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ABSTRACT Unusual room-temperature weak ferromagnetism R-Fe2O3 was prepared by heating the mixture of commercial R-Fe2O3

(as raw material) and tartaric acid at a mild temperature of 250 °C. This reaction involves a fast heating and cooling process resulting
from the self-catalyzed oxidation of tartaric acid. Careful chemical analyses confirmed that no any ferromagnetic impurities, such as
Fe, Fe3O4, amorphous iron oxide and γ-Fe2O3, were present in the treated sample. The unusual weak ferromagnetism was then
attributed to the formation of a large amount of point defects in the treated sample during the peculiar synthetic process. Such a
mechanism is supported by the result of annealing, which reduces the amount of point defects and thereby reestablishes the original
antiferromagnetism in R-Fe2O3.
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INTRODUCTION

Recently, unusual ferromagnetism was found in some
traditionally nonmagnetic materials. For examples,
ferromagnetic property was unexpectedly found in

the HfO2 thin film, in which intrinsic point defects were
thought to be responsible for the ferromagnetism (1, 2),
room-temperature ferromagnetism was observed in ZnO
films due to the defects of Zn vacanies (3), Al-doped ZnO-Al
nanostructure also exhibited ferromagnetism due to charge
transfer (4), and surface reconstruction could induce surface
magnetization in nondoped ZnO nanostructures (5). From
the view points of both fundamental research and applica-
tions, exploration of new kinds of materials with unusual
ferromagnetism and understanding of its mechanism are of
great importance.

Hematite Fe2O3 is an antiferromagnet with a Néel tem-
perature of 950 K. It possesses a corundum-type structure
with the space group of R3̄c. The arrangement of magnetic
moments in R-Fe2O3 in the temperature range of 250-950
K leads to the so-called spin-canted magnetism, in which the
Fe3+ spins are aligned perpendicular to the c-axis (6, 7). In
this letter, we report the finding of unusual weak ferromag-
netism in the originally antiferromagnetic hematite Fe2O3

(R-Fe2O3) at room temperature. The ferromagnetic R-Fe2O3

was prepared from commercial hematite powder by a self-
catalyzed oxidation reaction in the presence of tartaric acid.
The mechanism of the weak ferromagnetism is attributed
to the large amount of point defects formed during the local
fast heating and rapidly cooling process during the reaction.

EXPERIMENTAL SECTION
Weak ferromagneticR-Fe2O3 was obtained by heating the

mixture of R-Fe2O3 (99%, Alfa Aesar) and tartaric acid
(C4H6O6, 99.5%, Alfa Aesar). In a typical synthesis, 0.5 mmol
of iron oxide and 5 mmol of tartaric acid were mixed in an
agate mortar, and a few drops of ethanol were used to serve
as abrasive. The mixture was then put in a ceramic crucible
and heated to about 250 °C in air by a heating jacket, at
which it began to ignite and violently burn. The combusting
process lasted for a few seconds. After complete combus-
tion, the product was naturally cooled to room temperature.
The treated sample was obtained and its magnetic properties
were characterized by means of a superconducting quantum
interference device (SQUID, Quantum Design, USA). The
XRD measurements were carried out on a PANalytical X-ray
diffractometer using Cu KR radiation, and a Hitachi S4800
field-emission scanning electron microscope was used to
determine the morphology of the samples. X-ray photoelec-
tron spectroscopy (XPS, PHI660) using a monochromatic Mg
KRX-ray source, where the binding energies were calibrated
with respect to the signal for adventitious carbon (binding
energy of 284.6 eV). Differential thermal analyses (DTA/TGA)
were carried out on a simultaneous TGA/DSC apparatus (SDT
Q600, TA Instruments-Waters LLC, USA) at a heating rate
of 5 °C/min in air.

RESULTS AND DISCUSSION
Figure 1a shows the variation of the magnetization M as

a function of magnetic field H of the treated sample at 300
and 2 K, and that of the commercial R-Fe2O3 (i.e., the raw
material) for comparison. It can be seen that, as expected,
the commercial R-Fe2O3 exhibits a typical antiferromagnetic
behavior. In contrast, the treated sample displays a slim but
well-defined magnetic hysteresis loop with a remanent
magnetization of 1.9 emu/g at 300 K, 5.5 emu/g at 2 K,
respectively. The magnetization is saturated at a small field
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strength of about 1000 Oe, with a saturation magnetization
of 12.2 emu/g at 300 K and 18.9 emu/g at 2 K. The treated
sample has a small coercive filed of 95 Oe at 300 K and 276
Oe at 2 K. This magnetic hysteresis loop indicates that the
treated R-Fe2O3 powder is weak ferromagnetic at room
temperature. Figure 1b gives the temperature dependences
of the ZFC and FC magnetizations at 100 Oe, which exhibit
different values below 300 K. The difference becomes more
significant at lower temperatures, with the FC magnetization
being higher than the ZFC one.

To investigate the intrinsic difference between the treated
sample and the commercial R-Fe2O3, structural and mor-
phologic characterizations were carried out by using the
X-ray diffraction (XRD) technique and the scanning electron
microscopy (SEM). As shown in Figure 1c, the treated sample
exhibits the same XRD pattern as the commercial R-Fe2O3,
indicating that it indeed belongs to the hematite phase of
R-Fe2O3 (JCPDS Card No. 33-0664) with the R3̄c space
group, without any impurity phase. The crystal size of the
treated sample is larger than 100 nm, as estimated by
the Scherrer formula. However, the SEM images show the
morphologies of the two corresponding samples are com-
pletely different: the raw R-Fe2O3 sample contained particles
of regular spherical shape (Figure 2a), which have turned into

flowerlike clusters (Figure 2b) after the reaction. This indi-
cates that the R-Fe2O3 was melted during the reaction, which
implies that local temperature has reached very high as a
result of the catalyzed oxidation of tartaric acid in the
presence of R-Fe2O3. The catalyzed oxidation process can
be described by the following chemical equation

This fast combustion process is different from the conven-
tional self-propagating combustion method (8), mainly in
that it involves a self-catalyzed oxidation. It is well-known
that some carbohydrates such as tartaric acid, glycin, su-
crose, etc., could not burn in air at low temperature. Instead,
they first carbonize into carbon, and then begin to burn at
much higher temperature. However, with the help of a solid-
state catalyst, for instance, iron oxide, these organic com-
pounds can react strongly, at a relatively low temperature,
with activated oxygen molecules that are absorbed on the
surface of metal oxide catalyst, giving out a great deal of heat
(9). It is plausible that such a catalyzed reaction could raise
the local temperature in the sample to above the melting
point (1560 °C) of R-Fe2O3 in a few seconds, which then
dropped down rapidly after the reaction was over. Such a
fast heating and cooling process could induce a considerable
amount of point defects in the treated R-Fe2O3.

To investigate the origin of the ferromagnetism, the
composition of both the commercial and treated R-Fe2O3

FIGURE 1. (a) Magnetization (M) versus field (H) curves for the
commercial (raw) R-Fe2O3 powder and the treated sample at 300
and 2 K. The inset shows the detail of the M-H curve displayed at
(1000 Oe: (1) commercial R-Fe2O3 at 300 K; (2) treated sample at
300 K; (3) commercial sample at 2 K; (4) treated sample at 2 K. (b)
Zero-field-cooled (ZFC) and field-cooled (FC) magnetization mea-
sured at a field of 100 Oe below room temperature. (c) XRD patterns
of the commercial R-Fe2O3 (lower) and the treated sample (upper).
The red line represents the standard powder diffraction data of
R-Fe2O3 (JCPDS Card No. 33-0664).

FIGURE 2. (a, b) SEM images of the commercial and treated sample,
respectively.

C4H6O6(s) + 5/2O2(g)98
α-Fe2O3, 250 °C

4CO2(g) +

3H2O(g) + Heat (1)
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samples were carefully determined by XPS. The XPS spectra
of the Fe 2p core levels permit determination of any changes
in the surface composition of the treated R-Fe2O in terms of
binding energy, compared with the commercial R-Fe2O3.
Figure 3a presents the XPS spectra of the two samples. The
two samples exhibit almost the same spectra with Fe 2p core
levels binding energy of 711.0 eV (Fe 2p3/2) and 724.1 eV
(Fe 2p1/2), corresponding to those of Fe3+. The Fe 2p3/2 peak
is also associated with a satellite peak located at 719.0 eV,
which is the characteristic peak for the R-Fe2O3 phase (10).
Other reduced states, such as Fe2+ and Fe0, cannot be found
in the XPS spectrum (11), indicating the absence of any other
possible ferromagnetisms like Fe, FeO or Fe3O4. In addition,
differential thermal analysis (DTA) was carried out to deter-
mine the presence of any amorphous iron oxide in the
treated R-Fe2O3. As shown in Figure 3c no exothermic peak
in the temperature range of 50-800 °C can be observed,.
According to the literature, two well-resolved exothermic
peaks should be observed in the DTA curves of amorphous
Fe2O3 (12). The first peak at 292 °C is attributed to the
crystallization of amorphous Fe2O3 to γ-Fe2O3, whereas
another one, being more intensive and occurring at 396 °C,
corresponds to the polymorphous isochemical transforma-
tion of γ-Fe2O3 to R-Fe2O3. The absence of these two peaks
indicates that no amorphous iron oxide or γ-Fe2O3 was
presented in the treated R-Fe2O3. Figure 3b presents the XPS

spectra of O 1s level of the two samples. The binding energy
of the treated sample (530.0 eV) is slightly higher than
commercial sample (529.6 eV). This indirectly proves the
formation of oxygen defects in the treated R-Fe2O3, as with
oxygen deficiency, it needs a relatively higher energy to
stimulate oxygen atoms, resulting in a higher binding energy
compared to the commercial sample (raw material).

The above experimental results suggest that the unusual
weak ferromagnetism in the treated R-Fe2O3 cannot be
associated with any impurity phases, such as Fe, FeO, Fe3O4,
γ-Fe2O3, and amorphous Fe2O3, which have been excluded
from the sample. Instead, it can be attributed to the defects
formed in the R-Fe2O3, which were induced during the fast
heating and cooling process. Recently, it was revealed by
several researchers that point defects of oxygen vacancies
could result in ferromagnetism (5, 13), and the magnetiza-
tion in the ferromagnetic M(H) curve could be enhanced by
increasing oxygen vacancies (14). The magnetic property of
R-Fe2O3 was also investigated both by calculation and
experiment (15-17). In the process of the catalyzed oxida-
tion reaction developed in this work, the R-Fe2O3 prepared
following the extremely fast heating and cooling process is
expected to contain a considerable amount of point defects.
According to the previous works about the point defects both
on the surface and in the bulk of hematite (18-20), the value
of the enthalpy of formation of iron interstitials is similar to
that of oxygen vacancies, suggesting that both species play
important roles in the defect structure. The calculations by
Warschkow et al. (15) revealed the stabilization of oxygen
vacancies in the two oxygen layers closest to the surface,
suggesting an increased concentration of oxygen vacancies
near the surface. It is reasonable to postulate that these point
defects could destroy the antiferromagnetic superexchange
interaction of Fe3+-O2--Fe3+. resulting in uncompensated
magnetization and thereby the ferromagnetic order. This
proposed mechanism of point defect-induced ferromag-
netism in R-Fe2O3 is supported by the result of thermal
annealing experiment. When the treated sample was heated
in air at 650 °C for 2 h and cooled to room temperature upon
natural oven-cooling, the weak ferromagnetism of the sample
disappeared and instead it exhibited typical antiferromag-
netism (Figure 4b). Figure 4a gives the XRD pattern of the
annealed sample, indicating that it remained to be R-Fe2O3.
However, its magnetization became very small (<1 emu/g)
and could not be saturated even at a field of as strong as
30 000 Oe, which is the same behavior as the commercial
R-Fe2O3 (curve 1 in Figure 1a). The annealing process
reduces the amount of point defects significantly, and thus
reestablishes the original antiferromagnetism in R-Fe2O3.
Therefore, the treated weak ferromagnetic R-Fe2O3 powder
must exist in a new metastable state with a considerable
amount of point defects. Figure 4c shows the SEM image of
the annealed sample, which shows that its crystal size (>100
nm) and morphology were not changed during the annealed
process. As first noted by Nėel, antiferromagnetic nanopar-
ticles could exhibit superparamagnetic relaxation of their
spin-lattices as well as permanent moment arising from

FIGURE 3. (a) XPS spectra of Fe 2p core levels of the commercial
and treated R-Fe2O3 samples. (b) XPS spectra of O 1s level of the
commercial and treated R-Fe2O3 samples. (c) DTA curve of the
treated sample.
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uncompensated surface spins. However, in this work, we
found that both the crystal size and surface remain the same
before and after annealing process, while the magnetic
behavior changes dramatically. The crystal sizes of the
treated sample and annealed sample are both larger than
100 nm, as estimated by the Scherrer formula from XRD
pattern, and confirmed by the SEM imaging. Therefore, the
size effect and surface spin are not the primary reason of
the unusual magnetic behavior observed.

CONCLUSIONS
In summary, we have developed a self-catalyzed fast solid

state reaction technique to prepare R-Fe2O3 which exhibits
weak ferromagnetic behavior. It is possible to control the
concentration of defects by varying different amounts, and

kinds, of carbohydrates. Chemical analyses have confirmed
that the treated weak ferromagnetic sample belongs to the
pure phase of R-Fe2O3, without any impurity phases. The
ferromagnetism is proposed to arise from the large amount
of point defects formed because of the rapid heating and
cooling process involved in the reaction. Such a mechanism
suggests that other new types of ferromagnets can be
prepared by appropriately introducing point defects in the
materials. It is naturally expected that the technique devel-
oped in this work can be applied to the synthesis of other
types of materials to create point defects and thereby to
provide unusual properties.
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FIGURE 4. (a) XRD patterns of the (initially) treated R-Fe2O3 sample
after being annealed at 650 °C in air for 2 h. The Red line represents
the powder data of JCPDS Card No. 33-0664. (b) Magnetization (M)
versus field (H) curve for the annealed R-Fe2O3 sample at 300 K. (c)
SEM images of the annealed R-Fe2O3 sample.
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