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Nanocrystalline iron powders have been prepared by the inert gas evaporation method.
After preparation the material has been passivated by pure oxygen and air exposure. In the
present paper we describe new characterization studies of this sample by Transmission
Electron Microscopy (TEM), X-ray Diffraction (XRD), X-ray Absorption Spectroscopy (XAS),
Electron Energy Loss Spectroscopy (EELS) and Mössbauer Spectroscopy (MS), giving a
complete chemical and structural characterization of the nanocomposite material in order
to correlate its microstructure with its singular magnetic behavior.

This nanocomposite was later heated following different thermal treatments. It was found
that the sample heated successively in high vacuum (10−7 torr) at 383 K for 1 h and under a
residual oxygen pressure of 4 × 10−4 torr at 573 K for 3 h, results in a powder formed by
nanoparticles of γ -Fe2O3 as stated from XRD, XAS and MS. This material is stable during
several years and behaves almost totally like superparamagnetic at room temperature.
C© 2004 Kluwer Academic Publishers

1. Introduction
The fabrication and characterization of nanosized mag-
netic particles are the subject of intense research mo-
tivated not only by their interesting properties, quite
different from those of the corresponding bulk materi-
als, but also from the point of view of their promising
technological applications, such as magnetic recording
media, ferrofluids, etc. . . .[1–4].

A number of research works have been published
during the last few years dealing with the magnetic be-
haviour of nanometre sized Fe, Co and Ni crystalline
particles synthesized by different techniques and pre-
senting different degrees of surface oxidation [5–14].
The singular magnetic behaviour of these systems has
been found to be dependent on the size and the sur-
face characteristic of the particles, and it is attributed
to the large magnetic anisotropies observed in these
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materials. In particular, exchange anisotropy was first
discovered by Meiklejohn and Bean [11] in compacted
oxide-coated Co particles. In spite of the numerous pub-
lications on the magnetic properties of oxide coated Fe,
Co and Ni nanoparticles, there is still a limited num-
ber of studies with a complete characterization at the
microstructural level, that allows to achieve a better un-
derstanding of their magnetic properties [12, 15–17].

In the present work, Fe nanoparticles have been pre-
pared by the inert gas evaporation method [18]. Expo-
sure of the sample to an oxygen atmosphere produces
passivation of the particles with an amorphous oxide
layer [19]. Previous data obtained by X-ray Photo-
electron Spectroscopy (XPS) for the oxygen passivated
Fe nanocrystalline powder have been already reported
[18, 19] together with the magnetic behavior of this ma-
terial [12, 20]. In the present paper new results obtained
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by Transmission Electron Microscopy (TEM), X-ray
Diffraction (XRD), X-ray Absorption Spectroscopy
(XAS), Electron Energy Loss Spectroscopy (EELS),
and Mössbauer Spectroscopy (MS), are discussed. In
particular new data related to the microstructural char-
acterization of the oxide layer and the magnetic behav-
ior of the sample are reported.

In addition to that, the study of the thermal evolution
of the oxygen passivated iron nanoparticles allowed us
to determine a procedure for the complete transforma-
tion of this material into nanocrystalline γ -Fe2O3. Su-
perparamagnetic nanoparticles of the maghemite phase
have been already reported [21, 22], being the proce-
dure presented here an alternative method for the syn-
thesis of this material.

2. Experimental
Nanocrystalline Fe particles have been prepared by
evaporation of Fe in a W boat at 1773 K [19]. The
gas phase used during evaporation was He at 133 Pa (1
torr). Through interatomic collisions with the inert-gas
atoms, the evaporated atoms lose kinetic energy and
condense as an ultrafine powder that accumulates on a
cold finger [23]. After passivation by O2 (266 Pa for
10 min) and air exposure the material was stripped off
and stored in a dessicator. This as-prepared sample was
then heated under different residual vacuum pressures
and temperatures as indicated in the text.

TEM examination of the samples was carried out in
a Philips CM200 microscope working at 200 kV. The
particles were dispersed in ethanol by sonication and
dropped on a copper grid coated with a carbon film.

XRD analysis was carried out using Cu Kα radiation
in a Siemens D5000 diffractometer.

XAS spectra were recorded at the DCI storage ring
in LURE (France), running at 1.85 GeV with an av-
erage current of 250 mA. Monochromatization of the
beam was carried out through a Si (111) double crystal
monochromator. The detection of the XAS absorption
coefficient was done in the transmission mode for the
samples that were supported on cellulose filters. Spec-
tra were recorded at the Fe-K edge at ca. 7120 eV. To
compare the XAS spectra a linear background was fitted
in the pre-edge region and subtracted before normali-
sation to the edge jump.

EELS spectra were acquired in the Jeol 2010 FEG
microscope (Ecole Centrale de Lyon) operating at 200
kV, probe size between 0.5 and 2.4 nm, point resolution
ca. 0.19 nm. It is equipped with a PEELS spectrometer
(GATAN 766-2 K).

57Fe Mössbauer spectra were recorded in a bath
cryostat at several temperatures. In-field spectra were
recorded using a cryomagnetic device where the exter-
nal magnetic field is applied parallel to the γ -beam.
A conventional transmission Mössbauer spectrometer,
operating in the constant acceleration mode, was used.
The hyperfine structure was modelled by means of dis-
tribution of lorentzian shape line quadrupolar doublets
or magnetic sextets using a least square fitting program
Mosfit. The isomer shift values are quoted relative to
that of α-Fe at 300 K.

3. Results and discussion
3.1. Study of the as-prepared oxygen

passivated nancrystalline iron
Fig. 1a shows a TEM micrograph of the as-prepared
material (i.e., sample after inert gas evaporation and
passivation with oxygen). The sample is formed by
spherical grains with a high degree of coalescence or
interconnection between them. A log normal particle
size distribution is observed while the mean particle di-
ameter is estimated at about 17 nm [18]. In the micro-
graph it is possible to identify in some particles a dark
core surrounded by a clear layer indicating a core/shell
structure.

The XRD analysis of the as-prepared ultrafine pow-
ders (see Fig. 5) reveals the presence of pure α-Fe and
some small and very broad features at the position of the
peaks for the spinel iron oxide phase (γ -Fe2O3 and/or
Fe3O4). The presence of oxide species at the surface of
the passivated nanocrystalline powders has been fully
confirmed by XPS [19].

Fig. 1b shows the EELS spectra (O-K and Fe-L2,3
edges) recorded from the core and from the shell of one
nanoparticle. The number of oxygen atoms is similar in
both spectra while the number of iron atoms is higher in
the core. The shape of the Fe-L2,3 edge corresponding
to the spectrum recorded in the core is more similar to
a metallic iron, while in the shell it is more similar to
that of an iron oxide [24]. This new result obtained by
EELS confirms a core/shell structure where the dark
inner zone surrounded by a light layer correspond to
metallic iron and to the oxide phase, respectively. This
Fe/Fex Oy structure of the nanocomposite has been also
visualised by EFTEM (Energy Filtered Transmission
Electron Microscopy) [25].

The selected area electron diffraction pattern de-
picted in Fig. 2a, shows the presence of spots, due
to metallic α-Fe, and diffuse rings, corresponding to
the lattice spacing of cubic iron oxide (γ -Fe2O3 and/or
Fe3O4). The oxide phase may crystallize partially un-
der the electron beam [26]: in this sense, it has been
included in Fig. 2b a high resolution TEM image of
the sample, where the core-shell structure is clearly
observed, and where small crystals of γ -Fe2O3/Fe3O4
with size of about 2–3 nm have been identified.

However, none of the techniques above described
allow to determine which of the two spinel phases con-
stitute the oxide layer, and none of them can provide a
quantitative estimation of the metal/oxide ratio in the
sample. Other techniques are needed at this point in
order to get a fully microstructural characterization of
the as-prepared material. The XANES (X-ray Absorp-
tion Near Edge Structure) region of the XAS spectra
contains information about oxidation states and local
structure around the absorbing atom. Although multi-
ple scattering calculations can be carried out to simu-
late the XANES spectra, also a fingerprint technique
can be used to obtain conclusions from these data, only
by comparison with reference samples [27]. Thus, we
have plotted in Fig. 3a the spectrum at the Fe-K edge
for the as prepared sample together with the spectra for
a metallic Fe foil and γ -Fe2O3 and Fe3O4 references
samples. It is clear that the spectrum corresponding to
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(a)

(b)

Figure 1 (a) TEM bright field micrograph of the Fe/Fex Oy as-prepared sample. (b) EELS spectra at the O-K edge and Fe-K edge measured in the
core and in the shell of the nanoparticle marked in the TEM image.

the sample presents a higher intensity of the features
at 7113 eV and a decrease in the intensity of the white
line at 7132 eV in comparison to the oxides. This also
seems to indicate that the as-prepared sample results
from a mixture of metallic iron and iron oxide. Due to
the metallic iron content it is not easy to identify the
spinel oxide which constitutes the surrounding shell.

To estimate the oxide to metal ratio, linear combina-
tions of the reference spectra for Fe0 and γ -Fe2O3 have
been carried out to achieve the best reproduction of the
experimental spectrum for the sample. This linear com-
bination is represented in Fig. 3b giving a quantification
of the bulk composition of the oxide-metal nanocom-
posite material. The best fit is found for a composition
of 28% of metallic iron. It should be considered here
that better reproduction of the experimental spectrum
should be obtained if we could use a reference spectra

for amorphous “Fe2O3” instead of that characteristic
of a γ -Fe2O3 microcrystalline sample. At that point we
may also consider that similar results can be obtained
using the spectrum of Fe3O4 as one component.

Because none of the analytical and spectroscopic
techniques have been able to unambiguously identify
the oxide phase present in the sample, the sample was
studied by 57Fe Mössbauer spectrometry. Indeed, this
technique is suitable to evidence for the valence state
of iron atoms present in the sample, the paramagnetic
or magnetically ordered state of iron-based phases, and
the presence of superparamagnetic effects, if any, what-
ever the atomic structure is. Let us also emphasize that
the hyperfine structures of bulk iron oxides are quite
different and the values of the hyperfine parameters
allow the phase to be identified. Nevertheless the situ-
ation is much more complex in presence of structural
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Figure 2 (a) Indexed electron diffraction pattern from the as prepared Fe/Fex Oy sample. (b) High resolution TEM image.

disorder, defect, vacancies, lack of stoichiometry and
confinement into grains or nanoparticles.

Fig. 4 shows the zero-field Mössbauer spectra at 77
and 4.2 K and a 6 T field spectrum at 10 K, recorded
on the as-prepared sample. The spectra are composed
of two main magnetic components; the first component
(dashed line), with rather well defined lines, is unam-
biguously assigned to the α-Fe, while the second com-
ponent (dot line), with asymmetrical and broad lines,
can be fitted by means of a discrete distribution of hy-
perfine fields. It is also observed that the broadening
of the lines decreased when the temperature decreases.
The mean values obtained for the hyperfine field, Bhyp
and the isomer shift, IS, are listed in Table I. The sec-
ond component is thus assigned to the presence of high
spin state Fe3+ ions, consistent with the Fe oxide phase.
Assuming the same recoilless factors, the relative area
of the metallic iron component is estimated at about

25% of total iron, that is in good agreement with data
obtained by XAS.

It is important to emphasize that the Mössbauer spec-
tra do not present any quadrupolar component at both

TABLE I Hyperfine characteristics deduced from zero-field
Mössbauer spectrum on the as-prepared sample. (IS is the isomer shift
quoted relative to metallic Fe at 300 K, 2ε the quadrupolar shift, Bhyp

the hyperfine field.)

〈IS〉 〈2ε〉 〈Bhyp〉
(mm/s) (mm/s) (T) (%)
±.02 ±.02 ±0.5 ±2

77 K
α-Fe 0.12 0.01 34.2 27
Fe oxide 0.47 −0.01 47.0 73

4.2 K
α-Fe 0.13 0.03 34.5 24
Fe-oxide 0.47 0.00 50.0 76
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Figure 3 (a) XAS spectra at the Fe K edge for the Fe/Fex Oy sample in
comparison to a metallic Fe foil, γ -Fe2O3 and Fe3O4 reference samples.
(b) The spectrum for the nanocrystalline composite sample (full line) is
compared with the linear combination (dashed line) of the spectra for Fe
and γ -Fe2O3.

77 and 300 K: this indicates that the ferric component
is not amorphous, but presents a long-range crystalline
order. Indeed, the freezing temperature of amorphous
oxides is usually ranged within the range 30–60 K. It
is also useful to note that although the oxide crystal-
lites should be smaller than 5 nm, no central super-
paramagnetic absorption is observed in the spectrum
at 77 K. Indeed, it is expected that non interacting γ -
Fe2O3 nanoparticles with diameters below 5 nm have
superparamagnetic blocking temperature below 80 K
[28]. This different behaviour can be explained due to
the interaction between adjacent iron oxide and iron
metallic nanocrystallites [29]. Finally, no significant di-
valent iron phase can be identified from the hyperfine

Figure 4 Mössbauer spectra registered in the as-prepared sample under
zero applied field at 77 K and 4.2 K and at 10 K under an applied magnetic
field of 6 T.

structure, neither at 77 K nor at 4.2 K. This feature is
not in favour of the presence of magnetite which ex-
hibits a clearly localized Fe2+ site below the Verwey
transition, in the bulk state.

One observes on the spectrum recorded at 10 K un-
der an external magnetic field of 6 T applied parallel to
the γ -beam (Fig. 4c) a sizeable increase of the interme-
diate lines and two asymmetrical outer lines. This is a
priori characteristic of an alignment of iron magnetic
moments, perpendicular to the γ -radiation, i.e., to the
external magnetic field. The spectrum has been thus
decomposed into three magnetic sextets. According to
the isomer shift value, one sextet is unambiguously as-
signed to the metallic phase. In addition, its effective
field (equivalent to the vectorial sum of the hyperfine
field at Fe nucleus and the external magnetic field) is
estimated at 29.1 T: indeed, it is well established that
the Fermi term which is negative, leads to an hyperfine
field opposite to its magnetic moment. Under the ap-
plied field, the iron moment is oriented parallel to the
external field favoring thus a lowering of the effective
field and a considerable decrease of the intensities of
intermediate lines, as observed here. The relative area
of the α-iron component is again found to be 25%, in
agreement with the value previously found under zero
applied field, and with the value obtained by XANES
spectroscopy.

The remaining component assigned to the oxide
phase has been fitted with two broad lines sextets (see
Table II) with mean effective fields of 55.2 and 48.2
T, and an isomer shift of 0.42 and 0.52 mm/s. These
values are the expected ones respectively for octahe-
dral and tetrahedral iron sites and the differences as
well (typically of about 0.11 mm/s), what enables to
rule out the presence of α-Fe2O3. The isomer shift val-
ues of both octahedral and tetrahedral iron sites, are
in good agreement with the expected values for the
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T ABL E I I Hyperfine characteristics deduced from zero-field and un-
der field Mösbauer spectra on the as-prepared sample. (IS is the isomer
shift quoted relative to metallic Fe at 300 K, 2ε the quadrupolar shift,
Bhyp the hyperfine field (zero applied field), Beff the effective field (under
magnetic field) at iron sites and θ the angle defined between the direction
of Fe moments and the γ -beam).

〈IS〉 〈2ε〉 〈Beff〉 〈θ〉 〈Bhyp〉
(mm/s) (mm/s) (T) (◦) (T) (%)
±.02 ±.02 ±0.5 ±5 ±0.5 ±2

4.2 K
α-Fe 0.13 0.03 – – 34.5 24
Fe oxide 0.47 0.00 – – 50.0 76

10 K 6T
α-Fe 0.14 0.00 29.1 11 34.9 23
γ -Fe2O3 T 0.42 0.00 55.2 44 51.1 24
O 0.51 0.00 48.2 53 52.0 53

γ -Fe2O3, what enables to determine the nature of the
oxide phase formed in the oxide passivation layer. The
ratio of the number of tetrahedral/octahedral iron sites
(0.45) is rather low compared to expected one (0.60),
that suggests the presence of numerous structural de-
fects, i.e., a poor crystalline state.

In a collinear magnetic system the atomic moments
lie along the direction of the external magnetic field, and
the second and fifth lines of the Mössbauer spectrum
will then disappear (intensity = 0). In the spectrum cor-
responding to this sample it is observed a high decrease
of the lines 2 and 5 for the metallic iron component but
not for the second component. It thus excludes that this
second component behaves as a ferrimagnet but it can
be explained as a consequence of a large deviation from
the spin collinearity existing in the iron oxide crystal-
lites [29, 30]. The θ values (where θ represent the angle
defined by the γ -radiation and the effective field) ob-
tained in the fitting for the components corresponding
to Fe3+ for octahedral and tetrahedral sites are 44◦ and
55◦ respectively: this clearly indicates that the mag-
netic moments are strongly canted. In the case of the
metallic iron this canting is only of 11◦. The presence
of canted spins is due to the low crystalline order in the
oxide layer, and/or to interface or surface effects, that
produce broken exchange bonds between spins [30].

In addition, one can calculate the hyperfine field val-
ues which are given by the expression [31]:

B2
hyp = B2

eff + B2
app − 2Beff Bapp cos θ

where Bapp is the external field, Beff is the effective
field estimated from in-field Mössbauer spectra. The
result of this calculation is included in Table II. The
values obtained for Bhyp are in good agreement with
the expected values for the metallic iron (34.5 T) and
for the γ -Fe2O3 phase (52 y 53 T).

In this sense, and from a magnetic point of view, we
can consider the nanoparticles as formed by a core-shell
structure, where the magnetic moments are aligned with
the field in the core and are canted at the surface. For the
metallic phase, we expect a saturated core and a layer,
corresponding to the interface metal-oxide, where the
magnetic canting is located. We can consider a propor-
tion of “q” moments located at the interface and “1−q”

located in the core. The normalized amplitude of the 2
and 5 lines (A2,5) of the Mössbauer spectrum are given
by the expression:

A2,5 = 1/2 sin2 θ = 1/2[(1 − q) sin2 θc + q sin2 θl],

with q = 1 − (1 − e/r )

where θc and θl are the θ value for the core and for the
layer, respectively, “e” is the thickness of the interface
layer and “r” is the metallic core radius. The value of
θc is zero, and the value of θl is 54.7◦, corresponding
to a random distribution of the moments. The obtained
value for θ is 11◦ and we can consider r ∼= 5 nm (from
TEM measurements), with these values we obtained a
value of 0.1 nm for the thickness of the metal-oxide
interface at the metallic core side, so there is not an
important influence of the oxide phase on the magnetic
behavior of the metallic phase.

In the same way, the oxide shell can be divided into a
core saturated and a surface canted layer. The θ values
is about 45◦, so we obtain a value of 5 nm for the thick-
ness of the canted surface, what indicates that the total
oxide layer is “non-collinear” with the field. This as-
pect is compatible and corroborates the spin-glass like
magnetic behaviour of the oxide layer, previously evi-
denced and reported for this sample, where a freezing
temperature Tf = 50 K was found [12].

The canted spins arising from reduced coordination
and broken exchange bonds between surface spins was
also observed by Kodama and co-workers at the sur-
face of ferrite nanoparticles [32]. The Mössbauer tech-
nique has therefore allowed us to fully characterize, not
only structurally but also magnetically, the as-prepared
Fe/Fex Oy material.

3.2. Study of the thermal evolution in
vacuum of the oxygen passivated
nanocrystalline iron

Fig. 5 shows the XRD diffraction pattern of the original
passivated nanocrystalline iron (as-prepared sample)
and the material after heating at different temperatures
under different controlled residual vacuum pressures. It
is clear from this figure that the thermal treatment pro-
duces the formation of γ -Fe2O3 and/or Fe3O4. These
two phases are not easily distinguish by XRD due to the
similarity of the cubic lattice parameters. The sample
heated at 573 K and 10−4 torr, is the only one that does
not present any peak due to metallic iron. The sam-
ple was totally transformed to iron oxide. The peaks
are broad as corresponds to nanocrystalline samples.
Evaluation of the coherent domain of diffraction by the
Scherrer’s method, calculated for the two phases after
the different thermal treatments are shown in Table III.
It is obtained a value of 8.6 nm for the nanocrystallite
size of the oxide sample formed during heating at 573 K
under 10−4 torr residual vacuum pressure.

After a long period of air exposition this last sample
stay unaltered, while in the others the remained iron
evolves to α-Fe2O3, as it has been demonstrated by
XRD.

A TEM general view of the sample heated at 573 K
and 10−4 torr residual vacuum pressure is displayed
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Figure 5 XRD spectrum of the as prepared sample and after the differ-
ent thermal treatments indicated in the figure (temperature and residual
vacuum).

in Fig. 6, showing the nanocrystalline character of the
material. After the thermal treatment and conversion to
the γ -Fe2O3/Fe3O4 phase, the particles appear highly
interconnected with a mean particle size of ca. 25 nm.
This particle size value may be different from the size
of the coherent domain of diffraction (8.6 nm) as deter-
mined by XRD.

Figure 6 TEM bright field micrograph for the sample heated at 773 K in a vacuum of 10−4 torr.

TABLE I I I Crystallite size for the metal and oxide phases, as obtained
from the XRD diffraction lines, during thermal evolution of the Fe/Fex Oy

sample

Sample D (Fex Oy ) (nm) D (Fe) (nm)

As-prepared – 13.6
423 K, 10−7 torr 4.1 13.6
523 K, 10−7 torr 6.5 14.9
548 K, 10−7 torr 10.0 13.8
573 K, 10−7 torr 9.4 17.0
573 K, 10−4 torr 8.6 –

It may also be mentioned that for this sample some
particles show in the centre a clear and small inner
core in the opposite way to that observed in the as-
prepared sample. The formation of this structure can
be explained taking into consideration the mechanism
for the oxidation of metals. According to the Cabrera-
Mott mechanism [33], the oxidation of metals progress
by the transport of cations through the forming oxide
layer. It is thus expected the migration of iron from the
centre of the particle to the surface during oxidation,
this may produce a lower density of material in the
centre.

The EXAFS spectrum of the sample heated at 573 K
and 10−4 torr residual vacuum pressure, has been
recorded in comparison to the spectra for the two ox-
ide spinel reference phases. In Fig. 7 are depicted the
Fourier transform functions of the EXAFS oscillations
at the Fe-K edge. Just by comparison of the radial
distribution functions without any fitting it can be ob-
served how the procedure described in the present work
produces mainly nanocrystalline γ -Fe2O3 particles as
stated from the position of the peaks in the radial distri-
bution function. In this context, it is relevant to mention
that the brown colour of the heated sample is charac-
teristic of the γ -Fe2O3.
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Figure 7 Experimental Fourier transforms (not corrected for the phase
shift) obtained for the sample heated at 773 K in a vacuum of 10−4 torr
in comparison to the two spinel iron oxides reference samples.

Figure 8 Mössbauer spectra registered at 77 K, and 300 K for the sample
heated at 773 K in a vacuum of 10−4 torr.

The Mössbauer spectra registered at 77 and 300 K,
corresponding to the heated sample at 4 × 10−4 torr
residual vacuum pressure are represented in Fig. 8. The
spectrum at 77 K is well fitted with only one compo-
nent, by means of a distribution of hyperfine fields. The
mean values obtained for Bhyp and IS are 50.2 T and
0.45 mm/s respectively (Table IV). These values are in
agreement with the total transformation of the metallic
iron phase to the γ -Fe2O3 oxide phase. In the spectrum
at room temperature, it appears a quadrupolar doublet at
the centre and a sextet with lines which are more broad-
ened than those observed at 77 K. This spectrum can
be thus interpreted as resulting from a wide distribution
of particles size, where the smaller ones are superpara-
magnetic and the bigger ones (more than about 10 nm
crystallite size) are completely magnetically blocked at
room temperature.

TABLE IV Hyperfine characteristics deduced from zero-field
Mössbauer spectra on the sample heated at 573 K under a residual pres-
sure of 10−4 torr. (IS is the isomer shift quoted relative to metallic Fe at
300 K, and Bhyp the hyperfine field.)

Sample heated at 〈IS〉 (mm/s) 〈Bhype〉 (T)
573 K and 10−4 torr ±.02 ±0.5

77 K 0.45 50.2
300 K 0.36 33.7a

aTwo contributions are distinguished: a doublet 〈QS〉 = .66 mm/s, 16%
and a sextet 〈B〉 = 40 T, 84%. QS is the quadrupolar contribution.

It is important to mention that the inert gas evapora-
tion method allows also a certain control of the particle
size distribution [34], so that it will be also possible
to obtain samples with controlled size of the γ -Fe2O3
nanocrystalline phase.

4. Conclusions
The inert gas evaporation method allowed us to prepare
nanocrystalline particles formed by a metallic crys-
talline iron core surrounded by a shell of very small
nanocrystallites of γ -Fe2O3. The high surface disorder
of this layer and the effects at the Fe/γ -Fe2O3 inter-
face produce a spin canting of the magnetic moments
of the oxide layer. The singular magnetic behaviour
of the as-prepared sample (exchange anisotropy [12],
spin glass [12] and spin canting of the oxide layer) is
well understood thanks to the complete microstructural
characterization of the material.

The heating of the original passivated sample at 573
K and 4 × 10−4 torr of residual vacuum pressure, pro-
duces the almost total conversion of the material to
γ -Fe2O3 that behaves mainly like superparamagnetic
nanoparticles. The method can be proposed as a route
of preparation of superparamagnetic γ -Fe2O3 nanoma-
terials.
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K R O N M ÜL L E R and H. E . S C H A E F E R , ibid. 6 (1995) 925.

10. S . G A N G O P A D H Y A Y, G. C . H A D J I P A N A Y I S , B .
D A L E, C . M. S O R E N S E N and K. J . K L A B U N D E , ibid.
1 (1992) 77.

11. W. H. M E I K L E J O H N and C. P . B E A N , Phys. Rev. 105 (1957)
904.

12. L . D E L B I A N C O, A. H E R N A N D O, M. M U L T I G N E R, C .
P R A D O S, J . C . S ÁN C H E Z-L ÓP E Z , A. F E R N ÁN D E Z, C .
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