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Fine CoFe,0,4 powders with monodisperse, almost equi-axial nanometer-sized particles were synthesised in a
polyol medium by forced hydrolysis of ionic Co(ir) and Fe(m) salts at 160 °C. K(Co) XANES and *’Fe
Maoéssbauer spectroscopy show that the structure of this ferrite is slightly deviated from an inverse spinel
structure: 16% of cobalt atoms are in tetrahedral sites. The particles are superparamagnetic above 300 K and
ferrimagnetic below this blocking temperature with, at low temperature, strong coercivity, a saturation
magnetisation value close to the bulk value and high reduced remanence. The saturation magnetisation
measured at 5 K is clearly enhanced with respect to CoFe,O,4 nanometer-sized particles previously prepared by
other methods. These magnetic characteristics suggest that these particles have a high crystallinity which may

result from this novel synthesis route.

Introduction

There is increasing interest in magnetic ferrite nanoparticles
because of their broad applications in several technological
fields including ferrofluids,! magnetic drug delivery’> and
magnetic high-density information storage.> To fulfil the
requirements for use in high-density recording media the
particles must have not only suitable magnetic properties (large
saturation magnetisation, remanence, moderate coercivity,
high blocking temperature) but also reduced size and uniform
shape.

Among other materials, fine CoFe,0, ferrite has received
renewed attention for its potential use for high-density
recording media. This is due to the remarkable properties
observed for bulk CoFe,Oy,: strong anisotropy, high saturation
magnetisation and coercivity along with good mechanical
hardness and chemical stability.*

A variety of methods have been developed to elaborate
CoFe,0, ultrafine particles: sol-gel method,® micro-emulsion
with oil in water micelles®® or reverse micelles,’ aqueous co-
precipitation and calcination,'®!* combustion.!* Despite this
great number of routes, preparing CoFe,0, particles suitable
for high-density recording is still a challenge. Indeed, the
nanomaterials often show a superparamagnetic behaviour at
RT and a very low saturation magnetisation compared to the
bulk value.

This paper reports on a novel route for the preparation of
spinel CoFe,O4 nanoparticles with significantly improved
magnetic properties in comparison with the other synthesis
methods. This route involves hydrolysis and inorganic poly-
merisation carried out on Co®>* and Fe®* salts dissolved in a

fBasis of a presentation given at Materials Discussion No. 3, 26-29
September, 2000, University of Cambridge, UK.
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polyol medium. The polyol acts as a solvent for the precursor
salts because of its high relative permittivity (¢=32 for 1,2-
propanediol), and allows one to carry out hydrolysis reactions
under atmospheric pressure in a large temperature range up to
the boiling point of the polyol (189 °C for 1,2-propanediol).
Moreover, polyols appear as crystal growth media of particular
interest for the synthesis of oxide fine particles.!>!¢

The magnetic characteristics of the particles prepared via this
novel route will be discussed and tentatively related to the
preparation process with respect to the other preparative routes
reported in the literature.

Experimental

Synthesis

The precursor salts, FeCl; and Co(CH;COO),-4H,0 (Prolabo)
in stoichiometric ratio (2:1) were added to a given volume
(250 mL) of 1,2-propanediol. The total metal concentration
was 0.3 mol L™!. Two main parameters were found to play a
crucial role: the hydrolysis ratio and the amount of acetate,
defined by the water and the acetate ion to metal molar ratios,
respectively. CoFe,O,4 nanoparticles with a 5.5 nm average
diameter were obtained when these two factors were fixed to 9
and 3, respectively, by adding water and sodium acetate. The
mixture was then heated to its boiling point (160 °C) with a
heating rate of 6°C min~!. The ferrite phase is formed via a
chemical process involving the formation of an intermediate
phase. Accordingly, the mixture had to be refluxed for at least
5 hours to obtain the final product as a pure solid phase. After
cooling to room temperature, the particles were separated from
the supernatant by centrifugation, washed with ethylene glycol
and acetone and then dried in air at 50 °C.
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Characterisation

X-Ray diffraction (XRD) patterns were recorded in the range
10-100° (20) with a scan step of 0.02° (26) for 50 s on a Siemens
D5000 diffractometer (Fe K, radiation). The crystallite size
was calculated from line broadening analysis using the Scherrer
formula.'” The cell parameter was obtained from XRD data by
using the U-fit program.

Particle morphology and chemical analysis of metal ions
were determined by Transmission Electron Microscopy (TEM)
images using a JEOL-100 CX II microscope equipped with an
energy dispersive spectrometer (EDX) (electron probe dia-
meter: 200 nm). The mean diameter and standard deviation
were inferred from image analysis of ca. 400 particles
(Microvision software). Elementary organic analysis of C
and H was performed at the Analysis Centre of UPMC
University.

Infrared (IR) spectroscopy was conducted on a FTIR
Perkin Elmer 1750 apparatus (transmittance mode with at
least 20 acquisitions). Spectra were recorded between 4000
and 500 cm ™! with a resolution of 4 cm ™! on pure pelleted
powder.

X-Ray absorption near edge spectroscopy (XANES) mea-
surements were performed at LURE, the French synchrotron
facility (Orsay), on the XAS 13 beam line of the DCI storage
ring using a Si(331) channel cut monochromator. XANES
spectra were recorded at the Co K edge (7708.9¢V) in
transmission mode using air filled ionisation chambers. The
energy calibration was checked by recording simultaneously
the spectra of cobalt foil in a third ionisation chamber. Each
spectrum was acquired with a 0.3 eV step size and normalised
at the middle of the first extended X-ray absorption fine
structure (EXAFS) oscillation. The samples were ground and
homogeneously dispersed in cellulose pellets enclosed in
Kapton.

The 3'Fe Mdssbauer spectra were recorded using a >’Co/Rh
y-ray source mounted on an electromagnetic drive and using a
triangular velocity form. Spectra were obtained in zero
magnetic field at 78 K. The Mdossbauer spectra were analysed
by least-squares fitting to a Lorentzian function. The isomer
shifts (IS) were referred to a-Fe at 300 K. The sample (area:
3cm?) was prepared by dispersion of the compound (100—
140 mg) in a specific resin.

Magnetic susceptibility and hysteresis loop measurements
were obtained with a super-conducting quantum interference
device (SQUID) magnetometer. The DC magnetic suscept-
ibility y(7) was measured in zero-field cooling (ZFC) and field
cooling (FC) modes in the temperature range 4.5-300 K and
with an applied field of 100 Oe. The magnetisation curves
M(H) were obtained after cooling the sample to the measure-
ment temperature in zero field and then increasing the field
from 0 to 50 kOe. In all cases, the powders were moderately
compacted into the sampling tubes.

Results

Phase identification, chemical analysis and morphological
characteristics

The XRD pattern (Fig. 1) reveals the formation of CoFe,O, as
a single phase. The cell parameter inferred (a=28.390(2) A) is
close to that of bulk cobalt ferrite (a=8.395(5) A).!® EDX
analysis shows that the Co/Fe ratio is very close to 0.5 in good
agreement with the formula CoFe,0y,.

As already mentioned, the precipitation of the CoFe,Oy
oxide occurred through the formation of an intermediate solid
phase. Chemical and XRD analyses show that this phase is an
iron-rich (Fe'") phase with a cobalt content less than 5 at.%
and belongs to the lepidocrocite y-FeO(OH) structural type.
Characterisation of this phase is presently in progress. The
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Fig. 1 XRD pattern of ultrafine cobalt ferrite powder obtained in 1,2-
propanediol.
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Fig. 2 (Upper panel) TEM image of CoFe,0, particles; (lower panel)
histogram of size distribution.

ferrite formation process involving an oxo-hydroxide or an
hydroxide as an intermediate phase has already been
investigated.!® 2

The particles are nanosized and almost equiaxial with a
mean diameter of 5.5 nm (standard deviation less than 10%)
(Fig. 2). Particles can be considered as single crystals since this
diameter agrees fairly well with the average crystallite size
(7.8 nm) inferred from X-ray line broadening analysis. Indeed,
the crystallite size determined from the Scherrer formula is
often found to be larger than the diameter measured by
TEM. The particle diameter (5.9 nm), inferred from the BET
surface area (238 m” g ') and the powder density measured by
helium pycnometry (4.3 gem ™), is very consistent with the
TEM value confirming the non-porous character of these
particles. The density appears lower than the tabulated value
for bulk CoFe,0, (5.3 g cm ). This is frequently observed for
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Fig. 3 IR spectra of (a) CoFe,O, powder obtained in 1,2-propanediol;
(b) liquid 1,2-propanediol.

different inorganic materials prepared in polyol media (metal,
oxide, hydroxide)**** and may be due to the adsorption of
organic species. Indeed, a carbon content of 2.5 wt.% is found
typically. The main adsorbed organic species are acetate ion
and 1,2-propanediol as identified by infrared spectroscopy
(Fig. 3). These species appear to be strongly bonded (chemi-
sorbed) to the oxide surface.?>2°

X-Ray absorption spectroscopy (XANES)

The Co K-edge XANES spectra of CoFe,O4 powder and
three reference compounds, Zn, sC0g 50,2
Co(NO;),-6H,0?” and Co304 are shown in Fig.4. In
Zng sCo0.5s0, Col is in the tetrahedral sites of a wiirtzite-
like structure. In Co(NOs),-6H,0, Co' is octahedrally
coordinated in a hexa-aquo complex. In Co;04, Co™ is in
the tetrahedral sites and Co™ in the octahedral ones of a
spinel-like structure.

The energy positions of the main structures observed for
CoFe,04 are in good agreement with the values reported for
Co" oxides.?® In particular, all the spectra show a low-intensity
pre-edge feature (marked in Fig.4) which corresponds to
1s—3d electronic transitions. Its energy position and intensity
are related to the oxidation state and the local symmetry,
respectively, of Co.* By comparison to reference compounds,
the pre-edge in CoFe,04 allows us to confirm the oxidation
state of cobalt ion as +m and their partial location in
tetrahedral sites (Table 1).

Table 1 Comparison of the Co K pre-edge XANES data of CoFe,04
and reference compounds

Sample Energy position/eV Coordination

CoFe,04 (polyol) 7709.14+0.3 Co?*: Oy and Ty

Co304 7708.1+0.3 (1/3)Co**: Ty
7710.6+0.3 (2/13)Co**: Oy

Co(NO;),-6H,0 7709.0+0.3 Co**™: 0

71y 5Coy 5O 7708.6+0.3 Co?t: Ty

Mdéssbauer absorption spectroscopy

The Mossbauer spectrum recorded at 78 K (Fig. 5) is very
similar to that observed at lower temperature (4.2 K) for
CoFe,0, nanoparticles with 5 nm average size:*” the spectrum
can be fitted as the overlapping of two six-lines patterns with
hyperfine fields H=506 and 535 kOe, corresponding to Fe>*
ions in A (tetrahedral) and B (octahedral) spinel sites
respectively. Refinements have been performed according to
the model used by Moumen et al® with, for the A site, a
unique line width (0.22 mm s~ ") for the six-line pattern and, for
the B site, different widths for the three pairs of lines (0.23,
0.27, and 031 mms ' with increasing splitting). The
Mossbauer parameters for the A site are: isomer shift,
IS=0.38 mms~'; quadrupole splitting, QS=0.0mms ';
hyperfine magnetic field, H=506 kOe and relative intensity,
I.q;=42%. The corresponding parameters for the B site are
IS=048 mms !, QS=0.0mms~ !, H=535k0e and Iq=
58%. Assuming equal recoilless fractions (f) for A and B sites,
the A/B population ratio is found to be 0.72, in fair agreement
with the value (0.67) obtained by Moumen er al.®® for their
5nm particles. The cation distribution estimated from our
spectrum corresponds to the formula (Cog j6Fep g4)[Coo.84-
Fe;.16]O4 where the round and square brackets represent A and
B spinel sites respectively.

It is interesting to note that our 78 K hyperfine field values
(506 and 535kOe) are very similar to those reported by
Moumen et al.%® (510 and 533 kOe) for particles of equivalent
average size. However, in their case, these values are reached
only at very low temperature (4.2 K). At 78 K, a noticeable
decrease of the thermal field was observed by these authors.
This indicates that, for similar particle size, our material is
better organised.

Magnetic measurements

A net irreversibility between the curves measured in FC and
ZFC modes is observed on DC susceptibility measurements.
The ZFC %(T) curve shows a maximum at 300 K and decreases
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Fig. 4 XANES spectra of (a) CoFe,Oy; (b) Co(NO3),-6H,0; (¢) Co304 and (d) Zng sCoy 5O (left); magnified view of the pre-edge region for the same
compounds (right).
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Fig. 5 Mossbauer spectrum at 78 K of CoFe,O,4 powder.
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Fig. 6 DC susceptibility y(7) measured in FC and ZFC modes for
CoFe,0,4 powder from 4.5 to 400 K, under an applied field of 200 Oe.

rapidly to zero at lower temperature, while the FC y(7) curve
increases slightly as the temperature decreases in the tempera-
ture range 300-4.5 K. The nanoparticles can therefore be
considered as magnetic single domains with a blocking
temperature 7 around 300 K. Measurements under 200 Oe
up to 400 K confirmed this result (Fig.6). Below this
temperature the nanoparticles exhibit ferrimagnetic behaviour
with remanence and coercivity which increase when the
temperature decreases (Fig. 7). At 5 K the observed values of
the squareness ratio and coercivity are 0.67 and 9.3 kOe
respectively. Above 300 K, the hysteresis feature vanishes and
the nanoparticles have a superparamagnetic behaviour. At 5 K,

the saturation magnetisation is very high, 85.1emug !,
decreasing to 65 emu g ! at 300 K owing to thermal fluctua-
tions.

It is well known that the blocking temperature and coercivity
of nanomaterials depend on several factors: (i) intrinsic factors,
which mainly include magnetocrystalline, surface and shape
anisotropy and (ii) extrinsic factors, generally related to
interactions between particles. This last factor is believed to
have a significant influence. In order to appraise this influence,
the interparticle interactions were tentatively changed on one
hand by dispersing the particles in sugar (~ 13 wt.%) and on
the other hand by washing the sample in boiling water (residual
carbon amount 1.5 wt.%). Magnetic measurements conducted
on such samples show no significant changes in blocking
temperature and saturation magnetisation. The main change
observed concerns the rapid variation of the magnetisation for
low magnetic field values when the particles are not sufficiently
dispersed. This phenomenon is attributed to interactions
between particles being removed by diluting the particles
without any significant change in the saturation magnetisation
(Fig. 8). This shows that the interactions between particles have
been probably lowered by dispersion in sugar. We also
conducted a measurement of the temperature dependence of
the magnetisation decay. The sample is cooled from RT to 5 K
under a magnetic field of 100 Oe. Before the magnetisation is
measured, the field is turned off. The remanence decreases
when the temperature increases and approaches zero at the
blocking temperature (Fig. 9).

Altogether these results show that interparticle interactions,
although they are certainly present, can be assumed to be rather
small and so do not affect significantly the superparamagnetic
behaviour of the particles. This may be due to the adsorbed
organic species which act as surfactants and help prevent
interparticle interactions. A more thorough study of this
influence is currently in progress.

Discussion

Table 2 enables us to compare the main magnetic character-
istics of the studied nanoparticles with those of similar ones
prepared by other synthesis methods.

The coercivity and squareness ratio at 5 K are very close to
those observed for nanoparticles obtained by microemulsion
(oil in water).® The squareness value, higher than 0.5, is
consistent with randomly oriented equiaxial particles with
cubic magnetocrystalline anisotropy.*>> The particles pre-
pared by calcination show significantly different characteris-
tics: high coercivity and low squareness ratio (0.36) tentatively
explained by a uniaxial anisotropy contribution generated by
internal strains.'®
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Fig. 7 Isothermal hysteresis loops of CoFe,O, powder; 7=300 K (left) and 7=5 K (right).
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Fig. 8 Hysteresis loops measured at 5 K for CoFe,O, particles: (a) dispersed in sugar, magnetisation data are given per gram of the mixture, and (b)

washed in boiling water.
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Fig. 9 Temperature dependence of the magnetisation decay for 5 nm
CoFe,0,4 nanoparticles cooled under a magnetic field of 100 Oe.

Examination of Table2 shows that the nanoparticles
prepared here have the highest blocking temperature, close
to RT. This value seems to correspond to an intrinsic property
of the particles since the interparticle interactions appear to be
moderately weak, as previously shown. Thus it may indicate a
strong anisotropy effect taking into account the magnetocrys-
talline and surface anisotropy. The corresponding constant (K)
can be inferred from the blocking temperature assuming a
random distribution of single domain particles by the
relation:*

KV =25kp Ty (1

where 7 is the particle volume (the average TEM volume)
and kg is the Boltzman constant. The value found,
1.6x 107 ergem %, is larger than the bulk value (1.8-2.0x

10%ergecm 2 at 300 K)**' and close to that measured for
CoFe,04 particles with 5 nm diameter prepared by the micro-
emulsion route (K=1.13 x 107 erg cm™>).%

The most interesting result concerns the saturation magne-
tisation. The measured value (85.1emug™!) at 5K is
surprisingly close to that of the bulk (80-93 emug ')* and
remains very high (65emug ') at RT. These values are
significantly higher than those of CoFe,O, nanoparticles
obtained by either thermal decomposition (calcination'!™!? or
combustion'?) or chimie douce methods such as the micro-
emulsion route at RT.%%°

This enhancement can partly be explained by the cation
distribution. Mossbauer and XANES studies established the
presence of cobalt ions in tetrahedral sites leading to an
increase of the magnetisation according to the collinear
ferrimagnetic Néel model. It is well known that cation
distribution in ferrites depends on synthesis factors such as
temperature, pressure and nominal composition. The polyol
medium appears to be a particular crystal growth medium
which favours such an unusual cation distribution.

Nevertheless, the cation distribution alone is unlikely to
account for the enhancement of the saturation magnetisation.
Indeed, such an interesting increase should be emphasised,
because usually it is observed that the saturation magnetisation
decreases with particle size. This is believed to be due to spin
canting which results from a magnetic ordered core surrounded
by a disordered surface layer.>* 3" Decreasing the particle size
leads to an increase of the relative amount of magnetic cations
in the surface layer and favours the spin canting phenomenon.
Accordingly the saturation magnetisation of CoFe,O, nano-
particles reported in the literature never exceeded 50 emu g~ !
at 5K. The high saturation magnetisation observed for
nanometer sized CoFe,0,4 particles prepared in polyol suggests
that they are almost perfectly magnetically ordered single-
domains without a significant dead magnetic layer.

Table 2 Comparison of the blocking temperature 7'g, saturation magnetisation and reduced remanence of CoFe,0, particles (5 nm in diameter)

obtained by different synthesis methods

Ref. Synthesis method Tw/K M, Jemu g’l H_./kOe Reduced remanence
This work Forced hydrolysis in polyol at 433 K 300 K (100 Oe) 65 (300 K) 9.3 (5K) 0.67
85.1 (5K)
6 Micro-emulsion (oil-in-water micelles at 300 K) 180 (100 Oe) 45 (20 K) 8.8 (20K) 0.74 (20 K)
35 (300 K)
9 Micro-emulsion (reverse micelles at 300 K) 60 (100 Oe) 6 (2K) 6 (2K) 0.37 2 K)
11 Calcination at 600 K 250K (—) 13 (300 K) 13.2 (5K) 0.36
15(5K)
12 Calcination at 600 K 230-240 (100 Oe) 13 (5K) 14.5 (5K) 0.38
14 Instantaneous combustion followed by calcination at 673 K — <10 (300K) 0.05(300K) —

“Magnetic measurements were performed on ferrofluid system.
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Such a result emphasises the crucial influence of the synthesis
method on the physical properties of such materials. As
previously noticed, high density storage needs particles with
uniform size along with improved magnetic characteristics.
Examination of Table 2 shows that the synthesis methods
reported so far failed to fulfil that demand. Thermal
decomposition methods (calcination, combustion) carried out
on co-precipitated solid precursors do no provide any control
over the morphological characteristics of the particles.
Furthermore, decomposition occurred via a release of gas
species giving particles with internal pores. This leads to spin
canting in the volume of the particle and thus to low saturation
magnetisation (less than 15 emu g~ ! at 5 K). In contrast, the
micro-emulsion route is a powerful way to obtain particles with
calibrated shape and size. However, this route proceeds at RT
and leads to incompletely ordered materials showing con-
comitantly a certain disorder in the distribution of the magnetic
cations. This leads to saturation magnetisation values lying in a
wide range: 6 (2 K)—45 20 K)emu g~ .

This magnetic disorder may occur not only in the surface,
as generally supposed, but also in the whole volume of the
particle and leads to the deterioration of magnetic char-
acteristics. Such spin canting in the core has recently been
proposed to explain the magnetic properties of nanometer-
sized y-Fe,O; particles prepared by co-precipitation followed
by calcination.

The new method described here represents significant
progress toward the synthesis of nanoparticles which may be
used for magnetic recording. On one hand, like the micro-
emulsion method, this route allows control of the nucleation
and growth steps of the particles. Their nanometer scale and
their narrow size distribution can be explained by a fast
nucleation along with a growth step controlled by the rate of
the hydrolysis reaction and/or the diffusion of the dissolved
species toward the surface of the particles. The adsorbed
organic species protect the primary particles against coales-
cence and/or aggregation. On the other hand, this crystal
growth occurs under thermal conditions close to hydro-
thermal ones (160°C under reflux). This favours good
crystallinity and accordingly improves the magnetic order
resulting in a high saturation magnetisation. This high
magnetisation shows that the magnetic disorder is confined
in a very thin surface layer. However, this thin layer, where
spin canting due to breaking of the magnetic exchange
pathways (the surface spin having nearest neighbours on one
side, none on the other side even if the first co-ordination
shell is completed with adsorbed species) may exist, appears
to be sufficient to enhance anisotropy leading to a high
blocking temperature.

Conclusion

Magnetic properties of finely divided materials are strongly
influenced by the shape and size of the particles, their degree of
agglomeration and by volume and surface defects. Therefore
these properties depend to a large extent on the synthesis
process. Among various methods of fabrication of CoFe,O4
nanoparticles, the forced hydrolysis of metal salts in 1,2-
propanediol appears as a new and attractive chimie douce route
which provides monodisperse particles showing a surprisingly
good crystallinity and interesting magnetic characteristics for
high density storage applications. They are superparamagnetic
above a blocking temperature around 300 K, and exhibit a
saturation magnetisation at low temperature close to the bulk
value, despite their nanometer size. This high blocking
temperature together with high reduced remanence and
coercivity measured at low temperature are consistent with a
strong magnetic anisotropy.

A more exhaustive study of the magnetic properties of this

material (interparticle interactions, behaviour at high tempera-
ture...) along with High Resolution Electronic Microscopy
(HREM) characterisation is currently in progress.
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