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Abstract

The electric and magnetic properties as well as ttermal stability of Cgre; O,
nanopowders, (0.6<x<1.8) were investigated. Thesedprs were synthezised using a one
pot solvo-thermal route with acetylacetonates asyrsors. The properties were linked to the
size, morphology, composition of the particles andthe cation distribution. With the
exception of x=0.6, the powders are stable up to°60/Nhatever the composition, Edas

a strong tendency to occupy tetrahedral sites,raonto what occurs in bulk ferrites. The
nanopowders display a semi conducting behavioumv®&mn ambient and 500 °C, conduction
occurs between Co—Fe>" pairs, and intergrain conduction predominates. dmeluctivity

is in the 10 Q*.cm® range. The Cde, O, nanopowders behave magnetically as a
superparamagnetic assembly of single-domain pasticThe magnetocrystalline anisotropy

constant is significantly higher for these nandpkes$ than for bulk ferrites. GgFe 204



displays the lowest blocking temperature (200 K) #mel highest anisotropy (K=21 90

erg/cm).

KEYWORDS : A. oxides, B. solvothermal, magnetic pedies, C. impedance spectroscopy,

D. transmission electron microscopy (TEM)
1. Introduction:

Ferrites are materials which combine several reaidek physical properties along with
chemical stability, low production cost, and halready many application fields [1]. In form
of nanomaterials, ferrites may have superparamagpeetperties [2] and are currently used in
magnetic data storage, magnetic imaging, drug dgliand microwave devices [3-4].
Recently, nano ferrites have shown gas sensingodap45-6], as well as photocatalytic and
catalytic activity toward the degradation of orgamnatters and oxidative reactions in
presence of reducing gases [7-9]. This multifun@iocharacter of ferrites has potential
application in the field of sensors, transducers actuators [10-14]. The control of the size,
morphology and chemical composition of the spinglrife nanoparticles, should allow

adjusting their various properties for specific aee

In a previous work, the synthesis route of thgReg,O, nanoparticles and their catalytic
response to methane were presented with an eximawsstuctural characterization, including
X-rays diffraction (XRD), transmission electron miscope (TEM) imaging and energy
dispersive spectroscopy (EDS) analysis [7]. Thebafation route developed led to
chemically homogeneous spinel cobalt ferrites, wiian size ranging from 4 to 7 nm, the
smallest particles being obtained for x=1.8. Thephology study of the particles evidenced
a spherical form for low cobalt content, and a vierggular shape for high cobalt content.

The highest conversion rate, at a given temperatae obtained for GeFe 1,0, . The role



of the cation distribution and vacancies in thealyéic reaction was evidenced. The sensing
properties of cobalt ferrite nanoparticles were stigated, and different resistance variations
were noticed, depending on the cobalt amount [6%, Qo gFe ; )0, showed a p-type semi-
conducting response to reducing gases, as {pFhowed n-type behaviour. Like catalytic
properties, magnetic and electric conduction priggerof nanoparticles, are related to the
mean size, the size distribution and the shapéefphrticles. In case of spinels, the cation
distribution on octahedral and tetrahedral sitéluémces physical and chemical properties.
The surface state of the nanoparticles plays alsomgortant role in catalysis reactions as
well as in magnetic phenomena. It is well knowrt tha efficiency of a catalytic conversion
increases with the amount of exposed surface, whioflated to the size and the shape of the
particles, with the nature of the exposed catitessand the number and type of defects at the
surface [17, 18]. In nanostructured magnetic magrisurface effects usually lead to
increased magnetization or superparamagnetismi¢2}ite properties are also linked to the

particle size, to the cation distribution and to ¢tlseurrence of vacancies [19, 20].

Our work aims to investigate the influence of tremposition, particle size and cation
distribution of cobalt ferrites nanopowders on thkermal, electric and magnetic properties
and to determine some characteristic values. Téxtrad, magnetic and thermal properties of
nanoparticles of cobalt ferrites for various colmhtents were characterized and related to
morphology, size, crystallographic structure and position. The composition dependence
of these properties in very small nanocrystalliobadt ferrites (less than 10 nm) has not yet
been studied. Electric and magnetic propertieseaités were already investigated but for
particles in the 100 nm range [21]. The magneticstof very small particles was done but
for a low cobalt concentration (x<0.6) [22]. Thendactivity and Neel temperature
dependence with grain size has been investigatednocrystalline cobalt ferrite powder for

one composition only, namely Cofg [19-20, 23-24]. Most of the magnetic or electric



investigations of nanoparticles of cobalt ferritasliterature concern Cd , Al or Zn doped
ferrites [25-27]. Magnetic properties and transpoechanisms of cobalt ferrites Fe;.,04
with various compositions were studied [28], buttlat case the grain sizes were in the

micronic range.

2. Experimental procedures:

2.1. Synthesis of GBe; O, nanoparticles

A series of cobalt ferrites nanoparticles sampléth \the general formula GbBe;.xOs, X
varying from 0.6 to 1.8 (x = 0.6, 1, 1.2 and 1.&r& synthesized by a new one-pot solvo
thermal route, using acetylacatonates of iron aoldalt precursors, dissolved in benzyl

alcohol. Synthesis details can be found in a pres/igork [7].

2.2. Structural characterization

The detailed structural characterization, by XR[@ &M, of the as prepared cobalt ferrites
nanopowders can be found in [7], for 3 compositiditee XRD diagram were collected in a
classicab-20 angles coupled mode on a D5000 Siemens Brukeadiffmeter operating with

a copper X-rays source and equipped with a back olwomator, to avoid fluorescence. The
diagrams were collected with a step of 0.04°, &toh20s per step, over 8 ange from 15

to 115°. Rietveld refinement was done using thewdercell software. Morphologies and
crystal sizes of nanoparticles were determined Byl Tusing a Tecnai 200kV, with a point to
point resolution of 0.25 nm. Images were recordedgua 1Kx1K Slow Scan CCD camera.
The statistical studies on particle size were edrrout over 500 particles for each
composition. The powders were characterized aftpedance spectroscopy measurements by

XRD and TEM.



2.3. Thermal analysis

Differential thermal analysis (DTA) and thermograetric measurements (TG) were
performed using a SETARAM TG-DTA 92 thermal analyZEhe experiments were carried

out under static air up to 1200 K at a heating c&t€0 °/min.

2.3 Electric impedance spectroscopy
The powders were compacted under a pressure oMP&0during 5 min, without any further

sintering, and sandwiched between platinum eleesod’he porosity of the pellets was

p exp

ptheo

characterized kP=1- , with p,, and p,.., being the experimental and the theoretical

densities of the pellets. Whatever the powders pthresity was found to vary from 0.43 to
0.47. These porosity values are quite common foités pellets [19, 29]. The weak increase
in porosity is linked to the small decreases irtipias size [7]. Conductivity measurements
were performed under air, using a Solarton Sl 1260impedance analyzer working in the
frequency range from I0to 10 Hz. Data were analyzed using a non linear leasarss

(NLLS) fitting routine. Several heating and coolimycles were performed from room
temperature to 600 °C in order to check the repnbilitg of the measurements, followed by

a final heating up to 900°C .

2.4 Magnetic measurements

The magnetic measurements, in the temperature tzetgeeen 4 and 300 K, were performed
using a Physical Property Measurement System (PR®)Quantum Design. The specified
resolutions are 2 T0emu in DC fields and IHemu for AC magnetization. The collected data

were corrected from the diamagnetic contribution presented in CGS units. The samples



were compacted in a plastic sampling tube in ordeminimize dipolar inter-particles

interaction and to keep the particles from rotatiggl-body like as the applied field changes
direction. The zero-field cooling (ZFC) curves wetgained by cooling to 20 K the sample
under zero applied field, then applying a field100 Oe and slowly warming the sample to
around 300 K. The field cooling (FC) curves werg¢agked by cooling the sample from 300 K

to 20 K under the same applied field.

3. Results and discussion

3.1 Structure and morphology of the cobalt fer@tgFe; «O4 nanoparticles

a 1500-

Intensity (a.u.)

Figure 1: a) X rays diagram of the €g-e; O, nanopowder, indexed in the spinel structure, b) TiEgge of

Co, JFe; g0, nanoparticles, along with the size distributiorac)d d) HRTEMmages of single cobalt ferrites

nanoparticles, ¢) CoR©®, oriented along[Oli] (see FFT) and d) GgFe, 0, oriented 11_21] (see FFT).



For the different compositions, the cobalt ferrigsvders are single phased and have the
expected spinel structure (space group Fd-3m)..&igllows the XRD diagram corresponding
to Co Fe 04 Fig.1b shows typical cobalt ferrite nanopartictdsained for x=1.2, along
with the size distribution. The log normal functifited very well the distribution size of the
particles and led to somewhat smaller values tinate obtained using the gaussian function
[7]. The mean sizes and the associated standaidtidevdeduced from the log normal fits
are given in Table 1. For x= 0.6, 1 and 1.2, theigdas have an almost spherical and regular
shape (see Fig.1lc for x=1). The mean size of theopeaticles decreases slightly with
increasing cobalt amount x in &®;.,O, and the smallest one is obtained for the highest
quantity of cobalt (x = 1.8, D = 4.3nm). For thagter composition, the shape of the particles
is no more spherical (see Fig.1d) and not wellreiefi HRTEM study performed on all the
nanopowders shows that the produced particles gxhdh crystallinity with no significant
number of defects such as dislocations or stadiaulgs (Fig.1c and 1d).

'p The CqFeO; pellets used for
‘ impedance spectroscopy were

characterized by XRD and TEM coupled

to EDS. During the electrical impedance
spectroscopy measurements, these pellets
L‘; were heated up to 900°C, thus were liable
‘ to possible phase transitions and grain

growth. Fig.2 shows typical grains of the

' ' 500 nm
D R pellets heated up to 900 °C.

Figure 2: TEM image showing submicronic grainsnfra pellet of CogFe; 04 heated up to 900°C.



For all the compositions, the grain size
are submicronic, ranging between 200 a
600 nm, although it remains some small
grains (Fig.2). This shows that significar
grain growth occurred during impedanc
spectroscopy measurements. For GGge
and Caq_Fe g0, the chemical compositior
remains the same upon heating and 1
XRD diagram matches well with on
single cubic spinel phase (see Fig.3a). F
x=0.6 and x=1.8, EDS analysis showe
composition fluctuations. For x=0.6, th
annealed pellet consists in a mixture

pure iron oxide grains and grains wit
atomic composition of 33% Co, 67 % F
the Cofr

which corresponds to

stoichiometric composition. The
corresponding XRD diagram (Fig.3b
could be refined with two phases, tt

CoFeQ, spinel phase anal-Fe,0Os.

Figure 3:
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X-rays diagrams corresponding to pelletsf cobalt ferrite heated up to 900°C.

* denotes a peak due to the sample holder. a) gofeanopowder, b) GaFe, ,04nanopowder, c) CaFe; ;0,4

nanopowder. The diffraction peaks were indexedhéngpinel structure for samples x=1 and x=1.8. Bample

x=0.6, only the diffractions peaks correspondingrtbe,O; were indexed.



For x=1.8, the pellet consists mainly of grainshatlie atomic composition 60% Co and 40%
Fe, namely the nominal composition, but graindivéss cobalt (x=1) and grains with more
cobalt (x=2.3). Rietveld refinement of the corrasgiog X rays diagram matches well with

the EDS composition results of one major spinelsphand two minor spinel phases with
different cell parameters (Fig.3c). The zoom of (#&0) peak in Fig.3c evidences one small
peak on the high angle side and a bump on the ajleaside, corresponding respectively to
the spinel phase with x=2.3 and to the spinel patdex=1. As for x=1.8 , only part of the

cobalt ferrite undergoes a transition into two sppieases, one rich in cobalt and the other
one poor in cobalt. This is consistent with theusoence of a spinodal decomposition with

slow kinetic observed for GBeQ, [30-31].

3.2 Cation distribution

The physical properties of cobalt ferrite spinet éinked to the cation distribution over the
tetrahedral sites A (8a) and octahedral sites B)(d6dhe structure. In bulk spinel, cations
have usually a preference for a particular sitecdbalt ferrite with only C&*, cobalt ions
show a strong preference for octahedral sites [B2¢ase of cobalt ferrite with two valence
states for cobalt, G8 cations occupy exclusively octahedral sites and* @ations are on
tetrahedral sites. Recently, Kumar et al [33] shibwv&t in case of nanocrystalline materials,
this does not hold anymore. One way to obtain médiron about cation distribution is to
consider the relative intensity of the (220), (222)d (422) diffraction peaks in X-rays
diagrams. For Miller indices (hkl) all even with lkaH=4n, like (220) and (422), only the
tetrahedral sites (8a) contribute to the diffracti@aks, as for Miller indices all even with h,
k, | = 4n or h, k, 1=4n+2, like (222), only the abkdral sites (16d) contribute to the
diffraction peaks. Thus the ratig.d/l222 14241222 are an indication of the A and B sites
occupation. Using Origin software, a whole peaknfit with pseudo Voigt functions was

performed, and the intensity for each peak wasaetdd. The experimental relative intensities



I220/1222 and ko122, are reported in Table 2 as a function of x, theattotontent. Clearly, the
ration bod/l222iS more sensitive to the cobalt content than th# d.oratio. Theoretical powder
X rays diagrams were calculated, with the CaRInéwsoe [34] for various cation

distributions on A and B sites angdl»22 l42d1222ratios were calculated (see Table 2).

X Cation distribution bdlos  loodloze  laodlozs  laodloo
cal exp cal exp

06Fe0)  [Fe” |,[Feiim 0 ol O; 9.3 31

0(FeO:)  |re™ |,|FeliFeii],, 3.4 11

0.6 lCOSE Fegng[Fe%g35 O ooesJB O, 4 5.8 1.3 1.8
0.6[co**|,|Fe*"| 0,+0.4 6 >
.Fe3+.A .Fe?(;;Sl N 0169JBO4

. Fe* |,[cosiFeit ] 0, 3 44 1 17
co™ |.|Fe™ ] O, 4.1 13

1.2 co* |, |FeiiCofi)s 04 39 64 13 12
Co® |, |Feiscoti )., 4 1.3
Co” | [FetiCotisTos)s Oy 58 1.9

L8 Co® |, |FeZiCoz: ], 0o 3 2.9 1 0.9
co |, [Felicoti |, 0, 4.2 1.4

Table 2: X rays diffraction intensity ratio for tifent CqFe; ,O, powders. Experimental (exp) intensity ration

and for different cation distributions calculatedes (cal).

Different Fe®*, Co?*, Co** distributions on A and B sites were tested, wii# ¢onstraint of
global charge neutrality, which led in some casethé occurrence of oxygen vacancies. For
x=1 and x=1.8 comparison between experimental aidulated intensity ratios indicates
clearly that in the nanopowders, Thas a strong preference for tetrahedral sitesramynto
what occurs in bulk ferrites. This modification afation distribution from bulk to

nanoparticles was previously observed for GQz¢20]. For x>1, the nanopowders contains

10



only low amount of C8*.The cobalt ferrites x=1.2 and x=0.6 exhibit highyl2., intensity
ratios compared to those of x=1 and x=1.8, thatdcba reproduced by introducing vacancies
on the octahedral sites of the spinel for x=1.2|dng a so called lacunar spinel . For x=0.6,
only a mixture of 60% CoR®, and 40% maghemitei-F£e03) explained the high intensity
ratio, which indicate that it was not possible ymthesise a single spinel phase with x=0.6
using the solvo-thermal method developed. The Idimdt of stability for CaFe;xO4 spinel
was found to be x=0.45 in [22].The cation disttibn for the powders with x=1 and x=0.6
did not change significantly upon heating up to @0l he X-rays intensity ratieddyl,2, was
found to be 3.9 for the sample corresponding td.&=after heating. This is consistent with an
oxidation process with the disappearance of thegemyvacancies, and the occurrence of

Co3'.

3.3. Thermal stability

The thermal stability of the cobalt ferrite phasess investigated by TG-DTA, from room
temperature to 900 °C. Fig 4 shows the relativegghtevariations associated to the enthalpy
variations during the heating of the nanopowderdeurair. For all the samples, there is no
weight gain observed, thus no oxidation processurscaunder air for the various
nanopowders. For the different compositions, oneemas a first weight loss of 2-5 %,
associated to an endothermic peak, related to wats, which occurs in two steps,
dehydratation and then loss of adsorbed water [R%iE water loss lasts until 270-300°C. A
second weight loss, which varies, depending on si@ples, between 5% and 10%, is
associated to a high exothermic peak, and correispdo the decarbonation of the
nanopowders [35-36]. The decarbonation occurs Etv@®0°C and 420°C, but for x=0.6, it

lasts even until 500°C (Fig.4a). This indicatest tharemains organic residuals in the

11



nanopowders, coming from the precursor or the st)veven after thoroughly washing [7].
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Figure 4: DTA-TG curves for different cobalt feerihanopowders: a) GeFe, ,0,b) CoFeO, c) Ca e, 0,

d) Co gFe1 20,

At higher temperatures, there is nearly no weighs l(less than 1%), but changes in the DTA
curve occured indicating phase and magnetic tiansit For the powders with x=1 and x=1.2
(Fig.4b, Fig.4c) only one endothermic event occats480-490°, characteristic of a second
order transition [37], which corresponds to a magniansition at Curie temperature. The
Curie temperature for bulk Cof®, (x=1), is 520°C [1], and the Curie temperature in
nanoparticles can be reasonably assumed to be thamthe bulk value. For x=0.6 and x=1.8
(Fig.4a, Fig.4d) the DTA curves are much more c@xjbut can be interpreted knowing that
phase transitions occur at high temperatures (sBe Bhe cobalt ferrite with x= 0.6 is not
stable and undergoes a phase transition, revegldtekexothermic peak from 550 to 625 °C.

The kink in the DTA curve at 660°C is charactecigtr a second order phase transition and

12



corresponds to the ferro-para transitionoeFeOs; [38]. Thus, cobalt ferrite with x=0.6 is
transformed into hematite and Cg@Bg This interpretation is supported by the X rayntity
ratio in Table 2, which shows that the compound.&=@t ambient, corresponds to a mixture
of CoFeO, and maghemitg-Fe,O; . For x=1.8 (Fig.4d), one observes a large exotleerm
plateau which can be related to the partial decaitipa of the cobalt ferrite nanograins with
x=1.8 into two spinel phases. No magnetic trans#tiare observed in the DTA curve of x=1.8

because the spinel phases have Curie temperabwesthan 500°C [39].

3.4 Conductivity

Depending on temperature, two types of Nyquist rdiag were obtained, a single depressed
semicircle, or a straight line parallel to the inmagy axis. The single depressed semicircle
was modelled by a resistance in parallel with astamt phase element (CPE) [40], and the
straight line by a resistance in series with thaiatdnce of the wires. For the nano ferrites
powders, due to their small size, the intergraindewtion is the predominant phenomenon
and only one low frequency semi circle was obsengedigh temperature, due to apparatus
limitation at high frequencies, the contribution thle wires to the imaginary part of the

impedance became preponderant.

Cobalt ferrites are known to be semi conductingemal and this is confirmed by the
increasing of conductivity with temperature for ttoair tested compositions (Fig.5). From
room temperature up to a limit temperaturg depending on composition, one observes an
Arrhenius law dependence of the conductivity, dredorresponding activation energieg) (E
are reported in Table 3, along with the Values. At higher temperatures thap ©ne
observes also Arrhenius dependence of the condyctbut with a much weaker slope,
depending on the composition of the powders, aedctirresponding activation energies are

reported in Table 3, along with the, Talues. The conductivity values at two different

13



Figure 5: Conductivity versus temperatures forfm.,0,

powders , x=0.6 [}, x=1 (O) x=1.2 ([) and x=1.8 4).

— T T T T T T T T T
08 10 12 14 16 18 20 22 24 26 28

1000/T (K™

temperatures (T<I and T>%) are

reported in Table 3. For T<T Ea

values are about 0.7 eV for x=1 and

x=1.2, and about 0.8 eV, for x=0.6 and

1.8, thus higher activation energy

values

compounds.

off-stoichiometry

At low temperatures,

typically 200°C, the

compounds with x= 1, x = 1.2 and 1.8 have simitamductivity values, in the 10Q*.cm*

range, and x=0.6 has a lower conductivity valud&0® Q*.cni'range.

X 0.6 1 1.2 1.8
Ea (eV) T<Ty 0.77  0.67 0.70 0.84
T1(°C) 500 625 525 525
Ea (eV) T>Ts 023 024 0.02 0.03
T, (°C) 725 825 625 625
o (Qtcm?) at 200°C 6.4 10° 4.2 10 6.1 10’ 2.8 10’
o (@Qtem?) at 900°Cc 3.7 10? 2.4 107 1.0 10° 1.6 10°

Table 3 : Activation energies for two different fErature ranges and AC conductivity at low (200a@3 high

(900°C) temperatures, for different Ee@;, O, nanopowders,

At high temperature (T>5), the conductivity values of the different composiradle similar,

in the 10° Q*.cm' range (see Table 3), and for compounds with higralt@mount (x=1.2

and x=1.8), the conductivity does not vary with pamature, as evidenced in Fig.5. The

activation energies are correspondingly very waale (Table 3).

14



Conduction in ferrites occurs by polaron hoppingwaen pairs of cations situated on
octahedral sites of the spinel structure [41-42).fact, distances between two nearest
octahedral sites are smaller than distances betwetsahedral sites or distances between
octahedral and tetrahedral sites. Charge carrieolialt ferrites can be €9 Co**, F&*, Fe*
and may all occupied octahedral sites. Historicalhe Verwey rules stated that pairs of
charge carrier can only be built by cations of Hane element, with oxidation numbers
differing by unity, situated on similar sites [43]he higher mobility of electrons compared to
holes leads to higher conductivity and lower adidraenergies for F&«—Fe?®" pairs than for
Co **—Co?". Nowadays, it is established that pairs of chageiers can be composed of
cations of different elements, but the activatiorergies are higher in that case [20,44].
Intergrain conduction activation energies are ddpanhof the grain size of the powders, with
very small size corresponding to high activatioergres [20]. The high activation energies at
low temperatures are consistent with the 4-7 nnrmgies of the powder and with pairs of
Co?* and F&" involved in the conduction process. The slightiyhler activation energies for
x=0.6 and x=1.8 can be related to defects that roatunon stoichiometric compounds.
Significant grain growth occurred during the firkedating, according to the structural XRD
and TEM studies. Thus, the high temperature comndtyctvalues correspond mainly to
intragrain conduction. Consequently, for the défer powders, the conductivity increased
from a 10’ Q" .cmi*range to a 16 Q*.cm*range and the activation energy was lowered. The
activation energies at high temperatures are camsisvith intragrain conduction due to Fe
>*<Fe ** pairs on octahedral sites [44], which could indicat modification at high
temperature of the cation distribution along whie grain growth. However, a comparison of
the energy values is difficult because of the phasesitions that occurred for some

compounds.

3.5. Magnetic properties

15
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The M (H) magnetization curves (Fig6) were
measured at 10K with applied fields H up to 90
kOe. The saturation magnetization was deduced

by fitting the high-field part of M(H) from 20

kOe using the saturation approach law M (H)

=MS + a/H2, where a is a constant. The
saturation magnetization values for the different

nanopowders are reported in Table 4. The
saturation magnetization Ms decreases with
increasing cobalt content and with decreasing
particles sizes. For x=1 and x=0.6, Ms values

are close to those obtained for bulk cobalt

ferrites (90emu/g at 10K) [45] as for powders
with high cobalt content (x=1.8), the Ms values
are significantly lower than the bulk value. The
latter composition corresponds to the smallest
particle size (4 nm). It was already shown that

Ms depends on patrticle size and on cobalt

Figure 6: a) Magnetization versus applied fieldl&K

for CofFes , O,powders x=0.6 {7), x=1 (O) x=1.2 ([)

and x=1.8 ), b) and c) Magnetization curves for

Coy gFe; 0, under medium H field at two temperatures:

b) 10 K, c) 300 K.

content in the x<1 range [46, 22]. In the compositrange 1<x<2, for particles with sizes

around 30 nm, Ms values lower than the bulk oneewadtributed to the existence of a
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structural “dead” surface layer, due to the forwratiof small nanoscale crystallite and

residual strains during the sample synthesis [47].

X Ms (emu/g) T (K) K (10erg/cni)
0.6 86 340 6.5
1 84 300 7.2
1.2 78 330 13
1.8 63 200 21

Table 4: Saturation magnetization values at 10 iisatropy constant and blocking temperatures féfedént

CoFe;, 04 nanopowders .

The high saturation magnetization values in thiglgt{Table 4) suggest that the cobalt ferrite
particles are almost perfectly magnetically ordesiegjle-domains without a significant dead
magnetic layer. The saturation magnetization vatleggend also on the synthesis method. For
CoFeO4 nanoparticles, 5 nm in size, at 5K, Ms values otBt/g [48], 105 emu/g [45] , or
94 emu/g [49] were found. The low value of Ms ferlx8 (66 emu/g) are close to values
found for very small cobalt ferrites nanopartic]®6]. Finally, the magnetic behaviour of the
cobalt ferrite nanoparticles may vary with differé* and C8" site occupations, since the
Co?* ion is highly anisotropic [51]. According to thitetature, the decrease in Ms in our
study is mainly due to a size effect, the strudtdisorder at the surface of the particles being
relatively more important for small particles. Thaguctural disorder is accompanied by a
magnetic disorder due to an alignment of spinstivelato the direction of the overall
magnetization of the particle, called "spin cantjd§]. Consequently, the magnetic
environment will be frustrated compared to the buoi&terial, the more the spin disorder

increases, the more the value of the magnetic modemmeases.

The isothermal hysteresis loop of the as-preparedgsi e ;O, nanoparticles carried out at
temperature of 10 K, with applied fields of up @ ROe, is presented in Fig.6b. An open

hysteresis loop with a coercivity field (Hc) of abhd@ kOe can be clearly observed. Thus, the
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nanoparticles exhibit ferromagnetic behaviour wiin-zero coercivity. This behaviour is
characteristic of single domain cobalt ferrite naawbicles. No hysteresis is observed at room
temperature (Fig.6¢) indicating that the ;@6e O, particles exhibit superparamagnetic
behaviour. The curve is completely reversible aal loe described by the Langevin function.
It is typical for superparamagnets which behavewetheir blocking temperatureld) as
ferromagnetics, but abovies show properties of classical paramagnets, wital &pin equal

to the spin of a whole particle. Similar resultsrevebserved for cobalt ferrite nanoparticles
with sizes from 3 to 5 nm [49- 50, 5Z2The squareness ratio Mr / Ms at 10K for x = 1.8 is
0.48, thus near the expected value for uniaxiagleldomain particles without interaction

with a randomly oriented of the easy magnetic axis.

Fig. 7 shows the representative plots of zero-fagdled (ZFC) and field-cooled (FC) curves
in a measuring field of 100 Oe for the different alblderrites powders. Below the blocking
temperature d, the ZFC and FC curves significantly diverge arme tcobalt ferrite
nanoparticles are in the ferromagnetic state. Ablgyehe ZFC and FC curves coincide, due
to the fact that all nanopatrticles are in the sanggerparamagnetic state. The sharp peak in

the ZFC curve atdis an evidence of a narrow energy barrier distriout
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Figure 7: ZFC-FC magnetization curves versus tampee for CqFe; O, powders under an applied field of

100 Oe. : a) x=1.8, b) x=1.2, ¢) x=1 and d) x=0.6.

It can be seen that the blocking temperature ise®avith decreasing cobalt amount (or

increasing patrticle size). Moreover, with increaspagticle size, the peak in the ZFC curve

becomes broader which indicates the presence odalistribution of relaxation times for

the metastable magnetic states. Except for theskep.,O, sample (Fig.7a), all samples

present blocking temperatures higher than room ¢eatpre (Fig.7b,c,d). The smallest

blocking temperatur@g = 200 K is observed for x=1.8 which correspondaricaverage size

of 4 nm. The same value 0k was observed for a nanopowder of 5 nm in size butaf

composition of x=1 [45]. For bigger particle voluspghe anisotropy energy is increased,

which causes a decrease of the jump probabilitpsacthe anisotropy barrier. Hence the
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blocking phenomenon is shifted to a higher tempeeaf47, 53]. A blocking temperature
value closed to 350 K was already obtained foirteepowders with a cobalt content x = 0.6

[56].

Fig.7a (composition x=1.8) shows that the ZFC m#gagon exhibits a rather large
maximum centred at a temperatlirg,x=197 K. The FC magnetization increases and remains
constant below b0 K. The two curves split at a temperatufg  aboveT a5 the largest size
of the unblocked particles can be related to trevarsibility temperaturd&;,, using the Bean-

Livingston equation [52] T, =KV, ax/ 25Kz, Where Vmnax is the volume of the largest

particle. The variation of g is then related to the size of individual parsglehe size

distribution for each sample as well as their shape

The blocking temperature of nanospinels is knownbto influence by the spin-orbit
interaction in constituent metal ions @oF€e™). For nanocrystallites with the same size,
there can be a different occupation of the A étetdral) and B (octahedral) sites by Tand
Fe*, and cations in these two different site symmsteighibit different spin-orbit couplings
[55]. Several studies, mainly on CgbEg, have shown thatglalso depends on the synthesis
method [33, 45, 48, 55]. For an assembly of GOEeaanoparticles with the same average
size of 5 nm, obtained by different synthesis metlhbatking temperatures of 195 K [45] and
267 K [57] were found. The increase i Was then linked to the increase ofCimns in the
octahedral sites. However, the cation distributaistained from XDR diagram (see 3.1)
indicates more Cd on octahedral sites for high cobalt content thamldw cobalt content.
Therefore, this effect is negligible with regards the influence of the grain size in our
compounds. Besides particle size, the blocking sxatpre can also be influenced by several
intrinsic factors, which mainly include magnetodayne, surface and shape anisotropy and

extrinsic factors, generally related to interactibesveen particles [48].
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3.6 Anisotropy

The magnetocrystalline anisotropy constaf} ¢f the nanoferrites was estimated from the
measured d for the isolated particles using the Neel-Browrdaxation law with an
experimental time scale of 100 K =25kgTg / <V > where k is the Boltzman constant
and /> is the mean volume of a monodomain [58-59]. Th&ined results are reported in
Table 4. For all samples, the value of the aniggtroonstant is higher than the bulk value
(between 2.1 and 3.9 A@rg/cnt), reaching K=21 1Derg/cni for x=1.8. The estimated
anisotropy constant values decrease as the pastiedencreases.

Larger particles have not only less surface araatéwact, but the fraction of surface area in

contact with others particles becomes smaller duihé less efficient packing [47]. This is

00 due to the surface anisotropy, the size and
0,09 1 shape related effects [2, 60] and to the
0,08 1 presence of C3 ions in the octahedral sites
BT ’ of the spinel structure [47]. In fact, in bulk
0,06 - . : :

| materials, magnetocrystalline and
0,05 . . , :

] magnetostatic energies are the main sources
0,04 - _

10H : o :

1 %58 He |1 of anisotropy, whereas in fine particles and
0,034 —A—100 Hz |

1 —¥-500Hz ||  nanostructures other kinds of anisotropies
0,02 —— 1000 Hz |

1 ¥ —<4— 5000 Hz | 1 h h : d surf :
0014 ¥ ~» 10000Hz|d  such as shape, strain and surface anisotropy

T T T T T T T T
150 200 250 300 are relevant in addition.
Temperature (K)

Figure 8: Temperature dependence of the real part o
the AC magnetic susceptibility for Gfe; JO, ferrite

at different frequencies.
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For small particles, the surface anisotropy wilkhe dominant mechanism.

In the case of small spherical particles the magmetisotropy can be expressed as K,=K
S/V Ks , where K is the surface contribution and, khe volume anisotropy consisting of
magnetocrystalline, magnetostriction and shapeotoigy, S and V are the surface and
volume of the particle. K value as high as 30 ® &@ cm® was obtained for very small

particles of Co, whose K bulk value is 2.7 % #8g cm® [61].

The in-phase components of the AC susceptibilifswe temperature data provided a series
of peaks that shift up with increasing frequencig@). These shifts fit the NedBrown
model with small magnetite nanocrystals [62], imeggnent with the G&es.xO, particle

sizes.

4. Conclusion

CoFe;O4 nanopowders, 4 nm to 8 nm in size, were synthdsiseng a one pot solvo-
thermal route. Their electric and magnetic propsréais well as their thermal stability were
investigated. These properties were linked to tlepimlogy, composition of the particles
and to the cation distribution on octahedral anhbedral sites. Nanopowders with x=1 and
1.2 are stable up to 900°C. The;@ee; 04 nanopowder undergoes a partial phase transition
around 600 °C, leading to Cof® and CaesFe /O, spinel phases. The nanopowder with
x=0.6 contains/-Fe0s. Whatever the composition, €ohas a strong tendency to occupy
tetrahedral sites, contrary to what occurs in felkites. The nanopowders display a semi
conducting behaviour, which varies with temperatuBetween ambient and 500 °C,

conduction occurs between Go- Fe® pairs, and intergrain conduction predominates. At
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200 °C the conductivity is in the Z@™.cm™ range for the different single phased powders.
At high temperature (900° C), the cation distribntis modified and the activation energies
are consistent with a polaron mechanism relatdtetd—Fe **pairs.

The CqFe; O, nanopowders behave magnetically as a superparatmagrssembly of
single-domain particles. The blocking temperatueeraainly related to the particle size, with
Tg=200 K for the 4 nm nanopatrticles (x=1.8). The n&garystalline anisotropy constant is
significantly higher for these nanoparticles than tiulk ferrites, with K=21 1Derg/cnf for

x=1.8.
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