping and spectra), it seems 
that the evolution of the cobalt ferrite phase predominates over the variation of the Fe2+ content 
between CS and CSS. 
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Figure 9. a), c) Isotropic XAS and b, d) XMCD spectra at the a), b) Fe L2,3 edges and at the c), d) Co L2,3 
edges of C, CS and CSS nanoparticles. 

 
The isotropic XAS and XMCD spectra recorded at the Fe L2,3 edges (Figure 9a and b ) are all typical of a 
spinel ferrite structure.64–66 XAS spectra evidenced two main contributions in the L3 region that were 
ascribed to Fe2+ in Oh sites (peak I1) and to Fe3+ in Oh and Td sites (peak I2). Hence, the intensity ratio I1/I2 
reported as 0.7167 for Fe3O4 and 0.35 for -Fe2O3

67 brings further information on the Fe2+ content within 
the nanoparticles. The value calculated for C (0.53) agrees with an intermediate composition of between 
magnetite and maghemite. Then, it increases for CS (0.64) corresponding to a higher content of Fe2+. 
These results agree with those of XRD, FT-IR spectroscopy and Mössbauer spectrometry and those of 
our previous work on similar core-shell nanoparticles.23 The I1/I2 ratio slightly decreases for CSS (0.62) 
which is ascribed to a slightly lower content in Fe2+ (as observed from Mössbauer spectrometry). 
 
XMCD spectra recorded at the Fe L2,3 edges display three main peaks in the L3 region where the S1 and 
S3 peaks were respectively attributed to Fe2+ and Fe3+ in Oh sites, while the S2 peak corresponds to Fe3+ 
in Td sites, which spins are coupled antiparallel to Fe cations in Oh sites. Such consideration is typical of 
the ferrimagnetic coupling of Fe spins in the reverse spinel structure of iron oxide and cobalt ferrite. 
The intensity ratio S=(S1+S2)/(S2+S3) brings further information on the oxidation state of iron cations. 
Hence, magnetite displays a higher ratio (1.14) than maghemite (0.69).67 C sample displays the closest 
ratio (0.77) to maghemite, while it increases for CS (0.85) and get even higher for CSS (0.90). Such an 
increase of Fe2+ content from CS to CSS is contradictory with the I1/I2 ratio measured from XAS spectra 
and to Mössbauer spectrometry. XMCD being a polarized mode, it may favor Fe2+ uncompensated spins 
at the nanoparticle surface resulting from the break of symmetry vs. Fe3+ spins which are coupled 
antiparallel. In addition, we observed an excess of Fe3+ in Td sites in the XMCD spectra of CS and CSS 
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(Figure S13) which may result from a preferential occupancy of the Oh sites by the Co2+ cations in the 
cobalt ferrite structure. 
 
Isotropic XAS spectra recorded at the Co L2,3 edges confirmed the presence of Co2+ in Oh sites of a spinel 
structure.66,68 The I4 peak is slightly higher than the I3 peak for CS which is more obvious for CSS. Such 
observation qualitatively shows the increase of the cobalt ferrite content23,69 from CS to CSS 
nanoparticles. The XMCD spectra recorded at the Co L2,3 edges are all typical of Co2+ cations in Oh 

sites.68,70,23 All spectra being normalized at the edge of the energy jump, the intensity of the S4 peak (95 
% for CS and 108 % for CSS with respect to XAS signal) agree with an increase of uncompensated Co2+ 
spins from a CoFe2O4 phase between CS and CSS samples.71,44 It confirms the increase of Fe2+ from C, CS 
to CSS and XAS and XMCD spectra unambiguously show the presence of a CoFe2O4 phase, which 
increases from CS to CSS. 
 
Element-specific magnetization curves were recorded at the Fe S2, S3 and Co S4 peak energies for CS, 
and at the Fe S2 and Co S4 peak energies for CSS (Figure 10). The selective hysteresis curves recorded 
for CS at different energies showed similar coercive fields (HC) of about 6.5 kOe (Table 3). It shows that 
Fe spins in Td and Oh sites and Co spins in Oh sites are magnetically coupled which confirms the presence 
of CoFe2O4.23,44 CSS behaves similarly although HC is larger (about 9.5 kOe), agreeing with a thicker cobalt 
ferrite layer than for CS, as shown by Mössbauer spectrometry. These values may differ from those 
obtained by magnetometry (see below) because the sample’s preparation is different, which induces 
some variations of dipolar interactions between nanoparticles. 

 
Figure 10. Element-specific magnetization curves recorded at 4 K by XMCD at the Fe and Co L2,3 edges in a) 
CS, b) CSS. 

Table 3. Magnetic characteristics of element specific magnetization curves. 

Sample 
HC 

Fe S2 
(kOe) 

HC 
Fe S3 
(kOe) 

HC 
Co S4 
(kOe) 

<HC> 
(kOe) 

CS 6,3 6,7 6,6 6,5 ±  
CSS 9,7 - 9,4 9,5 ±  

 
 
The magnetic properties of C, CS and CSS were investigated by SQUID magnetometry (Figure 11). 
Magnetization curves recorded against temperature (M(T)) after zero field cooling (ZFC) show a 
maximum at Tmax which is usually assimilated to the transition temperature between blocked magnetic 
moments and the superparamagnetic behavior. Tmax measured for C (86 K) agrees with values reported 
for iron oxide nanoparticles of similar sizes.51 It increases for CS (290 K), and further for CSS (300 - 350 
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K), agreeing with higher magnetic anisotropy energy (Ea) which results from the modification of the 
nanoparticle structure. Although M(T) curves recorded for C are very typical of magnetic iron oxide 
nanoparticles, the ones recorded for CS and CSS correspond to different magnetic properties. For CS, a 
kink at temperatures slightly below Tmax refers to a minor fraction of nanoparticles which exhibit a lower 
effective magnetic anisotropy energy than the rest of the sample. As long as the size distribution of CS 
is rather narrow, it may results from inhomogeneous spatial distribution and weaker dipolar interactions 
which may be partially due to the oleic acid.72 For CSS, the increase of magnetization at temperature 
higher than Tmax can be ascribed to super magnetic domains resulting from strong dipolar interactions 
between nanoparticles, e.g. superferromagnetism.2,73 Indeed, the M(T) field cooled (FC) curve show 
almost constant magnetization at low temperatures which agrees with dipolar interactions between 
nanoparticles.74,75 Therefore, Tmax corresponds to a broad distribution of temperatures which is difficult 
to assess precisely. 
 
The transition between blocked and flipped magnetic moments is more accurately described by the 
blocking temperature (TB) which corresponds to a distribution of energy barriers. TB can be easily 
extracted from the ZFC-FC M(T) curves using the following equation:76 
 

  𝑓𝑓(𝑇𝑇𝐵𝐵) =  − [𝑑𝑑𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍−𝑀𝑀𝐹𝐹𝐹𝐹]
𝑇𝑇[𝑑𝑑𝑑𝑑]   (1) 

 
TB corresponds to temperature distributions centered at 48, 239 and 280 K for C, CS and CSS, 
respectively (Figure 11b). The dramatic enhancement of TB from C to CS is attributed to arise from 
interfacial exchange coupling between the soft Fe3-O4 and the hard CoFe2O4 phases. Temperature 
distributions of CS and CSS are more complex than that of C. For CS, an additional contribution centered 
at 278 K corresponds to the kink observed in M(T) curves. CSS displays a minor contribution centered 
at 390 K which may be attributed to the presence of super ferromagnetic domains.2,73 A second 
contribution centered at 220 K can be attributed to CSS nanoparticles which are partially or not covered 
by a second shell. 
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Figure 11. Magnetic characterizations of C, CS and CSS. a) Magnetization curves recorded against 
temperature after zero field cooling (ZFC) and field cooling (FC). b) Distribution of blocking temperatures 
(TB). Magnetization measurements recorded against a magnetic field at c) 300 K, d) 5 K after ZFC, and 
e) 10 K after FC under 7 T. 

 
Considering the anisotropy constants (K(CoFe2O4)8,77 ≈ 1–6.105 J/m3  and K(Fe3O4)73 ≈ 1–5.104 J/m3 ) and 
the volume V of each phase,  
 

K(CoFe2O4).V(CoFe2O4) >> K(Fe3O4).V(Fe3O4) (2) 
 
Therefore, in exchange coupled nanoparticles, the effective magnetic anisotropy (Eeff) of CS and CSS can 
be assimilated to:78  

 
Eeff = KeffV = K(CoFe2O4).V(CoFe2O4) = 25KBTB (3) 
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with V the total volume of the nanoparticle, and kB the Boltzmann constant. Keff calculated for CS (1.58 
105 J/m3) agrees with the anisotropy constants reported for CoFe2O4 nanoparticles. Then, Keff 
significantly decreases for CSS (8.2 104 J/m3) and gets very close to C (6.2 104 J/m3) although the soft-
shell volume is low (150 nm3) and the volume of the CoFe2O4 shell is increased by four times. According 
to the anisotropy constant calculated for CS, a much higher TB (400 K) was expected for CSS. In contrast, 
the increase of TB (40 K) from CS to CSS is higher than that (20 K) corresponding to the volume of the 
Fe3-O4 shell. Therefore, the increase of TB is not ascribed to the volume increase but to exchange 
coupling at the CoFe2O4/Fe3-O4 that contributes to the enhancement of the effective magnetic 
anisotropy energy of nanoparticles. 
HC temperature dependent curves of CS and CSS (Figure S12) also bring information on the magnetic 
behavior of CS and CSS. HC decreases with increasing the temperature until the onset at similar 
temperatures (about 265 K) for both CS and CSS (Figure S12). Nevertheless, HC is higher for CS than for 
CSS and decreases faster when the temperature rises up. According to the Stoner-Wohlfarth model, 79 
it is ascribed to a higher effective magnetic anisotropy energy for CS than for CSS. 
 

𝐻𝐻𝐶𝐶 = 0.48𝐻𝐻𝐾𝐾 �1 − � 𝑇𝑇
𝑇𝑇𝐵𝐵
�
0.5
� (4) 

 
with the anisotropic field 𝐻𝐻𝐾𝐾 = 2𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒

𝑀𝑀𝑆𝑆
 

 
Magnetization curves recorded against an applied magnetic field at 300 K perfectly overlap for each 
sample which agree with superparamagnetic behavior. In contrast, M(H) curves recorded at 5 K show 
opened hysteresis corresponding to blocked magnetic moments. The coercive field (HC) measured for 
C (300 Oe) is typical of  iron oxide nanoparticles.51 It increases dramatically for CS (19.2 kOe) because of 
the strong interfacial exchange-coupling between the hard CoFe2O4 shell and the soft Fe3-O4 core.1 
Then, it decreases for CSS (13.1 kOe) because of the presence of the soft Fe3-O4 shell. It is consistent 
with the decrease of the effective magnetic anisotropy constant in comparison with CS, as observed for 
CoFe2O4@MnFe2O4 core-shell nanoparticles.24 Same trends were observed for the remanent 
magnetization (MR) and the MR/MS ratio (Table 4). The volume of the Fe3-O4 shell (160 nm3) is much 
smaller than that corresponding to the increase of the CoFe2O4 shell (500 nm3). Therefore, HC being 
dependent on the fractions of hard and soft phases,80 it was expected to increase. Indeed, the Fe3-O4 
phase favors the magnetic reversal of interfacial spins of CoFe2O4 which results in lower HC. 
Furthermore, no kinks were observed in M(H) curve, agreeing with an effective exchange coupling 
between both Fe3-O4 and CoFe2O4 phases, that propagate through the entire volume of nanoparticles, 
whatever the interface in both CS or CSS structures.  
M(H) curves recorded for CS and CSS after field cooling (7 T) from 300 K to 10 K show larger HC than ZFC 
M(H) curves. It is ascribed to the alignment of soft spins with the applied magnetic field that favors their 
coupling with hard spin, thus resulting in magnetic reversal at higher magnetic fields. Moreover, the 
hysteresis curves were not shifted to low magnetic fields. Such a behavior being typical of exchange bias 
coupling between soft FiM and hard antiferromagnetic phases, it agrees with the absence of CoO.14,39,81 
 
The increase of saturation magnetization (MS) from C (58 emu/g) to CS (78 emu/g) and CSS (77 emu/g) 
is also indicative of their chemical composition which agree with a thicker CoFe2O4 shell.50,60 Indeed, for 
similar sizes, CoFe2O4 nanoparticles84,85 display a higher MS than Fe3-O4 nanoparticles.42 Although  these 
values are lower than bulk values (Fe3O4 : 98 emu/g, CoFe2O4 : 94 emu/g) because of surface effects,42 
the higher MS of CS and CSS than C agrees with the coupling of the Fe3-O4 interfacial spins by that of 
the CoFe2O4. The slight decrease of MS from CS to CSS agrees with the formation of a very thin shell of 
Fe3-O4. 
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Table 4. Magnetic characteristics of C, CS and CSS. 

 C CS CSS 
Size (nm) 8.0 10.0 13.1 
Shell thickness (nm) - 1.0 1.5 
HC 5 K (ZFC) kOe 0.3 19.2 13.1 
HC 10 K (FC) kOe 0.3 24.1 15 
HE 10 K (FC) Oe 0 0 0 
Tmax (K) 86 290 301-400 
TB (K) 48 239 280 / 327 
Keff (104 J.m-3) 6.2 15.8 8.2 
MS 5K (ZFC) emu/g 58 78 77 
MR 5K (ZFC) emu/g 15 69 63 
MR/MS 0.26 0.89 0.82 

 
 
Discussion 
 
TEM micrographs showed that the size of the nanoparticles increased from 8.0 ± 0.9 nm (C) to 10.0 ± 
1.5 nm (CS) and, further to 13.1 ± 2.2 nm (CSS), in agreement with the successive growth of shells. 
Nevertheless, the complexity of crystal growth processes resulted in broader size distributions and in 
shape deviation from spheres. It can be ascribed to various parameters such as kinetics (reagent 
concentration, temperature, mass transport, capping agent) and thermodynamics (energy barrier, 
surface energy) parameters.86  Iron oxide nanoparticles exhibit a faceted shape that consists in the {100} 
and {110} planes as usually observed for cubic crystallographic structures.31,42 hkl reflections featuring 
different surface energies, they may favor heterogeneous seed-mediated growth. Other processes such 
as the selective binding of oleic acid acting as capping agent on specific {hkl} planes and the competition 
of adsorption vs. diffusion of atoms on crystal surface markedly alter crystal growth.86 
HAADF-HRSTEM micrographs revealed a single crystal-like structure for each nanoparticle, thanks to the 
negligible lattice mismatch between both spinel structures. FFT calculated from HR-TEM micrographs 
recorded on the edge and at the center of the nanoparticles evidenced the good epitaxial relationship 
of the shells with the core. These results were confirmed by the increase of the crystal size from C to CS 
and further to CSS, as it has been measured from XRD patterns. The cell parameter calculated for the 
iron oxide core corresponds to partially oxidized Fe3-O4 nanoparticles which agrees with the literature. 
Values calculated for CS and CSS are higher than that of C and correspond to higher Fe2+ content and to 
the growth of a cobalt ferrite shell. However, they are larger than the theoretical value of cobalt ferrite 
which is related to the presence of crystal strains, as shown by GPA.84 Slight stacking defaults in the 
crystal structure were also observed from HR-TEM micrographs at the edge of the nanoparticles. 
 
Depending on the chemical composition of nanoparticles, since XRD cannot accurately discriminate Fe3-

O4 from CoFe2O4 due to the very similar cell parameters of the two crystalline structures, a wide set of 
complementary analysis techniques was used. The EELS-SI mapping performed on individual 
nanoparticles clearly showed the presence of Co atoms at the edges of the CS nanoparticles. In CSS, 
EELS data suggest that the Co atoms are not confined to the first shell, but are distributed in the core 
and in the second shell. Although EELS cross-sections performed at different position – i.e. at the center 
and on the edges -  of CSS did not show a decrease in the Co content at the very edge of CSS, EDX 
measurements performed on groups of nanoparticles showed that the Fe:Co atom ratio increased from 
CS to CSS which is consistent with the growth of an iron oxide shell at the surface of CS. The FT-IR spectra 
gave more details on the evolution of the chemical composition of the nanoparticles. The spectra 
showed that the M-O vibration band became narrower and was shifted to lower frequencies from C to 
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CS and, further to CSS, which is consistent with the formation of cobalt ferrite as well as the increase of 
Fe2+ content after the growth of each shell.  
 
The chemical structure of the nanoparticles was investigated more deeply by performing Mössbauer 
spectrometry and XAS/XMCD spectroscopy. Mössbauer spectrometry gave information on the 
oxidation state and the site occupancy of Fe atoms. The spectra showed that the content of Fe2+ 
increased from C nanoparticles to CS which is consistent with the preservation of the core against 
oxidation upon exposure to air through the formation of the cobalt ferrite shell. The increase of the 
average hyperfine field with respect to that of Fe3-O4 nanoparticles is indicative of a significant fraction 
of Fe3+ cations in a cobalt ferrite structure. Considering the respective fractions of the different cations 
(oxidation state and site occupancy), CS consists of a core of 6.8 nm, surrounded by a 1.6 nm thick 
CoFe2O4 shell. Such a reduction of the iron oxide core (8.0 nm) while the size of the nanoparticles 
increases from C to CS, was ascribed to the partial solubilisation-recrystallization process upon heating 
at high temperature.35 
Fe monomers generated by the partial solubilisation of the Fe3-O4 core contribute to the formation of 
the CoFe2O4 shell. Although the CoFe2O4 shell becomes thicker, Fe and Co stearates being added as 
stoichiometric, the CoFe2O4 shell is certainly sub stoichiometric and corresponds to about Co0.79Fe2.21O4. 
In CSS, the CoFe2O4 shell became thicker (up to 2.9 nm) than CS because some Co stearate that remains 
in the nanoparticle suspension (see FTIR, Figure 8) reacted with Fe stearate that was added in the 
reaction medium. Therefore, most of Fe monomers contribute to the extension of the cobalt ferrite 
shell, while a small fraction led to the formation of the second Fe3-O4 shell which is very thin (0.3 nm). 
This value being smaller than the cell parameter, such a shell did not grew homogeneously at the surface 
of CSS. These results were confirmed by STEM-EELS line profiles performed across CS and CSS 
nanoparticles (Figures S2 and S3). These STEM-EELS analyses showed that the Co content exists in larger 
volume than what was expected from the size variation measured from TEM micrographs. Furthermore, 
the Co content increases at the edge of CS as expected (Figure S4). It is much lower for CSS, which agree 
with the formation of a very thin shell of Fe3-O4 although it was expected to disappear (Figure S4).  
 
The XAS and XMCD spectra recorded at the Fe and Co edges provide additional information on the 
chemical structure of the nanoparticles. The evolution of several peaks in XAS spectra at Fe L3 edge 
agrees with an intermediate phase between magnetite and maghemite. It confirmed that the Fe2+ 
content increased from C to CS, and slightly decreased in CSS, in accordance with XRD, FT-IR 
spectroscopy and Mössbauer spectrometry. XMCD spectra are signatures of a ferrimagnetic coupling of 
Fe spins in the reverse spinel structure of iron oxide and cobalt ferrite. However, XMCD shown a weak 
increase of Fe2+ content from CS to CSS which may be due Fe2+ uncompensated spins at the nanoparticle 
surface resulting from the break of symmetry vs. Fe3+ spins in Oh and Td sites which are coupled 
antiparallel. Furthermore, XAS and XMCD spectra at the Co L3 edge unambiguously demonstrate the 
presence of CoFe2O4 in CS and CSS with a Co2+ cations in Oh sites.  The magnitude of XMCD confirms the 
increase of the cobalt ferrite phase form CS to CSS. This result was confirmed by element-specific 
magnetization curves recorded at Fe and Co edges. Similar HC agree with strong exchange interactions 
between Fe and Co spins in a spinel structure.  
 
These results show that the chemical composition and the structure of CS and CSS (Figure 12) differ 
significantly from what was expected from the size variation of the nanoparticles measured from TEM 
micrographs and the Fe/Co molar ratio calculated from EDX analysis. 
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Figure 12. Schematic illustration of the nanoparticle structure a) expected from size variation 
measured from TEM micrographs and Fe/Co molar ratio measured from EDX, and b) from data 

deduced from Mössbauer and XAS/XMCD spectra.  
 
 
The magnetic properties of CS and CSS are directly correlated to their chemical composition and crystal 
structure. The significant increase of TB from C to CS, and further to CSS agrees with strong hard-soft 
magnetic exchange coupling at Fe3-O4/CoFe2O4 and CoFe2O4/Fe3-O4 interfaces. The highest TB value of 
280 K is very close to that (300 K) measured for Co0.68Fe2.32O4 nanoparticles with similar size.85 It shows 
that interfacial exchange coupling mostly compensates the lack of magnetic anisotropy energy 
corresponding to the volume of the Fe3-O4 core. The contribution of the exchange coupling 
phenomenon at the soft/hard interface to TB is more significant than that of the hard/soft shell. It can 
be ascribed to the inhomogeneous coating of the Fe3-O4 shell which limits the hard/soft interface and 
the coupling efficiency. Nevertheless, the combination of soft/hard and hard/soft interfaces contributes 
to the enhancement of the effective magnetic anisotropy energy. Furthermore, the smooth variation of 
magnetization in each M(H) curves (no kinks) confirms strong hard-soft exchange coupling at core/shell 
and shell/shell interfaces which propagates efficiently through the entire core-shell structure. The 
decrease of HC from CS to CSS is also ascribed to the growth of the second Fe3-O4 shell. The increase of 
the hard CoFe2O4 shell volume from CS to CSS has no significant effect on these parameters. In contrast, 
MS increased significantly from C to CS. Interestingly, CSS displays much stronger dipolar interactions 
than CS although they display similar MS. It means that the super ferromagnetic behavior is significantly 
dependent on the amount of oleic acid grafted at the nanoparticle surface which control interparticle 
distances. 
 
 
 
 
Conclusion 
 
Fe3-O4@CoFe2O4@Fe3-O4 (CSS) nanoparticles were synthesized by the thermal decomposition method 
through two successive seed-mediated growth steps. The chemical composition and the crystal 
structure of the nanoparticles were investigated by a wide set of analysis techniques. First of all, the 
thickness of the shells in CS and CSS (Figure 12) vary significantly from values expected from TEM 
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micrographs and EDX analysis. Indeed, the reaction mechanism consists in the partial solubilisation of 
the nanoparticles followed by the recrystallisation of monomers which results in significantly different 
spatial distributions of Fe and Co cations in the nanoparticle volume. While such a mechanism leads to 
a thicker cobalt ferrite shell, it is under stoichiometric with respect to Co content. In contrast, the second 
iron oxide shell is so thin that it does not homogeneously cover the cobalt ferrite shell. Nevertheless, 
each nanoparticle exhibits a single crystal-like structure because of the very low lattice mismatch 
between both spinel phases. Some crystal defects which arise from the nanoparticle geometry and the 
different surface energy of facets could be observed. Although cobalt ferrite could not be discriminated 
from iron oxide by XRD, its presence was unambiguously showed by XAS/XMCD measurements and 
confirmed by Mössbauer spectrometry and FT-IR spectroscopy. The CoFe2O4 shell avoids the oxidation 
of Fe2+ at the surface of the iron oxide core which results in a higher Fe2+content in CS that slightly 
decreases in CSS. 
CS and CSS nanoparticles display enhanced magnetic anisotropy energies in comparison to C as a result 
of strong exchange coupling at the soft/hard and hard/soft interfaces. Although the Fe3-O4 shell is very 
thin and discontinuous, it has a significant influence on the magnetic properties of CS nanoparticles. In 
comparison, pure CoFe2O4 nanoparticles with similar size to that of CSS display close value of TB to ours, 
although a much lower amount of Co atoms was incorporated. Furthermore, the softness of the Fe3-O4 
shell resulted in the decrease of HC and MR while MS was preserved. Such a high control of the structure 
of the nanoparticles is particularly interesting to modulate their magnetic properties, thus extending 
their potential to a wide range of applications. 
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