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Nanoparticles of �-Fe2O3 (hematite) typically have the sublattice magnetization directions in the
hexagonal (001) plane below the Néel temperature. By use of Mössbauer spectroscopy we have found that
for agglomerated particles the sublattice magnetization may be rotated of the order of 15� out of plane,
depending on the particle size. The spin rotation can be explained by exchange interaction between
neighboring particles with nonparallel (001) planes. The results imply that interparticle interactions can
lead to spin directions deviating from the easy axis defined by the magnetic anisotropy.
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It is well established that the properties of magnetic
nanoparticles differ significantly from the bulk properties
[1]. It is particularly interesting that the basic properties of
magnetic materials, such as the magnetic structure, can be
different for nanoparticles and bulk materials. For ex-
ample, due to surface effects, nanoparticles of antiferro-
magnetic NiO may have a complicated eight-sublattice
magnetic structure [2]. In �-Fe2O3 nanoparticles, the mag-
netic phase transition, the Morin transition, is suppressed
[3,4], and the spin-flop field decreases with decreasing
particle size [5]. In ferrimagnetic nanoparticles the lower
symmetry of surface atoms and defects in the interior can
lead to spin canting [6–8]. Recent studies have shown that
the magnetic properties of nanoparticles, in addition to
differing from bulk magnetic properties, are extremely
sensitive to interparticle interactions [9–20]. Strong mag-
netic dipole interactions between nanoparticles of ferro-
magnetic or ferrimagnetic materials have been found to
suppress the superparamagnetic relaxation [9,10] and may
result in spin-glasslike ordered states of the particles at low
temperatures [11–14]. It has also been shown that ex-
change coupling between nanoparticles can significantly
affect superparamagnetic relaxation [15–17] and coerciv-
ity [18–20] as well as induce exchange bias [19]. In nano-
crystalline hard magnetic materials, the remanent
magnetization can be enhanced because the exchange cou-
pling between neighboring grains to some extent may align
the magnetization directions [21–23]. In nanocrystalline
soft magnetic materials, a similar mechanism can result in
superior soft magnetic properties [24]. However, up to now
it has not been generally considered that the sublattice
magnetization direction in antiferromagnetic nanoparticles
could be influenced by interactions. We have addressed the
question of a possible influence of interparticle interactions
on an antiferromagnetic structure by studying interacting
nanoparticles of �-Fe2O3 by Mössbauer spectroscopy.

The crystal structure of �-Fe2O3 can be described in
terms of alternating iron and oxygen layers stacked along
the �001� axis of the hexagonal unit cell [25]. The Fe layers
order antiferromagnetically below the Néel temperature
05=94(2)=027202(4)$23.00 02720
(955 K in bulk), such that the magnetization directions of
neighboring Fe layers are antiparallel [25]. Between the
Néel temperature and the Morin temperature, TM � 263 K
in bulk, the sublattice magnetization directions in �-Fe2O3

are confined by magnetic anisotropy to lie in the (001)
plane. Below the Morin transition temperature the sublat-
tice magnetization directions are parallel to the �001� axis.
For particles of �-Fe2O3 with diameters less than �20 nm,
the Morin transition is reported absent [3,4,25].

The angle � between the sublattice magnetization direc-
tions and the �001� axis of �-Fe2O3 can be deduced from
the quadrupole shift, ", of the magnetically split
Mössbauer spectra. In �-Fe2O3 the electric field gradient
is parallel to the �001� axis and the quadrupole shift is
given by

" � "0�3cos2�� 1	=2; (1)

where "0 � 0:200 mm=s [25]. Thus, when the sublattice
magnetization of �-Fe2O3 nanoparticles is in the (001)
plane, " � �0:100 mm=s. Here we report that agglomer-
ated nanoparticles of �-Fe2O3 can have quadrupole shifts
deviating distinctly from �0:100 mm=s, indicating an out-
of-plane sublattice magnetization due to interparticle ex-
change interactions.

Powder samples of 6 nm �-Fe2O3 particles were pre-
pared by thermal decomposition of Fe�NO3	3 
 9H2O [4],
8, 9, 11, 12, and 13.5 nm particles by means of gel-sol
methods similar to those described by Sugimoto et al.
[4,16,26], and 20 nm particles by forced hydrolysis [15].
After preparation, the particles were dried from aqueous
suspensions. In order to prepare reference samples, in
which the particles were not in contact with one another,
particles in part of the samples were coated with phosphate
(the 8 nm particles) or with oleic acid before drying.
Uncoated, dried 9 nm particles were separated by low-
energy balling with particles of SiO2 [27,28]. The samples
were characterized by x-ray diffraction and transmission
electron microscopy, which revealed crystalline, pseudos-
pherical particles with some size distribution [4,15,16,27]
2-1  2005 The American Physical Society
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FIG. 1. Mössbauer spectra obtained at the indicated tempera-
tures of (a) coated and (b) uncoated 8 nm �-Fe2O3 particles.
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FIG. 2. The magnetic hyperfine field, Bhf , of coated (open
circles) and uncoated (solid circles) 8 nm �-Fe2O3 particles
found from Mössbauer spectra obtained at low temperatures. The
lines are linear fits to the data extrapolated down to 0 K.
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FIG. 3. (a) The quadrupole shift, ", of coated (open circles)
and uncoated (solid circles) 8 nm �-Fe2O3 particles found from
Mössbauer spectra obtained at low temperatures. (b) The quad-
rupole shifts, ", found for uncoated samples of �-Fe2O3 nano-
particles of different particle sizes. The dashed line is a guide to
the eye.
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and with lattice constants close to the bulk value for
�-Fe2O3.

The samples of coated particles show typical superpar-
amagnetic relaxation behavior, while in the samples of
uncoated particles the relaxation is largely suppressed
due to exchange interaction between the particles
[15,16]. For �-Fe2O3 nanoparticles, dipole interactions
are too small to explain the effects on relaxation [15,16].
For illustration of the influence of interaction on relaxation,
Fig. 1 shows Mössbauer spectra of coated and uncoated
8 nm �-Fe2O3 particles. The coated particles show super-
paramagnetic relaxation with a blocking temperature of
about 40 K (i.e., 50% of the sextet has collapsed to a central
doublet at this temperature), while for the agglomerated
uncoated particles the superparamagnetic relaxation is sup-
pressed (i.e., only the sextet exists at least up to room
temperature, but it broadens and the average hyperfine
field diminishes in a way typical for interacting magnetic
nanoparticles [10,15,16]). At low temperatures, the hyper-
fine field for the noninteracting particles decreases faster
with temperature than the hyperfine field of interacting
particles (Fig. 2), in accordance with the expected influ-
ence of interactions on collective magnetic excitations
[15,29].

The quadrupole shift of the sextet in the Mössbauer
spectra of noninteracting particles, obtained at low tem-
perature, is close to the bulk value above the Morin tran-
sition temperature, " � �0:100 mm=s. However, the
absolute value of " was smaller for the interacting samples.
For example, for the 8 and 9 nm particles, " � �0:075 and
�0:087 mm=s, respectively. The uncertainty of the values
of " is �0:0035 mm=s. Thus, the values of " for the
interacting nanoparticles are, beyond uncertainty, different
from the values for noninteracting particles. This is illus-
trated in Fig. 3(a), which shows the quadrupole shifts for
interacting and noninteracting 8 nm particles at tempera-
tures between 6 and 25 K. Figure 3(a) also shows that at
low temperatures, where essentially all particles are below
02720
the blocking temperature, the quadrupole shift is, within
experimental uncertainty, independent of temperature for
both interacting and noninteracting particles. This was
seen also at higher temperatures for samples where all
particles were below their blocking temperature.

Figure 3(b) shows the quadrupole shift at 20 K for a
number of different samples of interacting particles as a
function of particle size. These data show that there is an
overall tendency that the smaller the interacting particles
are, the more " deviates from the bulk value of
�0:100 mm=s. Variations in ", beyond the general trend,
could be caused by different strengths of interactions be-
tween the particles, which can depend on, e.g., sample
preparation and the duration of the drying process [28].

The interparticle interaction between the �-Fe2O3 par-
ticles can be reduced by gently ball milling the samples
with nonmagnetic nanoparticles [27], leading to a faster
relaxation. Accordingly, we have found that grinding of the
2-2
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interacting 9 nm �-Fe2O3 particles changed the quadru-
pole shift of the sample from �0:087 to �0:094 mm=s
(determined at 20 K). The Mössbauer spectra of the ground
sample show a sextet relaxing to a doublet with a blocking
temperature of about 60 K. In a temperature range close to
the blocking temperature, the six-line component coexists
with a central doublet. We have measured the quadrupole
shifts of the sextet as a function of temperature in this
range. The results, which are shown in Fig. 4, indicate that
the quadrupole shift of the remaining sextet increases with
temperature. This suggests that the more weakly interact-
ing particles in the sample relax faster, while the particles
with stronger interparticle interactions have a slower
relaxation.

Deviations from the " value of �0:100 mm=s, as found
for the samples of the interacting particles, suggest an out-
of-plane sublattice magnetization. The values of �, esti-
mated from Eq. (1) for the interacting 8 and 9 nm particles,
are 72� and 77�, respectively, and for the ground 9 nm
particles it is 82�. Since spin rotation is observed only in
the samples of interacting particles, and since it can be
diminished by reducing the interparticle interactions, its
origin seems to be interparticle exchange interactions in
these samples. It has recently been found that �-Fe2O3

nanoparticles often are in direct contact and may assemble
preferably with common �001� axes [28]. An out-of-plane
rotation of spins is, however, expected to be prevalent only
when �001� axes of neighboring particles are nonparallel.
Localized spin canting at the surface of the particles [6–8]
may also contribute to the size and direction of the effec-
tive interaction field. The strong suppression of the super-
paramagnetic relaxation in the samples of agglomerated
particles is presumably due to exchange interactions be-
tween a large network of particles with both parallel and
nonparallel �001� directions.

The sublattice magnetization directions, derived from
the quadrupole shifts, are averages for the ensembles of
particles. In a sample, where the particles are randomly
agglomerated, some particles may show larger out-of-
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FIG. 4. The quadrupole shifts, ", of 9 nm �-Fe2O3 particles
after grinding with SiO2 nanoparticles, found from Mössbauer
spectra obtained at temperatures between 20 and 70 K. The solid
line is a linear fit to the data.

02720
plane rotations, some smaller ones. Since the particles
are too small to form magnetic domains, it is expected
that the out-of-plane rotations occur more or less coher-
ently within each particle. In principle, a distribution in
angles will give rise to a broadening of the Mössbauer
lines. However, we have estimated that a distribution in
the range 0� –30� gives a negligible broadening.

A Morin transition in some of the interacting particles
cannot explain the deviation in " from �0:100 mm=s,
since a Morin transition in part of a sample would give
rise to an asymmetry in the spectra such that, for example,
line no. 6 is broader and less intense than line no. 1 [16],
but this was not observed here. Moreover, if a Morin
transition were present, one might expect it to be most
pronounced in the samples with the largest particles.
Instead, the smallest particles show the largest out-of-plane
rotation of their sublattice magnetization, suggesting that
the smallest particles, which have the smallest anisotropy
energy, most easily have their sublattice magnetization
rotated out of the plane.

Neglecting the small in-plane anisotropy, the magnetic
energy of an �-Fe2O3 nanoparticle in close contact with its
neighbors may be written

E � K1Vsin2�� Eint cos��� �0	; (2)

where K1 ( < 0) is the out-of-plane magnetic anisotropy
energy constant, V is the volume, Eint is the net interaction
energy due to exchange coupling between particles, and
�� �0 represents the angle between the sublattice magne-
tization direction and the interaction field. We consider for
simplicity the case where �0 � 0� and find for small Eint

that the sublattice magnetization direction is given by

cos� � �Eint=�2K1V	: (3)

This seems to be qualitatively in accordance with the
size dependence of the quadrupole shift, shown in
Fig. 3(b), but since the magnetic anisotropy constants of
nanoparticles may increase with decreasing particle size
[30,31], the size dependence of " may be smaller than
Eq. (3) might suggest. The value of K1 in �-Fe2O3 nano-
particles is of the order of �104– � 105 J=m3 [4].
Assuming that K1 � �5� 104 J=m3 for 9 nm particles,
for which " � �0:085 mm=s, we find that Eint �
8� 10�21 J, corresponding to a temperature of about
600 K. As discussed elsewhere [15,29], the value of Eint

can be estimated from the temperature dependence of the
hyperfine fields of interacting and noninteracting particles.
Using the data of Fig. 2, we find that Eint=kB � 1300 K,
which is in reasonable agreement with the estimate made
above. This strongly supports our conclusion that the ro-
tation of the sublattice magnetization is due to interparticle
interactions.

The magnetic hyperfine field, Bhf , at an iron nucleus has
a contribution from the magnetic dipole fields from the
surrounding magnetic ions. When the sublattice magneti-
2-3
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zation of �-Fe2O3 rotates out of the (001) plane, the dipole
field changes. Tobler et al. [32] calculated the magnetic
dipole field as a function of the angle between the sub-
lattice magnetization direction and the �001� direction and
found that this could explain the change in Bhf of 0.8 T
observed at the Morin transition. According to the calcu-
lations, the dipole field is given by

Bdip � �1–3cos2�	 � 0:325 T: (4)

From this expression, we find that an 18� rotation out of the
plane, as we have found for the 8 nm particles, should
result in an increase in Bhf of 0.11 T. By extrapolation of
the data of Fig. 2 to 0 K, we find that Bhf at 0 K for the
interacting particles is 0:09 ��0:06	 T larger than the value
for the noninteracting particles, in reasonable agreement
with the calculated value. This supports our conclusion that
the sublattice magnetization is oriented out of plane in the
samples of interacting particles.

The present study shows that interparticle exchange
interaction between antiferromagnetic nanoparticles is a
mechanism that can lead to rotation of the sublattice mag-
netization away from the direction defined by the magnetic
anisotropy. This result stresses that the magnetic properties
of nanoparticles cannot solely be described by considering
individual particles, but they have to be understood in
terms of interactions, too. An influence of exchange inter-
action, as deduced from a suppression of superparamag-
netic relaxation by Mössbauer spectroscopy, has been
found also in agglomerated NiO nanoparticles [17] as
well as in composites containing antiferromagnetic nano-
particles of different materials [16]. It is therefore likely
that the rotation of sublattice magnetization is prevalent
also in other systems of antiferromagnetic nanoparticles.
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