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Core-shell ferrite nanoparticles offer a promising route toward high-performance, rare-earth-free
magnetic nanomaterials, yet fine control over interfacial exchange coupling remains a critical
challenge. Here, we report the synthesis of Fes0,@Ni:«CoxFe,04 nanoparticles via a two-step seed-
mediated thermal decomposition process in organic media, enabling systematic tuning of the shell
composition and size of the pristine FesO, nanoparticles. High-resolution scanning transmission
electron microscopy (STEM) and electron energy loss spectroscopy (EELS) analyses confirm the
formation of an epitaxial spinel shell, with excellent crystallographic continuity and homogeneous
spatial cation distribution. X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism
(XMCD) reveal that Co?* and Ni?* cations preferentially occupy octahedral sites while a minor -but
significant-Ni;-xCoxO wistite phase forms at the periphery, as also suggested by microscopy,
introducing small exchange-bias effects. Alongside the exchange bias effect, a comprehensive
magnetic characterization using SQUID magnetometry revealed the role of both the shell
composition and the surface anisotropy, the latter being dominant over the shell composition when
the core nanoparticle size was reduced. This multi-technique study unveils the formation mechanism
of such core-shell bimagnetic nanoparticles and the intricate interplay between composition,
interface structure, and magnetic behavior. It provides a potential framework for designing
chemically engineered, anisotropy-tailored magnetic nanostructures for spintronic, biomedical, and
high-density data storage applications.
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Introduction oot 101035 eRAGER
Magnetic nanoparticles (MNPs) have garnered immense interest due to their unique size-dependent
properties stemming from finite-size and surface effects, positioning them as versatile candidates for
applications ranging from magnetic resonance imaging and targeted drug delivery to magnetic
hyperthermia and photomagnetic devices.! Their superparamagnetic behavior at ambient
temperature—a direct consequence of reduced dimensions—emerges when thermal energy exceeds
the magnetic anisotropy energy, enabling spontaneous fluctuations of the magnetic moment around
the easy axis of magnetization.?

Within this framework, the design of complex nanostructures has unlocked new avenues for
engineering and optimizing magnetic behavior.3 Over the past two decades, significant efforts have
been devoted to extending the superparamagnetic limit beyond room temperature—a prerequisite
for advanced technologies such as high-density magnetic storage and permanent magnets—while
preserving the desirable features imparted by nanoscale confinement. A particularly elegant and
effective approach involves enhancing the magnetic anisotropy through interfacial exchange
coupling between magnetically soft and hard phases.* In such systems, the rotation of the soft spins
is hindered by the uncompensated hard spins -with a preferential direction set by field cooling below
the ordering temperature of the hard magnetic phase- at the interface, thereby amplifying the
overall anisotropy without necessitating large quantities of rare or costly elements.>®

When achieved in a core—shell geometry, this strategy allows for a synergistic interplay between
phases via crystallographic interfaces, wherein rigid exchange coupling can result in smooth
hysteresis loops—distinct from the stepped behavior observed in spring magnets—thereby enabling
tunable and coherent magnetic responses. The degree of exchange coupling is highly sensitive to the
relative magnetic anisotropy of the core and shell, which depend of several parameters, notably their
volume ratio, interface quality, and chemical composition.”-%3.4

Ferrites (MFe,04, where M is a divalent transition metal ion) represent an ideal materials platform
for constructing such bimagnetic nanostructures due to their wide range of chemical compositions
and associated magnetic properties.'®> The ability to tune cation distribution between tetrahedral (Td)
and octahedral (Oh) sites in the spinel lattice provides a powerful handle for engineering magnetic
behavior.18171813 Moreover, the structural similarity across ferrites, including closely matched lattice
parameters, facilitates high-quality crystallographic interfaces. For instance, combining two ferrites
with contrasting anisotropies (K being the magnetic anisotropy constant), NiFe;O4 (K = 1 kJ-m™3) and
CoFe,04 (K = 290 kJ-m™3) has been shown to substantially enhance the effective magnetic anisotropy
in core—shell geometries.20:2%.22

Achieving such structural and magnetic precision relies critically on the synthesis methodology. The
thermal decomposition of organometallic precursors at elevated temperatures (~310 °C) in high-
boiling-point solvents has emerged as a robust route for producing monodisperse nanoparticles with
narrow size distributions and controlled morphologies.?*2>26 When implemented in a multistep,
seed-mediated growth process, this technique enables the construction of tailored nanostructures
with well-defined structure. 889213.27-29.30 More recently, this approach has evolved to include multi-
shell, also called "onion-like", architectures through iterative shell deposition, offering further
opportunities for modulating magnetic interactions.31-36

The achievement and understanding of such advanced heterostructures have been greatly facilitated
by state-of-the-art characterization tools. Scanning transmission electron microscopy (STEM)
combined with electron energy loss spectroscopy (EELS) provides nanoscale insights into local
elemental distribution and oxidation states.3” X-ray absorption spectroscopy (XAS) and its magnetic
variant, X-ray magnetic circular dichroism (XMCD), enable the elucidation of cationic valence and site
occupancy in complex spinel matrices—capabilities essential when traditional techniques such as X-
ray diffraction fall short in resolving structurally similar phases like FesO4 and CoFe,04.38 These
advanced tools have revealed that core—shell nanoparticles often deviate from idealized models:
interfacial cation diffusion and partial solubilization / recrystallization result in graded compositions
across the interface rather than abrupt phase boundaries.3%:39:40-42
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Fes04 core and a Nii-xCoxFe,04 shell, in which the shell composition is systematically varied to probe
its influence on their magnetic properties. The nanoparticles were synthesized via a seed-mediated
growth protocol based on sequential thermal decomposition of metal precursors in organic media.
Comprehensive characterization was carried out using a combination of conventional techniques
(TEM, Fourier transform infrared (FTIR) spectroscopy, thermal gravimetry (TG) analysis) alongside
advanced structural and spectroscopic tools (STEM-EELS, HRTEM, XAS, XMCD). This multipronged
approach enabled an unprecedented level of insight into the spatial distribution of metal cations,
crystallographic integrity, and oxidation states—revealing a nuanced chemical landscape within the
core—shell framework. These detailed structural and chemical insights provide a robust basis for
correlating compositional gradients and interface quality with the resulting magnetic behavior, thus
paving the way for the design of next-generation magnetic nanomaterials with tailored anisotropy
and performance.

Experimental section
Synthesis of bimagnetic core-shell nanoparticles

Most of the metal precursors used for nanoparticle synthesis were synthesized. Protocols and
characterization are detailed in supporting information.

CAUTION : The synthesis of nanoparticles being performed without magnetic stirring, careful
awareness and assessment of potential safety risks are essential to prevent hazards such as
overheating or fire, particularly when working with high-boiling, flammable solvents (dioctyl ether)
and elevated temperatures (290 °C).

The pristine iron oxide nanoparticles (P1) used for the synthesis of FeCo, FeNi and FeCoNi_10 were
synthesized following an already published protocol.> A two-necked round-bottom flask was filled
with 1.38 g (2.22 mmol) of iron (ll) 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 120 °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 to 100 °C. A portion of the solution (4 mL for FeCo, 10 mL for FeNi and FeCoNi_10) was kept as a
reference of the core nanoparticles to analyze following an already published protocol.*® After
cooling down to room temperature, the NPs were precipitated by the addition of acetone and then
washed by centrifugation in a mix of chloroform and acetone. They were then stored in 20 mL of
chloroform.

FeCo nanoparticles: 0.141 g (0.22 mmol) of cobalt (ll) stearate, 1.254 g (4.44 mmol) of oleic acid
(99% Alfa Aesar) and 20 mL of 1-octadecene (BP = 315 °C, 95% Sigma Aldrich) were added to the
solution of pristine iron oxide nanoparticles P1 (16 mL). The mixture was heated to 120 °C for 30 min
under magnetic stirring to remove water residues and to homogenize the solution. After removal of
the magnetic stirrer, the flask was then connected to a reflux condenser to heat the solution at reflux
for another 3 h with a heating ramp of 1 °C/min. After cooling to room temperature, the
nanoparticles were precipitated by the addition of acetone and then washed by centrifugation in a
mix of chloroform and acetone. They were then stored in chloroform.

FeNi nanoparticles: 0.074 g (0.22 mmol) of nickel (Il) octanoate, 1.254 g (4.44 mmol) of oleic acid,
and 20 mL of 1-octadecene were added to the solution of pristine iron oxide nanoparticles P1 (16
mL). The mixture was heated to 120 °C for 30 min under magnetic stirring to remove water residues
and to homogenize the solution. After removal of the magnetic stirrer, the flask was then connected
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to a reflux condenser to heat the solution at reflux one hour with a heating ramp of 1 °(g/_rrbin V/ﬂ?ftgrde Online
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cooling to room temperature, the nanoparticles were precipitated by the addition of acetone and

then washed by centrifugation in a mix of chloroform and acetone. They were then stored in

chloroform.

FeCoNi_10 nanoparticles: 0.135 g (0.22 mmol) of the mixed stearate precursor CogsNipsSt,, 1.254 g
(4.44 mmol) of oleic acid (99% Alfa Aesar) and 20 mL of 1-octadecene were added to the solution of
pristine iron oxide nanoparticles P1 (16 mL). The mixture was heated to 120 °C for 30 min under
magnetic stirring to remove water residues and to homogenize the solution. After removal of the
magnetic stirrer, the flask was then connected to a reflux condenser to heat the solution at reflux for
2 h with a heating ramp of 5 °C/min. After cooling to room temperature, the nanoparticles were
precipitated by the addition of acetone and then washed by centrifugation in a mix of chloroform
and acetone. They were then stored in chloroform.

The synthesis of FeCoNi_14 nanoparticles was performed from larger pristine iron oxide
nanoparticles (P2) . In contrast to P1, the protocol requires commercial iron (lll) stearate details are
given in our previous reports.?’3! A two-necked round-bottom flask was filled with 2 g (2.2 mmol) of
commercial iron (lll) stearate, 1.24 g (4.4 mmol) of oleic acid (99% Alfa Aesar), 20 mL of ether dioctyl
(BP =290 °C, 97% Fluka). The brownish mixture was heated at 120 °C under a magnetic stir for 1 hour
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 to 100 °C. After
cooling down to room temperature, the NPs were precipitated by the addition of acetone and then
washed by centrifugation in a mix of chloroform and acetone. They were then stored in 20 mL of
chloroform.

FeCoNi_14 nanoparticles : 0.27 g (0.44 mmol) of the mixed stearate precursor CoosNipsSt, and 20
mL of 1-octadecene were added to the solution of large pristine iron oxide nanoparticles P1 (16 mL)..
The mixture was heated to 120 °C for 30 min under magnetic stirring to remove water residues and
to homogenize the solution. After removal of the magnetic stirrer, the flask was then connected to a
reflux condenser to heat the solution at reflux for 2h with a heating ramp of 5 °C/min. After cooling
to room temperature, the nanoparticles were precipitated by the addition of acetone and then
washed by centrifugation in a mix of chloroform and acetone. They were then stored in chloroform.
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Transmission electron microscopy. The TEM images for the size distribution analysis were taken on
JEOL 2100 LaB6 microscope with a 0.2 nm point-to-point resolution. The high-resolution TEM and
energy dispersive spectroscopy EDS were used to confirm the crystal structure and Fe and Co atomic
distribution within synthesized nanoparticles, respectively.

Scanning transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS).
STEM imaging and STEM-EELS were performed in a probe-corrected Titan Low-Base (Thermo Fisher
Scientific) equipped with a high-brightness field emission gun. The gun was operated at 300 keV for
STEM imaging with a high-angle annular dark field (HAADF) detector with an acceptance angle of 48
mrad. STEM-EELS data was acquired at 80 keV with a Gatan Image Filter (GIF) Tridiem 866 with an
acceptance angle of 87 mrad. Convergence angle for both imaging and spectroscopy was 25 mrad.
The EELS spectrum imaging (SlI) data was acquired with a dispersion of 0.3 eV to encompass the
ionization edges of oxygen K, iron L, cobalt L and nickel L. Data analysis was conducted using a
custom Matlab program. For elemental quantification, the pre-edge EEL spectra were first fitted by a
power-law function. The background-spectra were then integrated in an energy window with a width
of 30 eV. Relative atomic concentrations were obtained using calculated theoretical cross sections.*®
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The overlap of the nickel L;, edge with the iron L; edge was corrected using the iron %3163?%%%;‘8&”1‘?2

DOI: 1
intensity and an experimentally determined intensity ratio between iron Ls; and L; edges as

described recently.t Line spectra profiles across the NPs were obtained by averaging several pixels to
improve the signal-to-noise ratio. For the STEM analyses, the NPs were dispersed in ethyl alcohol and
drop-casted on holey-carbon TEM grids followed by a ligand-cleaning process based on activated
carbon. This cleaning process improves image quality and reduces beam damage. EELS-SI data was
acquired on various individual NPs from each specimen, the data presented in the manuscript
represents exemplary data.

Inductively coupled plasma-atomic emission spectrometry (ICP-AES). Measurements were
performed by the Plateforme Analytique of the Institut Pluridisciplinaire Hubert Curien (UMR CNRS
7178), Strasbourg, France. Samples were mineralized at 185 °C for 50 min under pressure (Multiwave
ECO, Anton Paar) with HCI (3 mL) for Fe, Co and Ni loading determination. Blank tests were carried
out in parallel under the same conditions. Quantifications of metals in the clear obtained solutions
were carried out by ICP-AES (Varian 720ES) at two wavelengths: 250.690 nm and 251.611 nm.

X-ray diffraction. The XRD patterns of the synthesized nanoparticles were recorded at a Bruker D8
Advance diffractometer equipped with a non-monochromatic copper radiation (Ka=0.154056 nm)
and a Sol-X detector in the range from 20 to 80° 26 with a step of 0.02°. High-purity silicon powder
(2a=0.543082 nm) was systematically used as an internal standard. Refinement of XRD patterns were
performed by using Fullprof software.

Fourier transform infra-red (FT-IR) spectroscopy was performed using a Perkin Elmer Spectrum
spectrometer in the energy range 4000-400 cm~ on samples diluted in KBr pellets.

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 spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD). Spectra were recorded at
the L3 edges of Fe and Co, on the DEIMOS beamline at SOLEIL (Saclay, France)*®. All spectra were
recorded at 4.2 K under UHV conditions (10° mbar) and using total electron yield (TEY) recording
mode. The measurement protocol was previously detailed by Daffé et al.*® An external parallel
magnetic field H* (respectively antiparallel H) was applied on the sample while a o. polarized (o.
polarized respectively) perpendicular beam was directed on the sample. Isotropic XAS signals were
obtained by taking the mean of the o,+0. sum where o, = [o.(H*)+ or(H)]/2 and o. = [o.(H)+ or(H*)]/2
with o, and or the absorption cross section measured respectively with left and right circularly
polarized X-rays. XMCD spectra were obtained by taking the o.-0. dichroic signal with a + 6.5 T
applied magnetic field. The circularly polarized X-rays are provided by an Apple-Il HU-52 undulator
for both XAS and XMCD measurements while EMPHUG5 with a polarization switching rate of 10 Hz
was used to record hysteresis cycle at fixed energy.®. 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 um. Both XMCD and isotropic XAS signals presented here are
normalized by dividing the raw signal by the edge jump of the isotropic XAS. The samples consist of
drop casted suspension of nanoparticles in chloroform onto a silicon substrate. The substrates were
then affixed on a sample holder.

Superconducting Quantum Interference Device (SQUID) magnetometry. Magnetic measurements
were performed in using a SQUID magnetometer from Quantum Design MPMS-XL. 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
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of 75 Oe (7.5 mT) was applied, and the ZFC magnetization curve was recorded upon heDagjtliqglfg%gﬁ;‘ngl‘g;
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) were measured at 5 and 300 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 +50 kOe to -50 kOe , and then from -50
kOe to +50 kOe . 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 50 kOe . The FC hysteresis loop
was then measured by applying the same field sweep as for the ZFC hysteresis loop. The coercive
field (Hc) and the Mgr/Ms ratio were measured from ZFC and FC M(H) curves. The exchange bias field
(He) was measured from FC M(H) curves. Saturation magnetization (Ms) was measured from the
hysteresis loops recorded at 5 K.

Results and discussion

The synthesis strategy of bimagnetic core-shell nanoparticles consists in a two-step-seed-mediated
growth (Figure 1). First, pristine iron oxide (Fes;04) nanoparticles (P1) were synthesized by
controlling the thermal decomposition of iron (ll) stearate (FeSt,) at reflux of 1-octadecene (bp: 315
°C), a high-temperature boiling solvent. Nanoparticles were washed before the growth of the shell in
order to avoid any unreacted and intermediate products. These nanoparticles correspond to Fe304
with partial oxidation at their surface.>?*> Second, Ni;xCoxFe,O4 was grown as a shell at the surface of
iron oxide nanoparticles which act as crystal seeds upon the thermal decomposition of the
corresponding metal complexes (see supporting information). Cobalt stearate (CoSt;), nickel
octanoate (NiOct;) or mixed cobalt/nickel stearate (CoosNipsSt;) were decomposed to release
Fes0,@CoFe;04, FesO,@NiFe;04 and FesO,@Coi4NixFe,0,4 core-shell nanoparticles, named FeCo,
FeNi, FeCoNi_10, respectively. In addition, Fe;0,@Co;«NixFe,04 nanoparticles were also synthesized
from iron oxide nanoparticles (P2) with a larger size of 14 + 1.1 nm (Figures S4). This sample was
named FeCoNi_14. Each metal complex was characterized by FTIR spectroscopy (Figure S1) and TG
analysis (Figure S2) in order to be selected to decompose near the boiling temperature of 1-
octadecene. No iron stearate was added, the formation of the MFe,0,4 shell happens through the
partial solubilization of pristine iron oxide nanoparticles. As we recently reported on similar core-
shell nanoparticles,3 iron species are released before undergoing co-crystallization with the readily
decomposed Co and/or Ni species. Both steps were performed in the presence of oleic acid which
participates in the kinetic of the reaction* and allows the delivery of nanoparticles coated by oleic
acid as shown by infrared spectroscopy (Figures S6 and S7). Therefore, nanoparticles are not in direct
contact as shown by TEM micrographs. Thanks to such a stabilizing agent, highly stable colloidal
suspensions of non-aggregated nanoparticles can be prepared in organic solvents.
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Figure 1. Schematic illustration of the pathway for the synthesis of core-shell Fe304@$\loi}.ﬁg%§§%@%;‘8gl”l‘g/f—‘\

nanoparticles.

According to TEM micrographs (Figure S3), iron oxide nanoparticles synthesized for each sample
display a narrow size distribution and a well-defined shape, close to spheres although some sharp
edges relate to faceted nanoparticles. After the second synthesis step, narrow size distribution is also
observed although facets become larger (Figure 2). The mean size of all nanoparticles increases,
testifying to the formation of an extra layer at their surface due to the epitaxial growth of MFe,0,
shell from the surface of the Fe;04 core. The apparent shell thickness was calculated to be half of the
difference between the mean size of core-shell Fe3;0.@Ni;xCosFe;0, and pristine Fes04
nanoparticles. Similar conclusions can be drawn for FeCoNi_12 and FeCoNi_14 (Figure S4 and S5). It
is worth noting that the mean thickness is around 0.5 nm (half of size variation). This value is smaller
than the cell parameter of the corresponding ferrites (around 8.33 to 8.39 A) which, in principle, are
expected to be formed.

Scanning transmission electron microscopy — high-angle annular dark-field (STEM-HAADF)
micrographs were recorded in order to investigate the crystal structure of the core-shell
nanoparticles (Figure 2d-e). Lattice fringes were observed across all the nanoparticles of each
sample, attesting their high degree of crystallinity. Fast Fourier transforms (FFTs) were calculated
from the representative nanoparticles (Figure 2f-g). For all samples, the obtained spots correspond
to interplanar distances that can be ascribed to the spinel structure. Due to the minor difference of
the lattice parameters (see values below), CoFe,;04 and NiFe,0,4 as well as mixed compositions cannot
be distinguished from each other or from the Fes;;04 core. Looking closely to the HR-STEM
micrographs in some regions of the shell of FeCoNi_10, and FeCoNi_14 (Figure S3) nanoparticles, the
lattice fringes close to the surface display half of the periodicity of lattice fringes of the core. It could
be attributed to a minor presence of a wiistite phase which cell parameters (acoo = 4.2612 A, JCPDS
card n° 48-1719, anio= 4.117 A, JCPDS card n° 47-1049) are nearly half of those of the spinel phases.
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Figure 2. TEM micrographs of a) FeCo, b) FeCoNi_10 and c) FeNi nanoparticles and the corresponding
d-f) high-resolution STEM-HAADF micrographs. g-i) FFT images calculated for the main nanoparticle
of d-f). j-I) size distribution of pristine iron oxide and core-shell nanoparticles.

These results were confirmed by X-ray diffraction (XRD) (Figure S4). The XRD patterns all show
diffraction peaks which can be indexed to the spinel structure (Fd-3m space group). Broad peaks
were observed for each sample in agreement with nanometric sizes. The calculated Scherrer size is
very close to the nanoparticle size measured from TEM micrographs for each sample (Table 1).
Similar conclusions can be made from XRD patterns corresponding to FeCoNi_14 nanoparticles
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although peaks become narrower according to the larger size of pristine iron oxide na I%%y
Unfortunately, due to peak broadening and similarity of cell parameters, the different ferrites (Fes0,,
NiFe,0,4 and CoFe,0,) which are all spinel structures cannot be discriminated by XRD.5! Refinement of
XRD patterns allowed the calculation of cell parameters a for each nanoparticle (Table 1) showing a
slight deviation from the theoretical value of FesO4 (a = 8.396 A, JCPDS card n° 19-062), which we
ascribe to the different chemical composition of the shell. A high content of NiFe,04 (a = 8.339 A,
JCPDS card n° 10-0325) tends to decrease the cell parameter whereas a high content of CoFe;0, (a =
8.392 A, JCPDS card No. 00-022-1086 ) results in an unchanged value. Indeed, it is more appropriate
to consider the crystal structure of core-shell nanoparticles as a continuous spinel phase with the
Fe/Co atomic ratio evolving from the shell surface to the core center as we reported previously.>? The
calculated crystal sizes slightly differ from mean sizes measured from TEM micrographs which tend
to be usually overestimated because the images results of 2D projections of nanoparticles which are
not strictly spherical. Nevertheless, the similarities of these values for each sample testify to the
single crystal structure of each nanoparticle whatever its chemical composition. It is worth noting
that the XRD pattern of FeCoNi_10 displays unusual preferential orientation along (220) and (440)
reflections. Although it could be ascribed to some anisotropic shape of nanoparticles as reported for
cubic shape,®3°* TEM micrographs did not reveal such a morphology.

Table 1. Structural and chemical characteristics of core-shell nanoparticles.

FeCo FeNi FeCoNi_10 FeCoNi_14

Diameter (nm)

+
- pristine (TEM) HDE 0

10.8+1.3 10.0+0.8 140+1.1

Diameter (nm)
- core-shell
(TEM)

11.8+1.0 116+1.3 11.0+0.9 148+1.1

Apparent shell
thickness (nm) 0.4 0.4 0.5 0.4
(TEM)

Chemical
composition of
the shell (ICP-
AES)

Co1.3sFe16804 Nio.oFez. 104 Nio.8Coo.42Fe1.7804  Nio.67C00.63F€1.704

Cell parameter

5 . +0. . +0. . +0. c +0.
P 8.39(3)£0.01 838(4)+0.01  8.38(6)%0.01 8.39(4) £0.01
Crystal size 11.8+0.1 11.2+0.1 11.1+0.1 143+0.1
(nm) (XRD) e e o o

The chemical composition of core—shell nanoparticles was investigated at high spatial resolution
(down to 0.5 nm) using scanning transmission electron microscopy (STEM) coupled with electron
energy loss spectroscopy spectrum imaging (EELS-SI) (Figure 3). Therefore, the Fe, Co and Ni L;;
edges as well as the O K edge were acquired and quantified to obtain elemental maps. The overlap
between the Ni L3, edge and the Fe L; edge was corrected as we recently reported.3” Iron exhibited
the highest concentration in the core region, with its relative abundance decreasing toward the
nanoparticle edges. In contrast, cobalt and nickel concentrations were found to generally increase
toward the edges, indicating a shell enriched in these elements. This spatial distribution supports a
core—shell architecture comprising a Fes04-rich core surrounded by a shell enriched in mixed metal
ferrites (Ni;xCoxFe;04). Oxygen atoms were found to be homogeneously distributed throughout the
nanoparticles with a slight increase in concentration towards the edges. This could be attributed to
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the preferential bonding of oxygen to cobalt and nickel atoms in the ferrite shell, or to tge an?gpg@de Online
. . . . . DOl 10.1 D6ENAOO118A
of adsorbed organic species, that were not fully removed during specimen cleaning.

A detailed analysis of the EELS results reveals some deviations from the ideal core-shell structure of
the nanoparticles. The cobalt atoms are found to be non-homogeneously distributed throughout the
shell of the FeCo nanoparticles (Figure 3a), forming larger Co-rich domains and a variation of the local
shell thickness. It could be explained by the preferential growth of CoO on specific facets of the
nanoparticles and by a high concentration of Co monomers.>> Nevertheless, the cobalt coverage
seems to be complete, forming a continuous shell. In contrast, for FeNi nanoparticles, Figure 3c
suggests a non-homogeneous coverage of the Fe;04 core by Ni atoms that may be related to an
insufficient concentration of Ni monomers. On the other hand, the shell of the FeCoNi_10
nanoparticles is highly homogeneous both in composition and thickness (Figure 3b). According to
STEM-EELS analysis, the chemical structures of the FeCo, FeNi and FeCoNi_10 nanoparticles agree
with an iron oxide core with a CoFe,04, NiFe,04 and CoxNiixFe;04 shell grown at their surface,
respectively. FeCoNi_14 nanoparticles also show a homogenous distribution of Co and Ni at their
surface (Figures S6) which is also ascribed to a CoxNii«Fe>04 shell.

According to the periodicity of the lattice fringes seen by STEM-HAADF, a limited fraction of Co and
Ni at the nanoparticle surface may be attributed to the formation of a wistite phase (Co1.xNixO). The
fact that this wiistite phase is located at the surface in such small fraction is in agreement with XRD
patterns, which did not show any significant contribution of wiistite, thus representing less than 5 %
weight or corresponding to very small crystal sizes. It is also interesting to look in detail at the
relative concentrations of Fe, Co, and Ni at the surface of the nanoparticles, i.e. the shell surface. For
FeCo nanoparticles, the Co content was found to be higher (18-20 at.%) than the stoichiometric
value (14 at.%) expected for CoFe,04. For FeCoNi_10, the cumulated Co and Ni content (17-18 at.%)
is also higher than expected although Co and Ni content are relatively similar. In contrast, the Ni
content at the surface of FeNi nanoparticles is slightly lower (10-13 at.%) than expected for
stoichiometric NiFe,O4. This reduced Ni content agrees with the observed incomplete coverage of
the iron oxide core. All values differ from the expected stoichiometry of MFe,0,4, showing for all
samples (except FeNi), overloading of Co and / or Ni cations which confirms the relative
concentration of Fe, Co and Ni measured by EELS at the shell surface. Similar conclusions can be
made for FeCoNi_14 nanoparticles (Figures S6). These compositional differences of the nanoparticle
surface highlight the complexity of the formation mechanism of the shell in multicomponent ferrite
nanoparticles.
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Figure 3. STEM-EELS analysis of three individual nanoparticles of the three specimens (a) FeCo, (b)
FeCoNi_10 and (c) FeNi. The first column shows profiles of the relative atomic percentages recorded
across a single nanoparticle as indicated by an arrow in the chemical map shown in the second
column. The following columns show the elemental maps of oxygen (red), iron (green), cobalt (blue)
and nickel (yellow). Note that in the chemical map in (c), nickel is added in blue color to form a RGB
composite map.

Soft X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) experiments
were conducted to investigate the site occupancy and oxidation states of Fe and Co cations (Figure
4). The isotropic XAS spectra acquired at the L;,; edges of Fe, Co, and Ni provide insight into the
oxidation states and local coordination environments of the cations whether their spins are
compensated or not. In particular, the Fe**/Fe3* ratio in octahedral (Oy) sites can be qualitatively
estimated from the intensity ratio of the |, and |, peaks (Figure 4a).>¢5” The extracted values for core—
shell nanoparticles are consistent with a distribution of Fe** and Fe3* in a spinel structure. However,
values exceeding that of pure Fe30,4 (0.71)°® — as calculated for FeCo and FeCoNi_14 — suggest an
increased contribution from the wistite phase (FexO), consistent with recent findings in similar
systems.3? This likely arises from partial solubilization of the initial iron oxide nanoparticles during the
second synthesis step, followed by recrystallization of FexO within the shell. Such a process is
plausibly driven by the stabilization of Fe(ll) in the strongly reducing environment. Accordingly, the
presence of Fe,O in the shell is expected for all core—shell nanoparticles.

XMCD spectra provide complementary insights, as they are sensitive only to uncompensated
magnetic moments (Figure 4b). Thus, signals originate exclusively from ferrimagnetic phases—most
notably spinel—while antiferromagnetic phases such as wiustite (with compensated spins) remain
mostly XMCD-silent, except for spins at the nanoparticle surface which due to symmetry breaking
may undergo a spin glass-like transition.>® The XMCD spectra recorded at the Fe L,,; edges for all
core—shell nanoparticles exhibit features characteristic of a reverse spinel structure. Peaks labeled S,,
S,, and Sz (Figure 4b) correspond to Fe?* and Fe3* in Oy, sites, Fe3* in Ty sites, and Fe3* in Oy sites,
respectively. The intensity ratio S = (S + S;)/(S2 + Ss) provides an estimate of the relative content of
FesO4 (S = 1.14)%8%0 versus y-Fe,0s (S = 0.69),*%0 the latter being representative of MFe;04
compositions. Based on this analysis, the Fes0O, fraction in the core—shell nanoparticles are estimated
to be 31 %, 49 %, 58 %, and 42 %, for FeCo, FeNi, FeCoNi_10 and FeCoNi_14, respectively (Table 2).
Assuming that the shell grown at the surface of the pristine iron oxide nanoparticles and the
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reductive reaction medium avoid the oxidation of Fe?*, we expect the counter fractlonD%Qrl%el%qg)ggéi\gmwi
to the MFe;04 shell.

XAS spectra recorded at the Co L,,; edges further clarify the distribution of Co?* between spinel and
wistite phases (Figure 4c). An l4/ls intensity ratio greater than 1#%%! confirms the presence of CoO in
FeCo, FeCoNi_10 and FeCoNi_14 133> This finding, alongside the presence of FeO, suggests the
formation of a mixed Fe,Co:.-xO wiistite phase in the shell, resulting from the co-crystallization of
partially solubilized Fe species with Co added species as we previously observed for similar systems.3°
The corresponding XMCD spectra are characteristic of Co-ferrite, with a prominent negative peak
attributed to uncompensated Co?* spins occupying Oy sites in the spinel structure (Figure 4d).
Normalization of XMCD by the Ls; jump edge of XAS indicates that the estimated proportion of Co**
with uncompensated spins is approximately 60 %, 70 % and 73 % for FeCo, FeCoNi_10 and
FeCoNi_14, respectively (Table 2). Nevertheless, we emphasize that this analysis remains qualitative.
In particular, surface-related effects must be taken into account, as uncompensated magnetic
moments at the surface can contribute to the XMCD signal. In any case, while the majority of Co?*
resides in the spinel lattice, a non-negligible fraction is incorporated into the wiistite phase.

XMCD spectra at the Ni L,,3 edges for Ni-containing core—shell nanoparticles display a single negative
peak, corresponding to Ni?* occupying O sites in the spinel lattice (Figure 4f). XAS spectra showing a
single peak corresponding to Ni?* (Figure 4e), the normalization of XMCD by the Lz jump edge of XAS
indicates that a significant fraction of Ni>*—21, 34 and 43 % for FeNi, FeCoNi_10 and FeCoNi_14,
respectively—is also incorporated into the wiistite phase.

Table 2. Intensity ratios of peaks calculated from XAS and XMCD spectra and the corresponding
volume fractions.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Sample FeCo FeNi FeCoNi_10 FeCoNi_14 Fes0,4 v-Fe,0;
11/1; ratio 0.87 0.65 0.65 0.89 0.71 0.35
S ratio 0.83 0.91 0.95 0.88 1.14%8 0.69%
Fes04 (%) / MFe,04 (%) 31/69 49/51 58/42 42/58 100/0 0/100
I3/14 ratio 0.99 _ 0.95 1.00

CoFe;04 (%) / CoO (%) 60/40 _ 70/30 73/27

(cc)

NiFe204 (%) / NiO (%) _ 79/21 66/34 57/43
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Figure 4. a,c,e) XAS and b,d,f) XMCD spectra of FeCo,
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Discussion on the formation mechanism and the chemical structure of nanoparticles

As we reported earlier,'>3> the synthesis mechanism of core-shell nanoparticles in solution at high
temperature (310 °C) involves the partial solubilization of the pristine iron oxide nanoparticle at their
surface. Fe monomers subsequently co-crystallize with additional Co and/or Ni monomers resulting
from the second thermal decomposition step in a spinel structure (MFe;04). According to the
respective thermal stability of Ni and Co complexes (see TG analysis for details, Figure S8) as well as
the relative reactivity of Fe, Co and Ni monomers, their growth kinetics are different. Therefore, as
the formation of Co oxide (318°C) takes place at a higher temperature than Ni oxide (293°C), Co
monomers are consumed at a slower rate than Ni ones upon the partial solubilization process of the
iron oxide nanoparticles. It results in a different gradient of concentration from the iron oxide
interface to the surface, Co being more concentrated at the resulting shell surface than Ni as shown
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by EELS-SI. Such a mechanism also explains the formation of Co-rich, thicker areas at theD ?-QQPO%%%WS&TQE
surface, where growth kinetics may be also favored by the higher concentration and reactivity of

specific crystal planes that constitute the nanoparticle facets.® 2

According to the partial solubilization / co crystallization mechanism, we can assume that once Fe
monomers are consumed by co-crystallization, any excess of Co or Ni monomers ultimately leads to
the formation of a wistite crystal structure (NixCo1.0), at the surface of nanoparticles. If we consider
that the partial solubilization kinetic is similar for all pristine nanoparticles, the kinetics of the
formation of the shell through crystallization process is controlled by the concentration of metal
complexes. Such an excess of Co and Ni as well as their atomic ratio at the shell surface is clearly
supported by EELS-SI profiles.

Furthermore, the atomic ratio between the Co, Ni and CogsNigs complexes and the Fe complex used
to form pristine iron oxide nanoparticles gives a good representation of the relative concentration of
M complexes. The M:Fe atomic ratio of FeCo, being higher (1:3) than that of FeNi (1:5), favors the
formation of a larger fraction of CoO than NiO. For FeCoNi nanoparticles, a mixed CogsNigsSt,
complex was used in order to favor the simultaneous formation of Co and Ni monomers (see TG
analysis, Figure S2), leading to the homogeneous distribution of both cations in the shell.

Magnetometry study

Zero field cooled (ZFC) and field cooled (FC) temperature-dependent magnetization curves were
recorded successively upon cooling down from 400 K to 5 K in a 75 Oe magnetic field. As seen in the
Figure 5a. ZFC curves (hollow points) all show a maximum value that can be ascribed to the apparent
blocking temperature (Tmax), i.e., the crossover temperature from a superparamagnetic state to a
hysteretic one, taking into account dipolar interactions. Due to the size distribution of the
nanoparticles, a distribution of apparent blocking temperatures exists and can be extracted as:%3

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

f(Tmax) = d(Mzpc — Mpc)/dT.
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Such distribution for our nanoparticles can be found in Figure 5b, and the position of its maximum,
<Tmax>, is reported in Table 4. As the samples were measured in the powder state, strong dipolar
interactions — which are known to increase Twax®*>- may be expected. However, taking into account
volume and magnetic moment variations across the samples, we can consider these to be roughly of
the same order of magnitude (except for FeCoNi_14), within the series (see Figure S20 and
associated text, where the dipolar energies of the samples are estimated, assuming that the
nanoparticles are separated by a distance equal to the length of two oleic acid molecules). Note that
the former assumption does not neglect the effect of dipolar interaction on the relaxation of the
macrospins, it only assumes this effect is similar in all the samples Thus, the evolution of <Tyax> can
be explained mainly in terms of the individual magnetic anisotropy of the nanoparticles and their
KefsV
25kg ’
nanoparticle and kg the Boltzmann constant).

(cc)

volume (as < Tyax >= Keg being the effective anisotropy constant, V the volume of the


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00118a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 28 april 2026. Downloaded on 11.6.2026. 12.31.57.

(cc)

Nanoscale Advances

Page 16 of 24

View Article Online

T
——FeNi
—s=—FeCoNi_10|

~— FeCoNi_14
——FeCo

d(MZC-MFCydT (arb. units)

300 400

Figure 5. (a) FC-ZFC magnetothermal curves recorded in a 75 Oe field and b) its distribution of
apparent blocking temperatures.

In this regard, Figure 5a shows the samples with similar volume but with a different shell composition
(FeCo, FeNi and FeCoNi_10) whose variation in Tyax stems, in essence, from a change in the
anisotropy energy of the core-shell nanoparticles. Indeed, the higher the Co/Ni ratio in these
samples, the higher the Twmax values, indicating that the Co-ferrite and mixed Co/Ni ferrite shells
confer a higher anisotropy to the magnetite core by effective exchange interactions at the core-shell
interface in FeCo and FeCoNi_10 respectively.>” Interestingly, the addition of the nickel ferrite shell,
lowers the overall anisotropy with respect to that of the core, in agreement with the anisotropy
constant of NiFe,04 (K = 8.10% J.m3) (see Figure S12 for the comparison of FeNi and the pristine core).
Looking closely at the curves corresponding to FeNi, a flat shape of the FC and a drop in
magnetization below Tyax is observed, often attributed to a superspin glass freezing driven by strong
dipolar interactions. This claim might seem at odds with the fact that dipolar interactions are of the
same order of magnitude in all samples (Figure S16). However, even if dipolar interactions are of the
same order of magnitude, whether a collective freezing of the macrospins exists or not also depends
on the magnetic anisotropy of the particles as reported by some of us.®> Thus, it is consistent that the
FeNi sample - exhibiting the lowest K, see Table 4 — is the only sample showing this marked
feature.

Figure 5a also depicts the FC-ZFC curves for FeCoNi samples, with different core sizes but similar shell
composition (i.e., mixed Ni/Co ferrite), where Tuax (and also <Twax>, see Figure 5b) increases with the
Co fraction (see Table 1 for the chemical composition). However, this may be accidental as the total
particle volume is also increasing. Indeed, normalizing by the volume, the values of K increase with
the Ni/(Ni+Co) atomic ratio (see Table 4 for values), which is at odds with the expected effect of
adding low anisotropy (Ni-containing) species. This anomaly can be attributed to the decreasing
surface contribution to the global anisotropy with increasing volume, which seems to dominate the
effects from the varying composition of the shell. Note that, even taking into account the magnitude
of dipolar interactions in FeCoNi_14 with Ni/(Ni+Co)=0.51 (Figure S16), which will lower the actual
Keff of this sample, the qualitative trend will remain the same. In contrast, the samples with different
shell compositions but similar volume (i.e., FeCo, FeNi and FeCoNi_10) show the expected decrease
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anisotropy changes: i) single-ion anisotropy in the series with similar core size and ii) an increasingly

high surface anisotropy contribution for the smaller nanoparticles in the FeCoNi series that shadows
the effect of variations in the composition of the shell.

of Kessf with Ni addition. Then, two different contributions are seen to dominate theDse lac%/rfg;%t“ifede Online

It is interesting to note the consistency of the Ke values (ranging from 20 to 110 kJm3) with the one

Open Access Article. Published on 28 april 2026. Downloaded on 11.6.2026. 12.31.57.

g measured in a representative magnetite seed (Kess = 51 klm3, obtained from the M(T) data (Figure
,§ $12) as well as with those reported in literature for magnetite nanoparticles.?4%®
B
g Table 4. Magnetic characteristics of nanoparticles.
2
™
g FeCo FeNi FeCoNi_10 FeCoNi_14
:
% Diameter (nm) - pristine 11.0+£0.9 10.8+1.3 10.0+£0.8 14.0+1.1
=z
S
é Diameter (nm) — core-shell 11.8+1.0 11.6+1.3 11.0+£0.9 148+1.1
<
c . ang
£ Chemical composition of the shell Coi3sFe16804  NigoFez 104 Nio.8C00.42F€1.7804 Nio 67C00 63F€1.704
£ (ICP-AES)
3
g
s Kesr (kJm3) 112 23 91 48
o
©
£ Trmax (K) 333 121 229 309
i
= <Tmax> (K) 279 435 184 235
2
5 Ms at 5 K 77.6 65.7 77.3 70.0
£
Mg/Ms at 5 K (ZFC) 0.71 0.34 0.56 0.6
= Hc 5 K (ZFC) (Oe) 16 600 327 4 600 6 800
S
Hc 5 K (FC) (Oe) 17 600 279 4700 7 200
He 5 K (Oe) 491 13 134 270

To deepen our understanding on the effect of adding these hard/soft shells, we recorded hysteresis
loops at 5 K (where the magnetic moments of nanoparticles are completely blocked in the timescale
of the measurement) after cooling down in an applied field of 50 kOe (FC loops, Figure 6a) as well as
in zero field (ZFC loops, see Figure S15 for comparison between them). In comparison to the
corresponding pristine iron oxide nanoparticles P1 (Figure S14), the associated coercive fields (Hc) of
core-shell nanoparticles are much higher. As expected, FeCo nanoparticles exhibit the highest
coercivity, while the progressive replacement of Co by Ni results in narrower loops. Such variation of
the coercive field agrees with the intrinsic magnetic properties of the hard (CoFe,04) and soft
(NiFe;04) magnetic materials. Note that, although FeCo hysteresis loops are, in fact, minor loops, the
qualitative trend is not affected. In addition, FeCoNi nanoparticles display intermediate Hc values
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between those of FeCo and FeNi, even for larger core sizes, in agreement with their mlégglgq(%@ilgcgad;gmwi

composition and their Co content. All hysteresis loops are smooth (no kinks are observed), indicating
that hard and soft phases are completely exchange-coupled. According to STEM-EELS micrographs,
Co and Ni are homogeneously distributed, thus resulting in a single hard phase which rotates
coherently with the soft Fes0, magnetic core upon magnetic field reversal, thanks to a strong
exchange coupling at their interface.?

However, values of the saturation magnetization (M) at 5 K (Table 4 ) show a non-monotonic
behavior. Replacing Co with Ni in the octahedral sites (as confirmed by XMCD in Figure 4f) decreases
M, from 77.6 to 58.9 emu/g from FeCo to FeNi, respectively, in agreement with the spin-only
moment of Co?* (3us) and Ni?* (2ug).5” While FeCoNi_14 displays intermediate values, as expected,
FeCoNi_10 shows a similar value as FeCo (i.e. 77 emu/g). Such high value, deviating from the overall
trend, may be ascribed to less AFM content in the shell, whose existence has been proven by XMCD
(see Figure 4 and Table 2). Note that even if there is an overall trend in Ms values, this magnitude is
strongly dependent of surface effect and exact AFM content that lowers their magnetization with
respect to the bulk value of magnetite.®® Reduced remanence magnetization (Mgr/Ms) values, plotted
in Figure 6b for the ZFC and FC loops (and listed in Table 4) increase with Co content (or,
alternatively, decrease with Ni fraction). Indeed, the addition of Co in the ferrite shell increases the
Mg/Ms ratio from 0.34 (FeNi) to 0.54 (FeCoNi_10). Interestingly, FeCoNi_14 shows a ratio of 0.6 in
accordance to its chemical composition. Yet, the magnitude of dipolar interactions in this sample
may be affecting this value, the actual value being larger than this 0.6.%° After the FC procedure, the
loops get more squared due to unidirectional exchange coupling at the interface (larger coercivities
and thus remanence). In fact, Mg/Ms values for the FeCoNi samples exhibit an almost constant value
of 0.7 as depicted in Figure 6c. All samples - except FeNi - show values of normalized remanence
between the theoretical value for isolated monodomain nanoparticles with uniaxial anisotropy (0.5)
and with cubic anisotropy (0.83 — 0.86).7° This can be interpreted as a competition between uniaxial
anisotropy and cubic anisotropy in the core-shell nanoparticles where the cubic contribution
decreases with the addition of Ni, in line with the lower single-ion anisotropy of Ni?* cations. Such
intermediate values have been reported for other mixed Co and Ni ferrites.’* However, for FeNi, the
Mg/Ms value falls below 0.5 due to, dipolar interactions which are strong enough in comparison to
effective anisotropy.®® As observed in the FC-ZFC curve (Figure 5a) and in the calculations of dipolar
energy (Figure S20), dipolar interactions in this sample were strong enough to render a superspin
glass like-behavior.

FC curves recorded after cooling down to 5 K under an applied field of 5 T (Figure 6a) are horizontally
shifted to negative fields. This is indicative of unidirectional exchange coupling between, interfacial
spins of the FiM soft core and those of the hard AFM shell.”! The values of the associated exchange
field (He) can be related to a different amount of AFM phase. The largest value of 491 Oe for the FeCo
sample agree with the presence of CoO as we reported recently.3® The anisotropy constant of CoO
(Koo = 5.108 J/m?3) being higher by two orders of magnitude than that of magnetite (Kresos = 1.10*
J/m3), means that soft spins are pinned more strongly, thus requiring a higher magnetic field to
reverse them. In contrast, FeNi exhibits a negligible exchange bias, which agrees with the low
anisotropy of the NiO shell (Knio = 8.103 J/m3).72 Additionally, FeCoNi_10 exhibits an intermediate
value (134 Oe) according to the formation of a plausible CoxNi;«O AFM phase. Nevertheless, He
values are rather low for all samples in comparison to core-shell nanoparticles with a thick CoO shell,
13297374 which agrees with small areas of wiistite observed at the nanoparticle surface in HR-STEM
micrographs (see discussion above). As already mentioned, XMCD also shows the presence of a
minority (yet non-negligible) of Ni** and Co?* in the wiustite phase, in agreement with these low He
values. Indeed, as it happened with M; values, the magnitude of He (270 Oe for FeCoNi_14 and 134
Oe for FeCoNi_10) can be readily linked with the amount of AFM phase observed by XMCD (Table 2):
the higher this amount, the higher the exchange bias field.
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Figure 6. a) Hysteresis loops measured at 5 K after cooling in an applied field of 50 kOe. b)
Normalized values of the remanence magnetization (Mr/Ms) at 5 K calculated from M(H) curves
recorded after cooling under an applied magnetic field of 5 T (FC) and after cooling with no applied
field (ZFC). Values are plotted as a function of the Ni fraction, Ni/(Ni+Co). c) Coercivity enhancement
(AHc) computed as the difference in coercivity of the FC and ZFC loop and exchange bias field (Hg) of
the samples as a function of the deviation of Fe content in the shell from its stoichiometric value (i.e.,
X in MFe,x04 where M is Ni and/or Co).

Furthermore, the elemental analysis concluded on non-stoichiometric shells with Fe deficiency
(calculated as the deviation of the actual Fe content from the stoichiometric value, i.e., x in MFe,404
where M is Ni and/or Co). Remarkably, H: shows a clear increasing trend with increasing Fe
deficiency, corresponding to excess of Co and Ni, which in turn may be ascribed to the increasing
presence of a CoxNi;xO AFM phase. This trend is depicted in Figure 6c, along with the values of
coercivity enhancement (AHc), a phenomenon concomitant to exchange bias. Figure 6c also includes
the values of FeCo and FeNi, which correspond to the largest and the smallest He values, respectively.
Both exchange bias and coercivity enhancement consistently follow the same qualitative trend,
attesting that the Fe deficiency in the shell obtained by chemical analysis is directly related to the
AFM content in the samples.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Finally, the relative Ni/(Ni+Co) atomic ratio in the shell may also be critical because of the significant
difference of anisotropy between CoO and NiO, as observed for the FeCo and FeNi and samples. This
trend is also seen in Figure S17 where the exchange bias field decreases in an almost-linear fashion
with this ratio. However, we cannot identify separately the Ni/Co atomic ratios in wustite and spinel
phases for each FeCoNi sample. All in all, the results indicate that the original core size of the
nanoparticles does not have a clear effect on the strength of interfacial exchange coupling at 5K,
when all samples are well blocked, but it is a second order effect. The overall size, however, does
affect the thermal stability of the samples as discussed above. Although interfacial exchange bias
coupling is expected to have a minor contribution (yet far from negligible) on the increase of
magnetic anisotropy in this study, it supports the information obtained by XMCD, i.e., the presence
of an additional wiistite phase to the spinel phase.
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Conclusion

In this study, we investigated bimagnetic core—shell nanoparticles to elucidate how the chemical
composition of the shell influences exchange coupling at the core—shell interface. The nanoparticles
were synthesized via a two-step seed-mediated growth process, involving thermal decomposition of
metal complexes in the presence of soft magnetic iron oxide seeds to promote the formation of a
harder magnetic shell. A series of metal precursors (NiOct, CoSt, NigsCoosSt;) were selected to
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decompose around 310 °C, aligning with the boiling point of octadecene used as the %%Iven V§Déﬁ;‘8§l”l‘g§

I: 10.103
formation occurred through a complex mechanism involving partial solubilization of the iron oxide

surface, which released Fe monomers that subsequently co-crystallized with Ni and Co monomers.
TEM revealed a consistent particle size increase (~1 nm in diameter), regardless of the metal
precursor, indicating successful shell growth. Structural characterization by XRD and HRSTEM
confirmed the formation of a defect-free spinel phase with coherent crystal continuity from the iron
oxide core to the Co—Ni ferrite shell, attributable to the minimal lattice mismatch between the two
phases. XAS and XMCD analyses demonstrated that the majority of Co?* and Ni** cations occupy
octahedral sites within the spinel structure. EELS spectral imaging confirmed their homogeneous
distribution across the shell, although FeCo nanoparticles exhibited localized thicker regions. ICP-MS
elemental analysis further revealed that the Ni/Co ratio in the shell varies significantly depending on
the amount of metal precursor used, highlighting the influence of precursor decomposition kinetics
on the co-crystallization process.

In addition to the spinel structure, HRSTEM occasionally revealed lattice fringe periodicities
consistent with a secondary wistite phase (Ni;-xCoxQO), primarily at the nanoparticle edges. This
assignment was supported by EELS mapping and corroborated by XAS and XMCD spectra, which
indicated a minor yet discernible fraction of magnetically compensated Ni and Co spins characteristic
of an antiferromagnetic (AFM) wdstite phase. The formation of this phase is attributed to the
depletion of free Fe monomers during co-crystallization. Various amounts of the wistite phase were
observed, depending on the sample which may be ascribed to different kinetics of the reaction.
Unfortunately, it was not possible to calculate the Co/Ni atomic ratio separately for the spinel and
the wistite phases.

The magnetic properties of the core—shell nanoparticles were governed predominantly by the shell's
chemical composition. For a given core size, a higher Co/Ni ratio led to increased blocking
temperatures, in agreement with the higher magnetic anisotropy of CoFe,0, relative to NiFe,0,.
However, despite this trend, the overall effective magnetic anisotropy decreased with increasing
core size and Co content, indicating that surface anisotropy—enhanced by nanoparticle size
reduction—plays a dominant role. The AFM wiistite phase (Ni-xCoxO) contributed to the overall
magnetic behavior through unidirectional exchange coupling with the spinel shell, particularly
enhancing effective anisotropy in Co-rich systems due to the intrinsically higher anisotropy of CoO
compared to NiO. Nevertheless, this contribution was modest, as evidenced by the relatively low
exchange bias field values.

This work highlights the complex growth mechanisms underlying bimagnetic core—shell nanoparticle
synthesis via thermal decomposition and demonstrates how the chemical nature of the metal
precursors governs shell composition, structural integrity, and magnetic performance. These findings
provide valuable insights for tailoring the nanoscale magnetic architecture and interfacial exchange
interactions in core—shell systems for advanced magnetic applications.
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Infrared spectra and thermal gravimetric analysis of the metal precursors. TEM micrg%ag@??@eo”“”e
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pristine iron oxide nanoparticles. Size distribution, HRTEM, electronic diffraction patterns, and EELS

SI analysis of FeCoNi_14 nanoparticles. Infrared spectra, XRD patterns, TG analysis, compared XAS

and XMCD spectra and additional magnetic data of all nanoparticles.
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