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The size of cobalt ferrite particles from 2 to 5 nm is controlled by the reactant concentration
in oil-in-water micelles. It is possible to obtain the particles either suspended in the solvent
to form ferrofluid or in dry powder. When particles are isolated in a fluid, the interactions
between particles are small. The magnetic size is similar to that determined by TEM. The
reduced susceptibility increases progressively with the size of the particles and does not
reach a plateau. With dry powder made of nanosized particles, the magnetic size is higher
than that observed by TEM. Likewise, the reduced susceptibility strongly increases with
increasing the particle size to reach a plateau for an average size equal to 3 nm. These are
explained by the increase in the attractive interactions between particles. By heating the
powder, the reduced remanence, M,/Ms, and the coercivity, H, increase with the increase in
annealing temperature. This is attributed to the increase in the particle size and to the
release of the adsorbed surfactant on the particles. The largest size of particles can be
obtained either by annealing of the smallest one or from direct synthesis at room temperature.
For a given size, the improvement in coercivity with annealing temperature is attributed to
a better-defined nanocrystalline structure and to the release of surfactant to the particle

interface.

I. Introduction

Synthesis of nanoparticles, characterized by a low size
distribution, is a new challenge in solid-state chemistry.
Due to their small size, the nanoparticles exhibit novel
material properties which largely differ from the bulk
solid state.l Many reports? on quantum size effect on
semiconductor3# or the emergence of metallic properties
with the particle size>~7 have been published during the
past few years. A better understanding of magnetism
is crucial not only for basic physics but also because of
the great technological importance of ferromagnets in
information storage,® color imaging,® bioprocessing,!°
and ferrofluids.’? Ferromagnetism occurs even for
clusters with less than about 30 atoms. As the size
increases up to 700 atoms, the magnetic moments
approach the bulk limit.12
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Many investigations have been performed on particle
having a size in the range 10—30 nm. A superpara-
magnetic behavior314 has been found. Small magnetic
particles have surface properties that differ from those
at the interior. The elucidation of these differences is
particularly difficult. The surface morphology depends
on the preparation technique and may vary. Passiva-
tion!® and other requirements may introduce more than
one phase. The interface and the surface,’® whether
vacuum, gas, or a coating,’” may change the intrinsic
surface properties. Interparticle interactions,8 espe-
cially magnetic ones, may be important. The coating
may change the intrinsic surface properties.13.14

Magnetic particles, FezO4, have been obtained on a
bilayer lipid membrane. Small particles with magnetic
monodomains have been obtained.!®

Relatively little work exists on magnetic materials
having sizes smaller than 10 nm. Nanocrystallites of
y-Fe,03 having an average size of 8 nm have been
synthesized by using a polymer matrix.2® Recently it
has been demonstrated that ultrafine cobalt ferrite
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particles used in magnetic fluids are characterized by
multiaxial anisotropy.?2! Reverse micelles have been
used to synthesize metallic or boride cobalt nanopar-
ticles having an average size equal to 3 and 4 nm,
respectively.?2—24

In the present paper, the magnetic properties of cobalt
ferrite, CoFe,04, having sizes equal to 2, 3, and 5 nm
are compared. These particles are dispersed in a
ferrofluid or are in a powder form. The magnetic
behavior of particles differs in fluid and in powder with
the appearance of superparamagnetic or ferromagnetic
regimes. The annealing of the particles in the presence
of oxygen induces an increase in the size. This is
correlated to the increase in the reduced remanance and
coercivity with the increase in the particle size.

1. Experimental Section

11.1. Materials. Sodium dodecyl sulfate (SDS) was bought
from BDH, while iron chloride FeCl, and cobalt acetate,
Co(CH3COy),, were procured from Fluka. Aqueous methy-
lamine, CH3NH3;OH, was purchased by Merck. All the com-
pounds have been sold as 99.99% purity.

Cobalt(I1) and iron(I1) dodecyl sulfate, Co(DS), and Fe(DS),
were made as described elsewhere.?

11.2. Equipment. Microanalyses (EDS) are obtained with
a LINK AN10000 apparatus coupled with a JEOL (JEM100CX2
side entry) electron microscope. A drop of particles dispersed
in aqueous solution is evaporated on carbon grid, and the
electron micrographs are obtained with a JEOL (Jem 100CX2
top entry) electron microscope.

The 5"Fe Mossbauer absorption spectra were recorded using
a 5Co*:Rh y-ray source mounted on a triangular velocity
electromagnetic drive. To minimize interaction effects be-
tween particles, they were diluted in gelatine; the volume of
the sample is 1.57 cm?, yielding an average distance of
response of 30 nm. The experiment was performed at 4.2 K.

To characterize the crystal structure of particles, X-ray
diffraction measurements were carried out by using a Stoe
Stadi P goniometer with a Siemens Kristaloflex X-ray genera-
tor using cobalt cathode driven by a personal computer through
the Daco-PM interface.

Small-angle X-ray scattering experiments, SAXS, were
performed at the Laboratoire d’'Utilisation des Rayonnements
Electromagnétiques (L.U.R.E.), C.N.R.S.-C.E.A.-Paris XI, Or-
say, France, on the D22 line.

Magnetic studies were performed by using two different
equipments. The magnetic curve of CoFe,O,4 powder, at room
temperature, has been determined by using a commercial
alternative gradient magnetometer (Princeton Measurements
Corp. Micromag Model 2900) in a field up to 20 kOe.

The behavior of the particles dispersed in a fluid is studied
by using an SQUID magnetometer. To prevent agglomeration,
magnetic particles are dispersed in 50% of ethylene glycol in
water. The weight fraction of magnetic particles is kept
constant and equal to 1%.

I1l. Size Determination

I11.1. By Transmission Electron Microscopy. A
drop of the magnetic fluid is placed on a carbon film
supported by a copper grid, and the solvent is evapo-
rated.
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Histograms are obtained by measuring the diameter,
Di, for an average number of particles close to 500. The
standard deviation, o, is calculated from the following
equation:

o={} [n(D; - D’JIN — 1]}**

where D and N are the average diameter and the
number of particles, respectively.

111.2. By X-ray Diffraction. The X-ray diffracto-
graph exhibits classical line broading associated with a
fine particle system. For broad lines, the Debye—
Scherrer expression is used to deduce the crystalline
size.

111.3. From Small-Angle X-ray Scattering. The
scattered intensity 1(q) is

I(a) = P(q) S(a)

where g, P(q), and S(q) are the wave vector 4s(sin 6)/4
(26 is the diffusion angle), the form factor, and the
structure factor, respectively.

From the form factor, the shape of the aggregates is
deduced, whereas the structure factor takes into account
interactions between the particles.

To reduce the interactions between particles and to
keep the particle stable, the magnetic fluid is diluted
with 50% ethyl glycol keeping a weight fraction equal
to 0.1%. Hence, the structure factor is assumed to be
equal to 1.

The scatter due to a mixture of ethyl glycol—water
has been extracted from the total scatter.

The form factor is described by the homogeneous
sphere model:

P(@) = [(es — pCoFeZO4)VC0FeZO4B(qrCoFeZO4)]2

singr;—qr;cosqfr;
@r)’

where Vcore,0, @and reore,0, are the volume and the radius
of the particle. The electronic densities of CoFe;Oa,
pcoFe,0,, and the solvent, ps, are 1.5 and 0.33 e~ A-3,
respectively.

From the Porod plot (I(q) g* vs q) the characteristic
diameter of homogeneous sphere,2® Dsaxs(nm), is related
to the first maximum and minimum of this representa-
tion, as the following:

B(ar) =3

DSAXS = 0'54/qmax = 0'golqmin

IV. Treatment of Magnetic Data

The first magnetization curve of each sample is
simulated from the Langevin relationship:?”

M(D) = M {coth(uH/KT) — (KT/uH)}

with u = u(D) = Ms7D3/6, where Ms and M;s are the total
saturation of the overall particles and of the bulk phase,
respectively. In a given field H, M(D) is the magnetiza-
tion of particles characterized by diameter D.

(26) Small Angle X-ray Scatterings; Glatter, O., Kratky, O., Eds.;
Academic Press: New York, 1992.
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Figure 1. Histograms obtained from TEM patterns of mag-
netic fluid made at various surfactant concentrations keeping
[Co(DS),)/[Fe(DS).] = 0.325, [Co(DS).]J/[NH,CH3] = 1.3 x 1072,
[Fe(DS),;] = 6.5 x 1072 M (A), [Fe(DS),;] = 1.3 x 1072 M (B),
[Fe(DS),] = 2.6 x 1072 M (C).

Assuming a log-normal size distribution, the magne-
tization of particles at a given field, H, is?”

M= [M(D) P(D) dD

where P(D) is the number of particles characterized by
a given size, D.

V. Synthesis and Characterization of CoFe;O,4
Nanosized Particles

Recently, syntheses of cobalt ferrite particles differing
by their average sizes from 2 to 5 nm have been
described:?8 Aqueous methylamine, CH3NH30H, is added
to a mixed micellar solution formed by Co(DS), and Fe-
(DS); surfactants. The solution is stirred for 2 h at room
temperature, and a magnetic precipitate appears. The
supernatant is removed and replaced by pure bulk
agueous phase. The precipitate redispersed, and a
brown magnetic suspension is obtained. It is usually
called magnetic fluid.

The percentage of surfactant remaining in solution
is less than 0.1% in weight. The composition in metal
of cobalt ferrite particles consists of Fe(l11) and Co(ll).
The syntheses have been performed in an excess of iron-
(11) because the oxidation yield of Fe(l1) in Fe(l11) is close
to 65%.

Several syntheses have been performed by increasing
the Fe(DS), concentration, from 6.5 x 1073 t0 2.6 x 1072
M, keeping the [Co(DS),]/[Fe(DS),] and [Fe(DS).)/[CH3-
NH3OH] ratios equal to 0.325 and 1.3 x 1072, respec-

(28) Moumen, N.; Pileni, M. P. J. Magn. Magn. Mater., in press.
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Figure 2. Porod plot, 1(q)g* versus g obtained from SAXS for
samples given in Figure 1.

Table 1. Average Diameter of the Particles Deduced
from TEM, Drem (nm), from SAXS, Dsaxs (nm), and from
Simulation in Magnetic Fluid, Dy (nm), and with Dry

Powder, Dyp (nm)2

Dtem (nm) 2 3 5
Dsaxs (NM) 2.6 3.6 5.4
Dwme (nm) 2 3 4.2
Dwmp (nm) 3 3.8

OTEM (%) 37 36 23
om (%) 42 40 35
OMD (%) 41 39

10%me (Oe7Y) 2 3 4
10%mp (Oe1) 1.75 2.68 2.73

a The polydispersity in size determined by TEM, otem, and from
simulation, ome and omp, the susceptibility in magnetic fluid at
200 K, ymr, and in dry particles at room temperature, ymp.

tively. A drop of the magnetic fluid is placed on a carbon
film supported by a copper grid. From electron micros-
copy patterns and histograms, Figure 1 shows an
increase in the particle size with the increase in Fe-
(DS), concentration.

By SAXS the average radius of the particles is
deduced from a Porod plot. Figure 2 shows a shift to
the low g values of the maximum with the increase in
Fe(DS), concentration. This indicates an increase in the
particle size with an increase in Fe(DS), concentration.
Table 1 shows a good agreement between the size of
particles determined from TEM and SAXS.

Electron diffractogram patterns show a good agree-
ment with the intense peaks listed for cobalt ferrite in
standard reference tables (Figure 3). This indicates that
the particles formed by using a micellar solution have
an invert spinel crystalline structure as in the bulk
phase.

EDS confirms the relative ratio of cobalt and iron
elements in the cobalt ferrite particles (the percentage
of the iron and cobalt elements are found equal to
65.63% and 34.37%, respectively).

The Mdossbauer spectrum of particles having a 5 nm
diameter recorded at 4.2 K (Figure 4) is similar to that
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Figure 3. Electron diffractogram of magnetic fluid. The
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Figure 4. Mossbauer spectrum at 4.2 K of 5 nm diameter
particles.

observed for larger particles (30—350 nm) by Haneda
and Morrish?® with the sixth B-site line apparently less
intense than the sixth A-site line as is observed for bulk
cobalt ferrite. A good fit of the two overlapping six-line
hyperfine patterns corresponding to the >Fe in B and
A sites can be obtained with a ratio of A to B site
patterns equal to 0.67.

These results are confirmed by X-ray diffraction
spectra. A fit of the experimental data yields a value
of lattice consistent with bulk cobalt ferrite (8.395).30
The diffractograph is fitted to a single-phase structure.

VI. Comparison of the Magnetic Behavior of
Nanosized Particles Dispersed in an Aqueous
Fluid and in Powder Form

From the syntheses described above, particles exist
either in a powder form or dispersed in a fluid. It has
been chosen to compare the magnetic properties of
particles having an average size equal to 2, 3, and 5
nm, respectively.

VI1.1. Magnetization. The properties of magnetic
fluids made of particles 2, 3, and 5 nm are performed
at 200 K. The variation of magnetization, with an
applied field, H (kOe), shows no hysteresis; that is, both
the remanance and coercivity are zero (Figure 5A,C,E).
This indicates a superparamagnetic behavior as ex-

(29) Haneda, K.; Morish, A. H. J. Appl. Phys. 1988, 63, 4258.
(30) Bate, G. Ferromagnetic Materials; Wohlfarth, Ed.; 1980; Vol
2, p 431.
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Figure 5. Magnetization as function of applied field at 200
K for particles suspended in a solvent (A, C, E) and at room
temperature of dry particles (B, D, F). The size of the particle
is2 nm (A and B), 3 nm (C and D), 5 nm (E and F). (—)
experimental data, (O) simulation of langevin law.
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Figure 6. Magnetization as function of applied field at 300
K of 5 nm particles suspended in a solvent.

[ ]

pected for nanoscale dimension of the particles. At 300
K, particles having 5 nm as average diameter show a
superparamagnetic behavior (Figure 6).

For dry powder particles, because of experimental
limitations, the magnetization curves have been per-
formed at 300 K (Figure 5B,D,F). The appearance of
hysteresis with an increase in particle size is observed
(Table 2). For particles having an average diameter
equal to 2 and 3 nm, the reduced remanance and
coercivity are very low. Hence, in a first approximation,
a superparamagnetic behavior is assumed for the first
magnetization curve. Larger particles behave as a
ferromagnet with a too-large hysteresis to assume a
superparamagnetic behavior (Table 2).

Hence, at 300 K, particles having an average diameter
equal to 5 nm behave as ferromagnets in powder form
(Figure 5F) and are in a superparamagnetic regime
when they are dispersed in a fluid (Figure 6).
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Table 2. Variation of the Diameter of the Particle by TEM, Drem (nm) and by X-ray Diffraction, Dxp (nm) the
Coercivity, Hc (Oe), and the Reduced Remanance, M(Ms, before (25 °C) and after Heating the Particles during 30 min
at a Given Temperature

A B C
T (°C) Drem Dxp He M/Ms Drem Dxp He M,/Ms Drem Dxp He M/Ms
25 2 23 6 0.001 3 3.2 12 0.002 5 5.4 35 0.071
200 2.8 3.1 20 0.03 45 5.4 43 0.048 6 7 115 0.127
400 4.6 5.2 154 0.07 5 6.8 148 0.105 6.5 7.9 132 0.160
600 6.1 7.2 254 0.343 6.3 7.8 439 0.407 11.2 12 715 0.443
As expected, in both cases (magnetic fluid and dry 5 A B 3
powder), the magnetic field needed to reach the satura- I oo o ¥
tion magnetization depends on the size of the particles *9 41 ° & 25 §
(Figure 5). ~ o [
V1.2. Average Size Determined from Langevin b ° :')
Curve. For superparamagnetic particles, the magnetic ©) -2 O
size can be deduced from simulation of Langevin <2 29 - g o
relationship assuming a log-normal size distribution.3!
A good agreement between the simulated and magne- ' > 4 L i T 61‘5

tization curves is obtained for magnetic fluids at 200 K
and for dry powder made of 2 and 3 nm particles (Figure
5).

The sizes of particles 2, 3, and 5 nm, dispersed in a
ferrofluid frozen at 200 K, are in a good agreement to
those deduced from TEM (Table 1).

For dry powder, the magnetic sizes of 2 and 3 nm are
larger than that obtained above (Table 1). As expected,
the first magnetization curve obtained with 5 nm
particles does not allow us to deduce a magnetic size
from the Langevin curve simulation.

The differences in magnetic size obtained with fer-
rofluid and dry powder can be attributed to the appear-
ance of interactions between particles. As a matter of
fact, in ferrofluid the weight fraction in particles in low
(1%). Then the average distance between particles is
rather large and the attractive interactions between
particles are small or negligible. With dry powder, the
average distance between particles is small and the
interactions are large. Such interactions perturb the
Langevin curve and induce an apparent magnetic size
larger than the real one.

VI1.3. Reduced Magnetic Susceptibility. The
reduced magnetic susceptibility is obtained by dividing
the value of the initial slope of the magnetization by
the saturation magnetization.

In ferrofluid, the reduced susceptibility of particles
having 5 nm as an average diameter is determined at
a fixed weight fraction (® = 1%) and two temperatures.
It is found equal to 4 x 1074 Oe ! and 2.6 x 107* Oe™?
at 200 and 300 K, respectively. For isolated particles,
the increase in temperature induces a decrease in the
reduced susceptibility. This is due to the increase in
the saturation magnetization with decreasing temper-
ature and to the fact that, at low magnetic field, the
thermal fluctuations of the material are more sensitive.

At 200 K, the reduced susceptibility increases with
the particle size (Figure 7A). These data are consistent
with those predicted and observed by Chantrell et
al.31-33 for larger magnetic particles.

(31) Chantrell, R. W.; Popplewell, J.; Charles, S. W. Physica 1977,
86—88B, 1421.

(32) Chantrell, R. W.; Popplewell, J.; Charles, S. W. IEEE Trans.
Magn. 1978, 14, 975.

(33) Chantrell, R. W.; Bradbury, A.; Popplewell, J.; Charles, S. W.
J. Appl. Phys. 1982, 53, 2742.

Diameter (nm)

Figure 7. Variation of the reduced susceptibility with the
particle sizes obtained at 200 K with diluted particles sus-
pended in a solvent (A) and with dry particles at room
temperature (B).

With dry powder particles, the variation of reduced
susceptibility differs with the size range (Figure 7B).
Below 3 nm, an increase in the reduced susceptibility
with size is observed. Above 3 nm, a plateau is reached.
Such behavior is explained in term of interactions.
Particles having 2 nm as an average diameter behave
as a superparamagnetic system which implies low
attractive interactions between particles. This is con-
sistent with a very low remanance and coercivity (Table
2). However these values are not zero indicating some
interactions between particles. This is confirmed by the
fact that the magnetic size is larger (Table 2) than that
determined by T.E.M.

By increasing the particle size, the magnetic interac-
tions increase so much that they lead to a reduction in
the change of reduced susceptibility with the increase
in the particle size. This is consistent with the appear-
ance of larger hysteresis (Figure 5) and with the
increase in the particle size (Table 1).

VIIl. Influence of Annealing on the Particle Size
and in the Magnetic Properties

The particles synthesized and characterized above are
heated for 30 min at 200, 400, and 600 K in the presence
of air. Because of the increase in the average size with
increasing temperature, the particles obtained at room
temperature having an average diameter equal to 2, 3,
and 5 nm are called particles A, B, and C, respectively.

For the various samples, EDS shows no changes in
the composition compared to that obtained at room
temperature (Fe 65.63%; Co 34.37%). From X-ray
diffraction, it is impossible to know if the cation site
distribution changes with the increase in temperature.
The weight of the sample decreases when the particles
are heated. This is attributed to the leaving of water
molecules from the crystal and of the surfactant mol-
ecules adsorbed at the particle interface.

For particles A, X-ray diffractogram spectra (Figure
8) show a broad peak at 25 °C which get increasingly
narrow by increasing the temperature to 600 °C. The
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Figure 8. X-ray diffractogram of 2 nm particles heated at
various temperatures for 2 h: (A) 25, (B) 200, (C) 400, and
(D) 600 °C.

decrease in the width of the peaks is attributed to an
increase in the particle size. This is confirmed by the
TEM pattern and histograms given in Figure 9. Hence,
an increase in the size distribution with the increase in
annealing temperature is observed. A good agreement
between the size of the particles determined from X-rays
diffractograph and from TEM is obtained. However the
size determined from the Debye—Scherrer expression
is always larger than those by TEM (Table 2). These
differences are due to the mode in the size determina-
tion: by X-ray diffraction and TEM, it is assumed to be
a volume and a radius distribution, respectively.

Similar behavior as described for A particles has been
observed for B and C. An increase in the particle size
is observed with the increase in temperature. From 25
and 600 °C the particles remain spherical. Table 2
summarizes the data deduced from X-ray diffraction
spectra, TEM.

Magnetization studies were performed, at room tem-
perature, on powders by using a commercial alternative
gradient magnetometer. The reduced remanence, M,/
Ms, and the coercivity, Hc, increase with the increase
in annealing temperature. Figure 9 and Table 2 shows
an increase in the size of the particle with increasing
the annealing temperature. However, the annealed
particles remain in the single domain range. Hence the
increase of M{/Ms and H. can be attributed to (i) the
increase in the particle size and (ii) the release of the
adsorbed surfactant on the particles. As matter of fact,
it has been well demonstrated!3:3435 that compounds

(34) Berkowitz, A. E.; Lahut, J. A.; VanBuren, C. E. IEEE Trans.
Magn. 1980, 16, 184.
(35) Haneda, K.; Morrish, A. H. IEEE Trans. Mag. 1989, 25, 2597.
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Figure 9. Histograms from TEM patterns obtained for 2 nm
particles heated at various temperatures for 2 h: (A) 25, (B)
200, (C) 400, and (D) 600 °C.

absorbed on the interface induces a decrease in satura-
tion magnetization and in coercivity. In our experi-
mental conditions the release of the surfactant is
observed by the decrease in the weight of the particles
after heating.

The largest size of particles can be obtained either
by annealing the smallest one or from direct synthesis
as described above.

The heat of 2 nm particles to 400 K induces an
increase in the average size of the particles to 4.6 nm
with a coercivity equal to 154 Oe, whereas 5 nm
particles made at room temperature are characterized
by a coercivity equal to 35 Oe. Similar behaviors are
shown in Table 2. Hence, for a given size, the coercivity
increases with annealing temperature. This improve-
ment in coercivity is associated with (i) a better defined
nanocrystalline structure due to anneal and (ii) the
release of surfactant to the particle interface.

VIIl. Conclusion

In this paper the magnetic behavior of particles
differing by their size and in various media has been
compared. The particles having 2, 3, and 5 nm are
either dispersed in a fluid to form a so-called ferrofluid
or in a dry powder.

In ferrofluid, the interactions between particles are
small. Hence the magnetic size is similar to that
determined by TEM. Likewise, the reduced susceptibil-
ity increases progressively with the particle size and
does not reach a plateau.

For a dry powder made of nanosized particles, the
magnetic behavior strongly differs. For small particles
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(2 and 3 nm diameter), in a first approximation, can be
assumed a superparamagnetic behavior. However, the
magnetic size is larger than that determined by TEM.
Likewise, the reduced susceptibility increases drasti-
cally from 2 to 3 nm and then reaches a plateau. These
data are explained in term of an increase in the
attractive interactions between particles.

By heating the powder made of nanosized particles,
the reduced remanance, M/Ms, and the coercivity, Hc,
increase with the increase in annealing temperature.
This is attributed to the increase in the particle size and
to the release of the adsorbed surfactant on the par-
ticles. The largest size of particles can be obtained

Moumen and Pileni

either by annealing of the smallest one or from direct
synthesis at room temperature. For a given size, the
improvement in coercivity with annealing temperature
is attributed to a better defined nanocrystalline struc-
ture and to the release of surfactant to the particle
interface.
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