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The magnetic properties of �-Fe2O3 nanoparticles are investigated by x-ray magnetic circular dichroism.
Sum rules relating the orbital and spin moment in the Fe 3d band to the Fe L2,3 absorption cross sections show
that the Fe orbital moment �morb� is considerably high, explaining the origin of the large coercivity of this
material at room temperature. Moreover, at T�110 K, the collapse of the coercivity �Hc� and the magneto-
crystalline anisotropy coincides with a strong reduction of the spin-orbit coupling evidenced by a drastic drop
of morb. The decrease in morb originates from changes in the electron transfer between Fe and O ions accom-
panied by significant modifications of some of the Fe-O bond distances. Similarly, the recovery of morb at lower
temperatures mimics the behavior of the Fe-O bond lengths.
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I. INTRODUCTION

Nanostructured materials have generated great interest
due to their intriguing properties which can markedly differ
from those of their bulk counterparts. Among these, mag-
netic nanoparticles1–4 can be singled out for their numerous
potential applications exploiting their unusual and tailorable
mechanical, electrical, optical, and magnetic properties stem-
ming partly from large surface to volume ratios.5–8 Reduced
particle size, however, can result in stringent requirements,
e.g., in magnetic storage applications where the superpara-
magnetic limit has to be overcome.9–12 To circumvent this
limitation materials with large coercivity �HC� are required.
The interest in �-Fe2O3, for a long time an unexplored poly-
morph of Fe �III� oxide,13–15 has recently been revived
thanks to the possibility of synthesizing it in pure form16,17

and because of its appealing and unusual physical properties.
Remarkably, �-Fe2O3 cannot be obtained in bulk form but
only synthesized as nanoparticles thanks to its low surface
energy.18 Concerning the magnetic properties, �-Fe2O3 ex-
hibits a moderate anisotropy, K�5.106 erg /cm3, leading to
a large HC of �20 kOe at room temperature16–24 which col-
lapses to �0.8 kOe at around 110 K.22–24 In addition, its
magnetic and dielectric properties are coupled.25 The mag-
netic softening, accompanied by a decrease in the dielectric
constant, has been related to a commensurate to incommen-
surate magnetic transition and the concomitant decrease in
the magnetocrystalline anisotropy.26 The crystal structure of
�-Fe2O3 is noncentrosymmetric �Pna21, a=5.0885 Å, b
=8.7802 Å, and c=9.4709 Å at 200 K� with Fe occupying
four distinct crystallographic sites, including one tetrahedral
�Td: FeT� and three octahedral sites �Oh: one regular �FeRO�
and two distorted �FeDO1�, �FeDO2�� �Fig. 1 depicts the unit
cell�. The high-temperature magnetic structure of �-Fe2O3 is

that of a collinear ferrimagnetic material with the Fe3+ mag-
netic moments antiferromagnetically coupled along a. The
Fe3+ magnetic moments in the �FeDO1� and �FeDO2� distorted
octahedral sites mutually cancel, and the net magnetization
results from the uncompensated magnetic moments of the
atoms in tetrahedral �FeT� and regular octahedral �FeRO� po-
sitions yielding a net magnetization of �0.3 �B /Fe3+ at
room temperature. The transformation between the high-
temperature and the low-temperature incommensurate mag-
netic structures, which accompanies the magnetic softening
of �-Fe2O3, takes place in at least three stages between 150
and 80 K. In that region, there are signatures of a second-
order structural transition involving changes in the coordina-
tion of the �FeDO1� and �FeT� sites, occurring simultaneously
with �or as a consequence of� the emergence of the incom-
mensurate magnetic order. Below 80 K, �-Fe2O3 presents a

a

FIG. 1. �Color online� �-Fe2O3 unit cell. The tetrahedral �FeT� is
represented in dark color and three octahedral sites, one regular
�FeRO�, and two distorted ��FeDO1� and �FeDO2�� are represented in
light colors.
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square-wave incommensurate magnetic structure.26 The
mechanism behind the large room-temperature coercivity
and the low-temperature reduction in magnetic anisotropy
has not been elucidated yet. In particular, since transition
metal oxides present weak spin-orbit coupling due to the so
called orbital quenching,27 the possible existence of orbital
moments in �-Fe2O3 was not explored thus far.

In this work, x-ray magnetic circular dichroism �XMCD�
experiments were carried out and analyzed within the frame-
work of sum rules.28–30 XMCD sum rules allow separation of
the spin �mspin� and orbital �morb� components of magnetiza-
tion. The results show that the effective net spin moment of
the ferrimagnetic arrangement of Fe ions, mspin, remains un-
changed while at �120 K a sudden decrease in effective net
orbital moment, morb, provides unique evidence that changes
in orbital magnetization and related changes in spin-orbit
coupling are responsible for the coercivity collapse at the
transitional temperature range. We argue that at temperatures
above 200 K the large morb /mspin ratio, and thus spin-lattice
coupling, is responsible for the large coercivity values and
the magnetoelectric behavior found for this iron oxide phase.

II. EXPERIMENTAL

The sample used in the XMCD measurements consists of
�-Fe2O3 nanoparticles in powder form with an average par-
ticle diameter of �25 nm. Details of sample preparation can
be found in Refs. 17, 22, and 26. The magnetic behavior of
�-Fe2O3 nanoparticles prepared for the present work was
checked to be in accordance with that previously reported in
Ref. 22 using a Quantum Design superconducting quantum
interference device �SQUID� magnetometer. XMCD mea-
surements were carried out at beamline 4-ID-C of the Ad-
vanced Photon Source at Argonne National Laboratory.
X-ray absorption spectra �XAS� and XMCD were measured
in total electron yield �TEY� and helicity switching mode.
XMCD is the difference in XAS data acquired with left- and
right-circularly polarized x rays delivered by a circularly po-
larizing undulator.31 Measurements were performed at vari-
ous temperatures �from 20 to 200 K� for two directions of
applied magnetic field ��40 kOe� along and opposite the
x-ray propagation direction. The temperature dependence of
the Fe-O bond length and the cell parameters were obtained
from the joint refinement of neutron and x-ray powder dif-
fraction patterns. The diffraction data were, respectively, col-
lected in the D20 instrument at the Institut Laue Langevin
��=2.42 Å upon heating at 1.7 K/min between 10 and 200
K� and the ID31 diffractometer of european synchrotron ra-
diation facility �ESRF� ��=0.500 Å at fixed temperatures
between 10 and 200 K�. The patterns were refined jointly by
the Rietveld method using the FULLPROF �Ref. 32� program
suite. Mössbauer spectra were acquired at different tempera-
tures between 10 and 300 K using a conventional transmis-
sion Mössbauer spectrometer with a 57Co /Rh source. Veloc-
ity calibration was done using a 6 �m foil of metallic iron,
and the Mössbauer parameters are given relative to this stan-
dard at room temperature. The program package NORMOS

�Ref. 33� was used to fit the spectra.

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of the coer-
cive field �HC� and the squareness ratio MR /MS �MR and MS
are remanent and saturation magnetizations, respectively� to-
gether with hysteresis loops at selected temperatures. As it is
known for this material, HC at room temperature is rather
large HC �300 K�=20 kOe.16,22 However, it drastically de-
creases as the temperature is decreased, reaching a minimum
at around 110 K, HC �110 K�=0.8 kOe. Finally, HC in-
creases again at lower temperatures;22 although due to the
incommensurate spin arrangement and the concomitant
weaker anisotropy, HC is smaller than the values attained at
room temperature. The collapse of coercivity HC is accom-
panied by a reduction in MR /Ms.

Figure 3 shows Fe L2,3 XAS and XMCD spectra; the lat-
ter shown for opposite applied field directions. Interestingly,
the simulated XAS and XMCD line shapes obtained from
cluster calculations carried out up to double ligand hole and
including contributions from all sites �1�Td+3�Oh� are in
good agreement with the experimental data as shown in Fig.
3. Since helicity switching is equivalent to magnetization
reversal, the XMCD signal is expected to fully reverse upon
reversal of applied field. While this is largely observed, data
sets for opposite applied fields are not identical. Hence, the
sum-rules analysis, described in detail by Chen et al.,30 was
carried out separately for the two data sets taken with oppo-
site applied fields to account for systematic errors in the data.
The integration ranges and description of parameters enter-
ing the sum-rules equation30 are shown in Fig. 4. The 3d
electron occupation number, n3d, needed for a quantitative
derivation of orbital and spin components of magnetization,
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FIG. 2. Temperature dependence of the coercive �HC� and the
squareness ratio MR /MS �lower inset� adapted from Ref. 22. The
upper insets show the magnetization vs magnetic field hysteresis
loops of �-Fe2O3 nanoparticles measured at 10, 110, and 260 K.
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was set to n3d=5 based on the 3d5 electronic configuration of
Fe3+ ions. As discussed below, an atomistic description of
Fe 3d states neglecting d-p mixing is not accurate in this
material. In particular, an Fe 3d5 configuration carries no net
orbital moment �half-filled shell�, contrary to the results ob-
tained from the sum-rules analysis. We note that while the
derived absolute values of morb and mspin could be affected
by a poorly defined n3d, the morb /mspin ratio is independent of
the 3d electron occupation.30 Cluster calculations �Fig. 3�
show that the integrated isotropic absorption34 for tetrahedral
and octahedral Fe sites is within a few percent of one an-
other. This is expected because the strongly overlapping 2p
and 3d wave functions result in similar radial matrix ele-
ments for both environments. Furthermore, cluster calcula-

tions indicate similar occupancies of 5.6 and 55 electron at
the Oh and Td sites, respectively. Since the sum rules are
normalized by the isotropic absorption, this justifies the in-
terpretation in the form of effective �averaged over all Fe
sites� orbital and spin moments despite the presence of in-
equivalent Fe sites. Similar arguments have been put forward
in Refs. 35 and 36 where inequivalent Fe sites are also
present, albeit without theoretical justification. The
temperature-dependent morb, mspin, and morb /mspin quantities
obtained from the sum rules analysis are shown in Fig. 5. At
room temperature the derived net magnetic moment �morb
+mspin��0.65 �B /Fe is larger than the 0.3 �B /Fe obtained
from the magnetic and neutron-diffraction measurements at
zero field.22,26 This discrepancy may be due to the very large
resonant absorption cross section relative to the absorption
edge jump, which results in sum rules being quite sensitive
to the details of data normalization and integration. Addition-
ally, the quantitative determination of morb and mspin can be
affected by the substantial overlap of the L2 and L3 edges37

or by the enhanced surface sensitivity in the TEY
measurements.38 Because of these limitations, we focus on
the relative changes in morb, mspin, and morb /mspin with tem-
perature, which are robust since T-dependent data sets under-
went identical normalization and integration procedures.
Both treatments show that the spin component mspin remains
largely temperature independent while the orbital component
morb shows a significant decrease around 120 K. In particular,
the morb /mspin ratio, which is independent of both the 3d
electron occupation and the integration of XAS data, shows a
significant reduction ��50%� in the Fe 3d orbital moment at
T�120 K and subsequently increases to attain at 80 K a
value of the same order than the one measured at 200 K. We
note that, while changes in relative 3d hole occupancy at
inequivalent Fe sites are expected in the transition region,
these changes are small �within 5%� as seen by the tempera-
ture dependence of the Mossbauer isomer shift �Fig. 8�.
Hence, the large reduction in the effective orbital/spin mo-
ment ratio cannot be attributed to improper sum-rules nor-
malization due to uncertainties in hole occupation among the
various Fe sites, and it is rather due to a strong variation in
3d orbital moment, as discussed below.

A nonzero value of morb is inconsistent with a half-filled
3d5 electronic state of Fe+3 ions. It was reported by Gich et
al.26 that among the four Fe sublattices present in �-Fe2O3
nanoparticles two Oh �FeDO1 and FeDO2� and the Td �FeT�
sites are distorted. Contrary to the other iron oxides which,
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due to their crystalline symmetry, exhibit morb�0, the distor-
tions of Fe3+ coordination polyhedra observed in �-Fe2O3
result in Fe 3d-O 2p mixing and O 2p to Fe 3d charge trans-
fer which, together with crystal-field effects, lifts the elec-
tronic degeneracy leading to a nonzero morb. Then, the
mechanism at the high-temperature range �T�200 K�
should be similar to the one proposed by Kim et al.35 and
Arima et al.39 for GaFeO3 which is isostructural to �-Fe2O3.
Namely, the off-center displacement of the Fe ions along the
c and b axes results in broken orbital parity symmetries and
thus nonzero orbital moments, along the axes orthogonal to
the displacement direction, i.e., �a and b� and �a and c�,
respectively. Since the largest hybridization is expected to be
along c and the smallest along a, the largest orbital moment
is found to be along a, which becomes the magnetic easy
axis due to the spin-orbit coupling anisotropy energy. Based
on the Bruno model and on the correlation between morb, and
the magnetic anisotropy,40,41 we can argue that the large morb
at room temperature is the origin of the moderately large
anisotropy found in this material. Moreover, a large spin-
orbit coupling would explain the coupling of the magnetic
and dielectric properties of �-Fe2O3 reported in Ref. 25.

Similarly, the large reduction in morb at �120 K, and the
related weakening of spin-orbit interactions, is responsible
for the decrease in the anisotropy constant at the collapse of
HC around �110 K �Fig. 1�. The origin of the morb instabil-
ity can be correlated with a lattice distortion accompanying
the commensurate to incommensurate magnetic transition of
�-Fe2O3. Indeed, Fig. 6 presents the temperature dependence
of the average Fe-O bond lengths obtained from the joint
Rietveld refinement of neutron and x-ray powder diffraction
patterns between 10 and 200 K. As it can be seen, all the Fe
sites present anomalies in their bond lengths but the FeT-O
and FDO1-O distances exhibit the largest anomalies in the
temperature range where the minimum in morb occurs. Simi-
larly, the temperature dependence of the different cell param-
eter ratios shows that a /c and b /c display a local maximum
at �130 K �see Fig. 7�. Since no such anomaly is detected
for a /b �the observed trends are within the error bars�, it
means that the c axis experiences an increased contraction as
compared to a and b which can be related to the observed
decrease in magnetocrystalline anisotropy via the morb dimi-

nution. Interestingly, orbital moment instability has been pre-
viously reported in Nd2Fe14B at the spin reorientation tran-
sition temperature42 and coinciding with a lattice distortion.
Remarkably, the decrease in morb and the collapse of HC in
�-Fe2O3 only take place in a limited temperature range. As
discussed by Garcia et al.42 for Nd2Fe14B, this implies that
these effects are not so much related to the different low and
high temperature magnetic phases but to the phase transition
itself and the concomitant change in order parameter �e.g.,
Fe-O bond length in our case�. It is interesting to note that
the low-temperature �150–80 K� lattice distortion and the
orbital moment instability described herein are not observed
for the isostructural GaFeO3,35,39 where Ga atoms preferen-
tially occupy sites equivalent to FeT and FeRO sites which are
not distorted. This suggests that the lattice distortion is actu-
ally initiated by subtle changes in magnetic structure which
cooperatively induce the lattice distortion through the spin-
orbit coupling. Interestingly, the coercivity of �-Fe2O3 begins
to decrease just below 200 K �Fig. 2� concurrently with the
intensity reduction in the �120� neutron powder diffraction
magnetic reflection reported in Ref. 26. Moreover, the ob-
served magnetic transition is in concordance with the well-
known magnetic transitions in other Fe oxides taking place
around 150–250 K �i.e., the Morin transition at TM =260 K
in �-Fe2O3 �Ref. 43� and the Verwey transition at TV
=125 K in Fe3O4 �Ref. 44��. This implies that the magnetic
coupling energies in �-Fe2O3 should be of the same order of
magnitude as in the other Fe oxides and substantially higher
than in GaFeO3. If we assume that the magnetism drives the
lattice distortion, then the re-entrant behavior of the orbital
instability can be qualitatively understood: a change in the
magnetic structure induces a lattice distortion, through the
spin-orbit coupling that exists due to a nonzero morb, but this
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distortion has in turn the effect of reducing morb and thus the
distortion cannot be stabilized. Recent results from Möss-
bauer spectroscopy could provide additional hints to the ori-
gin of the large decrease in the orbital moment in �-Fe2O3. A
relationship between the Mössbauer isomer shift ��� and the
weight of charge transfer, and hence to covalency, has re-
cently been established by Sadoc et al.,45 giving a measure of
the deviation from the formal charge rather than absolute
charge. In particular, large positive shifts are expected for
highly ionic complexes where the actual charge is very close
to the formal ionic charge, while small and negative shifts
would indicate strong deviations from the ionic model. The
relatively small � values reported for �-Fe2O3 in Ref. 26
�between 0.3 and 0.5 mm/s relative to metallic Fe� support
the notion of Fe 3d-O 2p mixing. Interestingly, the tempera-
ture dependence of � for the FeDO1 Oh and the FeT Td sites
�see Fig. 8�a�� shows a maximum around 130 and 110 K,
respectively, which, in the light of the work of Sadoc et al.,45

can be related to the decrease in morb observed in the present
work. The quadrupolar splitting �	�, which is related to the
electric field gradient, the quadrupolar moment of the Fe
nuclei, and their relative orientation also present strong
anomalies for FeDO1 and FeT in that temperature interval �see
Fig. 8�b��. Namely, for FeDO1, 	 presents a sharp steplike
change from −0.135 to +0.167 mm /s between 160 and 100
K, being zero around 130 K in coincidence with the mini-

mum in morb. For FeT, 	 gradually increases from
−0.154 mm /s at 160 K to zero at about 110 K. The FeT and
FeDO1 coordination polyhedra lie in the same �001� planes
and share corners through a common oxygen atom �O2 in
Ref. 26� wherein significant Fe 3d-O 2p mixing occurs.
From the above discussion, the mechanism behind the reduc-
tion in morb and the coercivity collapse through a decrease in
the spin-orbit interactions seems to be related to a reduction
in charge transfer and the associated increased ionicity of the
FeT-O2-FeDO1 bonds at the transitional temperature range.
Most likely, the changes in the electron transfer between the
FeT and the FeDO1 ions and the O2 ions arise from the sig-
nificant change in Fe-O bond length by as much as 10%,
according to the Rietveld refinements of x-ray and neutron
diffraction patterns �see Fig. 6�.

IV. CONCLUSIONS

We conclude that at room temperature, coordination poly-
hedra distortions for FeDO1 and FeDO2 observed in �-Fe2O3
result in Fe 3d-O 2p mixing and O 2p to Fe 3d charge trans-
fer which, together with crystal field effects, lifts the elec-
tronic degeneracy leading to a nonzero morb resulting in a
moderate anisotropy, a large coercivity, and magnetoelectric
effects in this material. At the temperature range where the
transition from the commensurate to incommensurate mag-
netic state begins, some lattice distortions were identified as
responsible for the large reduction in morb, the related weak-
ening of spin-orbit interactions, implying a decrease in the
anisotropy constant and the collapse of HC around �110 K.
We argue that this decrease in orbital moment originates
from the reduction in electron transfer between Fe and O
ions for the FeT and FeDO1 sites leading to an increase in the
ionicity of some Fe-O-Fe bonds. morb shows a re-entrant be-
havior after the magnetic transition due to the nonmonotonic
behavior of the Fe-O bond lengths.
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