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Abstract — The magnetic properties of cobalt ferrites nanoparticles prepared using three different processes (thermal
decomposition, polyol and co-precipitation synthesis routes) are investigated by X-ray Absorption Spectroscopy and X-ray Magnetic
Circular Dichroism. The repartition of cobalt and iron ions amongst the interstitial sites of the spinel structure is determined and
correlated with their magnetic properties. The study reports on the influence of the synthesis method on the crystallographic order
within a nanoparticle, and hence, on the magnetic anisotropy.
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1 Introduction

Nanoparticles composed of ferrite nanospinels are used in various applications ranging from medicine to optical devices [1,2]
Among these nanospinels, cobalt ferrite (G is a promising material because in the nanosize range it presents a high
magneto-crystalline anisotropy energy and a high magnetization saturation. These appealing properties are particularly necesse
for hard record devices [3]. For such applications, overcoming the so-called superparamagnetic limit [4] is one of the current
biggest challenges. In this direction, various strategies have been developed such as multi-shell structuration [5,6], particl
doping [7,8], or coordination of molecules to nanoparticles surfaces [9,10]. However, it is well-known that the preparation route
of magnetic nanoparticles can influence in many ways the morphology, their chemical composition or the crystallographic
structure which in turn strongly impact the magnetic properties. Among all possible synthesis routes, soft chemical synthesis ha
become a very convenient way to obtain magnetic ferrite nanospinels. Various synthesis processes have been developed to obt
ferrofluids with long-term stable nanoparticles. In this study we choose three different synthesis that are very common in the
preparation of ferrofluidsy(i) the co-precipitation process is a cost-effective and versatile synthesis that allows to obtain a large
amount of nanomaterial [11{ii)) the polyol process allows original structures of flower-shaped nanoparticles with enhanced
magnetic properties but allows less control on the crystallographic structure [18]i)atide thermal decomposition route is

found to be a very effective method to prepare monodisperse nanoparticles with controlled morphology, although involving
higher temperature and more expensive reactants [13]. In the present paper, we investigate the magnetic properi@s of CoFe
nanoparticles with diameter ranging between 6 and 7 nm and that have been synthesized by the three different pathway
Correlations between the original effects of a synthesis process on the magnetic propertiegfr@meparticles obtained has

been established by several groups [14-19]. In particular, small sphericalOgZoBaoparticles synthesized in polyol medium

were found to have a saturation magnetization comparable to that of the bulk structure [20,21]. Large coercive field were
measured at 5 K on small CgBg nanoparticles prepared through high temperature decomposition route: Song and Zhang
measured coercive field of 1.1 T on 6 nm C@kenanoparticles [22] and Torres and co-workers measured a coercive field of
1.4 T on 5.7 nm large Cof®,; nanoparticles [23]. In this study, we want to emphasize the fact that magnetic anisotropies of
CoFeQ, nanopatrticles with similar sizes are strongly modulated by the synthesis process. We propose hereby to relate th
synthesis routes (co-precipitation, polyol, thermal decomposition) route with the cationic reorganization of the nanoparticles and
yielding the observed magnetic properties. Bulk GOEerystallizes in an inverse spinel structure that belongs to tBm Fd

space group. All C8 ions occupy octahedral symmetry sites whilé*Fens are equally distributed between octahedral and
tetrahedral symmetry sites [24]. X-ray Magnetic Circular Dichroism (XMCD) atihedges is a unique tool to probe the 3d
magnetic orbitals of the transition elements [25,26]. The method provides a chemical selectivity used to disentangle the magneti
signatures of the cobalt and iron ions. In addition, XMCD is also sensitive to the site symmetry of the absorbing element. The
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cationic distribution of cobalt and iron betweerntabedral (@) symmetry sites and tetrahedral(Bymmetry sites in the
nanospinels structures is determined with the iinyaon of the 6 nm CoFR6, nanoparticles with XMCD. The influence of the
synthesis on the crystallographic structure andribgnetic properties of the nanoparticles is tlevsaled.

2  Experimental
2.1  Synthesis

Co-coprec sampleThe cobalt-iron nanospinels Co-coprec were obtamedsing a modified Massart process [27]. It
consists in precipitating Gband F&" hydroxydes followed by a heating at boiling tengere to obtain nanoparticles with a
meansize of 11 nm. In order to obtain smaller naniges, the Massart process was slightly modifigdadding complexing
species (tartrate ions) in the mixture of coball &rric nitrates before the addition of sodium toydde. The different steps of
the synthesis are reported elsewhere [28].

Co-acac sample Following the route of thermal decomposition oétal precursors developed by Setal. [13], we
have synthesized a second set of small nanopartifl€oFgO, named Co-acac. The different steps of the sodatédleac”
synthesis are reported elsewhere [29].

Co-polyol sample.The third set of small particles of Cobalt-Iron napinels is obtained by using the polyol proceé$ [3
which consists in a forced hydrolysis of*Fand C&* mixture in a polyol solution. Depending on the ymblused for the
synthesis, the morphology of the nanoparticlesinbthdiffers. When the reaction is realized in lojggne glycol (DEG) small
spherical nanoparticles are obtained [20].

2.2 Methods

Chemical composition of cobalt and iron of the rzamticles was measured by Atomic Absorption Speattoy using
Perkin ElImer Analyst 100 with an air-acetylene féaat a mean temperature of 2300° C. Table 1 prélsematio of the cationic
concentrations of each sample calculated usingnttiar ratio X, as detailed in equation (1) below:

Xu = [Co]/([Co]+[Fe]) 1)

Nanospinels morphology and size were determined daypsmission Electron Microscopy (TEM) using a JETIO
CX2 microscope (UPMC). The analysis of the micrpéusiof more than 2000 particles leads to size ¢piatos fitted with a log-
normal distribution presented in Figure 1.

X-ray Diffraction (XRD) patterns were recorded dre tnanoparticles powders using a PANALYTICAL X'P&no
MPD diffractometer with the Co &radiation (K, = 1.79 A). The size of crystallites domains weakglated on the mean peak
(311) using the Scherrer equation [31]. The XRDgras are presented in Figure 2.

Magnetizationws. magnetic field at 4 K and 300 K have been recondi¢al a Vibrating Sample Magnetometer (VSM)
using a Quantum Design PPMS. Magnetization vs. mtagrield measurements at 4 K were performed ozen diluted
ferrofluid dispersions (Figure 3.) while magnetiaat curves at 300 K were measured on the nanofestigpowders. The
magnetization at saturation gMat 300 K was determined and normalized by thesmasthe sample corrected after
ThermoGravimetric Analysis. Mass losses of orgapiecies of about 10 % were determined for the Ga-and Co-polyol
samples, and 20 % for the Co-coprec sample. Thaetizgtion at saturation of the nanoparticles & R@nd the coercive field
of the nanoparticles measured at 4 K are presémf€dble 1.

X-ray Absorption Spectroscopy (XAS) and XMCD measuents were recorded on the DEIMOS beamline at the
French synchrotron facility SOLEIL [32]. XAS and XBD signals were recorded at the Co and_f-gedges at 4 K under ultra-
high vacuum (18° mbar) in the presence of a 6.4 Tesla magneticciimu The circularly polarized x-rays are providegan
Apple-ll HU52 undulator. The XMCD signals were reded by flipping both the circular polarizationf{land right helicity)
and the external magnetic field (eithef #+ 6.4 T or H=- 6.4 T). Each XMCD spectra was thereby acquiredaliing the
difference:

Oxmcp =0 — 07 )
where o~ = [og(H*) + o (H)] (3)
and o =[or(H™) + o (HY)] 4)

wherec, (respectivelyor) is the absorption cross section measured with(tepectively right) helicity. The measurements
were performed on magnetic nanoparticles powdkesefore the XAS spectra were obtained by takimgisbtropic absorption
cross-section as:
o +o* (5)
Oxas =
XAS and XMCD spectra were normalized by the maximafrthe absorption at the; edge.
To extract quantitative determinations of the gatiadistributions of the iron-cobalt nanospinelisngations of the XAS and



XMCD signals were performed using the Ligand Fieldlitiplet theory developed by Theo Thole [33].Thergmeters used for
the calculations were reported in Hochepi¢@l. [34] for the C&" ions in CoFgD, and in Carvallet al.[35] for the F&" and
Fe’* ions in magnetite. The weighted sums of the catedl spectra were fitted to the experimental onesrder to obtain
guantitative sites distributions of the Cand Fé'ions among Qand T; sites.

3  Resultsand discussion
3.1 Size, morphology and chemical composition

Cobalt-iron nanospinels from the different synteesbutes present similar mean sizes: 6.8 nm for Gbecoprec
nanoparticles, 6.7 nm for the Co-acac nanopartahes5.6 nm for the Co-polyol nanoparticles andMTigicrographs show the
dependence of the nanoparticles morphology wittstimthesis process (Figure 1.). The co-precipitasignthesis leads to non-
spherical nanoparticles with a high polydisperséity= 0.43). Nanospinels obtained with the polyol gssare spherical but the
nanoparticles are highly polydisperse=0.55). Cobalt-iron nanospinels synthesized Withacac process are also spherical but
the process allows to obtain monodisperse nanefestivith narrower size distributios € 0.28). Nanoparticles sizes were
also determined by XRD measurements (Figure 28.Semples present between 30° and 8@f fize peaks that correspond to
a spinel structure indexed for CoBg (reference code pattern 96-5941-0064) with meze feir coherent domain of 5.4 nm for
the Co-coprec nanoparticles, 6.5 nm for the Co-aeaoparticles and 5.5 nm for the Co-polyol nantigies.
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Figure 1. TEM micrographs and size distribution histogrash#\) Co-coprec (6.8 nm), B) Co-Acac (6.7 nm) en@o-Polyol (5.6 nm)
nanoparticles
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Figure 2- XRD patterns of the Co-acac (blue lir@y;Polyol (dark yellow line) and Co-Coprec (darkanyline) samples

The Xy value expected for a stoichiometric crystallogiaptructure of CoR®, is equal to 33%. From the absorption
atomic spectroscopy measurements of Co and Fe cwatiens, we obtain lower values of,Xor all cobalt-iron nanospinels
obtained. The Co-coprec and Co-acac samples hakarscomposition with X, = 26.9 % for the Co-coprec nanoparticles and
of X\ = 27.0 % for the Co-acac, while the Co-polyol naamticles exhibit a very low molar ratio withp& 8.2 %. From XAS at
the FelL,; edges measured for Co-coprec and Co-polyol, oeg that there is no ferrous iron so that the nantiofiss have to
present Vacancies (V) on the octahedral sites. Rfmenvalues of ¥, the structure of the cobalt-iron nanospinels ban
formulated as GO dF6 .14V 0070, for the Co-coprec, GeiFe 140, for the Co-acac and as &g 5V 0280, for the Co-polyol
nanoparticles.

3.2  Magnetometry measurements

1.0+
0.5+
:
s 0.0
=
-0.5 1
==/ CO-coprec
-1.0+ === C0-polyol
e C0-acac
-5 0 5
Field (Tesla)

Figure 3. Bulk Magnetization curves measured oroferids samples of Co-acac (blue line), Co-Polidark-yellow square) and Co-Coprec
(Dark cyan triangle) at 4 K.



We compare the magnetic properties of the Co-copfecacac and Co-polyol nanoparticles. The nanmpestfrom the
different synthesis pathways do not exhibit the esaaturation magnetization valueg(Wable 1). The saturation magnetization
of the Co-coprec nanoparticles is 66 erffuag 300 K, while the Co-acac and Co-polyol nandpies possess lower saturation
magnetization of 59 emu’gand 51 emu:§respectively. The discrepancies of the saturatiagnetizations values between the
three samples are not surprising considering tfferdnt stoichiometries and shapes exhibited byndugoparticles. The larger
value obtain for the Co-coprec can be attributeth&odifference of the shape of the nanoparticleElvare non-spherical for
this sample. Cobalt-iron nanospinels of Co-polharhple (%4, = 8 %) contain much less cobalt than the Co-aeatpte (%, =
27 %). In addition cobalt-iron nanospinels from @e-acac contain Béions which contribute to a higher magnetizatioiguFe
3 shows the magnetization as a function of theiegpphagnetic field performed on the frozen phasthefferrofluid samples (4
K) in zero field cooled. The temperature at whilte measurements were performed is well below kbeking temperature of
the nanoparticles and the magnetizatimapplied magnetic field measurements result in mgre/steresis curves. The
hysteresis curve of the Co-coprec nanoparticlesisteocoercive field value of 0.99 T that is twiceadler than that of the Co-
acac and Co-polyol nanoparticles. Magnetic coeiewiof Co-acac (1.77 T) and Co-polyol (1.8 T) sks@re quite similar, but
the Co-polyol nanoparticles show a more pronounceshanence ratio than the Co-acac nanoparticles. réhsanent
magnetization normalized by magnetization at theradion varies a lot; it is 91% for the Co-polyd5% for the Co-acac and 54
% for the Co-coprec sample.

Sample dXRD dTEM OTEM Xm Mq H. M r/MS C02+ COZ+ Feg+ Fes+ FeZ+
nm nm nm % emug T Ty On Tq On On

Co-coprec 5.4 6.7 0.43 26.9 66 0.99 0.54 0.10 0.69 0.86 1.28 -
Co-polyol 55 56 0.55 8.2 51 1.8 091 000 022 1.00 152 -
Co-acac 6.5 69 027 27 59 1.77 0.75 0.02 0.79 098 1.03 0.18

Table 1. Physico-chemicals characteristics of Cpreo, Co-polyol and Co-acac nanoparticleggglis the particles diameter determined in
XRD, dgy the mean diameter of the nanoparticles measui@d ffEM micrographssemthe size distribution, Xthe cationic molar ratio, M
the saturation magnetization measured at 300 Khempowders nanoparticleskhe coercive field measured at 4K on the frozeasplof
ferrofluids, M/Ms the normalized remanent magnetization, and"dg, C&* Oy, Fe** Ty, Fe** O, and Fé" O, the occupation of thegBnd G,
sites by the different cations.

3.3 XASand XMCD measurements
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Figure 4. XAS and XMCD spectra measured at 4 Khendried nanoparticles of Co-coprec (dark cyanngée), Co-polyol (dark yellow
square) and Co-acac (blue circle) samples at thé=@l; ;edges ( (a) and (c)) panels) and Gg;edges ((b) and (d) panels)

Figure 4. shows the XAS spectra measured at 4 kh®onanoparticles at the Eg; edges (a) and at the Cg; edges (b). The
XAS spectra are very sensitive to the cationicritistion among the Jand Q sites. The magnetic properties investigated with
bulk magnetometry measurements can be correlatégk tmagnetic contributions of the Co and Fe ion§siand G symmetry
sites to the magnetization thanks to element speXiICD measurements. Indeed, thg edge of the XMCD signals is site
sensitive and consists of a positive peak (X1 &t.9® eV or X3 at 776.41 eV) which can be relatedh® occupancy of g
symmetry sites in the case offFand C8" respectively, and a negative peak (X2 at 708.69eX4 at 777.51 eV) originating
from the cations occupation of the, €ites symmetry. XMCD spectra measured at théfzedges in the Co-coprec and Co-
polyol samples are very similar to the one measimendaghemitey-Fe,0; [36], which contains fully oxidized iron ions ¥e
while the Fel,; edges spectrum for the Co-acac nanoparticles éximbie intense feature at 705 eV characteristithef
presence of Féions traces in Qsites [9] (Figure 4 (c)). At the; edge, XMCD signals display a negative peak wheratomic
magnetic moment are parallel to the external magyfield and a positive peak when the spins aré@arallel to the external
magnetic field. The Fé; edge signals exhibit a X1 peak opposite in signhty X2 peak, This implies that the magnetic
moments of the B& ions in T; symmetry are coupled antiferromagnetically witle thé* ions in G, symmetry sites. One
observes the same trend at theLlGedge where the X3 peak is opposite in sign tothpeak.



— (@) {Felzaedges . — Fe* Tdcale. | (D).
© 0.10 6 Fe®* Oh calc. 60% Fe*(Td) : 40% Fe**(Oh)
g N 7 ﬂ —— Fe2+ Oh calc' 1 0 - f&_—%—
8 ! .
~ | 45% Fe**(Td) : 47% Fe*(Oh) : 8% Fe**(Oh)
2 |
.a ; y
C g |
Q
c 60% Fe*(Td) : 40% Fe**(Oh)
o
(2') Co-prec
> Co-acac
Co-polyol
_0 10 _XMCD Calc.
(b) 700 720 740 710 720 730
P d)
. 010- Co L, edges g — C°2+ Tacac. | (d) 13% Co?*(Td)  87% Co?*(Oh)
@ 1 —o—C0“" Ohcalc. | 1.0
.E :l’}
> [ o .
. i 2.5% Co?*(Td) : 97.5% Co?*(Oh)
£ 0.05 i 05- -
8 14
> i .
_(% % 100% Co2*(Oh)
c YR v —— 0.0+
2
£ 1
o) -0.5- . o
7 LO-coprec
>§< | — CO-acac
Co-polyol
010 , . , . -1.0 1 —— XMCD calc.
. T T d T T T
760 780 800 780 790 800

Photon Energy (eV) Photon Energy (eV)
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b), along with the weighted averages fitting thpezimental XMCD signal at the Fe bedges (panel (b)) and the Cgdedges (panel (d)) for
the Co-coprec, Co-polyol and Co-acac samples.

From the linear combinations of the calculated XM8&iizctra of F&(O,) and F&'(Ty) in the case of the Co-polyol and Co-
coprec, and of the E&0,), F€"(Ty) and F&'(Oy) in the case of the Co-acac, one determine thetijative distribution of the
iron in the crystallographic structure (Figure 5 é&ad (b)). The calculated ratio of ¥@ ):Fe*"(O,):F€*(Oy) is 0.98:1.03:0.18
for the Co-acac sample and the calculated ratid=ef(T,):Fe*"(Oy) is 0.86:1.28 for the Co-coprec nanospinels adds2: for
the Co-polyol nanospinels. The ratio’f&):Fe**(0,) expected for a stoichiometric CoBa is 1:1. Computational simulations
performed in the LFM theory at the ¥¢; edges demonstrates that the distribution of tf& &mong Qand T, symmetry sites
is very similar in Co-polyol and Co-coprec samplesh 60 % of F& in Q, (40% in T;) occupation. For the Co-acac
nanoparticles, the occupancy of thé'Hs very close to that of the bulk Caofe with 51% of the F& that occupied Qsites
(49% in Ty sites). However, for the Co-acac nanospinels #i® rof the F& ions occupying @ sites is 8% of the total
concentration of iron in the structure. One caneols that this value corresponds approximatelyh®o difference of the O
occupation of the Béions between the Co-acac sample and the two otBersoprec and Co-polyol samples. The lower
occupancy of the Qsites by the Fé ions in the Co-acac nanospinels is compensatetieopccupation of the (ites by the
Fe&** ions. The Cd_,;edges spectrum measured in the Co-coprec nandesiiscypical of a compound containing a mixtufe o
Tqsand Q Co™ [34]. The XMCD signals measured at thelGgedges in the Co-acac and Co-polyol nanoparticlesghat in
both samples, Cbions are predominantly in@ymmetry with a very intense X4 peak signal (Fégdi(d)). The XMCD spectra
measured fit with the simulated spectra obtainetlfit calculations (Figure 5 (c) and (d)) for a ea€d*(T4):Cco**(Oy) that
corresponds to 0.02:0.79 for the Co-acac sample2Dfor the Co-polyol sample and 0.1:0.69 for @ coprec sample. The
Co?* ions are all located inGites in the Co-polyol sample, while 2.5% of th&‘@ccupied F sites in the Co-acac sample. The



inversion degree of the spinel structure of thecGprec nanospinels is much lower with 87% of theldint ion occupancy of
On symmetry sites (13% of the; Bites). The magnetic anisotropy of the nanospitigsgoverns the coercive field measured on
the hysteresis loops is consistent with thé*Gans occupation of the (Gites. Indeed, the larger occupancy gfsties by C&'
coincides with the greater values of coercive fielserved with bulk magnetometry measurements (€i§J. In the case of
nanoparticles prepared with acac and polyol syighéise obtained inverse spinel structure withGaf* ions in G symmetry
can be interpreted as the result of the high teatpex (>200°C) conditions used for the decompasitibthe metal precursors in
both processes, while the co-precipitation synthisscarried out at lower temperature (100°C) dedGoFeO, obtained with
such softer conditions are metastables.
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Figure 6. Evolution of the octahedral symmetryssitecupation of C3 (red square) and F& (black square) with the coercivity. The
occupancy of the (sites by the metal M, where M is eithe”Cor Fe** is calculated with M(Q)/M(total).

4  Summary and conclusion

Small magnetic nanoparticles of cobalt-iron nanosisi were obtained through three different synthgsbcesses. The
nanospinels obtained were found to have differbehtical compositions, stoichiometries, and shapks.coercivity measured
in the three samples show that the acac and pphmilesses allow to obtain nanoparticles with twarger coercive fields
compared to those obtained from the co-precipitafiwocess. XMCD investigations of the nanospinedsehprovided a
guantitative determination of the cationic disttiba in the spinel structures. The coercivity igedtly related to the presence of
Co®* in O, interstitial sites explaining the enhanced magnptbperties exhibited by the nanoparticles froracaand polyol
synthesis. Indeed, on the, 6ite CS" is a Jahn-Teller ion where the spin-orbit coupkmgl the crystal-field split efficiently the
lowest lying levels whereas on thg 3ite it is much more symmetrical with minority sptompletely occupying the 2-fold
degenerated level. Acac and polyol syntheses leaah increased chemical order, with nanopartidias have a structure more
similar to the bulk structure of Cof,. In addition, during the acac synthesis som@ lems are formed that also contribute to
the magnetic anisotropy.
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