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The magnetic dynamics of two differently treated samples of hematite nanoparticles from the same batch
with a particle size of about 20 nm have been studied by Mo¨ssbauer spectroscopy. The dynamics of the first
sample, in which the particles are coated and dispersed in water, is in accordance with the Ne´el expression for
the superparamagnetic relaxation time of noninteracting particles. From a simultaneous analysis of a series of
Mössbauer spectra, measured as a function of temperature, we obtain the median energy barrierKBuVm /k
55706100 K and the preexponential factort051.320.8

11.9310210 s for a rotation of the sublattice magnetization
directions in the rhombohedral~111! plane. The corresponding median superparamagnetic blocking tempera-
ture is about 150 K. The dynamics of the second, dry sample, in which the particles are uncoated and thus
allowed to aggregate, is slowed down by interparticle interactions and a magnetically split spectrum is retained
at room temperature. The temperature variation of the magnetic hyperfine field, corresponding to different
quantiles in the hyperfine field distribution, can be consistently described by a mean field model for ‘‘super-
ferromagnetism’’ in which the magnetic anisotropy is included. The coupling between the particles is due to
exchange interactions and the interaction strength can be accounted for by just a few exchange bridges between
surface atoms in neighboring crystallites.
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I. INTRODUCTION

Hematite (a2Fe2O3), which is the most stable iron ox
ide, has the rhombohedral crystal structure isomorphou
that of corundum.1 In its bulk form it is antiferromagnetically
ordered with the sublattice magnetization directions alo
the rhombohedral@111# axis below the Morin temperatur
TM'260 K. BetweenTM and the Ne´el temperature,TN

'956 K, the spins lie in the~111! plane and are slightly
canted away from antiferromagnetic orientation resulting i
weak ferromagnetic~WF! moment of about 0.4 J T21kg21 in
the ~111! plane. Both the Morin transition temperature, t
saturation magnetization and other magnetic properties
pend on the particle size when the dimensions approach
nanometer range. Within the last few decades the magn
properties of nanocrystalline hematite have therefore
tracted considerable attention.2–12

Recently a sample of hematite nanoparticles with a siz
about 16 nm, prepared by heating of Fe(NO3)3•9H2O, was
studied by magnetization measurements, x-ray and neu
diffraction, and Mössbauer spectroscopy.12 The nanocrystal-
line hematite had a spontaneous magnetization of about
0.4 J T21 kg21 which is only slightly enhanced compared
the value for polycrystalline bulk WF hematite~0.3
J T21 kg21). It was found that the dominating contribution
the magnetization in the nanoparticles arises from the c
ing of the magnetic sublattices and that the magnetic ene
of the nanocrystalline hematite sample in zero external fi
could be described by1,12
PRB 620163-1829/2000/62~2!/1124~12!/$15.00
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E'JeVMW 1•MW 22VDW •~MW 13MW 2!2K1V cos2 u

1KBuV sin2 u sin2 f, ~1!

whereMW 1 andMW 2 are the sublattice magnetizations,DW is the
Dzialoshinskii vector, andu and f are the angles betwee
MW 12MW 2 and the@111# direction and an easy direction in th
basal~111! plane, respectively. The two first terms are t
isotropic and anisotropic exchange interactions. The th
and fourth terms are the anisotropy energies for rotation
MW 12MW 2 out of the~111! plane and within the~111! plane,
respectively. It was found that the sublattice magnetizat
directions were confined to the~111! plane (u'p/2) even in
an applied magnetic field of 4 T and hence that2K1 was
much larger than all other anisotropy constants. The su
paramagnetic relaxation sensed by Mo¨ssbauer spectroscop
was therefore of two-dimensional nature. From analyses
temperature series of Mo¨ssbauer spectra using the Ne´el re-
laxation law for the superparamagnetic relaxation time

t5t0 expS Eb

kTD , ~2!

it was found that the median energy barrier for a 180° ro
tion of the sublattice magnetization vectors in the basal pl
wasEbm/k5KBuVm/k'600 K and the preexponential facto
was determined tot05(664)310211 s.

Studies of interparticle interactions between magnetica
ordered nanoparticles have attracted both theoretical and
perimental interest.6,7,13–30 This interest has so far mostl
1124 ©2000 The American Physical Society
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PRB 62 1125MAGNETIC DYNAMICS OF WEAKLY AND STRONGLY . . .
been focused on the properties of systems of ferro- and
rimagnetic particles with pure dipole interactions,19–30 but it
is interesting to compare the behavior of such systems w
the behavior of systems of interacting antiferromagnetic
weakly ferromagnetic particles as the nature of the inter
tion may be different in these systems. For ferro- and fe
magnetic particles both magnetic dipole-dipole interactio
and exchange interactions may be important. For antife
magnetic and weakly ferromagnetic particles, exchange c
pling between the surface atoms of neighboring partic
may be the most important interaction.14

In this paper, we compare two samples of weakly fer
magnetic hematite nanoparticles from the same batch. In
sample the particles were coated with surfactant molec
and suspended in water in order to minimize interparti
interactions. The other sample was prepared by washing
drying uncoated particles. Mo¨ssbauer spectra of the tw
samples are substantially different, but the studies sug
that the difference in strength of interparticle interactions c
explain the observations. The magnetic dynamics of
coated particles is in accordance with the Ne´el expression for
superparamagnetic relaxation whereas the behavior of
uncoated particles can be described in terms of the ‘‘su
ferromagnetism’’ model.13

II. EXPERIMENTAL

The sample was prepared by forced hydrolysis of Fe~III !
ions at elevated temperature. First 0.02 mole of Fe(NO3)3
•9H2O ~Merck, p.a.! was added to 200 cm3 of distilled water
at a temperature close to the boiling point. Next 1.3 cm3 of
25% ammonia solution was added under vigorous stirr
and the solution was left in the reaction vessel at 100
under reflux conditions for 2.5 h. The resulting brownish r
precipitate was separated from the solution by centrifuga
and was washed twice in water and once in acetone.
as-prepared sample contained a disordered iron-contai
phase in addition to hematite~see Sec. III A!. In order to
remove this phase, the sample was treated with oxalate.
treatment has proven effective to dissolve poorly crystall
iron oxides and hydroxides.31,32 The pH of a 0.2 M solution
of di-ammonia oxalate was adjusted to 3 by addition of 1
HCl. About 250 cm3 of this solution per gram of the as
prepared sample was added and the suspension was l
darkness for 24 h with stirring. The resulting red precipita
was then separated from the solution by centrifugation
washed twice in water.

One part of the oxalate-treated sample was washed in
ter and in acetone and was left for drying. This sample w
be referred to as the dry sample. Another part of the oxa
treated sample was washed in water and was kept suspe
in water. The pH of this suspension was increased to ab
10 by addition of 25% ammonia solution and subseque
the surfactant~oleic acid! was added. The sample was th
given an ultrasonic treatment resulting in a stable suspen
of the particles. This sample will be referred to as the coa
sample.

Transmission electron micrographs of both the coated
dry samples were obtained using a Philips EM 430 elect
microscope operated at 300 kV. The samples were given
ultrasonic treatment in water and a droplet of each sam
r-

th
r

c-
i-
s
o-
u-
s

-
ne
es
e
nd

st
n
e

he
r-

g
C

n
he
ng

is
e

t in
e
d

a-
ll
te
ded
ut
ly

on
d

d
n
an
le

was placed on a carbon coated copper grid and dried for
electron microscopy studies. X-ray diffraction~XRD! was
performed on both the as-prepared sample and the
sample in a Philips PW1050 diffractometer using theKa
radiation from a Co tube. The Mo¨ssbauer spectra were ob
tained with a conventional Mo¨ssbauer spectrometer in th
constant acceleration mode using a 50 mCi source of57Co in
Rh. The calibration was performed using a 12.5mm thick
foil of a-Fe at room temperature. All isomer shifts are giv
with respect to that ofa-Fe at room temperature. The Mo¨ss-
bauer spectra measured below 80 K were obtained usin
closed cycle helium refrigerator from APD Cryogenics In
and the spectra obtained from 80 K to 295 K were obtain
using a liquid nitrogen cryostat. Spectra measured ab
room temperature were obtained using a home-built furna
A sample of commercial hematite powder~Merck, p.a.! was
used as a reference for the variation of the saturation hy
fine field with temperature.

III. RESULTS

A. Sample purity and morphology

In Fig. 1 are shown XRD spectra of the as-prepar
sample and the dry sample. The difference spectrum,
tained after normalization to eliminate the sharp diffracti
lines, is shown in the lower part of the figure. The spectr
of the dry sample contains only reflections characteristic
hematite whereas the spectrum of the as-prepared sampl
some additional features due to the phase removed by
oxalate treatment. These features are more clearly seen i
difference spectrum, which exhibits broad lines at °2Q'42,
47, 54, and 64. These four reflections are consistent w
those reported in the same 2Q-interval for 6-line
ferrihydrite.32

The broadening of the diffraction lines for both the a
prepared sample and the dry sample was analyzed. No
sistent effect of stress on the line broadening could be

FIG. 1. X-ray diffraction spectra of~a! the as-prepared sampl
and ~b! the dry sample.~c! Difference between the two spectr
~scaled to same intensity of the sharp peaks!.
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1126 PRB 62HANSEN, KOCH, AND MO”RUP
served and it was therefore assumed that the broadenin
the diffraction lines was solely due to the small crystall
size. In the difference spectrum in Fig. 1 some sharp sp
are seen at the positions of the diffraction peaks. This in
cates that the hematite diffraction lines in the dry sample
slightly broader than those in the as-prepared sample. By
of the Scherrer formula,33 we estimated the crystallite dimen
sions d52466 nm for the as-prepared sample andd520
64 nm for the dry sample. The larger uncertainty for t
as-prepared sample is due to the presence of the lines
the ferrihydrite phase. This suggests that the particle dim
sions have been slightly reduced by the oxalate treatm
The particle size estimated from the XRD spectrum of
dry sample is consistent with the observations made by e
tron microscopy. The electron micrographs of both t
coated and dry samples showed roughly spherical partic
Detailed analyses of the size distributions were not poss
due to agglomeration of the particles. No significant diffe
ence between the dry and coated samples could be obse

The Mössbauer spectra of the as-prepared and
samples obtained at 15 K are shown in Fig. 2. The differe
between the two spectra, after normalization to eliminate
component with sharp lines, is also shown. The spectrum
the dry sample consists of a sextet with sharp Lorentz
shaped lines and a magnetic hyperfine field ofBhf553.1
60.2 T, an isomer shift ofd50.4960.01 mm s21 and a
quadrupole shift ofe520.1060.01 mm s21. These param-
eters are consistent with those expected for hematite in
absence of the Morin transition.1 The width of lines 1 and 6
was 0.39 mm s21. Within the statistical uncertainty this spe
trum was identical to the spectrum of the coated partic
obtained at the same temperature. No traces of other com
nents~such as goethite! could be found in these Mo¨ssbauer
spectra. In the spectrum of the as-prepared sample there
additional component which constitutes about 50% of
spectral area. This component is more clearly seen in
difference spectrum. Van der Kraan observed a similar co
ponent in Mössbauer spectra of hematite nanoparticles
attributed it to surface atoms.3 However, the fact that the

FIG. 2. ~a! Mössbauer spectra of the as-prepared sample~open
circles! and of the dry sample~data points connected by lines! ob-
tained at 15 K.~b! Difference between the two spectra obtain
after scaling to eliminate the sextet due to hematite. The points
connected by lines for visual clarity.
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component can be removed by the oxalate treatment sh
that, at least in our samples, the component is not due
surface atoms of the hematite nanoparticles. The parame
corresponding to the peak positions of this component
Bhf548.561.0 T, d50.4860.02 mm s21, and e520.05
60.02 mm s21 and they correspond well to those report
for 6-line ferrihydrite.34,35

B. Mössbauer spectra of the coated sample

Mössbauer spectra of the coated sample were obtaine
temperatures up to 240 K. Higher temperatures lead t
significant reduction of the Mo¨ssbauer effect because th
melting point of the ice matrix is approached. Representa
spectra are shown in Fig. 3~a!. At low temperatures, the
spectra consist of a single sextet with sharp lines. As
temperature is increased, the lines become asymmetric
broadened towards the centroid of the spectrum, and a d
blet appears. At intermediate temperatures, the sextet
doublet coexist, and at 240 K the spectrum is almost fu
collapsed to a doublet. This behavior is typical for a sam
containing noninteracting or weakly interacting superpa
magnetic particles with a broad size distribution. The med
blocking temperature, defined as the temperature at wh
50% of the spectrum is magnetically split, is about 150 K.
spectrum was also measured atT5240 K in a magnetic field
of B50.7 T applied perpendicular to the gamma-ray dire
tion @Fig. 3~a!, bottom#. It is seen that the applied field re
stores the magnetic splitting. This shows unambiguously
the collapse of the sextet is due to superparamagnetic re
ation of the particles and that the particles have a nonz
magnetic moment. A rough estimate of the magnetic m
ment, m, corresponding to the median particle size can
obtained from this spectrum using15,36

BW obs'BW 0S 12
kT

mBD1BW , ~3!

whereBobs is the observed median hyperfine field andB0 is
the saturation hyperfine field. This equation assumes sm
anisotropy and a field-independent value of the magn
moment. In the present case the magnetic moment dep
on the external field due to the field dependence of the
magnetic moment12 and the anisotropy may not be neg
gible. If both these effects are neglected, however, it lead
an overestimation ofm. As the saturation hyperfine field a
240 K we use the hyperfine field from the measurement
the reference bulk hematite sample~after subtracting 0.8 T
becauseT,TM

1!, B0552.5 T. From a hyperfine field distri
bution fit37 to the spectrum shown in the lower part of Fi
3~a!, we obtain the median hyperfine fieldBobs'34 T. Using
d520 nm and Eq.~3!, we obtainm'1500mB and hence that
the value of the spontaneous magnetization,ss5m/Vr, is
smaller than 0.6 J T21 kg21 (r55256 kg m23 is the density
of bulk hematite!. This implies that the magnetization of th
hematite nanoparticles in the present study is similar to
of WF bulk hematite in agreement with the observatio
made by Bo”dker et al.12

C. Mössbauer spectra of the dry sample

Mössbauer spectra of the dry sample are shown in F
3~b! for some of the measuring temperatures. The high

re
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FIG. 3. ~a! Mössbauer spectra of the coated sample obtained at the indicated temperatures. The lines in the zero-field spectra
to the modified Blume-Tjon model described in the text. For visual clarity the points in the in-field spectrum are connected with li~b!
Mössbauer spectra of the dry sample obtained at the indicated temperatures. The lines are fits to hyperfine field distributions. Th
bars in the figure indicate 1% absorption in the spectra.
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measuring temperature was 360 K. A comparison of
spectra obtained at room temperature before and after
measurement at 360 K revealed that the magnetic hype
splitting was slightly better resolved after the heating. This
probably due to partial removal of adsorbed water from
particle surfaces.14 All measurements presented in the fo
lowing were made after the 360 K measurement. The spe
of the dry sample are substantially different from those of
coated sample. At least up to 295 K, the spectra consist
of magnetically split components, but especially forT
>200 K, the lines are asymmetrically broadened towards
centroid of the spectrum, and even at room temperature t
is no indication of a doublet in the spectrum. Application
e
he
ne
s
e
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e
ly

e
re

f

a magnetic field of 1.5 T at room temperature results in
sharpening of the lines and an increased average hype
field @Fig. 3~b!, bottom#.

IV. DISCUSSION

A. Qualitative interpretation of the results

Any model, which may be used to describe the behav
of the present samples must be able to explain two effe
namely the absence of fast superparamagnetic relaxatio
the dry sample and the line broadening and the low value
the average hyperfine field in this sample above 200 K.
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1128 PRB 62HANSEN, KOCH, AND MO”RUP
One might suggest that the apparent increase of the bl
ing temperature in the dry sample simply could be due to
increase in the superparamagnetic relaxation time which
occur because of, for example, an increase in the anisot
energy constant. Such an effect could be related to the in
ence of adsorbed molecules on the surface anisotropy.
mann et al.19,23,27 have suggested that interparticle intera
tions always result in an increase of the energy barrier in
~2! and thatt0 also may be affected by interparticle intera
tions. The theoretical background for these suggestions
however, questionable.28 In the spectra of the dry sample
obtained above 200 K, lines 1 and 6 are broader than
inner lines, and even for a very substantial broadening
lines 1 and 6 there is no collapse of lines 3 and 4 as
would expect if the line broadening was due to conventio
Néel relaxation,38 and the asymmetry is too large to be e
plained by collective magnetic excitations.36 Thus, the spec-
tral shape is not in accordance with a model for superp
magnetic relaxation and another explanation is there
needed. Since the particles in the two samples are ident
as they are taken from the same batch, it seems that
different behavior must be related to the difference in int
particle interactions.

The spectral shape of the dry sample at high temperat
(T.200 K! is very similar to that observed in samples
goethite (a-FeOOH! nanoparticles, and it is therefore re
evant to consider the models that have been suggeste
describe the properties of samples of nanocrystalline g
thite. One possible explanation for the reduced hyper
fields could be surface effects.39 Such effects can in fact b
significant in Mössbauer spectra of very small particles, b
for goethite and hematite particles with dimensions of
order of 20 nm, only a small fraction of the atoms is e
pected to be influenced by surface effects,13 and it is there-
fore unlikely that surface effects can explain the present
sults.

It has been suggested that a mean field model for in
acting particles can explain the results for goeth
nanoparticles.13 The basic idea in this model is that interpa
ticle interactions~exchange or dipole interactions! can lead
to ‘‘super-ferromagnetic’’ ordering of the~sublattice!-
magnetization directions of the particles at temperature
which the particles would exhibit fast superparamagnetic
laxation if they were noninteracting. The order paramete
the frozen ‘‘super-ferromagnetic’’ state varies with tempe
ture in a way similar to that of, for example, ferromagne
materials. This state, which should be understood in an
stract sense as the ordered state resulting from the inte
ticle interactions, does not necessarily imply a macrosco
ferromagnetic moment of the sample. In the model, it is
sumed that the relaxation is fast, such that the line broad
ing due to relaxation is negligible, and the Mo¨ssbauer spectra
should consist of sextets with a magnetic hyperfine splitt
corresponding to the average hyperfine field. Howev
variations in strength of interparticle interactions and in m
netic anisotropy lead to different temperature dependen
of the magnetic hyperfine fields, and this is the reason for
line broadening. Studies of goethite particles with differe
interparticle interactions seem to support the ‘‘sup
ferromagnetism’’ model.14,16,40 The model was, however
later criticized by Bocquetet al.,41,42who performed neutron
k-
n
ay
py
u-
r-

-
q.

is,

e
f
e
l

a-
re
al,
he
-

es

to
e-
e

t
e
-

-

r-

at
-
f
-

b-
ar-
ic
-
n-

g
r,
-
es
e
t
-

diffraction, Mössbauer spectroscopy and magnetization m
surements as a function of temperature on similar samp
Based on the disappearance of the magnetic peaks in ne
diffraction spectra, the collapse of the sextet in the Mo¨ss-
bauer spectra and the occurrence of a cusp of the zero
cooled magnetic susceptibility at approximately the sa
temperature, they concluded that the observed phenom
were due to a lower Ne´el temperature of the fine particle
compared to bulk goethite rather than due to interacti
between superparamagnetic particles.

Bocquetet al.42 also estimated the magnetic anisotro
energy constant of goethite from the field dependence
Mössbauer spectra at low temperatures. Using the value
timated in this way they calculated a superparamagn
blocking temperature, which was far above the temperatu
at which the broadened spectra were measured, indica
that the assumptions behind the model for ‘‘sup
ferromagnetism’’ were not fulfilled. However, the mod
used to calculate the field dependence of the Mo¨ssbauer
spectra and the spin-flop field was based on the assump
of uniaxial anisotropy and a collinear antiferromagne
structure, although the magnetic structure of goethite is m
more complicated.43 Therefore the model seems to be to
crude. Secondly, it has been shown that even a very s
uncompensated magnetic moment in antiferromagnetic
ticles can result in a substantial increase of the spin-fl
field,43,44 and small antiferromagnetic particles will inevita
bly have an uncompensated moment. Furthermore, the
isotropy was estimated at low temperatures, but at hig
temperatures, at which the model is applied, the anisotr
may be smaller. An estimate of the anisotropy constant
ferritin, based on the field dependence of the Mo¨ssbauer
spectra, yielded a blocking temperature of the order of 9
K.45 Mössbauer spectroscopy measurements on the s
sample, however, revealed that the blocking temperature
about 40 K. Therefore, the estimates of the magnetic ani
ropy of antiferromagnetic particles from the field dependen
of Mössbauer spectra are at least in some cases inadeq

Bocquetet al.42 proposed that the asymmetric broadeni
in the Mössbauer spectra can be explained by a mode
which it is assumed that the particles consist of clusters
ated by a high concentration of vacancies. Furthermore, t
assumed that the magnetization vectors in the clusters
cess rapidly with a precession angleu. The magnetic hyper-
fine fields, observed in the Mo¨ssbauer spectra, were forB
<B0 assumed to be given byB5B0 cosu. The magnetic
hyperfine field distribution was assumed to be proportio
to the Boltzmann factorp(B)}exp(Ec cosu/kT), whereEc is
the height of the potential barrier of the form2Ec cosu re-
lated to interactions between the clusters. Thus, it was
sumed that the precession is fast compared to the time s
of Mössbauer spectroscopy, whereas the transition rate
transitions between the precession states, characterize
differentu values, is small. The latter assumption may not
correct for the following reason: Ift0 is considered as an
attempt frequency for transitions across the energy barrie
a superparamagnetic cluster, one should expect that the
laxation between the precession states near an energy m
mum will have a characteristic time scale of the same or
as t0, i.e., typically much smaller than the time scale
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PRB 62 1129MAGNETIC DYNAMICS OF WEAKLY AND STRONGLY . . .
Mössbauer spectroscopy. Thus the ‘‘cluster model’’ seem
be based on assumptions, which are not verified.

The interpretation of the results for goethite may still
an open question. In the present study we have directly m
sured the superparamagnetic blocking temperature of
non-interacting hematite particles, and we have found
essentially all particles have blocking temperatures be
250 K. Thus, the assumption used in the ‘‘sup
ferromagnetism’’ model is clearly fulfilled above this tem
perature, and there is no reason to introduce new param
as in the model by Bocquetet al.42

The fact that the application of a magnetic field of 1.5 T
295 K results in sharper lines in the Mo¨ssbauer spectra an
an increase in the average hyperfine field shows that the
broadening is due to fluctuations of the sublattice magn
zation vectors in the particles, which to some extent can
suppressed by the applied field. If the reduced values of
hyperfine field were due to a lowering of the Ne´el tempera-
ture, as it has been suggested for goethite,41 one would not
expect such a dependence on the applied field. Therefore
observed field dependence supports the validity of
‘‘super-ferromagnetism’’ model for the dry hematite samp

According to Bocquet’s ‘‘cluster model,’’ one should ex
pect the same cluster dynamics in the coated and the
samples at low temperatures. We have fitted the lo
temperature Mo¨ssbauer spectra of the two samples with d
tributions of magnetic hyperfine fields.37 In Fig. 4 we have
shown the median hyperfine field,Bobs(T), of the two
samples forT<45 K. For both samplesBobs(T) has a linear
temperature dependence, but the slope for the dry samp
significantly smaller than that for the coated sample. T
reduction of the magnetic hyperfine field in nanopartic
compared to the bulk value is at low temperatures in gen
given by36

Bobs~T!'B0~T!F12
kT

2kVG , ~4!

whereB0(T) is the temperature dependent hyperfine field
the absence of relaxation phenomena.@For hematite, the
variation of B0(T) is small below 45 K compared to th
observed temperature dependence ofBobs]. The value ofk is
related to the shape of the energy minimum and depend
both the anisotropy energy constants and interpart
interactions.13,36 The different slopes observed for the tw
samples in Fig. 4 can be explained by the models for col

FIG. 4. Observed median magnetic hyperfine field for the coa
(d) and dry samples (h) as a function of temperature. The line
are fits in accordance with Eq.~4!.
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tive magnetic excitations and ‘‘super-ferromagnetism.’’13,36

This will be discussed in more detail in the subsequent s
tions. The qualitative analysis of the data thus indicates
the most adequate model for description of the propertie
the dry sample is the ‘‘super-ferromagnetism’’ model.

B. Analysis of the spectra of the coated particles

At low temperatures, the variation of the median magne
hyperfine field of the coated particles is in accordance w
Eq. ~4!. The solid line in Fig. 4 is a fit to Eq.~4! which
yielded kV/k510306100 K. The variation ofB0(T) with
temperature was assumed to follow that of bulk hema
after subtracting 0.8 T forT,TM .1 For the low-frequency
resonance mode of hematite,1 which is relevant to conside
for Mössbauer spectroscopy,12 we only need to consider th
last two terms in Eq.~1!. For these two terms andK1,0, k
in Eq. ~4! is given by36

1

k
5

1

2KBu
1

1

2uK1u
. ~5!

Before we proceed with the detailed modeling of the te
perature series of Mo¨ssbauer spectra, it is relevant to co
sider the expected variation ofK1 with temperature and par
ticle size. For bulk hematite, the temperature variation ofK1
has been successfully modeled using mean-field theory~see
Ref. 1 for references!. In this theory,K1 attains essentially a
constant positive value for temperatures smaller than ab
150 K. At higher temperatures it decreases almost linea
with temperature up to about 500 K.K1 changes sign from
positive to negative at the Morin transition temperature,TM .
For nanoparticles it is known thatTM is smaller than the bulk
value and the Morin transition is absent at least down to 5
for particles smaller than about 20 nm.1,2,46,47 TM is also
sensitive to defects and surface effects. In the study
Bo”dkeret al.12 of 16 nm hematite nanoparticles it was show
that2K1 was so large that the sublattice magnetization v
tors could be considered as confined to the~111! plane and
hence that theuK1u21 contribution in Eq.~5! could be ne-
glected. As the particles in the present study have a siz
about 20 nm, it is likely thatuK1u is small at low tempera-
tures, and hence that theuK1u21 contribution in Eq.~5! may
not be negligible. However, to our best knowledge, there
currently no satisfactory models that predict the tempera
dependence ofK1 for magnetic nanoparticles. Thus, if th
temperature variation ofK1 is similar to that of bulk hema-
tite, we expect that2K1 is essentially constant at low tem
peratures but large above about 150 K. It therefore se
reasonable to include a finite value ofK1 in the description
of the collective magnetic excitations at low temperatu
and to considerK1 as infinite in a description of the behavio
at higher temperatures. As discussed above, it is well kno
that K1 is very sensitive to the particle volume. As a fir
approximation, we include this in the description of the c
lective magnetic excitations by assuming that2K1V attains
the same valueE1 for all particle volumes, i.e., thatK1 is
inversely proportional to the particle volume.

The full temperature series of Mo¨ssbauer spectra of th
coated particles was analyzed using the Blume-Tjon tw
level relaxation model38 modified to include the effects o
collective magnetic excitations.12,48 In this model, the mag-
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1130 PRB 62HANSEN, KOCH, AND MO”RUP
netic hyperfine field is assumed to switch with an avera
frequencyt21 between6Bobs, whereBobs is perpendicular
to the positive electric field gradient along the@111# axis.
The expression,g@v,t,Bobs#, for the resulting Mo¨ssbauer
spectrum for a single particle size, wherev is the velocity,
can be found in Appendix B of Ref. 38. We have assume
volume-weighted log-normal distribution, f ln(y)dy
5(A2ps)21 exp(2ln2 y/2s2)dy, of reduced energy barri
ers,y[Eb /Ebm5V/Vm. The expression for a spectrum at
given temperature can then be written as

G~v !5E
0

`

g@v,t~y!,Bobs~y!#• f ln~y! dy, ~6!

wheret(y)5t0•exp(y•Ebm/kT) andBobs(y) is the magnetic
hyperfine field for a particle with the energy barrierEb
5y•Ebm5y•KBuVm anduK1uV5E1. In the fitting, the exact
integrals leading to Eqs.~4! and~5! were calculated numeri
cally. Other input parameters not explicitly shown are t
quadrupole interaction strength, the isomer shift, and the
trinsic linewidths. The quadrupole interaction strength a
the intrinsic linewidths were fixed to be identical for all spe
tra in the temperature series and the change of the iso
shift with temperature due to the second order Doppler s
was accounted for using the Debye approximation with
Debye temperature of 500 K.12,49 Simultaneous fits of this
model to the whole temperature series of Mo¨ssbauer spectra
were performed for both fixed values oft0 between
1310212 s and 5310210 s and fort0 as a free parameter
The variation of the quality of the fit,x2, as a function of
ln(t0) had a parabola-like minimum. This variation was us
for an estimation of the uncertainties on the parameters f
the fit. The uncertainties stated below correspond to the
ues oft0 where the value ofx2 has increased 10% compare
to the value at the minimum.

We have fitted the spectra using models forBobs in which
E1

215(uK1uV)21 was assumed negligible~i.e., a pure 2d re-
laxation! and withE1 as a free parameter. The latter mod
yielded a significantly better fit than the first model, and
thus indicates that the value ofE1 is relatively small for the
particles in the present study.

The best fit is shown as the full lines in Fig. 3~a!. We
obtained the parameterst051.320.8

11.9310210 s, Ebm/k
5KBuVm/k55706100 K, E1 /k524002700

11600 K, s50.62
60.05 andB0(T50 K)553.460.2 T. The isomer shift ex-
trapolated to zero temperature wasd050.49260.005
mm s21 and the strength of the quadrupole interaction,
terms of the quadrupole shift of the sextet at low tempe
tures, wase520.10060.005 mm s21. The lower value of
t0 corresponds to the higher value ofEbm and lower value of
E1.

The corresponding value ofKBu is about 2 kJ m23. This
value is about a factor of 2 lower than the value obtained
the particles with dimensions of about 16 nm studied
Bo”dker et al.,12 and the value oft0 is about a factor of 2
higher in this study than that obtained by Bo”dkeret al.12 The
smaller anisotropy may in part be due to a lower crys
stress and hence a smaller stress anisotropy, which is
lieved to be the predominant contribution to the effect
uniaxial anisotropy in the basal plane.1 The current models
for the relaxation time of a ferromagnetically ordered parti
e

a

e
-

d

er
ft
a

d
m
l-

l
t

-

r
y

l
e-

with 3d uniaxial anisotropy predict thatt0, for a constant
value of the energy barrier, increases with decreas
anisotropy.50 If the behavior of antiferromagnetically ordere
particles with 2d uniaxial anisotropy is governed by a sim
lar expression, this may explain the higher observed valu
t0 in the present study, as the median energy barriers in
present study and that by Bo”dker et al.12 are similar, but the
anisotropy constant in the present study is lower than
obtained by Bo”dker et al.12

C. Analysis of the spectra of the dry sample

As discussed in Sec. IV A, the observed slowing down
the superparamagnetic relaxation in the dry sample c
pared to the coated sample must be due to interparticle in
actions. A similar difference between the Mo¨ssbauer spectra
of wet and dry hematite particles has been observed by
likarpov et al.,7 but a detailed investigation of the samp
purity, the origin of the interactions and a quantification
the observations was not made by these authors. In this s
we have information on both the magnetic moment of
particles and the particle size. This enables us to give a ro
estimate of the ordering temperature below which the m
netic dipole interactions lead to freezing of the magnetic m
ments of the particles.

It has been shown that the ordering temperature of a
tem of interacting magnetic particles with pure dipole inte
action is of the order of

Tdd[
m0

4p

m2

kD3 , ~7!

wherem is the magnetic moment of a particle andD is the
average distance between the particles.28 For spherical par-
ticles of diameterd and mass magnetizationss we can esti-
mate the maximum ordering temperature corresponding tD
5d as

Tdd
max5

m0

4p

p2ss
2r2d3

36k
. ~8!

Using d 5 20 nm andss50.6 J T21 kg21 we estimate
Tdd

max'0.2 K, which is three orders of magnitude lower th
the highest temperatures at which we have observed M¨ss-
bauer spectra that are still magnetically split. Thus, the fre
ing of the magnetic moments in the dry sample cannot
explained by magnetic dipole interactions.

For crystallites in close contact, there may be excha
coupling between magnetic surface atoms belonging
neighboring crystallites. This interaction can for a crystalli
i, be written as13,36

Ei52MW i~T!•(
j

Kex
i j MW j~T!, ~9!

whereMW i(T) and MW j (T) are one of the sublattice magnet
zations in each of the crystallitesi andj, respectively, and the
sum is over the nearest neighbors. Using a mean fi
approximation,13,36 Eq. ~9! can be written as

Ei52KmMW i~T!•^MW ~T!&T , ~10!
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whereKm^MW (T)&T is the mean field from the neighborin
particles andKm5^( jKex

i j & is an effective exchange coeffi
cient, which depends on the coupling strength and the n
ber of interacting neighbors. We define the order param
b(T) as

b~T![^M ~T!&T /M0~T!, ~11!

whereM0(T) is the saturation value of the sublattice ma
netization at the temperatureT.

In the analysis of the coated sample, we found that
best description of the data was obtained using a finite va
of K1 at low temperatures. We also justified that it is pro
able that2K1 attains a large value@i.e., that the sublattice
magnetization vectors are confined to the~111! plane# at
temperatures above about 150 K. This implies that only
projection of ^MW (T)&T onto the basal plane of particlei is
important in Eq.~10!. As the sample was obtained aft
evaporation of the liquid in which the particles were su
pended, it is likely that the interparticle interactions ha
resulted in some local alignment of the orientation of neig
boring crystallites due to the easy physical rotation of
particles in the liquid. The gentle crushing of the dry pel
of particles, when the absorber was prepared, may des
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the global but not the local texture of the sample. We the
fore assume that̂MW (T)&T is parallel to the easy axis o
particlei. With this assumption, the total magnetic energy
a particle is given by

Etot52K1V cos2 u1KBuV sin2 u sin2 f

2KmM ~T!2b~T!sinu cosf. ~12!

Using the procedure described in Ref. 36, we find for lo
temperatures thatk in Eq. ~4! is given by

1

k
5

V

2uK1uV1KmM ~T!2 1
V

2KBuV1KmM ~T!2 . ~13!

From the fit shown in Fig. 4, we obtainkV/k514006150
K. Using the values ofK1V and KBuV estimated in Sec.
IV B, we find the interaction parameterKmM (T)2/k5750
6300 K.

At higher temperatures, as discussed above, the total m
netic energy of a particle can be approximated by

Etot'KBuV sin2 f2KmM ~T!2b~T!cosf. ~14!

With this expression for the energy, we find by use of 2d
Boltzmann statistics that
b~T!5

E
0

p

exp@2bKBuV sin2 f1bKmM ~T!2b~T! cosf#cosf df

E
0

p

exp@2bKBuV sin2 f1bKmM (T)2b(T)cosf#df

, ~15!
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whereb5(kT)21. The temperature dependence ofb(T) can
be determined from this equation by numerical methods.
temperature at whichb(T) becomes zero is called the orde
ing temperature,Tp . For the case of zero anisotropy,KBu
50, we obtain the equation

b0~T!5
I 1„bKmM ~T!2b0~T!…

I 0„bKmM ~T!2b0~T!…
, ~16!

whereI n(x) is the modified Bessel function of the first kin
of ordern. Using the expansions,I 0(x)'11x2/4 andI 1(x)
'x/2 for x!1, it is easy to derive the ordering temperatu
for KBu50 as

Tp
05KmM ~Tp

0!2/2k. ~17!

It is convenient to express the interaction strength in term
Tp

0 instead ofKmM (T)2. This is easily carried out in Eqs
~15! and ~16! by making the replacement

bKmM ~T!25
2Tp

0

T
„M ~T!/M ~Tp

0!…2. ~18!

The effect of the anisotropy is to enhance the ordering te
peratureTp with respect toTp

0 and change the curvature o
b(T) compared tob0(T).51
e

of

-

In the ‘‘super-ferromagnetism’’ model, it is assumed th
the superparamagnetic relaxation is fast, i.e., the Mo¨ssbauer
spectrum of a single particle in principle should consist o
sextet with narrow lines. The magnetic splitting is dete
mined by the average hyperfine field, which is proportion
to b(T) depends on the interaction strength and the temp
ture. The random packing in typical samples of nanopartic
will, however, result in variations in the interaction streng
leading to a distribution of magnetic hyperfine fields at fin
temperatures.

It should be noticed that if the interaction energy is lar
compared to the anisotropy energy, there is only one ene
minimum of the magnetic energy@Eq. ~14!#. In this case,
there is no energy barrier to overcome in the relaxation p
cess. The magnetization directions are then expected to
tuate between different precession states with a relaxa
time of the order oft0, which is short compared to the tim
scale of Mössbauer spectroscopy.

In accordance with the model for ‘‘super
ferromagnetism,’’ the spectra were fitted with distributio
of magnetic hyperfine fields using the method by Wivel a
Mo”rup.37 The results for selected temperatures are show
Fig. 5. A doublet appears in such distributions as a se
with a magnetic hyperfine field close to zero. Even at 323
there is essentially no doublet but there is a very broad
tribution of magnetic hyperfine fields.
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1132 PRB 62HANSEN, KOCH, AND MO”RUP
In earlier publications on interacting goethi
particles,13,14 the order parameter was fitted to the reduc
average hyperfine field

bav~T!5^Bhf~T!&/B0~T!, ~19!

where^Bhf(T)& was obtained from the distribution of hype
fine fields. The saturation hyperfine field at zero tempera
was a fitting parameter in the fits tob(T) and the tempera
ture variation of the saturation hyperfine field,B0(T), was
assumed to follow that of bulk hematite after subtracting
T below the Morin transition.1 In Fig. 6 is shownbav(T),
deduced from fits of the spectra of the dry sample to hyp
fine field distributions, as a function of temperature. Res
are only given forT<323 K where essentially no doublet
present in the spectra. Higher temperatures may also lea
removal of adsorbed water from the particle surfaces, wh
may change the coupling between the particles. Fits to
data of the ‘‘super-ferromagnetic’’ order parameter with a
without including the anisotropy are shown as the full a
dashed lines, respectively. From the fit in which the anis
ropy is neglected we obtainTp

0539565 K. When the anisot-
ropy is included we obtainTp538265 K corresponding to

FIG. 5. Representative distributions of hyperfine fields for
spectra of the dry sample obtained at the indicated temperature
fields. The distributions obtained at 295 K are shown on the sa
scale.

FIG. 6. Values ofbav(T) obtained from distribution fits of the
spectra of the dry sample as described in the text. The solid
broken lines are fits to the data ofb(T) and b0(T) obtained from
Eqs.~14! and ~15!, respectively.
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Tp
05370620 K andKBuV/k590690 K. Thus, it is seen tha

the best fits are obtained for an anisotropy close to zero. T
rather puzzling observation was also made in earlier stu
performed on goethite nanoparticles.13,14

The average hyperfine field is very sensitive to a sm
fraction of superparamagnetic particles and does effectiv
not only depend on the averaging over the interaction fie
but also on an averaging over the anisotropy energies.
therefore possible that the effect of the anisotropy is av
aged out when the average hyperfine field is considered
would therefore be more appropriate to consider the temp
ture dependence of a fraction of the particles with the sa
interaction energies and anisotropy energies. The order
rameter of each particle in the sample is assumed to be g
by an expression of the same form as Eq.~15!. In the fol-
lowing we assume that the shape of the individualb(T)
curves are similar, but with different values ofTp , i.e., we
assume that the curves do not intersect. The temperature
pendence of the order parameter for particles with sim
behavior can then be obtained from the hyperfine field d
tributions ~Fig. 5!. We define the order parameterbf(T) as

bf~T!5Bf~T!/B0~T!, ~20!

whereBf(T) is the f-quantile of the hyperfine field distribu
tion p„Bhf(T)…, i.e.,

f 5E
0

Bf (T)

p„Bhf~T!…dBhf~T!. ~21!

In Fig. 7 is shown the variation ofbf(T) for f 50.25, 0.5,
and 0.75 along with fits to the ‘‘super-ferromagnetic’’ ord
parameter with and without the anisotropy included@Eqs.
~15! and~16!, respectively#. It is seen that the quality of the
fits for which the anisotropy is not included is poor, whi
the quality of the fits with the anisotropy included is rath
good. The difference in the quality of the fits is most clea
seen forf 50.5 and 0.75. In the following we only conside
the fits to the model where the anisotropy is included in
calculations.

In Fig. 8 are shown the interaction strength,Tp
0 , and

KBuV/k obtained from fits ofb(T) to the experimental val-
ues of bf(T). The 2d relaxation model@Eq. ~15!# is not
strictly applicable at low temperatures, whereuK1u21 is not

nd
e

nd

FIG. 7. Values ofbf(T) obtained as described in the text for th
dry sample as a function of temperature forf 50.25 (s), 0.5 (h),
and 0.75 (n). The solid and broken lines are best fits ofb(T) and
b0(T) to the data, respectively.
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negligible. However, the experimentally observed variat
of b(T) at low temperatures is small compared to that
higher temperatures, and the influence of a finite value ofK1

at low temperatures on the estimates ofTp
0 and KBuV/k is

therefore negligible.
For f .0.4, the value ofKBuV/k is about 600 K andTp

0 is
of the order 300–400 K. Thus,KBuV/k.KmM (T)2b(T)/k
in the considered temperature range. If the two parame
are identical (5600 K!, the magnetic energy@Eq. ~14!# will
have two minima, but the probability of finding a particle
the upper minimum~at f5p) is less than 2% at 300 K an
even smaller at low temperatures. It is therefore a good
proximation to assume that the relaxation takes place
single minimum and therefore, even at low temperatures,
relaxation is fast compared to the time scale of Mo¨ssbauer
spectroscopy.

The values ofKBuV, obtained from the fits, are signifi
cantly smaller forf <0.4 than forf >0.4. It is unlikely that
the assumption that the mean field for neighboring partic
is parallel to the easy direction of magnetization is fulfill
for all particles in the sample and this may explain the
regular behavior forf <0.4. As discussed above, only th
projection of^MW (T)&T onto the basal plane contributes to t
effective interaction strength and therefore particles with
large angle between the easy direction and^MW (T)&T will
often have low values ofTp . Moreover, the shape of th
b(T) curves depends on this angle. For particles with sim
uniaxial anisotropy and a large angle between^MW (T)&T , the
anisotropy even leads to a reduction ofTp compared toTp

0

instead of the increase found for small angles.51 Fits to the
bf(T) data to Eq.~15! are therefore not justified for particle
for which this angle is large. Such particles will predom
nantly contribute to the lower part of the distribution of ma
netic hyperfine fields. In the following, we therefore on
discuss the results obtained forf >0.4.

The average value ofKBuV/k is about 650 K and the
average value ofTp

0 is about 300 K. The value ofKBuV/k is
in excellent agreement with that obtained from the analy
of the temperature series of Mo¨ssbauer spectra of the coate
sample, and the value ofTp

0 is in accordance with the valu
of the interaction parameter estimated from Eq.~13!. In the
range off values from about 0.4 to 0.75, where we expect
have reliable values ofbf(T), a slight increase of bothTp

0

FIG. 8. Values ofTp
0 (d) andKBuV/k (s) obtained from fits of

b(T) to bf(T) determined from the hyperfine field distributions f
the dry sample@Fig. 4~b!#.
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andKBuV/k with increasingf is observed. This is in agree
ment with the assumption that the larger values off corre-
spond to particles with larger anisotropy energies and str
ger interactions. Hence, the analysis of the tempera
variation of the hyperfine fields corresponding to fixed fra
tions of the material appears to give information about
physical properties of the sample, whereas the analysis o
variation of the average hyperfine field leads to low and
reliable values for the magnetic anisotropy and a slight ov
estimation of the interaction strength,Tp

0 , due to an averag-
ing over the distribution of anisotropy energy barriers a
the distribution of interaction strengths. This result seems
explain why the best fits to the model for ‘‘supe
ferromagnetism’’ were obtained for zero anisotropy f
samples of goethite in Refs. 13 and 14.

The present study has the advantage that samples of
tually noninteracting particles and interacting particles, p
pared from the same batch of particles, could be compa
Moreover, the particles have a nonzero magnetic mom
which can be aligned along an external magnetic field s
that we unambiguously can distinguish between param
netic and superparamagnetic behavior. Furthermore, the´el
temperature of hematite (TN'956 K! is much larger than the
Néel temperature of goethite (TN'393 K! and this excludes
the possibility of a distribution of Ne´el temperatures nea
room temperature. The data are in excellent agreement
the ‘‘super-ferromagnetism’’ model and this model therefo
seems to be able to explain the essential features of orde
phenomena due to exchange interactions between antife
magnetic or weakly ferromagnetic nanoparticles.

Since the dipole interactions between the hematite p
ticles are too weak to explain the ordering it seems that
exchange coupling between atoms belonging to neighbo
particles is responsible for the ordering. For a pair of p
ticles it is likely that only a few pairs of atoms can be in
close contact that the exchange coupling is significant. I
possible to make a rough estimate of the number of a
pairs necessary to explain the observed ordering tempera
From the ordering temperatureTp

0'300 K we find from Eq.
~17! that the interaction energy for a particle atT50 K is
about uEi /ku'600 K. The dominating contribution to th
exchange coupling between the iron atoms in bulk hema
comes from the superexchange coupling of each iron atom
nine neighboring iron atoms.1 Reported exchange couplin
constants,J/k, for the superexchange pathways range fro
about210 K to 230 K.1 The valueJ/k'220 K gives an
exchange energy for a pair of Fe31 ions (s55/2) of about
2Js2/k'125 K. Hence, if a particle is connected to th
neighboring particles via only about 5 exchange bridges w
the same exchange coupling constants as inside the par
we can explain the observed ordering temperature. It is, h
ever, likely that more pairs of atoms are involved in t
exchange coupling and that most of these have a we
exchange coupling constant.

The particles have been prepared in water and water m
ecules are therefore adsorbed onto the surface. Such
ecules may prevent direct contact between the surface a
of the neighboring particles, but they may provide anoth
exchange pathway in which the coupling strength may
semble that of iron atoms in hydrated iron salts. Such co
pounds typically have magnetic ordering temperatures of
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1134 PRB 62HANSEN, KOCH, AND MO”RUP
order of 1 K and exchange coupling constants of ab
uJ/ku'0.1 K. In this case we find that about 1000 coupl
pairs of atoms are needed to account for the interac
strength. Assuming a surface layer thickness of 0.2 nm,
find that a spherical particle with a diameter of 20 nm co
tains about 5000 iron atoms in the surface layer. This imp
that even for this weak coupling strength only a small fra
tion of the surface atoms is needed to form exchange brid
through water to the iron atoms in the surfaces of neighb
ing particles to explain the observed ordering temperatur

V. CONCLUSIONS

We have shown that the described preparation proce
leads to formation of hematite nanoparticles with dimensi
of about 20 nm and that coprecipitated ferrihydrite can
removed by treatment with oxalate. From the same batc
particles a coated sample with negligible interparticle int
actions and a dry sample with strong interparticle inter
tions have been prepared.

The magnetization of the coated particles is similar to t
of bulk hematite. By simultaneous fitting of a temperatu
series of Mo¨ssbauer spectra to the described modifi
Blume-Tjon model we have estimated the ener
barrier in the basal plane,KBuVm/k55706100 K,
the low-temperature out-of-plane anisotropy ener
E1 /k524002700

11600 K, and the pre-exponential factor,t0

51.320.8
11.9310210 s.
t,
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The values ofKBu and t0, obtained in this study, are
smaller and larger, respectively, than those obtained
smaller hematite nanoparticles prepared by a differ
method.12 The lower value ofKBu may be due to a lower
degree of stress in the particles in the present study.
higher value oft0 may be explained by a dependence oft0
on the anisotropy, provided that the superparamagnetic
laxation time for an antiferromagnet in two dimensions
given by an expression similar to that of a ferromagnet
three dimensions.

It has been shown that the shape of the spectra of the
sample at high temperatures is due to strong interpart
interactions and that the dominating contribution to the int
actions comes from exchange coupling of the surface at
of neighboring particles. The effect of the interactions a
the magnetic anisotropy on the distribution of hyperfi
fields can be consistently analyzed using a two-dimensio
mean field model for the interactions similar to the model
‘‘super-ferromagnetism’’ by Mo”rup et al.13 if the variation
of the hyperfine field corresponding to a certain fraction
the material and not the average hyperfine field is con
ered.
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