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ABSTRACT: Exchange coupled nanoparticles that combine
hard and soft magnetic phases are very promising to enhance
the effective magnetic anisotropy while preserving sizes below
20 nm. However, the core-shell structure is usually
insufficient to produce rare earth-free ferro(i)magnetic
blocked nanoparticles at room temperature. We report on
onion-type magnetic nanoparticles prepared by a three-step
seed mediated growth based on the thermal decomposition
method. The core@shell@shell structure consists of a core and
an external shell of Fe, ;O, separated by an intermediate Co-
doped Ferrite shell. The double exchange coupling at both
core@shell and shell@shell interfaces results in such an
increased magnetic anisotropy, that onion-type nanoparticles
of 16 nm mainly based on iron oxide are blocked at room
temperature. We envision that these results are very appealing
for potential applications based on permanent magnets.

Hard-soft coupled magnetic nanoparticles have gained a
tremendous amount of interest during the last decade for
short-term development of advanced applications related to
spintronics (magnetoresistive sensors, magnetic recording
..). Indeed, they are a potential alternative to produce
permanent magnets.? in order to circumvent supply storages
caused by the critical need for rare earth elements in
communications and mobility applications. With this
purpose, the main goal is to overcome superparamagnetism,
which results from size reduction to the nanoscale3 A very
attractive approach is the design of core-shell nanoparticles
that combine hard and soft magnetic phases in direct contact.4
Thanks to the large core-shell interface, exchange coupling
between interfacial spins of both phases can be finely
modulated by a collection of parameters such as core size and
shell thickness,5¢ as well as crystal lattices mismatch, defects?

and cationic diffusion.®9 Therefore, exchange coupling results
in the enhancement of thermal stability (higher blocking
temperature, Tp) and magnetic stability (higher coercive field,
Hc). In this field, iron oxide is certainly the first choice to avoid
rare earth components because of its abundance, non-toxicity
and cheapness.” Indeed, ferr(i)magnetic (F(i)M) Ferrites are
usually combined with an antiferromagnetic (AFM) phase
such as MnO@Mn;0,," Fe; ;04@C00,>> CoO@CoFe,0,,3
ZnO@CoZn,.Fe,0 .

Nevertheless, the AFM order vanishes below the Néel
temperature (for instance, Ty = 290 K for CoO) which results
in the disappearance of the exchange bias coupling. It is an
important drawback for the design of room temperature
permanent magnets. Recently, the magnetic anisotropy
energy of Co@CoO nanoparticles incorporated in a NiO
matrix (Ty = 520 K) was enhanced above room temperature
thanks to proximity effects.’> However, in this approach,
nanoparticles cannot be manipulated as separate building
blocks for the production of advanced technological devices.
An alternative to AFM components is the design of
nanoparticles that combine multiple F(i)M phases. Ferrites
(MFe,O,, with M: Co, Mn, Ni), which exist in several chemical
compositions, allow the fine modulation of hardness and
softness of the magnetic phases.®'® For instance, the diffusion
of Co* in the surface layer of a Fe; 50, core resulted in the
formation of a Co-doped Ferrite shell which markedly
increased of magnetic anisotropy energy.>7 Furthermore,
recent advances in synthesis techniques allowed the
production of multiple shell nanoparticles.’®-2° Although Tg
remains below room temperature, onion-type nanoparticles
offer the potential to produce permanent magnets at room
temperature.

Here, we report on an original strategy to synthesize onion-
type nanoparticles that are ferrimagnetic at room temperature
and mainly consist of iron oxide with a mean size that does
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not exceed 16 nm. These nanoparticles consist of a
core@shell@shell structure, with a intermediate shell which
mostly consists in Co-Ferrite The significant enhancement of
the magnetic properties at room temperature is ascribed to
double interfacial exchange coupling at core/shell and
shell/shell interfaces.

Nanoparticles were synthesized by a three-step thermal
decomposition method. First, Fe, ;0, nanoparticles (C) were
prepared by performing the thermal decomposition of iron
stearate in dioctyl ether at 290 °C in presence of oleic acid.
Second, cobalt stearate was decomposed in octadecene at 310
°C in order to grow a CoO shell on the Fe, 50, surface (CS).
Third, iron stearate was again decomposed in order to grow a
second shell of Fe,;0, (CSS). Both shells were formed
successively through a seed mediated growth by controlling
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carefully the synthesis conditions. Nanoparticles were isolated
after each step in order to avoid any side reactions resulting
from the presence of side products and remaining metal
stearate.

TEM micrographs show the increase of the mean nanoparticle
size after each decomposition step from 10.1 + 1.1 nm (C), 14.0
+1.5nm (CS) to 15.6 £ 2.3 nm (CSS), respectively (Figure 1a-d).
XRD patterns display typical peaks of the spinel structure
(Figure 1e). Additional peaks corresponding to the wiistite
CoO phase were observed in the CS pattern and almost
vanished in the CSS pattern. Furthermore, spinel peaks
became narrower after each growth step which corresponds to
the increase of larger crystal sizes (6.1 + 01 A (C), 7.9 = 01 A
(CS) and mo + o1 A (CSS)) and agree with larger
nanoparticles. EDX analysis
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Figure 1. TEM micrographs of (a) C, (b) CS and, (c) CSS nanoparticles. (d) Size distributions measured from TEM micrographs. e)
XRD patterns. Black and red bars correspond to the spinel structures (Fe;O, JCPDS card n° 19-062 and CoFe,O, JCPDS card n° 22-
1086) and the CoO wiistite structure (JCPDS card n° 70-2856), respectively.

performed on several nanoparticles showed the presence of Co
with a Fe:Co atomic ratio of 45:55 in CS which increased to
73:27 in CSS, consistent with the growth of a Fe-rich shell.

Furthermore, the STEM-EELS elemental mapping recorded at
Fe-L and Co-L edges showed that Co is not homogenously
distributed across CSS nanoparticles (Figure 2b,d). This result
was confirmed by EELS spectra recorded in different areas
(Figure 2d,e) which show different Co content. STEM-EELS
analysis on CS also showed that CoO seems to grow
preferentially on specific facets of the Fe,;O, core and
resulted in an irregular shell shape (Figure S1).5 This is
consistent with the more faceted morphology of CS
nanoparticles in comparison with C nanoparticles (Figure

13,b). Nevertheless, the overall amount of CoO-rich phase is
much lower in CSS than in CS as shown by XRD. Indeed, CSS
edge (area B) displays a Fe:Co ratio of 2.0 * 0.3, consistent with
a Co-doped Ferrite.

STEM HAADF micrographs revealed lattice fringes across CSS
(Figure 2a and S2) which agree with the high crystallinity of
the spinel structure. A d spacing of 2.423 A, consistent with
the [222] direction and a cell parameter of 8.893 A, were
calculated from Fast Fourier Transform (FFT) (Figure S3). The
doubling of lattice fringes was also observed in Co-rich areas
with a d-spacing of 2.461 A, consistent with the [111] direction
of wiistite CoO phase. The perfect interpenetration of fringes
corresponding to spinel and wiistite structures shows the
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good epitaxial relationship. Indeed, geometric phase analysis
revealed a lattice expansion of 1-2 % which agrees with the
small lattice mismatch of 1.6 % when crossing spinel wiistite
structures.

Intesnity ( ab. units)

Energy Loss (eV)

Figure 2. CSS nanoparticle. a) Dark field STEM-HAADF
micrograph. STEM-EELS  micrographs showing the
distribution of Fe (red), Co (green) and O (blue) species: b)
composite image, ¢) Fe map, d) Co map and e) EELS spectra
corresponding to different areas as selected on d).

To confirm these results, we investigated the chemical
composition of CSS and site occupancy of Fe and Co cations
by performing XMCD measurements (Figure 3).' At the Fe-
L,; edge, peaks correspond to Fe* and Fe3* cations in Oh sites
(S1), Fe3* in Td sites (S2) and Fe3* in Oh sites (S3) of the Ferrite
spinel structure. The S1+S2/S2+S3 ratio (0.95) is intermediate
to Fe;0, (1.27) and y-Fe,O; (0.61).7 It agrees with the low
occupancy of Fe?* in Oh sites. At the Co-L, ; edge, a peak (S4)
corresponds to Co** in Oh sites of a Co-Ferrite.?> Such an
intense peak cannot be ascribed to the CoO AFM phase.
Indeed, XMCD being sensitive to the polarization of magnetic
moments, spins of Co>* which are coupled antiparallel in CoO
cannot contribute to the signal.
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Figure 3. XMCD spectra of CSS.

The magnetic properties of the nanoparticles were studied by
SQUID magnetometry. M(H) curves of CSS nanoparticles
display a coercive field (Hc) of 500 Oe at 300 K in contrast to
C and CS nanoparticles (Hc=0) (Figure 4b). This result was
confirmed by M(T) curves (Figure S4) and the corresponding
distribution of blocking temperatures (Tp) (Figure 4a),4 i.e.
the temperature below which the magnetic moments of
nanoparticles are blocked. Ty gradually increases with the
formation of shells and clearly raises up above room
temperature (340 K) for CSS. This value is much higher than
the one of Fe;;0, nanoparticles of 15 nm (150 K),*+ and is
similar to smaller CoFe,O, nanoparticles of 12 nm.? Given the
lower Co-Ferrite content in CSS and its larger size, it clearly
shows that exchange coupling contributes to the
enhancement of Ty in CSS.

FC M(H) curve recorded for CSS at 10 K after cooling under a
field of 7 T showed a wide-open hysteresis cycle corresponding
to Hc of 15 ooo Oe and a very small shift to negative fields
corresponding to an exchange field (Hg) of s00 Oe. In
contrast, a very large shift corresponding to Hg of 5 ooo Oe
was observed for CS which is ascribed to strong exchange bias
coupling at the Fe;0,/CoO interface. Therefore, we expect
that the contribution of this phenomenon to Ty enhancement
in CSS is negligible. It confirmed that the CoO shell, which is
very thin at the surface of the Fe; s0, core, mostly vanished in
CSS and became Co-Ferrite upon the third decomposition
step. The smooth profiles of the M(H) curves agree with the
strong exchange coupling of soft Fe, ;0, and hard Co-Ferrite
phases. It results in the non-saturation of the M(H) curves in
contrast to C which agree with the high magnetic anisotropy
of exchange coupled nanoparticles. The magnetization of CSS
at 7 T (72 emu/g) which is dramatically higher than that of CS
(41 emu/g) also confirmed the transformation of CoO in Co-
doped Ferrite (Mg for CoFe204 nanoparticles is about 8o
emu/g).> It is worth to note that such a Mg is even much
higher than the Fe, ;0, core (56 emu/g),>+ thus increasing the
energy product as required for permanent magnets.
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Figure 4. Magnetic properties of C, CS and CSSC
nanoparticles. a) Distribution of blocking temperatures M(H)
curves recorded at b) 300K (ZFC) and ¢) 10K (FC under 7 T).

In summary, we have reported on the synthesis of magnetic
nanoparticles with an onion-type structure produced by a
three-step thermal decomposition process. Besides each
decomposition step resulted in the increase of the
nanoparticle size, this study shows that the third one
accelerated the conversion of the CoO in Co-Ferrite. This is
due to two different mechanisms promoted by the high
temperature in the reaction medium: (i) the interdiffusion of
Co and Fe cations at the Fe, ;0,/CoO interface promoted by
vacancies at the Fe, ;0, core surface®7 and, (ii) the solvation
of CoO in presence of Fe monomers (resulting from the third
decomposition of Fe(Stea),) which led to Co-—Ferrite.?®
According to EDX performed on a large number of CSS

nanoparticles, we expect the large amount of Fe monomers
during the third decomposition step in comparison to
solvated Co monomers to result in the growth of a second
layer of Fe, 5O, after the formation of the CoFe,O, layer.

Therefore, we expect the CSS nanoparticles to consist of two
Fe,s0,/Co-doped Ferrite and Co-doped Ferrite/Fe, O,
interfaces which both generate hard-soft exchange coupling.
Such a CSS structure resulted in the significant enhancement
of Ty and H¢ which was not observed in previous works on
trimagnetic type nanoparticles. Therefore, room temperature
blocked magnetic nanoparticles mostly based on iron oxide
with a size not exceeding 16 nm can be synthesized. Such a
strategy opens huge perspectives for the design of rare-earth-
free nanoparticles with tunable magnetic properties for a wide
range of applications including high density data storage,
therapeutics and sensors. Work is in progress to achieve a
deeper understanding of the structure of CSS nanoparticles
and the structure-property relationship.
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