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�-Fe2O3 �hematite� nanostructures with various morphologies have been grown by thermal
oxidation of compacted iron powder at temperatures between 700 and 900 °C. Different thermal
treatments have been found to induce the growth of single-crystalline nanowires, nanobelts,
nanoplates and featherlike structures, free and caped nanopillars, and pyramidal microcrystals or
cactuslike microstructures. The experimental conditions leading to the different morphologies have
been systematically investigated, as well as the possible growth mechanisms. The obtained
nanostructures have been characterized by scanning electron microscopy �SEM�, high-resolution
transmission electron microscopy, x-ray diffraction, and cathodoluminescence �CL� spectroscopy in
the SEM. The formation of the nanostructures induces changes in the intensity and spectral
distribution of the CL emission, as compared with the bulk material. Ligand to metal charge transfer
transitions as well as Fe3+ ligand field transitions are thought to be involved in the observed
luminescence. The evolution of the panchromatic CL intensity in the visible range as a function of
temperature shows some anomalies that may be induced by magnetic ordering effects.
© 2008 American Institute of Physics. �DOI: 10.1063/1.3054168�

I. INTRODUCTION

Due to size effects and novel physical properties, nano-
structures are of great interest both for theoretical studies and
nanodevice applications. A large variety of nanostructures,
such as nanotubes, nanorods, nanowires, and nanobelts have
been synthesized by thermal techniques involving vapor-
solid �VS� or vapor-liquid-solid �VLS� mechanisms. In the
past years, these nanostructures have become a research field
for advanced “bottom-up” nanotechnology. In particular, he-
matite ��-Fe2O3� is of significant scientific and technological
importance due to its stability under ambient conditions and
dual semiconducting-magnetic properties. Hematite has ap-
plications as photocatalyst,1 gas sensor,2 and field emission
cathode.3 Its small band gap ��2.1 eV�, high resistivity to
corrosion, and low cost, make �-Fe2O3 suitable as a solar
energy conversion material in photoelectrodes as well.4

Moreover, magnetism of �-Fe2O3 nanostructures receives a
distinctive attention, as the bulk material presents a first-
order magnetic transition at Morin temperature, besides the
common Néel transition of antiferromagnetic materials. Its
unusual magnetic behavior has been studied extensively in
the past decades5,6 and it has been found that the decrease in
the particles to nanosize alters significantly the magnetic be-
havior of �-Fe2O3.7 Several techniques have been proposed
to produce iron oxide nanostructures, including
electrodeposition8 and sol-gel.9 In addition, several groups
have synthesized nanowires of �-Fe2O3 by oxidizing bulk
iron in a mixed gas ambient.10–12 However, the growth
mechanism is still to be clearly determined. In addition, the

optical properties of this oxide, especially luminescence
properties, have been scarcely investigated. Actually, lumi-
nescence is not commonly observed in the magnetic oxides
and appears to require the presence of an impurity that may
itself be the emitter or may act to induce emission from the
metal ions of the host. Nevertheless, this situation may
change when the crystal size is reduced due to surface ef-
fects, different defect structure, phonon coupling, and carrier
delocalization effects.

In the present work, �-Fe2O3 nanostructures have been
grown by a thermal treatment of compressed Fe powder un-
der an argon flow. This method was previously reported to
lead to the growth of elongated microstructures and nano-
structures of different semiconductor oxides,13–15 but in those
works the starting material was the oxide itself, not the metal
leading to the corresponding oxide. The influence of the
growth parameters, such as temperature, annealing time, and
gas flow, on the morphology and properties of the obtained
nanostructures has been systematically investigated. The
synthesized �-Fe2O3 nanostructures have been characterized
by scanning electron microscopy �SEM�, high-resolution
transmission electron microscopy �HRTEM�, and x-ray dif-
fraction �XRD�, while their luminescence properties were
studied by cathodoluminescence �CL� spectroscopy in a
SEM.

II. EXPERIMENTAL

The starting material was commercial Fe powder with a
nominal purity of 99.9%, purchased from Sigma-Aldrich.
The powder was ball milled for 10 h in a centrifugal ball mill
�Retsch S100� with 20 mm agatha balls in order to reduce thea�Electronic mail: cdiazgue@fis.ucm.es.
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particle size and to obtain a more homogeneous size distri-
bution. Disk shaped pellets, of about 7 mm in diameter and 2
mm thickness, were prepared by compacting the Fe powder
under a compressive load of 1 ton. The pellets were then
annealed at different temperatures between 700 and 900 °C
for 10 h in a horizontal tube furnace under Ar flow. The
treatment temperature was systematically varied in order to
find the suitable range inducing the growth of specific nano-
structures. At relevant temperatures in this range, argon flow
rate and treatment time were also altered to investigate the
influence of these parameters over the final geometry of the
structures. The thermal treatments consisted of a heating up
step �1 h�, followed by annealing at a specific temperature
and time under Ar flow and cooling to room temperature.
However, as the furnace was not sealed for high vacuum
conditions, slow oxidation takes place during the thermal
treatment, leading to the formation of iron oxide nano- and
microstructures. This catalyst-free method leads to the
growth of such structures directly on the sample surface,
which acts as source as well as substrate for the gas flow
favored deposition.

XRD patterns were recorded on a Philips X’Pert PRO
diffractometer using Cu K� radiation. Recent works16 have
shown that intensity patterns obtained in XRD and grazing
incidence XRD �GIXRD� are usually different for vertically
aligned and bent hematite nanowires. For this reason, both
geometries have been used in the present work for the struc-
tural characterization of our nanostructures. Furthermore, in
order to obtain spatially resolved information about the mi-
crostructural properties of some samples, x-ray microdiffrac-
tion measurements were carried out using a monocapillary
with a diameter of 100 �m. Secondary electron images were
obtained in a Leica 440 SEM. The CL measurements were
carried out at 90 K with a beam energy of 20 keV using a
Hitachi S2500 SEM, a Hamamatsu R928P photomultiplier
working in the photon counting mode, and a computer con-
trolled Oriel 74100 monochromator. HRTEM images and se-
lected area electron diffraction �SAED� patterns were ob-
tained in a field emission Jeol JEM 3000F microscope
operating at 300 kV. For HRTEM observations, nanostruc-
tures were released from the disks by sonicating the samples
in butanol. Drops of the nanostructures solution were then
deposited onto carbon-coated copper grids. Electron beam-
induced structural transformations were not observed during
these measurements.

III. RESULTS AND DISCUSSION

After each growth run, the samples were examined in the
SEM to determine the influence of the chosen parameters in
the growth of the nanostructures. Additional analysis was
performed on perpendicular axes of the disks in order to
investigate the influence of the Ar flow direction. Also, the
lateral surface of the pellets, exposed perpendicularly to the
Ar flow �compared with the almost parallel exposure of the
upper surface of the pellet� was investigated in order to un-
derstand if the flow direction alters significantly the mor-
phology of the sample. No such variation was observed.

Different nano- and microstructures, whose morphology

and distribution depend on the specific annealing treatment
applied, were found to grow on the surface of the pellets.
Annealing in the temperature range of 700–730 °C for 10 h
causes the growth of high density of narrow nanowires �Fig.
1�a�� with diameters of 100–200 nm and lengths of about
10 �m, as well as rods and, rarely, flakes. The nanowires,
which tend to grow thinner, longer, and with high density
toward the border of the sample, cover entirely the pellet and
are aligned in a dense array, approximately perpendicular to
the substrate surface. Most of the �-Fe2O3 nanowires have
uniform size along their entire lengths and terminate at a
sharp tip. Wider needles have, however, decreasing width

300 nm

(a)

3 µm

(d)

5 µm

(b)

300 nm

(c)

300 nm

FIG. 1. SEM images of �-Fe2O3 nanostructures grown at 730 °C �10 h�. �a�
Aligned nanowires, ��b� and �c�� nanobelts, and �d� urchinlike structure.
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from the base to the tip. In the central part of these samples,
long nanowires, occasionally bended, and nanobelts are
evenly distributed over the background surface, which shows
a domainlike or porous appearance. The nanobelts have
thickness of about 20 nm �Fig. 1�b��. Pointed tips of some of
these belts suggest that they may be formed by adjoined
wires �Fig. 1�c��. Some microspheres showing porous walls
with protruding nanorods and nanoneedles grow in the
nanowire-rich areas as well. Figure 1�d� shows such urchin-
like structure with nanoneedles pointing radially outward
normal to the surface.

In samples treated at temperatures in the range of
750–830 °C, SEM images reveal the presence of nanowires
slightly thicker, 150–250 nm, than those grown in the previ-
ous temperature range. In addition, nanoneedles are observed
in some regions, mainly near the edge of the sample, while
different structures, as pillars and tubes, grow in the central
part. The needles tend to aggregate during these treatments
and form bundles and flakes, as Fig. 2�a� and 2�b� shows.
The observed tubular structures appear to be in different
stages of formation. Actually, the structure of the tube shown
in Fig. 2�c� suggests that it is formed by aggregation of
plates or of bundles of needles, while the morphology of the
complex tubular structure shown in Fig. 2�d� cannot be di-
rectly related to the needles. The tubular structures usually
cover large areas of the sample, giving rise to the cortex
appearance shown in Fig. 2�e�. The larger tubular structures
appear, mainly in samples treated at 800–830 °C, filled with
pillars of triangular section with side of less than 200 nm

�Fig. 2�f��, while narrower tubes have hollow end. The strati-
fied appearance of the lateral walls suggests that they grow
from superposition of hollow cave polyhedra.

In the series of samples treated at 830 °C for different
times, the influence of annealing time on the final morphol-
ogy of the structures is observed. In addition to the above-
described nanowires or nanoneedles and the tubular struc-
tures, the nanoplates shown in Fig. 3�a� grow during the 3 h
treatment. Also, incipient columnar structures with a flat top,
as those shown in Fig. 3�b�, are observed. After the 10 h
treatment the columns appear well developed with a hexago-
nal, hatlike, top �Fig. 3�c��. The cortex structure is the main
feature in samples annealed for 15 h. By annealing at 900 °C
no nanostructures were found to grow, and the sample con-
sists of defined octahedral microcrystals as prevalent mor-
phology �Fig. 3�d��.

The present results reveal that the most homogeneous
distribution of nanostructures is obtained after the
700–730 °C treatments, which lead to the growth of nano-
wires all over the surface of the disk, while at higher tem-
peratures distributions of different structures such as nanon-
eedles, tubes, and rods, are obtained. In order to associate
physical properties to specific nanostructures, the CL mea-
surements were performed preferently on such samples, con-
taining a dense distribution of nanowires. Moreover, the
small diameter of the nanowires enabled their observation by
HRTEM without special specimen preparation.

Nanowires of the samples treated at 730 or 800 °C were
observed by HRTEM following the above-described method.
Similar results were obtained in nanowires from the two
samples. Figure 4�a� shows a 190 nm wide nanowire grown
on a sample treated at 800 °C. Figure 4�b� is a detailed mi-
crograph of the area marked in the previous image, showing
fringes running perpendicular to the edge of the nanowire.
The corresponding SAED pattern, shown in the inset, can be
identified as the �001� pattern of �-Fe2O3. The HRTEM im-
age shown in Fig. 4�c� reveals that the fringe spacing mea-
sures 0.251 nm, which corresponds to the �110� interplanar
spacing. This indicates the single crystalline nature of the

500 nm

(c)

2 µm

(e)

(d)

500 nm

(f)

500 nm

1 µm

(a)
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FIG. 2. SEM micrographs of nanostructures and microstructures grown in
the 770–830 °C temperature range �10 h�. Bundles of �a� nanoneedles and
�b� flakes grown near the ��c� and �d�� edge of a sample at 830 °C. Different
tubular structures obtained at 770 °C. �e� Distribution of tubular structures
covering large areas of a sample grown at 770 °C. �f� Wide tubular structure
filled with triangular pillars �800 °C� and hollow narrower tube �inset�.

(c) (d)

1 µm

(b)(a)

1 µm

500 nm 100 µm

FIG. 3. ��a�–�c�� SEM images showing the influence of growth time on the
morphology of the structures synthesized at 830 °C. �a� Nanoplates and �b�
incipient columnar structures with flat top are found in samples treated for 3
h. �c� Longer columnar structures with hexagonal heads can be observed in
samples treated for 10 h. �d� Octahedral crystals grown at 900 °C �10 h�.
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wires that grow along the �110� direction. TEM measure-
ments carried out in a number of nanowires indicate that this
is the usual growth direction of our nanostructures. It should
be mentioned that careful examination of the obtained SAED
patterns frequently revealed the existence of weak extra
spots. These superstructures have been previously observed
in SAED patterns of both hematite nanowires12 and
microcrystals17 and were attributed to oxygen vacancies in
the first case and to different distribution of iron vacancies in
the second one.

XRD and GIXRD patterns show strong and sharp dif-
fraction peaks that can be unambiguously indexed to rhom-
bohedral �-Fe2O3 �a=5.038 Å, c=13.772 Å�, evidencing
that the as-prepared nanostructures are well crystallized. A
dominant peak, corresponding to the �110� reflection, and
less intense �300� and �220� peaks can be observed in micro-
XRD patterns from samples where the nanowires and nano-
belts prevail �700–750 °C�, as shown in Fig. 5�a�. When
measurements are performed in nanowire-rich specific areas
of the samples treated at slightly higher temperatures, e.g.,
770 °C, the micro-XRD �Fig. 5�b�� patterns show a signifi-
cant reduction in the intensity of the �300� reflection. It has
been recently reported16 that contribution to the �110� peak
arises from straight hematite nanowires oriented vertically
and from the vertical portion of the bent nanowires, whereas
contribution to the �300� peak arises from bent nanowires
when �300� planes become parallel to the substrate as a result
of bending. The intensity of the �110� peak increases and that
of �300� reflection decreases with vertical alignment of nano-
wires in the XRD pattern. Hence, our XRD results agree with
the above-described SEM observations, which show that
elongated nanostructures grown at intermediate temperatures
�770 °C� are slightly thicker and shorter than those grown at
lower temperatures �700–730 °C�. Bending of the nano-
structures is then more difficult in the former case as com-
pared with the latter, which explains the differences observed
between both XRD patterns. The higher relative intensity of
the �110� diffraction peak indicates that �110� is the prefer-
ential nanowire growth direction, in agreement with our HR-
TEM results and other studies of �-Fe2O3 nanowires and
nanobelts grown by thermal oxidation of iron.18,19 Such pref-
erential orientation is progressively lost when the treatment
temperature is increased and wider structures with other mor-
phologies begin to grow on the surface of the pellets. In
particular, the relative weight of the �116� and especially the
�104� reflections increases in XRD patterns �Fig. 5�c�� of
nanostructures grown at 800–850 °C, as the pillars and tu-
bular structures shown in Fig. 2. These results agree with
those reported by Jia et al.20 in XRD patterns of hematite
nanotubes and tube-in-tube nanostructures21 grown by hy-
drothermal methods.

Regarding the growth mechanism of our nanostructures,
it has been generally accepted that synthesis of �-Fe2O3

nanowires by iron oxidation is governed neither by the VLS
process nor the VS process,11 which are the two commonly
accepted mechanisms for the growth of nanowires in the gas
phase. Takagi22 initially showed that �-Fe2O3 whiskers grow
from the tip rather than extrusion from the oxidized sub-
strate, so that the hematite nanostructures grow by Fe surface
or internal diffusion �tip growth mechanism�. Surface diffu-
sion mechanisms were proposed to account for the growth of
�-Fe2O3 nanoflakes,23 bicrystalline hematite nanowires,24

and aligned arrays of hematite nanowires as well.11 In par-
ticular, the supply of iron atoms for �-Fe2O3 nanowires
growth has been considered to take place by surface diffu-
sion along the sides of the nanowire and internal diffusion
along planar defects up the axis of the nanowire.11 Neverthe-
less, a mechanism involving VLS phase was also suggested
for the growth of �-Fe2O3 nanowires.25 Previous investiga-

[110]

0.251 nm

FIG. 4. �a� Low magnification TEM micrograph of a hematite nanowire
grown at 800 °C. �b� HRTEM image of the area marked in the previous
micrograph. The corresponding SAED pattern, shown in the inset, can be
identified as the �001� pattern of �-Fe2O3. �c� HRTEM micrograph of the
same nanowire showing the �110� interplanar spacing of this material.
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tion of �-Fe2O3 nanobelts and nanowires11 revealed that low-
temperature synthesis leads to the formation of nanobelts,
while higher temperatures favor the growth of nanowires. No
such observation is confirmed by our results. The differences
observed in the morphology of the nanostructures grown

near the edge and at the center of several samples appear to
be related to surface energy and different growth rates along
different crystal directions. Besides the morphological diver-
sity, there is a clear distinction in the relative alignment of
the nanowires grown at the edge and in the center of the
pellet. The nanowires grown toward the edge of the pellet are
very dense and vertically aligned, while in the central part
they frequently grow grouped in bunches leading to an inflo-
rescencelike appearance. They may also grow vertically on
top of spherical/oval microstructures, creating cactus/
urchinlike morphologies. High surface density of the as-
growing nanostructures and strong van der Waals forces be-
tween them may be considered in some situations as
responsible for the aligned growth.26 In our case, SEM ob-
servations carried out in pellets covered by Fe powder prior
to the annealing treatment actually suggest that the alignment
may be induced by overcrowding, which limits the possibil-
ity of nanowire growth in other directions.27 A higher density
of nucleation sites will then promote a higher degree align-
ment of the as-grown nanowires due to overcrowding. In the
central areas, characterized by a less homogeneous morphol-
ogy, nanostructures are all grown out of the pellet surface; no
nanobelts or nanoneedles are nucleated on the well-
crystallized flakes. This likely indicates that the nanostruc-
tures grow from planar defects, such as grain boundaries and
twins, while surface diffusion provides transport of Fe and O
for the growth of �-Fe2O3 nanowires.18 A similar surface
diffusion scenario to that formulated by Han et al.28 for the
formation of needle-tip, large-tip and bamboolike �-Fe2O3

nanowires—involving Fe diffusion from the bottom to the
tip—may be effective for the growth of the atypical hematite
morphologies observed in our samples. Moreover, our XRD
data indicate �110� as the preferential growth direction in
samples where the nanowire morphology is dominant. It is
known that Fe atoms are more reactive and more deficient in
the �110� plane,11 so that the iron diffusion and the nanowire
growth along the �110� direction are favored. Hence, the ex-
istence of the preferential nanowire growth along the �110�
axis also supports a surface diffusion growth mechanism. In
addition, several other aspects suggest that VS or VLS pro-
cesses do not play a significant role in the growth mechanism
of the grown �-Fe2O3 nanowires. In our thermal treatment,
no catalysts have been used, the synthesized nanowires grow
directly on the local iron substrate, the treatment time is
rather long and the evaporation may be negligible since the
temperature employed is much lower than the melting points
of iron and �-Fe2O3 �1535 and 1350 °C, respectively�.

Optical emission properties of �-Fe2O3 have been
scarcely investigated likely due to its low quantum effi-
ciency. For instance, photoluminescence �PL� emission is
hardly observed in this material due to resonant energy trans-
fer between cations and lattice, local forbidden d-d transi-
tions, and magnetic relaxations.29 Nevertheless, crystal size
reduction may induce an increase in luminescent emission
through several mechanisms such as loss of ferromagnetic
long-range order leading to reduction in magnetic interac-
tions, altered density of the electronic population in the va-
lence band and simultaneous enhancement of electron-
phonon coupling and carrier delocalization induced by a
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FIG. 5. Micro-XRD patterns of samples treated for 10 h at different tem-
peratures: �a� 730 °C and �b� 770 °C. In both cases, measurements were
performed in regions containing a high density of aligned nanowires. �c�
800 °C. The diffractogram corresponds to the central area of the sample,
containing a high density of tubular structures as those shown in Fig. 2.
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significant decrease in energy transfer between ions.29,30 The
CL spectrum of reference, untreated, �-Fe2O3 powder �Fig.
6�a�� shows a complex emission in the visible range, with
two clearly resolved bands peaked at about 2.09 and 3.0 eV.
Besides, weaker shoulders centered near 1.83, 2.50, and 3.23
eV can be also appreciated. Measurements performed on our
thermally treated samples indicate that the grown morphol-
ogy alters the spectral distribution of the CL emission �Fig.
6�b��. The shoulder previously found at about 1.83 eV can be
observed as a resolved band centered at �1.79–1.81� eV,
while two other resolved CL bands peaked at about 2.28 and
2.56 eV can be observed as well. Further changes, as the
appearance of an enhanced CL emission at about �3.25–3.30�
eV, can be appreciated in the high energy range of CL spectra
of samples uniformly covered with a high density of nano-
wires or nanobelts �those grown at 700–750 °C�.

The existence of optical transitions in the same spectral
range than our CL bands has been reported in several absorp-
tion investigations of �-Fe2O3.30–32 These transitions have
been also studied by correlation between absorption and
spectrally resolved photocurrent measurements carried out in
hematite thin films.30 The absorption bands have been related
to ligand field transitions of Fe3+ ions in octahedral coordi-
nation �d-d transitions�, pair excitations resulting from the
magnetic coupling of adjacent Fe3+ cations �double exciton

processes� and ligand to metal charge transfer �LMCT� tran-
sitions. In the 4.96–3.10 eV spectral range, absorption is re-
lated to LMCT transitions—that can roughly be thought of as
representing a charge transfer from the oxygen to the iron
ions—and partly to the contributions of the Fe3+ ligand field
transitions. In the 3.10–2.07 eV range, absorption is related
to pair excitation processes, possibly overlapped with the
6A1→ 4E and 4A1 �4G� ligand field transition and the charge-
transfer band tail, while in the 2.07–1.38 eV interval, differ-
ent ligand field transitions prevail.30–32 It was reported33 that
the crystal size has little effect on the absorption bands in the
first and latter intervals while bands in the second spectral
range �3.10–2.07 eV� blueshift with reducing size.

Our CL measurements �Fig. 6� show a weak emission
centered at about 1.8 eV in the low energy side of the spec-
tra. Similar weak emission in the �1.70–1.83� eV range has
been previously reported in PL measurements carried out in
hematite nanocrystals and attributed to the 6A1→ 4T2 �4G�
ligand field transition.29 The CL peak centered between 2.01
and 2.14 eV, depending on the sample considered, is related
to the hematite optical band gap. It is well accepted that the
band edge of �-Fe2O3 is located in the range of �2.00–2.20�
eV.34–36 The transitions in this energy region include the d-d
transitions, pair excitation, and less charge transfer, and the
former two transitions mainly come from the narrow d
bands, so the optical properties of hematite band edge cannot
be accounted for intrinsic semiconductor. Han et al.37 re-
cently reported room temperature PL of �-Fe2O3 nanowires
with a band gap of 2.14 eV, while PL spectra from capped
and naked �-Fe2O3 nanocrystals indicate band gaps in the
1.93–2.12 eV range.29,38 Besides, the investigation of size-
dependent optical properties of �-Fe2O3 nanorods �20–40
nm wide� showed a clear blueshift of the absorption edge, up
to 2.65 eV, as the size of these nanostructures decreased.39

Such large shifts have not been observed in our CL measure-
ments. However, small blueshifts �from 2.01 eV to 2.14 eV�
are observed in emission from nanowires. For instance, this
shift can be observed when CL spectra recorded in samples
grown at 700–730 °C �Fig. 6�b��, containing a high density
of long and thin nanowires, are compared with spectra from
the edge regions of the samples treated at 800 °C, where
bundles of shorter nanowires and flakes were observed. PL
emissions at energies higher than the optical band gap were
previously reported in hematite spindle-shaped nanoparticles
with average dimensions of 1�5 nm2.40 The PL bands cen-
tered at about 3.1, 2.70, and 2.3 eV were not attributed to
quantum confinement effects but to LMCT transitions. We
suggest that this is the origin of our CL bands peaked near
2.56, 3.0, and 3.25 eV, although the contribution of Fe3+

ligand field transitions cannot be ruled out.
Total CL intensity versus temperature was measured be-

tween 90 and 300 K in samples where a high density of
uniformly distributed nanowires of similar size and morphol-
ogy were observed, as those treated for 10 h at 700 and
730 °C. The evolution of the panchromatic CL intensity in
the visible range of two of the samples as a function of
temperature is shown in Fig. 7. The expected decrease in the
CL signal with increasing temperature, due to the enhance-
ment in nonradiative processes, is altered in the temperature
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FIG. 6. �a� CL spectrum of untreated �-Fe2O3 powder. �b� CL spectra of
�-Fe2O3 nanowires grown at three different temperatures: 700, 730, and
800 °C. Measurements were carried out at 90 K using a 20 kV accelerating
voltage.

124311-6 Chioncel, Díaz-Guerra, and Piqueras J. Appl. Phys. 104, 124311 �2008�

Downloaded 08 Oct 2013 to 147.96.14.16. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



range of 170–210 K, showing a peak at around 180–190 K.
The appearance of this maximum in the mentioned tempera-
ture range has been found to be reproducible in different runs
and different samples. We suggest that this peculiar behavior
could have the same physical origin than the luminescence
anomalies reported in several other antiferromagnetic
compounds.41–44 Bulk �-Fe2O3 is well known as an antifer-
romagnetic material with a Néel temperature �TN� of 950 K.
At Morin temperature, TM �263 K �Ref. 45� the bulk mate-
rial presents a first-order magnetic transition. Below TM, two
magnetic sublattices are oriented along the rhombohedral
�111� axis �c-axis� and are exactly antiparallel, inducing a
uniaxial antiferromagnetic behavior. Above TM, �-Fe2O3 dis-
plays weak ferromagnetism due to incomplete antiparallel-
ism of the spins, created by a slight spin canting of the two
magnetic sublattices.46 Size reduction to nanometer scale in-
duces significant alteration of the hematite magnetic proper-
ties. In fact, polycrystalline wires 200 nm in diameter were
reported to have TM =80 K and TN=350 K,47 while a TM

value of 125 K was reported for single-crystalline
nanowires.19

Anomalies of the luminescence intensity with tempera-
ture have been reported in several antiferromagnetic com-
pounds. In particular, Holloway et al.41–43 reported changes
in the luminescence of MnF2 and alkali manganese trifluo-
rides at temperatures of about TN /2 and TN. The lumines-
cence behavior of these materials was explained within the
framework of the vibronic-state model, the observed TN al-
terations being attributed to the magnetic ordering that influ-
ences the Stokes shift through a magnetoelastic effect. The
observed strong luminescence alterations at TN /2 were not
related to any crystal cooperative phenomena and were at-
tributed to a coupling effect between local magnetic ordering
of the excited Mn2+ ions that become aligned with respect to
surrounding lattice, and lattice distortion which causes a con-
densation in the thermal excitation of the magnetic local
mode. Temperature dependent anomalies in the cathodolumi-
nescence of the antiferromagnetic oxides NiO, CoO,44 and
oxygen-deficient YBa2Cu3O7−x �Ref. 48� were also reported
as appearing at about one-half of the Néel temperature and

were explained by magnetic ordering effects, within the
frame of the Holloway model. The magnetic behavior of the
grown �-Fe2O3 nanostructures is currently under investiga-
tion to confirm our hypothesis that the physical nature of the
observed alteration of the CL panchromatic emission is re-
lated to magnetic ordering effects, similarly observed in the
abovementioned antiferromagnetic systems.

IV. CONCLUSIONS

In summary, thermal treatment of compacted Fe powder
under Ar flow in the temperature range �700–900� °C leads
to the formation of �-Fe2O3 nanostructures and microstruc-
tures with different morphologies, such as nanowires, nano-
belts, nanoneedles, micro- and nanotubes, nanowide flakes,
featherlike structures, and well shaped pyramidal microcrys-
tals. Diffusion processes seem to play a key role in the
growth mechanism of the obtained nanostructures. In the
samples with dominant nanowire morphology
�700–750 °C�, the nanowires grow preferentially along the
�110� direction, as confirmed by XRD and HRTEM measure-
ments. Size effects in the grown structures lead to an in-
crease in the CL intensity and induce changes in the spectral
distribution of the emission, as compared with bulk �-Fe2O3.
Ligand to metal charge transfer transitions as well as Fe3+

ligand field transitions are thought to be involved in the ob-
served luminescence. CL intensity of the nanowires as a
function of temperature shows some anomalies in the range
of 170–210 K that may be induced by magnetic ordering
effects.
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