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Pure �� Fe2O3 particles were continuously
prepared by a continuous wave CO2 laser-
induced pyrolysis of iron pentacarbonyl vapour
in an oxidizing atmosphere. Two different
oxidation procedures were investigated: (1)
air–argon mixtures were employed to fill the
apparatus; (2) air–ethylene mixtures were em-
ployed as carrier gas. The powders were
identified by X-ray diffraction. The grain size
was measured using transmission electron mi-
croscopy and the degree of order was estimated
by IR spectroscopy. The products obtained have
grain sizes in the range 4 to 17 nm and different
degrees of structural order depending on the
synthesis conditions. The productivities attained
are typically 0.05 gh�1. Finally, the magnetic
properties of the maghemite powders are
discussed. It seems that, for very small magnetic
particles, the actual differences in the sizes of the
particles are less important than differences in
crystallinity with regard to the magnetic proper-
ties of the samples. Copyright � 2001 John
Wiley & Sons, Ltd.
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Small magnetic particles have attracted consider-
able attention owing to their technological and
scientific importance.1,2 For example, in particular,

maghemite nanoparticles smaller than 10 nm are
mainly used as catalysts and in the production of
magnetic fluids suitable for, among other things,
biomedical applications.3 Maghemite nanoparticles
ranging continuously between 3 and 8 nm can be
produced by co-precipitation of iron salts in the
presence of additives under controlled conditions.4

However, maghemite nanoparticles can also be
produced in a continuous process by spray
pyrolysis.5 Furthermore, a narrower size distribu-
tion of these nanoparticles can be currently
obtained by laser-induced pyrolysis, as has recently
been shown.6–9

Most of the pyrolysis-based processes employed
to obtain maghemite nanoparticles started from an
Fe3� salt. However, it has been shown that in these
procedures the Fe3� is partially reduced to a
mixture of Fe2� and Fe3� with the formation of
magnetite that finally is oxidized to maghemite.
Without the initial reduction step haematite is
formed instead of maghemite.10 In this work the
starting point is an iron compound with oxidation
degree zero; we expected, as in the previously
mentioned processes, that the oxidation procedure
would be one of the key parameters of the process.
In this paper we present the effect of the experi-
mental oxidation procedure on the maghemite
particles produced by laser pyrolysis of iron
pentacarbonyl vapour. Special attention will be
paid to the particle size, crystalline domain, the
structural order and the magnetic properties of the
samples.
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Reagent grade Fe(CO)5, obtained from Aldrich
Chemical Inc., was used as the iron precursor owing
to its high vapour pressure and easy decomposition.
It was stored in the dark at 7 °C under nitrogen, and
was employed without purification. Ethylene N35
(99.95%), argon N45 (total impurities below
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11 ppm) and air were provided by Air Liquide
España S.A.

The method of synthesis involves heating a
flowing mixture of gases with a continuous-wave
carbon dioxide laser, which initiates and sustains a
chemical reaction. Above a certain pressure and
laser power, a critical concentration of product
nuclei is formed in the reaction zone. This leads to
homogeneous nucleation of particles that are
carried to a filter by an inert gas. The experimental
setting employed was described in detail pre-
viously.9 Owing to the non-absorption of the laser
wavelength (10.60 � 0.05 �m) by iron pentacarbo-
nyl, ethylene was used as an absorbent as well as to
carry the carbonyl vapour to the reaction zone. The
ethylene does not decompose at the energy density
employed (652 W cm�2) and simply becomes hot
under the laser radiation heating the gas mixture.
Under these conditions, iron pentacarbonyl is
decomposed into iron and carbon monoxide. In
order to obtain iron oxide, a flow of air was
introduced into the system. Two different methods
were used to introduce the air flow into the system.

(a) A mixture of air and ethylene was introduced
together with the iron pentacarbonyl vapour;
the oxidation takes place mainly under the

laser radiation. This process will be termed
‘hard oxidation’ or briefly ‘hard’.

(b) Air was introduced into the reaction chamber
mixed with the argon flux, which is employed
to avoid deposition of powder on the laser
entrance window.6–9 Under this procedure,
oxidation takes place mainly after the laser.
In the following, this process will be termed
‘soft oxidation’ or briefly ‘soft’.

Tables 1 and 2 list the experimental conditions
for both processes. Constant parameters were: laser
power, 82 W; argon axial flux, 15 sccm; argon
windows flux, 220 sccm; pressure, 400 mbar;
reactive weight, 2 g; reactive temperature, 20 °C;
average duration of the experiment, 5 h.

No emission of light as observed in the reaction
zone in any of the experiments except for sample
FE90; the white light emitted indicates a much
higher temperature in this case.

The particle size and shape of the samples were
determined with a 200 keV Jeol JEM-2000FX
transmission electron microscope. The powder
was ultrasonically dispersed in toluene and this
suspension was deposited onto a carbon-coated
copper grid for electron microscopy examination.
Identification of the iron oxide phase present in the

Table 1 Experimental parameters used to produce maghemite under hard oxidation conditions.

Sample no. FE90 FE89 FE88 FE59 FE44

Carrier gas (SCCM)
Ethylene 5 4 3 2 1
Air 1 2 3 4 5

Consumption (g h�1) 0.290 0.159 0.180 0.210 0.240
Production (g h�1) 0.104 0.058 0.067 0.076 0.044
Fe2O3 yield (%) 88 90 92 91 45
a(Å) 8.36 � 0.01 8.36 � 0.03 8.36 � 0.01 8.36 � 0.03
Scherrer crystallite size (nm) 2.3 3 2.7 2.7 —

Table 2 Experimental parameters used to produce maghemite under soft oxidation conditions; ethylene carrier gas
flux 6 sccm.

Sample identification FE49 FE50 FE45 FE56

Air window flux (sccm) 15 21 27 75
Consumption (g h�1) 0.172 0.159 0.219 0.102
Production (g h�1) 0.064 0.059 0.083 0.041
Fe2O3 yield (%) 91 92 93 98
a(Å) 8.362 � 0.003 8.351 � 0.005 8.357 � 0.001 8.36 � 0.01
Scherrer crystallite size (nm) 9.0 5.3 3.7 2.8
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samples was carried out in a Philips PW1710
diffractometer with Cu K� radiation. The X-ray
diffraction patterns were recorded between 5 and
70 ° 2� at 0.5 ° min�1. Lattice parameters and
crystallite size determination were obtained from
the X-ray diffractograms following standard pro-
cedures.11 In some cases the experimental broad
and asymmetric peak (311) � (220) of poorly
crystallized maghemite samples was deconvoluted
into the two components using the peak-fitting
utility of the PHYLLIPS-APD computer program.
The IR spectra of the samples diluted in KBr were
recorded between 850 and 250 cm�1 in a Nicolet
20SXC FT-IR. In this region of the IR spectrum,
absorption bands associated with O–Fe modes take
place. Magnetic characterization of the samples
was carried out in a SQUID magnetometer.
Hysteresis loops were recorded at room tempera-
ture and at 5 K after applying a saturating field of
5 T. Magnetic parameters, such as saturation
magnetization Ms and coercivity Ho, were obtained
from the loops for each sample.
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The X-ray diffraction patterns of the powders
obtained under hard and soft oxidation conditions
are shown in Fig. 1. The peaks can be assigned to an
iron oxide spinel, similar to maghemite or magne-

tite, for all the samples, and no extra peaks were
observed.

Samples prepared under hard oxidation condi-
tions show very broad diffraction peaks, indicating
a poorer crystallinity (Fig. 1). It should be noted
that the X-ray pattern corresponding to sample
FE89 shows narrower peaks than the rest. This is
the most crystalline sample within this series,
probably due to the Fe/O2 molar ratio used in the
preparation, which was 0.71, close to the estequio-
metric value for Fe2O3 of 1.33. On the contrary,
similar and broad diffraction patterns were obtained
for the rest of the samples prepared either with
excess of iron, such as sample FE90 (Fe/O2 = 2.59),
or with deficit of iron, such as sample FE44 (Fe/
O2 = 0.43).

In order to identify the iron oxide phase, the cell
parameters were calculated from the positions of
the peaks (Table 1). A good correlation with the
maghemite cell parameter a = 8.35 Å was only
obtained for samples FE90, FE89, FE88 and FE59.
However, for sample FE44, the peak positions are
displaced (Fig. 1), probably due to the existence of
a mixture of maghemite and another iron oxide. For
sample FE44, a low concentration of the sensitizer
gas ethylene is used and a lower reaction tempera-
ture should be attained, which is also responsible
for the decrease in the yield. The Debye–Scherrer
crystallite size was estimated in samples FE59,
FE88, FE89 and FE90 from the peak width of the
(311) reflection. In all cases the crystallite size
estimated was around 3 nm (Table 1).

It can be concluded that, under hard oxidation
conditions, relatively poorly crystalline particles of
about 3 nm of crystalline domains of �-Fe2O3 were

Figure 1 X-ray diffraction patterns of maghemite samples
obtained under hard and soft oxidation conditions.

Figure 2 IR spectra of maghemite samples prepared under
hard and soft oxidation conditions.
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Figure 3 TEM images of maghemite samples prepared under hard oxidation conditions (left) and soft oxidation conditions (right).
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obtained. On the other hand, samples obtained
under soft oxidation conditions are much better
crystallized (Fig. 1), as can be inferred from the
width of the X-ray peaks. The samples are pure
maghemite according to the a parameter, which is
similar to the reported value and equal to 8.35 Å
(Table 2). The Debye–Scherrer crystallite size
decreases from 9 nm in sample FE49, obtained
under low oxygen excess, to 3 nm in sample FE56,
obtained under higher oxygen excess. Therefore,
under soft oxidation conditions, particles of
�-Fe2O3 with crystalline domains between 3 and
9 nm can be obtained by varying the amount of air
introduced to the system.
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IR spectra of the maghemite powders in the region
corresponding to Fe–O vibrations are depicted in
Fig. 2. In the same figure a maghemite sample
(REF) composed of spherical particles of 120 nm
diameter, in which the octahedral cation vacancies
are full ordered,12 is shown for comparison. The
spectra of the samples obtained under hard oxida-
tion conditions, presented in Fig. 2, show the
presence of two broad bands at approximately 584
and 442 cm�1 for all the samples except for FE44.
Note the absence of fine structure in the bands in
comparison with the REF sample, which indicates
not only a small particle size but also vacancy
disorder.

Samples prepared under soft oxidation condi-
tions showed IR spectra with at least four peaks, at
638, 584, 442 and 396 cm�1, which are less distinct
for sample FE56.

Small differences in the relative intensity I of the
bands at 584 and 442 cm�1 have been detected and

related to the degree of structural order. In this
sense, it has been considered that some order
remains in the samples when I(584) is greater than
I(442); if the contrary happens the sample is
considered fully disordered (e.g. sample FE59).
Following this criterion, we conclude that maghe-
mite powders obtained under hard oxidation (Fig.
2) are more disordered than those obtained under
soft oxidation conditions (Fig. 2). The degree of
order is FE59 � FE88 � FE90 � FE89 in the first
case and FE56 � FE45 � FE50 � FE49 in the
second case. It can be seen that IR spectroscopy
can distinguish between samples FE59 and FE88,
which present very similar XRD patterns, whereas
the degree of order parallels the crystallite size in
samples prepared by soft oxidation.
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Figure 3 shows the TEM micrographs of selected
maghemite samples. About 100 maghemite parti-
cles were counted from each picture in order to
evaluate the TEM average size. The samples
obtained under hard oxidation conditions, FE59
and FE89, consist of spherical particles of approxi-
mately 4 nm average size, whereas FE44 has 17 nm
average size. From the accordance of the TEM size
with the crystallite size obtained by X-ray (Table 1)
we conclude that FE59 and FE89 are monocrystal-
line. The broad X-ray diffraction peaks of sample
FE44 suggest that its crystallite size must be very
small, in contradiction to its TEM size. Therefore,
we conclude that FE44 is polycrystalline.

Different results were found for samples ob-
tained under soft oxidation conditions. Average
TEM sizes of 4 nm, 8 nm and 10 nm were measured
for samples FE45, FE50 and FE49 respectively, in

Table 3 Magnetic parameters obtained at room temperature and 5 K for the �-Fe2O3 nanoparticles obtained under
hard and soft oxidation conditions.

Sample no.

Magnetic properties

300 K 5 K

Ms (emu g�1) Hc (Oe) Ms (emu g�1) Hc (Oe)

Hard oxidation
FE89 22 0 28 1200
FE59 6 0 10 1800

Soft oxidation
FE50 21 0 25 800
FE45 21 0 25.5 750
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close accordance with the crystallite sizes calcu-
lated by X-ray diffraction (Table 2). Consequently,
we conclude that the particles forming the above-
mentioned samples are monocrystalline.
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For all the samples, superparamagnetic behaviour
at room temperature is expected owing to the small
particle size (�10 nm). Magnetic parameters

Figure 4 Hysteresis loops at room temperature and 5 K for samples FE59 and FE89 obtained under hard oxidation conditions.

Figure 5 Hysteresis loops at room temperature and at 5 K for sample FE45 obtained under soft oxidation conditions.
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obtained for two samples of similar particle sizes
and different crystallinities obtained under hard
oxidation (FE59, FE89) and two samples of
different particle sizes and similar crystallinities
obtained under soft oxidation conditions (FE45,
FE50) are included in Table 3.

Samples FE59 and FE89, formed by extremely
small particles (�3 nm) obtained by hard oxidation,
show large crystallinity differences (Fig. 1), which
justifies the different values of saturation magneti-
zation obtained at room temperature and 5 K (Table
3). Small particle size is correlated with high
surface area, which gives rise to spin canting of the
magnetic moments at the particle surface and,
therefore, to a reduction of the saturation magne-
tization from the value reported for �-Fe2O3 bulk.
Additionally, internal spin disorder is expected to
be present in particles with low crystallinity, giving
rise to an extra reduction of the saturation
magnetization, as is shown for sample FE59. In
agreement with that, very high coercivity values
were obtained for both samples, the highest value
being obtained for the poorer crystallized sample,
FE59 (Table 3). The hysteresis cycles obtained for
these samples at room temperature and at 5 K are
depicted in Fig. 4.

Samples FE45 and FE50, obtained by soft
oxidation and formed by particles of 4 nm and
8 nm respectively and having similar crystallinities,
show small differences in saturation magnetization
and coercive field, not only at room temperature but
also at 5 K (Table 3). The hysteresis cycle obtained
for sample FE45, similar to that of FE50, is
presented in Figure 5.

From the above results it is clear that (in the
range of very small magnetic particles) the crystal-
linity of magnetic nanoparticles plays a role that has
often been undervalued in favour of the particle-
size effect. Under hard oxidation conditions,
maghemite samples with different magnetic proper-
ties due to differences in the particle crystallinity
can be obtained, whereas soft oxidation produces
maghemite samples with similar magnetic proper-
ties.
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From the previous observations we can propose two
different mechanisms for hard and soft oxidation. In
the former we suggest that the process is controlled
by the ethylene proportion: the first step of the
process is the decomposition of iron pentacarbonyl
to relatively big iron particles that are subsequently
oxidized. In experiment FE44 the decomposition

was incomplete due to the low temperature attained
and the high proportion of oxygen; this leads to the
fast oxidation of iron particles without crystal-
lization. As the ethylene proportion increases, so
also does the temperature and the crystallinity of
the product, with the subsequent decomposition of
the initial particles leading finally to nanocrystal-
line maghemite.

Under soft oxidation conditions, the evolution of
sizes and polydispersities of the samples with the
amount of oxygen present in the atmosphere
suggests that an oxidation plus agglomeration
process follows the initial quantitative decomposi-
tion of the carbonyl. In sample FE45 the oxidation
is faster and there is no time for agglomeration. In
the experiments FE50 and FE49 (Fig. 3) the oxygen
content in the system decreases, the oxidation is
slower and more time is available for the agglom-
eration. Consequently, sample FE49 has the largest
particle size and is the most polydisperse and
crystalline of the samples synthesized.
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Maghemite nanoparticles of approximately 4 nm of
diameter with a high degree of monodispersity can
be obtained by laser pyrolysis of a mixture of
Fe(CO)5–C2H4–air (hard oxidation). Different de-
grees of crystallinity and different values of
saturation magnetization and coercive fields as a
function of the ethylene proportion can be obtained.
Well-crystallized maghemite nanoparticles with
different sizes ranging from 4 to 8 nm and similar
magnetic properties can be obtained by laser
pyrolysis of a mixture of Fe(CO)5–C2H4 in an
argon–air atmosphere as a function of the propor-
tion of air.
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