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Introduction

Magnetic anisotropy engineering in onion-
structured metal oxide nanoparticles combining
dual exchange coupling and proximity effectst}

Kevin Sartori, ©2° Raul Lopez-Martin, © ¢ Fadi Choueikani,” Alexandre Gloter,®
Jean-Marc Grenéche,® Sylvie Begin-Colin, €22 Dario Taverna,’ Jose A. De Toro® ¢
and Benoit P. Pichon & *29

A series of exchange-coupled magnetic nanoparticles combining several magnetic phases in an onion-type
structure were synthesized by performing a three-step seed-mediated growth process. Iron and cobalt
precursors were alternatively decomposed in high-boiling-temperature solvents (288-310 °C) to successively
grow CoO and Fes_;O4 shells (the latter in three stages) on the surface of Fez_sO4 seeds. The structure and
chemical composition of these nanoparticles were investigated in depth by combining a wide panel of
advanced techniques, such as scanning transmission electron microscopy (STEM), electron energy-loss
spectroscopy—spectrum imaging (EELS-SI), %'Fe Méossbauer spectrometry, and X-ray circular magnetic
dichroism (XMCD) techniques. The size of the nanoparticles increased progressively after each thermal
decomposition step, but the crystal structure of core—shell nanoparticles was significantly modified during the
growth of the second shell. Indeed, the antiferromagnetic CoO phase was progressively replaced by the
CoFe,O, ferrimagnet due to the concomitant processes of partial solubilization/crystallization and the
interfacial cationic diffusion of iron. A much more complex chemical structure than that suggested by
a simple size variation of the nanoparticles is thus proposed, namely Fes_;0,@C00O-CoFe,O4@Fes_sO4,
where an intermediate Co-based layer was shown to progressively become a single, hybrid magnetic phase
(attributed to proximity effects) with a reduction in the CoO amount. In turn, the dual exchange-coupling of
this hybrid Co-based intermediate layer (with high anisotropy and ordering temperature) with the surrounding
ferrite (core and outer shells) stabilized the particle moment well above room temperature. These effects
allow for the production of Fe oxide-based magnetic nanoparticles with high effective anisotropy, thus
revealing the potential of this strategy to design rare-earth-free permanent nanomagnets at room temperature.

magnetic properties require a high consumption of rare-earth
(RE) and platinum group (PG) components, which are classi-

Permanent magnets are widely applied in most devices neces-
sary for today's daily life applications, such as communication,
transport, and renewable energies. However, their efficient
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fied as critical raw materials by the European Union owing to
potential supply risks." In this context, magnetic nanoparticles
represent a true alternative to build high-performance techno-
logical devices.” At the nanoscale, their physical properties can
be efficiently modulated according to the size and shape of the
objects. However, the transformation of soft RE- and PG-free
magnetic nanomaterials into permanent magnets remains
a huge challenge.

Superparamagnetic iron oxide (Fe;0,) nanoparticles are
probably the most well-known nanomagnets owing to their
extensive investigations for biomedical applications, among
other reasons.** Their relatively low magnetic anisotropy can be
significantly enhanced by growing a magnetically harder shell,
which pins a softer core through interfacial exchange-coupling,
thus increasing its effective anisotropy.>® Beyond the wide range
of structural parameters (core size, shell thickness, chemical
composition, defects, doping, interfacial roughness, etc.)
significantly affecting exchange coupling,”™® the selection of
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a hard phase is restricted by high crystal complementarity and
large difference in anisotropy with a soft phase.*** Although
CoO fulfils both criteria (the cell parameter of Fe;0, (8.396 A) is
nearly twice that of CoO (4.26 A) and magnetic anisotropy
constants differ by two orders of magnitude, K(Fe;04)"* = 2 x
10* ] m 3 and K(CoO) = 5 x 10°J m3),"® its antiferromagnetic
order is lost at room temperature (Néel temperature, Ty = 290
K).”” This drawback can be circumvented by embedding
Co@CoO nanoparticles in a NiO matrix to exploit proximity
effects.'® The doping of the Wiistite phase by divalent cations is
also a potential route to enhance exchange-bias coupling with
soft phases.”?° Ultimately, the Wiistite phase can be replaced
by a high-anisotropy spinel phase, such as in some ferrites, with
a ferrimagnetic order far above room temperature.****>>

Synthetic processes can also favor the formation of ferrites,
since high temperatures usually favor cation mobility through
interfaces®®** and partial solubilization.”** Therefore, Fe;0,@-
CoO nanoparticles can include an intermediate layer, such as
a CoFe,0, shell, and can be better described as a core@-
shell@shell structure.®»** Such an onion-type structure offers
the possibility to generate additional soft-hard interfaces to
enhance exchange coupling. Nevertheless, they have been rarely
reported because multi-step synthesis with fine control of the
size and shape is certainly very difficult.>*” Recently, we opened
new perspectives into this research domain by reporting on the
synthesis of Fe;0,@CoO@Fe;0, nanoparticles displaying
permanent magnetization at room temperature.”® However,
their chemical structure turned out to be much more complex
than expected, hampering the understanding of the magnetic
properties (including the exchange coupling phenomenon).
Indeed, we noticed that the formation of a second Fe;O, shell
resulted in a remarkable modification of the nanoparticle
structure, which was dominated by the concomitant partial
disappearance of the CoO Wiistite phase and the appearance of
the CoFe,O, spinel phase. Such a significant modification of the
nanoparticle structure could certainly contribute to an increase
in the magnetic anisotropy energy. However, given, the limited
number of samples that were synthesized, we could not
conclude on this point.

Herein, we report an in-depth study of the chemical structure
of Fe;0,@Co0@Fe;0, nanoparticles to better understand their
magnetic properties, including their remanent magnetization
at room temperature. Their synthesis consisted of a three-step
seed-mediated synthesis that involved alternating thermal
decompositions of iron and cobalt precursors. Crucially, the
amount of iron precursor used in the third step was modified in
order to investigate systematically the chemical structure of the
onion nanoparticles and its relationship with the magnetic
properties. A wide range of advanced characterization tech-
niques, such as element-specific electron loss spectroscopy-
spectral high-resolution imaging (EELS-SI), *’Fe Méssbauer
spectrometry, and X-ray magnetic circular dichroism (XMCD),
were used to accurately characterize the spatial distribution, site
occupancy, and oxidation states of Fe and Co cations in the
unexpectedly complex multilayer structures. This, in turn,
enabled a greater understanding of the magnetic properties, in
particular the unprecedented enhancement of the effective
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magnetic anisotropy in iron-rich oxide nanoparticles due to
a combination of magnetic proximity and dual exchange-
coupling effects.

Experimental section

Chemical compounds purchased

FeCl,-4H,0 (99% Acros Organic), CoCl,-6H,0 (reagent grade,
Sigma), oleic acid (99%, Alfa Aesar), octyl ether (99%, Sigma),
acetone (Pure, Carlo Erba), ethanol (Absolute, Carlo Erba),
chloroform (pure stabilized with ethanol, Carlo Erba) were used
as received.

Synthesis of the metal precursors

Iron stearate (FeSt,) and cobalt stearate (CoSt,) were prepared
by a home-made synthesis in order to control precisely the
purity and the thermal decomposition process with high
reproducibility of the nanoparticle structure.*

Synthesis of the nanoparticles

For synthesis of the nanoparticles, a three-step synthesis
process was followed. The first step consisted of the synthesis of
iron oxide nanoparticles (denoted C) by the decomposition of
iron(u) stearate (FeSt,) in dioFctyl ether (b. p. = 288 °C). The
second step consisted of the decomposition of cobalt(u) stearate
(CoSt,) in order to grow a CoO shell on the surface of the iron
oxide nanoparticles, thus forming core@shell (CS) nano-
particles. Finally, the third step consisted of the thermal
decomposition of FeSt, in order to grow a second shell of iron
oxide, e.g., core@shell@shell (CSS) nanoparticles. The amount
of FeSt, was set according to the molar ratio R = n(FeSt, shell)/
n(FeSt, core) = 0.5, 1, 1.5 in order to modulate the thickness of
the second shell, resulting in three samples named CSSa, CSSb,
and CSSc, respectively.

Core nanoparticles (C). Iron oxide nanoparticles (C) were
synthesized according to the protocol described in a previous
article.® Briefly, 1.38 g (2.22 mmol) of home-made iron(u) stea-
rate and 1.254 g (4.44 mmol) of oleic acid were poured in to
a two-necked round-bottom flask, and 20 mL of dioctyl ether (b.
p. = 288 °C) was then added. The mixture was stirred at 100 °C
during 30 min to remove water residues. Then, the stirring was
stopped and the mixture was heated up to reflux for 2 h at
a heating ramp of 5 °C min~". The reaction medium was then
cooled to 100 °C. The nanoparticles were precipitated by adding
acetone and were then washed with a mixture of chloroform/hot
acetone by centrifugation (14 000 rpm, 5 min). Finally, the ob-
tained nanoparticles were stored as a colloidal suspension in
chloroform.

Core@shell nanoparticles (CS). Next, 90% of the volume of
the colloidal suspension of C nanoparticles was poured in to
a 50 mL round-bottom flask to evaporate the solvent under
vacuum. Then, 10 mL of dioctyl ether was added and the
mixture was sonicated until the nanoparticles were in suspen-
sion. A solution of 1.248 g (1.99 mmol) of home-made cobalt(i)
stearate and 1.119 g (3.96 mmol) of oleic acid diluted in 20 mL
of octadecene were added. The solution was then heated to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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100 °C for 30 min to remove the solvent and water residues and
was finally brought to reflux for 2 h at a heating ramp of 1 °
C min~". The reaction medium was then cooled to 100 °C. The
nanoparticles were precipitated by adding acetone and were
washed with a mixture of chloroform/hot acetone or
chloroform/ethanol by centrifugation (14 000 rpm, 5 min). The
obtained core@shell nanoparticles (CS) were finally stored as
a colloidal suspension in chloroform.

Core@shell@shell nanoparticles (CSS). Here, 25% of the
volume of the CS colloidal suspension was added to a 50 mL
round-bottom flask before evaporating the solvent under
vacuum. Next, 20 mL of dioctyl ether was added and the mixture
was sonicated until all the nanoparticles were suspended. A
mixture of home-made iron(u) stearate and oleic acid diluted in
20 mL of dioctyl ether was added to the solution according to
Table 1. The reaction medium was heated to 120 °C for 30 min
to remove the solvent and water residues and was finally
brought to reflux for 2 h at a heating ramp of 1 °C min~". The
resulting black solution was then cooled down to 100 °C and the
nanoparticles were precipitated by adding acetone and then
washed with a mixture of chloroform/acetone by centrifugation
(14000 rpm, 5 min). The obtained core@shell@shell nano-
particles (CSS) were finally stored as a colloidal suspension in
chloroform.

Transmission electron microscopy (TEM) was performed
using a JEOL 2100 LaB6 instrument with a 0.2 nm point-to-point
resolution and a 200 kV acceleration voltage. EDX was per-
formed with a JEOL Si(Li) detector. The average size of the
nanoparticles was calculated by measuring at least 300 nano-
particles from the TEM micrographs using the Image] software.
The average shell thickness was calculated as 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.

High-resolution scanning transmission electron microscopy
(STEM) and electron energy-loss spectroscopy (EELS) analyses
were performed using Cs aberration-corrected STEM on a NION
UltraSTEM200 system coupled with a high-sensitivity EEL
spectrometer. The convergence and collection semi-angles in
the EELS experiments were respectively 35 mrad and 50 mrad.
CS, CSSa, and CSSb were analyzed with the STEM microscope
operated at a 100 kV acceleration voltage, while the CSSc
experiments were performed at 60 kV.

X-Ray diffraction (XRD) was performed using a Bruker D8
Advance instrument equipped with monochromatic copper
radiation (Ko = 0.154056 nm) and a Sol-X detector in the 20°-
80° 2¢ range with a scan step of 0.02°. High purity silicon
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powder (@ = 0.543082 nm) was systematically used as an
internal standard. The crystal sizes were calculated by Scherrer's
equation and the cell parameters by Debye's law.

Fourier transform infra-red (FT-IR) spectroscopy was per-
formed using a PerkinElmer Spectrum spectrometer in the
energy range 4000-400 cm ™~ ' on samples diluted in KBr pellets.

Granulometry measurements were performed using a nano-
sizer Malvern (nano ZS) zetasizer at a scattering angle of 173°.
Each measurement corresponded to the average of 7 runs of
30 s.

Themogravimetry analyses (TGA) were performed using
a SDTQ600 from TA instrument. Measurements were performed
on dried powders under air in the temperature range of 20-600 °©
C at a heating rate of 5 °C min™".

X-Ray absorption (XAS) and X-ray magnetic circular
dichroism (XMCD) spectra were recorded at the L, ; edges of Fe
and Co, on the DEIMOS beamline at SOLEIL (Saclay, France).*®
All the spectra were recorded at 4.2 K under UHV conditions
(107'° mbar) and using the total electron yield (TEY) recording
mode. The measurement protocol was previously detailed by
Daffé et al.** An external parallel magnetic field H' (antiparallel
H™, respectively) was applied on the sample while a polarized o,
(polarized o _, respectively) perpendicular beam was directed on
the sample. Isotropic XAS signals were obtained by taking the
mean of the ¢, + ¢_ sum, where o, = [o (H') + og(H)]/2 and 7 _
= [o(H) + or(H")]/2, with oy and oy the absorption cross-
sections measured respectively with left and right circularly
polarized X-rays. XMCD spectra were obtained by taking the ¢~
o_ dichroic signal with a +6.5 T applied magnetic field.

At the DEIMOS beamline, the circularly polarized X-rays were
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.*® 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 x 800
um. Both the XMCD and isotropic XAS signals presented here
were normalized by dividing the raw signal by the edge jump of
the isotropic XAS. The samples consisted of drop-casting
suspensions of nanoparticles in chloroform onto a silicon
substrate. The substrates were then affixed on a sample holder.

>Fe Mossbauer spectroscopy was performed at 77 K using
a conventional constant acceleration transmission spectrom-
eter with a *’Co(Rh) source and a bath cryostat. The samples
consisted of 5 mg Fe per cm> powder concentrated in a small
surface due to the rather low quantities. The spectra were fitted
by means of the MOSFIT program®* involving asymmetrical

Table1 Amount of the iron precursor used to perform the third thermal decomposition step according to the molar ratio R = n(shell precursor)/
n(core precursor). Oleic acid was added according to n(oleic acid) = 2n(shell precursor)

R m (iron(i) n (iron(m) m n
Sample ratio stearate) g stearate) mmol (oleic acid) g (oleic acid) mmol
CSSa 0.5 0.156 0.25 0.141 0.50
CSSb 1 0.311 0.50 0.282 1.00
CSSc 1.5 0.468 0.75 0.423 1.50

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lines and lines with Lorentzian profiles, and a-Fe foil was used
as the calibration sample. The values of isomer shifts are
quoted relative to that of a-Fe at 300 K.

Magnetometry was performed 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 recor-
ded as follows: powder samples were pressed into poly-
carbonate capsules and introduced in to the SQUID
magnetometer at room temperature, then cooled down to 5 K
with no applied magnetic field after 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 recor-
ded upon heating from 5 to 400 K. In-plane zero-field-cooled
(ZzFC) and field-cooled (FC, H = 70 kOe) hysteresis loops [M(H)
curves] were measured at 10 and 300 K using a maximum field
of 70 kOe. The coercive field (Hg) and the Mg/M;g ratio were
extracted from ZFC M(H) curves. The exchange bias field (Hg)
was measured in the FC M(H) curves. Magnetization saturation
(Ms) was measured from the hysteresis recorded at 5 K and was
determined after correcting for the mass of organic ligands
obtained from the TGA experiments.

CoSt,
Fest, N —>
Oleic acid Oleic acid
Dioctyl ether Octadecene

c
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Results

Multicomponent nanoparticles based on metal oxides were
synthesized by a three-step seed-mediated growth process.
Iron(u) stearate (FeSt,) and cobalt(un) stearate (CoSt,) were
decomposed alternatively in high-boiling-temperature solvents
(around 300 °C) in order to form successively C, CS, and CSS
nanoparticles (Fig. 1).?® In the third step, the amount of FeSt,
was increased to synthesize CSSa, CSSb, and CSSc nanoparticles
(see experimental part for details).

According to the TEM micrographs (Fig. 2), the shape of the
nanoparticles was nearly spherical with narrow size distribu-
tions gradually shifting to larger average diameters after each
thermal decomposition step from 10.1 to 15.6 nm (Table 2).
Such size variations corresponded to an additional shell thick-
ness of 2.0 nm for CS, while it was much thinner for CSSa (0.3
nm), CSSb (0.6 nm), and CSSc (0.8 nm). These values were
smaller than the cell parameters of the iron oxide spinel, which
would lead to an inhomogeneous growth (incomplete coating),
as indicated by the shape of the nanoparticles slightly deviating
from the spheres and by the broadening of their size distribu-
tion. Indeed, their surface was made up of facets, i.e., crystalline
planes, with different surface energies yielding different
kinetics for the growth of the components.**

FeSt,

—

Oleic acid

Dioctyl ether

CS CSS

Fig.1 Schematic illustration of the synthesis of CSS nanoparticles by performing the three-step seed-mediated growth process based on the

successive thermal decomposition of Fe(i) and Co(i) precursors.

Intensity (a. u.)
Intensity (a. u.)

Intensity (a. u.)
Intenity (a. u.)

0 2 46 8 1012 14 16 18 20 22 24
Diameter (nm)

0 2 4 6 8 1012 14 16 18 20 22 24
Diameter (nm)

0 2 4 6 8 1012 14 16 18 20 22 24
Diameter (nm)

02 4 6 81012 14 16 18 20 22 24
Diameter (nm)

Fig. 2 TEM images of (a) CS, (b) CSSa, (c) CSSb, and (d) CSSc and the corresponding size distributions (bottom).
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Table 2 Structural and chemical characteristics of the nanoparticles
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C Cs CSSa CSSb CSSc
Diameter (nm) 10.1 £ 1.1 14.0 £ 1.5 14.5 £ 1.5 15.1 £ 1.7 15.6 = 2.3
Additional layer thickness (nm) — 2.0 0.3 0.6 0.8
Fe: Co at. ratio by EDX — 45:55 57:43 68:32 73:27
Hydrodynamic diameter (nm) 12 16 18 21 21
Cell parameter (A) 8.37(9) + 0.01 8.40(9) + 0.01 8.39(1) % 0.01 8.40(1) % 0.01 8.41(2) + 0.01
Crystal size (nm) 8.0 & 0.1 9.1+ 0.1 11.4 + 0.1 12.2 + 0.1 12.7 + 0.1

The chemical composition of the nanoparticles was also
studied by energy dispersive X-ray spectrometry (EDX). The Fe :
Co atomic ratio increased progressively from CS to CSSa, CCSb,
and CSSc (Table 2), as expected by the growth of a thicker iron
oxide shell. The spatial distribution of Fe, Co, and O atoms was
further investigated by performing electron energy-loss spec-
troscopy - spectral imaging (EELS-SI). Although Co was
distributed around the entire surface of the iron oxide core in
CS, some areas corresponded to higher loadings (Fig. 3a and e),
indicating the preferential growth of CoO as a thicker shell on
specific facets. Although this was similar in CSSa, the distri-
bution of CoO appeared to be progressively more uniform in
CSSb and CSSc, indicating the redistribution of Co cations as
the amount of the Fe precursor increased.

High-resolution STEM micrographs were recorded in dark-
field mode to study the crystal structure of the nanoparticles
(Fig. 4). Continuous and straight lattice fringes with no defects
were observed across each nanoparticle, regardless of its
composition (CS and all CSS particles). A doubling of the lattice
fringes periodicity could be observed in some areas, which,
according to the FFT, corresponded to the reflections of the
spinel and Wiistite structures (Fig. 4). The interpenetration of
the two lattice fringes was consistent with the epitaxial growth
of the Wiistite shell (CoO) from the surface of the spinel core
(Fe3_s04), as expected from their similar cubic structures and
low lattice mismatch. The cell parameter of Fe;O, (8.396 A,
JCPDS card no 19-062) was almost twice that of CoO (4.26 A,
JCPDS card no 00-048-1719), giving a lattice mismatch of 1.5%

Fig. 3 Electron energy-loss spectroscopy — spectral imaging (EELS-SI) images at the Fe L-edge (top), Co L-edge (bottom). (a and e) CS, (b and f)

CSSa, (c and g) CSSb and (d and h) CSSc nanoparticles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4
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Fe30a

Lattice difference (%)

o

-
~

N

FesO4

Lattice difference (%)

o

10 nm

(a, ¢, d, and e) High-resolution dark-field STEM images with specific FFT corresponding to the selected zone in the HR STEM images. In the

inset of the main panel: the corresponding EELS elemental maps of Fe (red) and Co (green) for: (a) CS, (c) CSSa, (d) CSSb, and (e) CSSc. (b and f)
Geometrical phase analysis (GPA) showing the variation of the lattice mismatch of (a) and (b), respectively, along the direction of the dashed blue
arrow. The periodicity of the spinel phase lattice fringes was taken as a reference for performing the GPA.

between the two phases. This was also confirmed by the
geometrical phase analysis (GPA), which evidenced a lattice
difference of 1-2% for the CoO compared to the Fe;_;O,, indi-
cating very low residual strains in the CS and CSSc nano-
particles (Fig. 4b and f).

The crystal structure of the nanoparticles was also studied by
X-ray diffraction (XRD) (Fig. 5). The XRD patterns displayed
peaks that could be indexed to the spinel structure. Additional
peaks corresponding to the Wiistite phase were also observed,
such as the one around 36.5°, in the CS and CSS nanoparticle
patterns. The intensity of this peak was markedly reduced in
CSSa and then gradually decreased in CSSb and CSSc, compared
to the (311) reflection of the spinel structure. Concurrently, the
spinel peaks became narrower, which was ascribed to the
increase in the crystal sizes from 8.0 nm for C up to 9.1, 11.4,
12.2, and 12.7 nm for CS, CSSa, CSSb, and CSSc, respectively.
This was consistent with the increase in the nanoparticle size
observed in the TEM micrographs, while also indicating a high
crystalline coherence of the spinel phase in the growth of the
successive layers. The lower values of the crystal sizes compared
to the TEM nanoparticle size may be also explained by the 2D

2908 | Nanoscale Adv, 2024, 6, 2903-2918

projection of the faceted nanoparticles on the TEM micro-
graphs, which tends to overestimate their size. While the unit
cell parameter for C (8.379 A) was in agreement with the partial
oxidation of magnetite into maghemite, the values extracted for
the other samples were higher than the lattice parameter of
magnetite (@ = 8.396 A, JCPDS card no 19-062).3* This was
ascribed to the strain induced by the lattice mismatch between
the spinel and Wiistite phases (2acoo0 = 8.52 A, JCPDS card no
78-0431) and to the higher Fe*" content, as previously observed
in related studies.*>**

These results were confirmed by FTIR (see ESI{), which
shows that the band related to the M—O vibrational modes was
shifted to shorter wavelengths (from 599 cm™' for CS to
582 cm ™' for CSSc) when the amount of FeSt, increased. Such
a shift for the CSS samples, shorter than that of CoFe,0,
(591 em™ "), was in agreement with the increasing content of
Fe;0, (574 cm™') as a second shell on the surface of the
nanoparticles. The bands recorded for CSSb and CSSc mostly
overlapped, which was consistent with a possible concomitant
growth of the CoFe,0, and Fe;_;O, shells. Nevertheless, CSSb
and CSSc did not display similar structures according to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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red and black shapes at the bottom show the reference reflections of
FezO,4 (JCPDS card no 19-062) and CoO (JCPDS card no 78-0431)
phases, respectively. hkl index refers to the spinel phase.

above-mentioned results (longer coherence length of the spinel
phase, higher Fe/Co ratio).

In order to obtain additional information on the environ-
ment and valence state of iron cations, >’Fe Mossbauer spec-
trometry was performed at 77 K. All the spectra consisted of
magnetic sextets composed of asymmetrical and broad lines
(Fig. 6). The C and CS spectra showed additional peaks

12 6 0 V (mm/s)

s L L |

Relative transmission

-12 -6 0 V (mmis) 6 12

Fig. 6 Mossbauer spectra recorded at 77 K in a zero-field condition.
The red line represents the Fe?* content.
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corresponding to quadrupolar doublets ascribed to the pres-
ence of superparamagnetic fluctuations® of the smallest parti-
cles in these systems. The spectral refinement led to several
components associated with the hyperfine parameters that
could well describe the hyperfine structure. The isomer shift
(IS), hyperfine field (By¢), and quadrupole shift (2¢) describe the
oxidation state, magnetic environment, and local electronic
structure of >’Fe atoms, respectively (see ESIT). Although spectra
can be refined by different combinations of components, the
mean values of each hyperfine parameter are invariant and
independent on the fitting model.

The mean isomer shift values at 77 K can be compared to the
theoretical values of pure magnetite (0.61 mm s~ '), maghemite
(0.40 mm s™'), and cobalt ferrite (0.45 mm s~ ') in order to
determine the fraction of Fe;0, in each type of nanoparticle.*”**
By considering a linear relationship between the experimental
and the theoretical values, the Fe;0, fraction vs. the Fe*'-defi-
cient phases (y-Fe,O; and CoFe,0,) can be calculated. The
increase in the mean isomer shift from C (0.504 mm s~ ') to CS
(0.528 mm s *) indicated a higher content of Fe** in CS, as the
CoO shell hindered the oxidation of Fe** when the nano-
particles were exposed to air. Thus, the Fe;0, fraction increased
from 34% in C to 49% in CS. The mean By also increased from
C (47.5 T) to CS (48.5 T), which was attributed to the presence of
Co in the vicinity of Fe atoms,*** i.e., due to the formation of an
intermediate layer of Co-doped ferrite at the Fe; ;0,/CoO
interface.”?*?442

For CSSa nanoparticles, the decrease in the mean isomer
shift (0.489 mm s~ ') indicated a lower relative content of Fe**
compared to Fe*", which was consistent with the larger fraction
of CoFe,0, indicated by FTIR and XRD. This confirmed the
increase in the mean By,; value above 51 T. However, the increase
in the mean isomer shift of CSSb (0.510 mm s~ ') corresponded
to a larger amount of Fe*'. Finally, the isomer shift was
decreased for CSSc (0.485 mm s~ '), although the component
tentatively ascribed to Fe®" was stable (3% of the relative sub-
spectral area) while that of Fe**" increased from 5% to 8%
(see ESIT). Considering these values, Fe;0, accounted for 24%
of CSSa, 38% of CSSb, and 22% of CSSc. The mean By, values of
CSSb and CSSc remained rather constant above 51 T, showing
the stability of CoFe,O, regardless of the amount of Fe
precursor used to grow the second shell.

Soft X-ray absorption spectroscopy (XAS) and X-ray magnetic
circular dichroism (XMCD) experiments were performed to
discriminate the site occupancies and oxidation states of Fe and
Co cations (Fig. 7). The isotropic XAS spectra recorded at the Fe
L, ; and Co L, ; edges were typical of the spinel structure, which
contained both cations.*** The Fe**/Fe*" ratio in the octahedral
(Oy,) sites could be qualitatively determined from the intensity
ratio I,/I, of the peaks labeled in Fig. 7a, see Table 3, and
markedly increased from C (0.56) to CS (0.82), indicating
a higher content of Fe**.?** The value of CS being higher than
that of pure Fe;O, was ascribed to Fe?" in the Wiistite phase
(FeO), as suggested by Mossbauer spectrometry. In contrast, the
ratio calculated for CSSa (0.52) was lower than that measured in
C. Then, it increased to 0.61 for CSSb and 0.65 for CSSc, which
were indicative of the higher content of Fe>".
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XMCD spectra were also recorded at the Fe L, ; and were
typical of the reverse spinel structure. The peaks indexed as S1,
S2, and S3 corresponded to Fe*" and Fe*" in the Oy, sites, Fe*" in
the tetrahedral sites (T4), and Fe** in the Oy, sites, respectively.
The ratio S = (S1 + S2)/(S2 + S3) displays a similar behavior to
that of the I,/I, ratio (Table 3).** Considering the values ascribed
to pure Fe;0, (1.27)* and y-Fe, 05 (0.69),*" the extracted S values
indicated an Fe>" deficiency, ascribed to the formation of -
Fe,0; and CoFe,O,. In CS, we expect that the Fe** deficient
fraction (57%) could be mostly ascribed to CoFe,O,4, which
resulted from the diffusion of Co*" in the O;, vacancies on the
surface of the Fe; ;O, nanoparticles.”* Moreover, the signifi-
cant decrease in the Fe*" fraction in CSSa (12%) did not result
from the oxidation of the core (protected by the CoO shell), but
from a higher amount of CoFe,O,. In CSSb and CSSc, the
thicker Fe; 50, shells resulted in a significant increase in the

View Article Online

Paper
b) :\2/\/ Fe,0,@CoFe,0,
= s1
5 ‘\/\;3 cssc
S,
%’ A _Cssb
2 == ;
,E CSsa
[a]
[3) cs
= —
> W C
705 710 715 720 725 730
Energy (eV)
d) —_—
- Fe;0,@CoFe,0,
3
8
2 & CSSc
0 V
{ =
3 cssb
S NV cssa
=
x cs
S il CoO
T \«I.’— T T T T
770 775 780 785 790 795 800
Energy (eV)
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Fe®" content (30% and 43%, respectively). These values were
much higher than expected, because Fe** on the nanoparticle
surface would be oxidized, as has been generally reported for
Fe; 504 nanoparticles.*®

It is worth noting that the I,/I, ratio calculated from the XAS
spectra of CS was higher than that for Fe;O,4, which could be
attributed to the presence of an additional fraction of Fe*" in the
Wiistite phase, as observed recently.** Therefore, we expect the
Wiistite shell to consist of Co;_,Fe,O resulting from the co-
crystallization of Co®>" and Fe*, with the latter resulting from
partial solubilization at the early stages of the Wiistite shell
formation. As the CoO shell is also partially solubilized during
thermal annealing in a liquid medium, this resulted in a strong
decrease in the I,/I, for CSSa. In contrast, the S value was lower
than that of pure Fe;0, and C due to the formation of CoFe,0,.
Therefore, the increase in the S ratio in CSSb and CSSc agreed

Table 3 Intensity ratios of the peaks calculated from the XAS and XMCD spectra and the corresponding volume fractions

Sample C CS CSSa CSSb CSSc Fe;0, v-Fe, O3 CoFe,0,
L/I, ratio 0.56 0.82 0.52 0.61 0.65 0.71 0.35 0.35

S ratio 0.83 0.95 0.77 0.89 0.95 1.14 (ref. 48) 0.69 (ref. 48) —
Fe;0, (%)/y-Fe,0; (%) 21/79 43/57 12/88 30/70 43/57 100/0 0/100 0/100
CoFe,0, (%)/Co0 (%) — 23/77 42/58 54/46 68/32
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with the presence of higher Fe** contents in the iron oxide shell.
This is particularly true because 70% of the XMCD signal came
from the first 2 nm of the nanoparticle surface.

In the XAS spectra recorded at the Co L, ; edges, the inten-
sities of peaks I; and I, refer to the distribution of Co** in the
Wiistite and spinel phases, respectively.>*” Therefore, the I,/I;
ratio evidenced the progressive conversion of CoO to CoFe,0,
from CSSa to CSSc.>**® The XMCD spectra also recorded at the
Co L, ; edges showed a negative peak S4, corresponding to Co>*
in the Oy, sites of the spinel structure.*®** The intensity of this
peak markedly increases from CS to CSSc, which also supported
the increasing fraction of CoFe,0,, in agreement with the EDX,
XRD, and FTIR data. Note that magnetically compensated spins
in antiferromagnets do not contribute to the XMCD signal.
Nevertheless, XMCD is sensitive to uncompensated Co spins of
CoO, which are typically localized at the nanoparticle surface*®
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or coupled to Fe spins at the interface.”*** The normalization of
the XMCD spectra by the XAS signal allows determining the
fraction of uncompensated spins. Here, the intensity of the S4
peak yielded 23% of the uncompensated Co spins in CS, which
mainly consisted of a CoFe,0, layer localized at the Fe; ;0,/
CoO interface.” In CSS nanoparticles, the S4 peak indicated
there were much higher amounts of uncompensated Co spins
(42%, 54%, and 68% in CSSa, CSSb, and CSSc, respectively).
This result unambiguously confirmed the increasing fraction of
CoFe,0, in the nanoparticles at the expense of CoO, completing
a consistent structural picture of the particles, as graphically
summarized in Fig. 8.

Magnetic properties

As mentioned above, element-specific magnetization curves
were registered to study the magnetic structure with respect to
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Fig. 9 Element-specific magnetization curves recorded at 4K by XMCD between —6.5 T and +6.5 T at fixed energies corresponding to the
maximum of S1, S2, S3 peaks (Fe L, 3 edges) and to the S4 peak (Co L, 3 edges) for (a) CS, (b) CSSa, (c) CSSb, and (d) CSSc.
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site occupancy and the oxidation states of Fe and Co cations
(Fig. 9). The M(H) curves recorded at 4K displayed very similar
coercive fields (Hc) when measured at the different energy edges
of Fe and Co (see ESIT for the detailed values), thus demon-
strating the coherent reversal and, thus, the strong exchange
coupling between the Fe and Co cations in all the spinel
structures. The mean H values were similar for all the CS and
CSS nanoparticles (10.9, 10.8, 10.9, and 9.6 kOe for CS, CSSa,
CSSb, and CSSc, respectively), that, at these low temperatures,
the coercivity was mostly determined at the core-shell interface
by exchange coupling of the core to similarly anisotropic Co-
based phases across the series. Yet, the clear reduction in Hg
in CSSc was consistent with the larger fraction of magnetically
soft Fe;_50, in the outer shell leading to a doubly exchange-
coupled “soft core/hard layer/soft layer” system.** However,
the main factor behind this reduction was possibly the modi-
fication (with the progressive conversion of CoO into Co-ferrite)
of the nature of the inner interface. These coercivity values were
larger than those observed in many similar core/shell nano-
particles comprising magnetite and Co oxides; for instance,
Fe; ;0,@C00 nanoaggregates of 9.9 nm (Hc = 3 kOe),’
magnetite-doped cobalt ferrite nanoparticles of 40.3 nm (H¢c =
2.1 and 3.9 kOe at Fe and Co edges),** and even exceed those we
reported recently for optimized Fe;_ ;0,@CoFe,0,@Fe;_;0,
(9.6 kOe).?® There are few reports of similarly high coercivity in
Co-ferrite-based nanoparticles of similar sizes.*

The magnetic properties were also investigated by SQUID
magnetometry. Fig. 10a presents the low-field magnetothermal
curves recorded after zero-field-cooling (ZFC) and field-cooling
(FC). The peak temperature of the ZFC curve, Tpax, is often
taken as the “blocking temperature” of the system in the
measurement (magnetometry) timescale, which corresponds to
the thermal energy comparable to the magnetic anisotropy
energy barrier (kv = 25 kgT). However, the blocking tempera-
ture (Tg) is described more realistically as the median of
a distribution of energy barriers, which can be extracted from
the FC-ZFC difference as:*

f(TB) = d(MFC - MZFC)/dT

This distribution was shifted to higher temperatures by
interparticle dipolar interactions in the nanoparticle powders
(Fig. 10c).”**> However, since the interparticle interactions were
roughly similar in all samples, the observed evolution of the
median blocking temperature (or Ty, for the same reason)
across the series mainly reflected variations in the average
particle anisotropy barrier.>

The pristine Fe;_;0, nanoparticles displayed a Ty, of 150 K
and Ty of 93 K, in agreement with the reported values for iron
oxide nanoparticles of 10 nm.* These values were strongly
increased for CS (Tmax = 290 K, Ty = 266 K), indicating an
increase of the effective magnetic anisotropy energy (KefV),
which unequivocally reflected the exchange coupling at the soft/
hard interface.”” Remarkably, T, in CS was roughly equal to
the Néel temperature of CoO (Tx = 290 K), indicating that this
shell was thick enough (at least 2 nm) to support thermally
stable CoO grains up to the ordering temperature.*®*** Although
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field-cooled (ZFC) curves recorded for CSSa, CSSb and CSSc. (b)
Magnetization FC curves. (c) Distribution of blocking temperatures.
The dashed line indicates the position of the Mgc dip.

some CoO grains in CS were thermally stable up to Ty, a fraction
of them started to fluctuate at =200 K (alternatively or
concurrently, the AFM order in thinner shell regions may be lost
due to size effects),’ below which all particles were pinned: note
the flat shape of the ZFC curve below that temperature, as
previously described in other biased NP systems.'®** A similar
behavior, modulated by the relative fraction of the remaining
CoO phase, was also observed for CSSa. The ZFC curves of CSS
remained flat for a wide range of low temperatures, which
extended to higher temperatures for CSSa to CSSc. While the
onset of the ZFC magnetization in CSSa was relatively gradual
(the derivative in Fig. 10c shows that two overlapping mecha-
nisms were at play), in CSSb and CSSc the onset was sharper and
took place at about 290 K. The FC curves of these three samples
are plotted separately in panel (b) to highlight the presence of
a small but clearly visible dip for CSSa, signaling the loss of
CoO-related exchange coupling at about 230 K. This feature
vanished progressively with the decreasing amount of CoO in
CSSb and CSSc. Yet, in these two systems the volume of CoO still
amounted to nearly one-half and one-third, respectively, of the
Co-containing species (see Table 3). This suggests that in CSSb
and CSSc the remaining, possibly discontinuous, layer of CoO
was so thin that it was effectively stabilized via proximity effects
by the surrounding Co-ferrite layer, thus becoming a single
magnetic object with properties in between those of CoO and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Co-ferrite. This explains the vanishing dip in the FC curve
(attributed to the “individual” magnetism of the CoO phase)
while preserving, even enhancing, the median blocking
temperature determined by the dual exchange coupling of the
Fe oxide core and outer shell with the high-anisotropy hybrid
Co-Fe-O shell in between them.

The magnetic response, M(H), measured at 300 K, for C and
CS showed no hysteresis, thus confirming the room tempera-
ture superparamagnetism of these two samples (Fig. 11c). In
contrast, CSS nanoparticles exhibited a remanent magnetiza-
tion at 300 K, as expected from their higher blocking tempera-
tures. Note that the single-loop aspect of all the hysteresis loops
(no kinks, i.e., absence of a decoupled soft component, often
observed as a low-field step)®®*” showed that the Fe; ;0,, CoO,
and CoFe,0, phases were all fully-coupled and rotated coher-
ently upon reversal as required in applications of exchange-
coupled soft-hard magnetic systems.™

Hysteresis loops recorded at 10 K after cooling in zero-field
showed a strong hysteresis in all the nanoparticles, except
those measured in the simple C seeds (Fig. 11a). The coercive
field of CS (16.4 kOe) was very high compared with similar
Fe; ;0,@Co00 nanoparticles reported in the literature.****® It
increased to =17.3 kOe for CSSa and CSSb (due to the hard Co-
ferrite contribution), and decreased down to =15.0 kOe for
CSSc, consistently with the growth of a thicker soft iron oxide
shell.** As expected, cooling down in a magnetic field of 7 T
resulted in yet higher Hc values (Fig. 11b) due to the exchange
coupling to uncompensated high-anisotropy (yet rotatable)
spins at the soft-hard interfaces, an effect more apparent in the
horizontal shift (exchange-bias field) due to the exchange-
coupling with pinned uncompensated spins.>*> In contrast
with the ZFC loops, the coercivity was higher in CS (19.8 kOe)
than in the CSS samples (18.5 to 15.8 kOe). In other words, the
exchange-coupling-induced H increase was significantly larger
in the CS particles. This can be understood in terms of both the
higher anisotropy of CoO (compared to CoFe,0,) and the large
fraction of uncompensated spins (UCS) in the CoO phase. In
any case, the H¢ values of our CSS particles were higher than
those reported earlier at low temperatures for core@multi-shell
magnetic nanoparticles, such as FeO@Fe;0,@MnO@Mn;0,
(1.2 kOe)* or MnFe,0,@CoFe,0,@NiFe,0, (7.7 kOe).”” The Mg/
Mj ratio of the ZFC curves increased from 0.24 (C) to 0.38 (CS)
and further up to about 0.60 in CSS. Therefore, the hysteresis
curves became squarer upon the gradual replacement of CoO by
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CoFe,0, and the increase in the iron oxide shell thickness,
concurrently with an increase in saturation magnetization, thus
leading to larger energy products (BH) .. The gradual removal
of CoO (AFM) and substitution by Co-ferrite (FiM) were indeed
clearly confirmed by the evolution of the saturation magneti-
zation (Ms), which markedly increased from 41 (CS) to 72 (CSSc)
emu g ' (Table 4), since the compensation of spins in the
ordered fraction of the AFM structure resulted in a zero Mg.?*
As anticipated above, all the FC M(H) curves were shifted to
negative magnetic fields as a result of the exchange-bias
phenomenon, namely the pinning of the ferrimagnetic (FiM)
phase magnetization by the uncompensated spins of the AFM
phase, which aligned with the cooling field, establishing
a unidirectional anisotropy. This exchange-bias field (Hg),
defined as the loop shift, was largest for CS (5.3 kOe) and
decreased gradually down to 0.5 kOe for CSSc, consistently with
the progressive substitution of the CoO antiferromagnet by
CoFe,0,, as concluded from the structural characterization,
together with a concurrent loss of magnetic anisotropy in CoO
through proximity effects with the Co-ferrite in the CSSb and
CSSc samples, as proposed above. Nevertheless, a fraction of
CoO remained in each CSS nanoparticle, as observed by XRD
and XAS/XMCD. In the CS nanoparticles, the significant vertical
shift of the hysteresis loop evidenced a correspondingly large
fraction of fully pinned uncompensated spins (which do not
rotate with the core magnetization). These are the spins
responsible for the strong biasing of the core magnetization
reflected in the high Hyg value. In contrast with this FiM(soft)-
CoO coupling, the FiM(soft)-FiM(hard) coupling did not intro-
duce unidirectional anisotropy (the CoFe,O, component
essentially lacks such pinned UCS), as evidenced by the strong
decrease in Hg, but the large anisotropy of the CoFe,0,-CoO
hybrid phase proposed above (majority in the CSS samples),
combined with its high ordering temperature (in contrast with
Co0), which stabilizes the overall moment beyond room
temperature. Indeed, the Hg(T) curves show that Hg vanished at
gradually lower Tonse values from CS (200 K) to CSSc (20 K)
(Fig. 12). The pronounced reduction in both Hg (10 K) and Typset
even for CSSa (for which we estimated above a modest decrease
in CoO content from 63% to 51%, see Table 1) suggested that
the conversion of CoO into CoFe,0, was accompanied by the
loss of UCS in the remaining CoO, a likely effect of the recently
reported effective annealing provided by the third decomposi-
tion step.>* The same effects can be expected from a progressive
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Fig. 11 Hysteresis loops measured at (a) 10 K after zero field cooling, (b) 10 K after cooling under a field of 7 T, and (c) at 300 K.
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Table 4 Magnetic parameters measured and calculated from the magnetization curves
C Cs CSSa CSSb CSSc
Diameter (nm) 10.1 £ 1.1 14.0 £ 1.5 14.5 £ 1.5 15.1 £ 1.7 15.6 = 2.3
Thickness (nm) — 2.0 0,3 0,6 0,8
H¢ 300 K (ZFC) (kOe) 0 0 0.5 0.3 0.5
Hc 10 K (ZFC) (kOe) 0.4 16.4 17.5 17.2 15.0
H: 10 K (FC) kOe 0.4 19.8 18.5 17.9 15.8
Hg 10 X (kOe) 0 5.3 2.8 0.9 0.5
Tiax (K) 150 290 =400 >400 >400
Ts (K) 93 266 315 343 343
Mjg at 5 K (ZFC) (emu g7*) 60 41 51 55 72
Mg/Ms at 5 K (ZFC) 0.24 0.38 0.59 0.68 0.66

hybridization of the shrinking CoO layer or interface islands
with the Co-ferrite phase via proximity effects. Note that we have
previously observed no Hg values in core/shell Fe;0,/CoFe,0,
nanoparticles.®®

The decreasing number of CoO UCS (both pinned and
rotatable) was confirmed by the difference between the Hg
values [Hg(FC) — H¢(ZFC)], which was highest for CS (3.4 kOe)
and decreased markedly for the CSS particles (=1 kOe). In short,
the concurrent structural ordering of the CoO phase and its
hybridization with Co-ferrite from CS to CSSc were consistent
with the large reduction in Hg across the CS-CSS series (roughly
an order of magnitude) while essentially preserving the high
coercivity (with a mere 20% decrease in the 10 K loops).

In the CSS samples, Fig. 12 shows that Hy vanished at
temperatures (Tonser) Significantly lower than the FC feature
signaled by the vertical line in Fig. 10, ascribed to the residual
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fraction of CoO, which still preserves its individual properties
(c.f the remaining CoO was hybridized with Co-ferrite via
a proximity effect). Although the presence of such a residual
fraction (decreasing from CSSa to CSSc) leaves a subtle finger-
print in the low-field M(T) curves (possibly at its Néel temper-
ature), it was not capable of biasing the hysteresis loop above
100 K (less for CSSc). These relatively low Topse values in the CSS
particles indicated that the remarkable magnetic stabilization
of the CSS particles up to (at least) 400 K was not due by
exchange coupling to CoO (see also the strong coercivities
measured well above Tset), but was rather driven by exchange
coupling to an intermediate CoO-CoFe,0, hybrid shell stem-
ming from a proximity effect from these two compounds,
where, conveniently, CoO contributed a high anisotropy, and
Co-ferrite a relatively large saturation magnetization. Then, the
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Fig. 12 Temperature dependence of the coercive field (black squares) and exchange field (blue triangles) of (a) CS, (b) CSSa, (c) CSSb, and (d)

CSSc.
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magnetic characterization of the samples gave rise to yet
another scenario, as summarized in the last figure in Fig. 8.

Discussion

Although each thermal decomposition step resulted in the
growth of additional layers onto the surface of the nano-
particles, a far more complex chemical structure than expected
was revealed by a the results from a wide range of comple-
mentary techniques. Regarding the CS nanoparticles studied
here, a number of new results were obtained with respect to
previous studies on Fe;_ ;0,@C00 core-shell nanoparticles.
First, we confirmed that the growth of the CoO shell partially
preserved the Fe;_;0, core from the oxidation of Fe>* when the
nanoparticles were exposed to air. Second, in the HRTEM
micrographs the Wiistite phase was identified to grow epitaxi-
ally with low strain at the surface of the spinel phase, which may
explain the efficient exchange coupling yielding unprecedent-
edly strong coercivities in this system. Third, EELS-SI showed
that CoO did not grow uniformly at the surface of the Fe;_;0,
nanoparticles, which was attributed to the preferential growth
on certain facets driven by the different surface energies.
Fourth, Co*" cations diffused at the surface of the Fe;_;0, core
to fill vacancies in the Oy, sites, as shown by the Mossbauer and
XMCD measurements. Therefore, in contrast with the simple
core-shell scenario often assumed in the literature, ie., well-
defined core-shell interfaces, we demonstrated a complex
structure involving three phases, namely Fe;_;0,@CoFe,0,@-
CoO with a discontinuous CoO shell.

The structure of CSS nanoparticles is yet more complex. The
Fe/Co atomic ratio measured by EDX indicated the formation of
Fe species at the surface of CS nanoparticles. By considering
a simple spherical core-shell-shell model, hypothetical Fe; 0,
outer shells with mean thicknesses similar to those obtained
from TEM micrographs were calculated. In CSSa, the small size
increase resulted in an effective shell thickness of 0.3 nm, less
than the Fe;O, lattice parameter (8.396 A). A non-uniform
growth of Fe;O, resulting in a discontinuous shell was ex-
pected, although a partial solubilization of the CoO shell fol-
lowed by recrystallization certainly took place (see below), as we
reported very recently.>* When the mean shell thickness
increases, the shell is expected to be continuous. Although the
EELS-SI micrographs showed that the spatial distribution of Fe
and Co cations in CSSa was similar to that of CS, it became more
homogeneous in CSSb and CSSc. These results suggest the
progressive formation of CoFe,O, at the expense of CoO. The
Fe/Co signal ratio was also higher than for CSSa, confirming the
formation of an Fe;_;O, shell, which became thicker with
increasing the amount of the Fe precursor. In fact, XRD
confirmed the gradual disappearance of CoO and a concomi-
tant increase in the spinel crystal size with increasing the
amount of the Fe precursor used to grow the outer shell in the
CSS system. The increase in the lattice parameter was consistent
with the higher Fe** content and the strains resulting from the
presence of CoO and a high content of defects in CoFe,0,."*
Nevertheless, CoFe,O, resulted in lower strains, as shown for
CSSc, in comparison with CS, which agreed with the better

© 2024 The Author(s). Published by the Royal Society of Chemistry
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epitaxial growth expected between Fe; ;O, and CoFe,O,. The
shift in the FTIR band specific for metal oxides to shorter
wavelengths consistently supported a significant increase in
CoFe,0, as well as a higher Fe*' content in the outer shell.
Although the shift was significant from CSSa to CSSb, the band
of CSSc was centered at a very similar wavelength (582 cm™"),
suggesting the concomitant growth of CoFe,0, (591 cm™ ') and
Fe;0, (574 cm™ '), with the latter compensating the former, as
otherwise it would be closer to the wavelength of pure magnetite
(574 ecm™).

Although these results suggest the growth of CoFe,0,, it
could not be clearly discriminated from Fe; ,0, and CoO.
Mossbauer spectrometry evidenced unequivocally the signifi-
cant increase in CoFe,0, at the expense of CoO in CSSa by the
reduced mean isomer shift in comparison to CS. In contrast, the
higher value calculated for CSSb indicated the formation of an
Fe; ;04 shell with a significant Fe>* content. In CSSb, the
formation of Fe; ;0, predominated over that of CoFe,0,. The
I,/I, and S ratios calculated from the XAS and XMCD spectra
showed the same evolution of Fe** vs. Fe*" as for the Mossbauer
data, except for CSSc; whereby XAS and XMCD showed that the
Fe** content was higher in CSSc than CSSb, while the Méssba-
uer results showed the opposite. This discrepancy can be
explained by the higher surface sensitivity of soft X-rays, with
70% of the XAS and XMCD signal coming from a 2 nm surface
layer (thereby, Fe®" at the CSSc surface would be overestimated).
The lower mean isomer shift in CSSc suggested a higher
amount of Fe*"-deficient phases. According to the XAS and
XMCD spectra, the increase in both the /I, and S ratios rules
out the oxidation of Fe*" as a possible cause of the reduced
mean isomer shift of CSSc. In CSSc, the replacement of CoO by
CoFe,0, predominated over the growth of the Fe;_;O, outer
shell. This result was confirmed by the M—O bands (FTIR
spectra) of CSSc, which mostly overlapped with that of CSSb,
with the increase in the Fe : Co ratio measured by EDX and the
relatively homogeneous distribution of Co and Fe as shown by
the EELS-SI micrographs. It is worth noting that in comparison
to Fe;_;0, nanoparticles, the surfaces of CSSb and CSSc seemed
to contain a relatively high amount of Fe**, although given the
thickness of the outer shell, this should be mostly oxidized. The
presence of CoFe,O, in all CSS nanoparticles was also sup-
ported by their mean By fields being significantly higher (about
51 T) than that of Fe; ;O, nanoparticles (about 47 T). Finally,
the XMCD spectra recorded at the Co L-edge unambiguously
demonstrated the presence of CoFe,0,, which increased grad-
ually up to 68% in CSSc at the expense of CoO. Although most of
the CoO was converted into CoFe,0, in CSSc, the CoO fraction
still remained significant (32%), and has been shown to impact
the magnetic properties of particles, even at room temperature.

As we reported elsewhere,” the formation of CoO in the
second thermal decomposition step favored the diffusion of Co
cations into the vacancies at the surface of the Fe;_;0, nano-
particles, i.e., the formation of an interlayer of Co-doped ferrite
at the Fe;_;0, @CoO interface. Due to the diffusion process,
a concentration gradient of Co>" was expected from the Fe;0,/
CoO interface. The gradual increase in the CoFe,0, fraction in
CSS was directly related to the experimental conditions upon
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performing the third thermal decomposition process. The CoO
shell is highly unstable in liquid medium at such high
temperatures.> Therefore, we expected that the CoFe,O, phase
in CSS nanoparticles resulted from the partial solubilization of
the CoO shell during the third decomposition step, which was
followed by the recrystallization of the solubilized Co species
with the new Fe monomers (resulting from the decomposition
of the Fe precursor). Here, CoO acted as a reservoir of Co
monomers, enabling the growth of a CoFe,0, shell before that
of Fe;0,4. This was clearer for low amounts of Fe precursor, e.g.,
CSSa. However, for larger amounts of Fe precursor, the
increasing volume fraction of CoFe,O, could not be caused
solely by the solubilization of CoO, as this would imply that
increasing the Fe monomers in the reaction medium enhanced
the solubilization of CoO. Therefore, we expect that above
a critical amount of Fe precursor, the Fe;_;0,4 shell grows at the
surface of nanoparticles. Considering the high temperatures
involved (about 300 °C), Co®* could be expected to diffuse at the
CoO/Fe;_s0, interface in order to partially replace CoO by
CoFe,0,. In the case of CSSb and CSSc, the Fe precursor amount
seemed to be sufficiently high to result in an Fe;_;O, shell.

By combining the Mossbauer and XAS/XMCD results, we
calculated the relative volume fraction of each phase in each
nanoparticle (Table 5). To simplify our model, we considered
that all the vacancies in Fe; 0, are filled by Co**, resulting in
a stable CoFe,0, intermediate layer, given the self-limitation of
cationic diffusion (Table 1). Considering the structure of CSS
nanoparticles, we expect that the Fe;_;O0,@CoFe,0, structure
would not be affected by the third thermal decomposition step,
in contrast with the CoO shell.>* The CoO content decreased
gradually from 63% in CS to 26% in CSSc, while that of CoFe,0,
increased from 19% to 55%. Finally, the Fe;O, fraction
remained stable (=18%) due to the compensation in CSSb and
CSSc between the formation of Fe;_;0, at the outer shell and
that of CoFe,0, at the inner shell/outer shell interface. In CSSa,
the extremely thin outer shell could not provide such compen-
sation, explaining the lower fraction of Fe;_;0, (12%).

The magnetic properties were explained in correlation with
the chemical composition and structure of the nanoparticles.
The replacement of CoO by CoFe,O, progressively removed the
limitations in exchange coupling imposed by the relatively low
AFM ordering temperature of CoO (the FiM order of CoFe,O,
remained well above room temperature, up to Tc = 790 K). In
fact, the ultrathin islands of CoO remaining in CSSb and CSSc
enabled magnetic proximity effects with the neighboring Co-
ferrite, rendering a hybrid Co-based phase with a high anisot-
ropy and ordering temperature. Hence, the magnetic properties

Table 5 Relative volume fractions (%) of FezO,4, CoFe,O4, and CoO
calculated from the Mdssbauer and XAS/XMCD results obtained for the
CS, CSSa, CSSb, and CSSc nanoparticles

Compound CS CSSa CSSb CSSc
Fe;0, 18 12 18 19
CoFe,0, 19 37 44 55
CoO 63 51 38 26
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of the CSS nanoparticles, particularly at room temperature,
were no longer driven by a simple FiM/AFM exchange-bias
coupling, where Ty (CoO) = 290 K, but by a “soft-FiM/hard-
artificial FiM/soft-FiM” dual exchange-coupling in a core@hy-
brid-shell@shell structure. Indeed, the progressive replace-
ment of CoO by CoFe,O, in CSS resulted in blocking
temperatures higher than room temperature. The concurrent
increase in the saturation magnetization agreed with the esti-
mated relative fractions of Fe;_;0,4, CoO, and CoFe,0,. At low
temperatures, the gradual reduction of the horizontal and
vertical shifts measured in the FC hysteresis loops from CS to
CSSc also reflected the progressive removal of the CoO phase.
Only a small fraction of “independent” or interfacial spin
disordered CoO remained, as shown by the residual exchange
field observed at 10 K. Although the M(H) curves measured at
300 K showed moderate coercivity, they unambiguously verified
that the magnetic moments of the CSS nanoparticles were
blocked at room temperature in the timescale of the SQUID
measurements.

It is worth noting that in the particular case of CSSa, where
the CoO phase still corresponded to half of the nanoparticle
volume but there was already a 37% content of CoFe,0,, two
different exchange phenomena could be resolved from the
thermal dependence of the magnetization (Fig. 10b and c),
namely those between the core and the CoO phase (responsible
for the still large exchange bias field at low temperatures) and
between the core and the Co-ferrite (or initial stages of the
hybridized CoO-Co-ferrite FiM), responsible for the increase in
the blocking temperature up to at least 400 K.

Finally, the final magnetic scenario can be summarized as
follows: (i) exchange coupling predominates in Fe; ;0,@CoO
core-shell nanoparticles, even though a CoFe,O, layer is already
present at the core-shell interface; (ii) further increase in the
CoFe,0,/Co0 ratio in CSSa results in both Fe;_;0,-CoO and
Fe; ;0,-CoFe,0, couplings, thus two (un)blocking processes,
as resolved in the double peak in d(Mfc-Mzfc)/dT curves; (iii) the
significant reduction of the CoO fraction in CSSb and CSSc
favors the proximity effects between CoO and CoFe,0,, leading
us to consider the coupling between the Fe; ;O, core and
a hybrid Co shell; the latter combining both high anisotropy
and ordering temperature, where CoO and Co-ferrite behave, as
one as indicated by the fact that there was only one blocking
process.

Conclusion

Small magnetic nanoparticles that were magnetically stable
above 400 K were synthesized by a three-step synthesis growth
process. Iron and cobalt precursors were alternately decom-
posed around 300 °C in order to form iron oxide particles first,
onto which a CoO shell was successively grown, which then
turned gradually into CoFe,O, upon the further growth of
a Fe;_;0, outer shell. The thermal instability of the CoO shell
during the third synthesis step led to its partial solubilization
and Co diffusion at both the Fe;_;0, core/CoO shell and CoO
shell/Fe;_;0, shell interfaces. The replacement of the AFM CoO
phase by CoFe,O, altered markedly the exchange coupling at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the Fe;_;0, core/CoO shell interface, although a significant but
decreasing volume fraction of CoO remained present in the CSS
series. The formation of a hard FiM CoFe,0, inner shell resul-
ted from the co-crystallization of the solubilized Co species and
Fe monomers caused by the thermal decomposition of the Fe
precursor and Co diffusion at the CoO/Fe;_;O, interface. Two
types of exchange coupling (core-AFM and core-FiM) were
clearly observed (in the thermal dependence of the magnetiza-
tion) in the only sample with a large content of both CoO and
CoFe,0, (CCSSa); whereas, for thinner layers of CoO (in CSSb
and CSSc), a single blocking process is observed above room
temperature, indicating the hybridization (magnetic proximity
effects) of the two species into an artificial ferrimagnet with
high anisotropy and ordering temperature, given that T¢
(CoFe,0,4) > Tx (CoO). Besides growing a thicker Fe; 0, shell,
increasing the amount of the Fe precursor accelerated the
replacement of CoO by CoFe,0,. Furthermore, the concomitant
formation of a CoFe,O, inner shell and a thicker Fe;_;0, outer
shell by increasing the amount of Fe precursor resulted in dual
interfacial coupling (soft core/hard shell/soft shell), preserving
the coherent rotation of all the spins in the nanoparticles, thus
allowing a further increase in the blocking temperature of CSSc
above 400 K while increasing the saturation magnetization. This
system constitutes one of the few examples of either single-
phase or complex onion nanoparticles (as small as ~15 nm)
showing magnetic stability, i.e., blocked ferrimagnetism, well
above room temperature. Hence, the complex structure of our
iron oxide-based nanoparticles and the engineering of multiple
exchange-couplings and magnetic proximity effects resulted in
unprecedented magnetic stability. This strategy opens new
perspectives for the design of rare-earth-free nanoparticles with
tunable magnetic properties for a wide range of applications,
including high density data storage, theranostics, and sensors.
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