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Magnetic properties of hematite nanoparticles
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The magnetic properties of hematite (a-Fe2O3) particles with sizes of about 16 nm have been studied by use
of Mössbauer spectroscopy, magnetization measurements, and neutron diffraction. The nanoparticles are
weakly ferromagnetic at temperatures at least down to 5 K with a spontaneous magnetization that is only
slightly higher than that of weakly ferromagnetic bulk hematite. AtT*100 K the Mössbauer spectra contain a
doublet, which is asymmetric due to magnetic relaxation in the presence of an electric field gradient in
accordance with the Blume-Tjon model. Simultaneous fitting of series of Mo¨ssbauer spectra obtained at
temperatures from 5 K to well above the superparamagnetic blocking temperature allowed the estimation of the
pre-exponential factor in Ne´el’s expression for the superparamagnetic relaxation time,t05(664)310211 s
and the magnetic anisotropy energy barrier,Ebm/k55902120

1150K. A lower value of the pre-exponential factor,
t051.821.3

13.2310211 s, and a significantly lower anisotropy energy barrierEbm
magn/k5305620 K was derived

from simultaneous fitting to ac and dc magnetization curves. The difference in the observed energy barriers can
be explained by the presence of two different modes of superparamagnetic relaxation which are characteristic
of the weakly ferromagnetic phase. One mode involves a rotation of the sublattice magnetization directions in
the basal~111! plane, which gives rise to superparamagnetic behavior in both Mo¨ssbauer spectroscopy and
magnetization measurements. The other mode involves a fluctuation of the net magnetization direction out of
the basal plane, which mainly affects the magnetization measurements.
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I. INTRODUCTION

Hematite (a-Fe2O3) is the most stable iron oxide unde
ambient conditions and is commonly found in nature.1,2 Its
magnetic properties have been studied extensively bot
bulk form and in the form of ultrafine particles.1 Although
many reports concerning hematite nanoparticles have
peared, see, e.g.,1,3–19 the magnetic properties of the sma
particles are still not understood in detail.

Hematite has the corundum crystal structure and ord
antiferromagnetically below its Ne´el temperature, TN
.955 K. Bulk hematite has a Morin transition atTM
.263 K below which the two magnetic sublattices are o
ented along the rhombohedral@111# axis and are exactly an
tiparallel. AboveTM the moments lie in the basal~111! plane
with a slight canting away from the antiferromagnetic a
resulting in a small net magnetization in the plane. For sm
particles the Morin temperature decreases with decrea
particle size and for particles smaller than 8–20 nm the tr
sition temperature is below 4 K.7–11 This effect has been
explained by a lattice expansion in the small particles,9,15 but
strain and defects may also be important.1,10,11The magnetic
moment of hematite nanoparticles in the weakly ferrom
netic ~WF! state may have contributions from both the ca
ing of the sublattice magnetization directions and from u
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compensated spins20 as observed for antiferromagnetic Ni
nanoparticles.21,22

The magnetic anisotropy energy of magnetically orde
particles is normally assumed to be given by

E~u!5KV sin2 u, ~1!

whereu is the angle between the easy direction of magn
zation and the magnetization vector,K is the magnetic an-
isotropy constant andV is the particle volume. In small par
ticles the energy barrier,KV, which separates the two
minima atu50 andu5p, may be comparable to the therm
energy. This results in superparamagnetic relaxation,
fluctuations of the magnetization direction among the ene
minima. The temperature dependence of the superparam
netic relaxation time,t, is expected to follow the Ne´el-
Brown expression23,24

t5t0 expS KV

kT D , ~2!

wherek is Boltzmann’s constant andT is the temperature
The pre-exponential factort0 is in general of the order o
1029– 10212s and depends weakly on temperature.24 In ear-
lier studies of hematite nanoparticles using Mo¨ssbauer
spectroscopy4,5,13,16,25,26and neutron-scattering18 the analysis
6826 ©2000 The American Physical Society
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has been based on the assumption that the superparama
relaxation can be described by an expression of the s
form as Eq.~2!.

In this paper we present the results of a detailed stud
hematite nanoparticles with a size of about 16 nm. The p
ticles were investigated by electron microscopy, x-ray a
neutron diffraction, magnetization measurements and Mo¨ss-
bauer spectroscopy with the main focus on their magn
properties. The experiments give evidence for the prese
of two superparamagnetic relaxation modes as expected
hematite nanoparticles if the magnetic structure is simila
that of WF bulk hematite.

II. THE MAGNETIC ENERGY OF WF HEMATITE

The magnetic anisotropy energy of bulk hematite is m
complex than that given by Eq.~1! because of the low sym
metry of the crystal structure. The following brief summa
of the magnetic properties of hematite is based on Ref
The definitions of vectors and angles are illustrated in Fig

It is generally accepted that the exchange interaction
the WF state of hematite contains an anisotropic term
addition to the usual isotropic contribution. The magne
energy per unit volume due to exchange interaction can
written

FE5JeM1•M22D•~M13M2!, ~3!

where M1 and M2 are the sublattice magnetizations wi
uM1u5uM2u5M , Je is the mean-field coefficient related t
the isotropic exchange interaction, andD is a constant vecto
along the@111# direction. If a magnetic field,B, is applied it
gives rise to a Zeeman energy term

FZ52B•~M11M2!. ~4!

The magnetocrystalline anisotropy energy of bulk hematit
expected to reflect the crystal symmetry and it is theref
reasonable to assume a uniaxial contribution of the form

FIG. 1. ~a! Illustration of the canting angled between two sub-
lattice magnetizationsM1 and M2 , the resulting magnetizationm
5M11M2 , and the vectorl5M22M1 . ~b! Definition of angles in
a spherical polar coordinate system with thez axis being the@111#
orthorhombic direction.
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FU52
K1

2
~cos2 u11cos2 u2!2

K2

2
~cos4 u11cos4 u2!,

~5!

whereK1 andK2 are anisotropy energy constants andu1 and
u2 are the polar angles betweenM1 andM2 , and the@111#
direction. At room temperatureuK2u!uK1u.1 The spin flip at
the Morin temperature is related to a change in sign ofK1
from positive belowTM to negative aboveTM .1 The sixfold
symmetry in the basal~111! plane can be taken into accou
by introducing the following expression for the basal pla
crystalline anisotropy:

FB5
KB

2
~sin6 u1 cos 6f11sin6 u2 cos 6f2!, ~6!

wheref1 and f2 are the azimuthal angles ofM1 and M2 ,
respectively, andKB is the basal plane anisotropy energ
constant. The value ofKB is very small compared to that o
uK1u ~andK2!. The total magnetic energy density is given b

F5FE1FZ1FU1FB . ~7!

The anisotropic exchange term in Eq.~3! is responsible for
the small canting of the sublattice magnetizations in the W
state. If a magnetic field is applied it will give rise to
second contribution to the canting. The resulting cant
angle,d, defined in Fig. 1, is given by1,27

sind.
1

JeM
@B cos~z2j!1DM ~sin2 z2cos2 u!1/2#, ~8!

wherez, j andu are the angles between the@111# direction
and the net magnetizationm5M11M2 , the applied field,
and l5M22M1 , respectively. In the WF stateK1,0 andl
will therefore be in the basal plane, i.e.,u5p/2. In zero
applied field we thus obtain the expression

sin2 d.S D

Je
D 2

sin2 z. ~9!

The largest canting angled0'D/Je is obtained whenm is in
the basal plane. Sinced0!1 the change in uniaxial anisot
ropy energy during rotation ofm out of the plane is negli-
gible. In zero applied field, the energy required to rotatem
an anglez out of the basal plane is therefore given by t
change in the exchange interaction energy density@Eq. ~3!#,
which can be written as

Fm.2KD sin2 z, ~10!

whereKD5(MD)2/2Je . From this expression we find tha
for a particle with volumeV there is an energy barrierKDV
for a rotation ofm out of the~111! plane. With the values
M59.03105 J T21m23, MD52.0 T and MJe5900 T for
bulk hematite1,28,29we estimateKD52.03103 J m23.

When a sufficiently large magnetic field,B, is applied to
WF hematite such thatm is aligned along the field we find
from Eq. ~8! that

m52M sin
d

2
.

1

Je
~B1DM sinz!, ~11!
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where we have used that 0<z<p, j5z, u5p/2 andd!1. If
B is applied in the basal plane the magnetization is given
m5r(s01xB), wherer is the density,x5(rJe)

21 is the
observed mass susceptibility ands05DM /rJe is the spon-
taneous magnetization per unit mass. ForB50 the sponta-
neous magnetization in the basal plane ism05rs0 .

III. EXPERIMENT

The hematite nanoparticles were prepared by heating
g Fe~NO3!3•9H2O ~Merck, p.a.! at 90 °C in air for 20 days.
The final mass of the as-prepared sample was 55.8 g, w
is 13% higher than expected for a full transformation of t
iron salt to pure Fe2O3. This was also reflected by a therm
gravimetric analysis up to 800 °C, which showed a 13%
crease of the mass. The excess material is probably du
water and nitrate ions mainly associated with the interf
between the particles.

A ferrihydrite impurity ~see Sec. IV B! in the as-prepared
sample was removed by treating the sample in darkness
20 h with a solution of 0.2 M ammonium oxalate with the p
adjusted to 3 using 1M HCl.30,31The hematite particles wer
first separated from the fluid by centrifugation and th
washed twice with water. Finally, the particles were coa
with oleic acid and dispersed in hexadecane as describe
Ref. 32. The resulting sample is labeledC1.

In order to perform Mo¨ssbauer studies of fast superpa
magnetic relaxation at elevated temperatures a sampl
coated hematite particles supported on porous silica~Matrex
Silica, 320 m3 g21, Amicon Corp.! was prepared. First, th
average size of the coated particles dispersed in hexade
was reduced by removal of the largest particles by centr
gation. The suspension was added to the dry silica and
hexadecane was evaporated at reduced pressure at abo
K, giving a sample containing approximately 12 wt.% hem
tite on silica. This sample is labeledC2. The silica was used
to reduce particle interactions and to prevent sintering at
evated temperatures.

Bulk polycrystalline hematite in the form of a commerci
hematite powder~Merck, p.a.! was studied as a referenc
Prior to the study the material was annealed in air for 3 h at
1170 K resulting in an increase of the average particle s
from about 0.5 to 3mm. This sample is labeledB.

Neutron-diffraction measurements were performed at
K using the TAS7 triple-axis spectrometer at DR3, Risø N
tional Laboratory. Mo¨ssbauer spectroscopy was perform
using constant-acceleration spectrometers with 50 m
sources of57Co in Rh. The spectrometers were calibrat
using a 12.5mm thick a-iron foil at room temperature. Iso
mer shifts are given relative to the centroid of the calibrat
spectrum. Mo¨ssbauer spectra at temperatures between 5
230 K in applied magnetic fields up to 4 T were obtained
using a liquid helium cryostat with a superconducting ma
net from Thor Cryogenics. Zero-field spectra at temperatu
between 15 and 300 K were obtained using a closed c
helium refrigerator from APD Cryogenics Inc. Spectra
higher temperatures were obtained using a home-built
nace. ac and dc magnetization measurements were ca
out using commercial superconducting quantum interfere
device ~SQUID! magnetometers from Cryogenic Ltd. an
Quantum Design, respectively. Transmission electron
y
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croscopy~TEM! was performed using a Philips EM 430 m
croscope operated at 300 kV. X-ray diffraction~XRD! pat-
terns were obtained using a Siemens D5000 diffractom
and CoKa radiation. Both the as-prepared sample and
samples of coated particles~after evaporation of the carrie
liquid in vacuum at 385 K! were studied. The iron content i
the dried C1 sample was measured by atomic absorpt
spectroscopy~AAS! and from this the weight percent of he
matite was determined to 7162%. The remaining sample
mass is mainly due to oleic acid surfactant and residual
rier liquid.

The Mössbauer study of sampleC1 was performed with
the hexadecane carrier frozen in zero applied magnetic fi
In order to avoid induced texture, magnetic fields were o
applied at temperatures up to 230 K, which is well below t
melting point of the carrier liquid. No magnetic fields we
applied to the part of sampleC2, which was studied by
Mössbauer spectroscopy. All magnetization measurem
were performed on powder samples firmly compressed
teflon cups. The driedC1 sample was used in these measu
ments to avoid the large diamagnetic contribution from
carrier liquid. A comparison of magnetization measureme
obtained before and after exposure of theC1 sample to 5 T,
revealed that no texture had been induced by the field.

IV. RESULTS

A. Particle size and structure

Figure 2~a! shows the XRD spectrum of the driedC1
sample. The hematite diffraction pattern is the dominant f
ture with an additional broad low-intensity peak atq
51.4 Å21 due to the surfactant. The spectrum of the a
prepared sample is very similar except that the broad pea
absent. From the line broadening of the diffraction peaks
particle size can be obtained using the Scherrer formuld
5Kl/b cosu, wherel is the wavelength andu is the Bragg
angle. Assuming a spherical particle shape the particle di
eter d is obtained by settingK51.107 whenb is the full
width at half maximum line breadth.33 A particle size of
1663 nm was determined for both the as-prepared sam
and sampleC1 assuming negligible lattice strain@a similar
analysis based on the integral breadth withK51.333 ~Ref.
33! gave a particle size of 1764 nm#. The line broadening
was also analyzed for the effect of lattice strain but no c
sistent effect could be resolved. A strain level of about 0.0
0.03% cannot be excluded and as a result the obtained
ticle size may be slightly underestimated but this effect
within the stated uncertainty.

In the neutron-diffraction pattern of the as-prepar
sample, shown in Fig. 2~b!, the two peaks atq51.37 Å21

and 1.51 Å21 are the purely magnetic~111! and~100! reflec-
tions; the other lines are due to nuclear diffraction. The pe
at q52.69 Å21 and 3.10 Å21 are due to the aluminum
sample container. The particle size and the magnetic dom
sizes were determined from the broadening of the struct
and magnetic peaks, respectively. Both the structural and
magnetic sizes were 1564 nm, in good agreement with th
XRD results.

For both x-ray and neutron scattering the contribution
the diffraction pattern from each particle is weighted by t
particle volume and the obtained particle size can thus
considered to be related to the volume-weighted average



o
te

f
o

an

st
s,
-
b

e-

g-

a

D
i

d
a

ers
age
t it

oth
ri-

he

tite
he
with
ch

tral
ra of
than
od

rite

cted
-

f
th
the

as
e a

e-

dual
let,
is
ra-
-

r

red
n
by a
nent
sorp-
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ticle size. Thus, we conclude that the particles consist
single magnetic domains with an average volume-weigh
diameter of 1663 nm. For sampleC2 a particle diameter o
1463 nm was estimated using XRD before impregnation
the silica.

Transmission electron micrographs of the samplesC1
and C2 ~before impregnation of the silica! showed roughly
spherically shaped particles but with some irregularities
a slight degree of agglomeration, especially in sampleC1,
and this makes a detailed estimate of the particle size di
bution difficult. An estimate of the size distribution wa
however, possible for sampleC2. Assuming spherical par
ticle shape, the volume-weighted size distribution could
described well by a log-normal distribution with a volum
weighted median particle diameterdm51663 nm and the
standard deviationsd50.2260.09 of ln(d/dm). Thus the dis-
tribution of volume-weighted particle volumes is also lo
normal distributed with the median volumeVm5p(dm)3/6
and the standard deviations53sd50.760.3 of ln(V/Vm).
The average volume-weighted diameter for the log-norm
distribution is dav5dm exp(sd

2/2)5dm•1.0251663 nm.34

This value is slightly larger than that found from the XR
analysis but the difference is within the uncertainty. A sim
lar analysis of TEM micrographs of sampleC1 showed that,
when a few agglomerates were ignored, the particle size
tribution in this sample is also compatible with a log-norm
distribution.

FIG. 2. ~a! X-ray diffraction spectrum of the dried sampleC1
with the carrier liquid removed and~b! neutron-diffraction spectrum
of the as-prepared sample~the solid lines are a guide to the eye!.
Both spectra are shown as a function of the momentum transfeq.
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In the following we use the average particle diamet
determined by the diffraction techniques when such aver
values are relevant. When the size distribution is importan
will, however, be assumed that the size distribution for b
sampleC1 andC2 can be described by a log-normal dist
bution.

B. Mössbauer spectra of the as-prepared sample and of
sample C1

Figure 3 shows Mo¨ssbauer spectra obtained at 15 K of t
as-prepared sample and of sampleC1. The main feature of
both spectra is the magnetically split sextet due to hema
with a magnetic hyperfine field of about 52.5 T. For t
as-prepared sample there is an additional component
broader lines and a hyperfine field of about 48 T, whi
probably is due to ferrihydrite or amorphous Fe2O3.

35 This
component, which corresponds to about 10% of the spec
area of the as-prepared sample, is not visible in the spect
sampleC1 and must therefore have been reduced to less
about 2% by the oxalate treatment. This result is in go
agreement with other studies which indicate that ferrihyd
is dissolved by the oxalate treatment.30,31

Mössbauer spectra of sampleC1 were obtained in zero
applied field at temperatures between 5 and 230 K. Sele
spectra are shown in Fig. 4. At 5 K the spectrum is magneti
cally split with a hyperfine field of 53.160.2 T, an isomer
shift of 0.4960.01 mm s21 and a quadrupole shift o
20.10260.006 mm s21. These values are consistent wi
those expected for weakly ferromagnetic hematite with
sublattice magnetization directions in the basal plane.36 This
shows that there is no Morin transition at temperatures
low as 5 K. At this temperature, the absorption lines hav
nearly Lorentzian line shape with the width 0.42 mm s21 of
lines 1 and 6. This width is slightly larger than the corr
sponding 0.29 mms21 obtained for the bulk polycrystalline
hematite. As the temperature is increased, there is a gra
collapse of the magnetically split component to a doub
which is the dominant feature at 230 K. This behavior
typical for magnetic nanoparticles, which exhibit superpa
magnetic relaxation.4,5,37 The gradual collapse of the mag

FIG. 3. Mössbauer spectrum obtained at 15 K of the as-prepa
sample~circles! and of sampleC1 ~shown as a solid line betwee
data points!. The spectrum of the as-prepared sample is scaled
factor 0.54 such that absorption areas of the hematite compo
are the same in the spectra. The vertical bar represent 2% ab
tion for the sampleC1.
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6830 PRB 61BØDKER, HANSEN, KOCH, LEFMANN, AND MØRUP
netically split spectrum with increasing temperature indica
that the sample contains particles with a broad distribution
blocking temperatures,TB , which is related to the particle
size distribution. The relative area of the magnetically s
component varies almost linearly with temperature ove
broad temperature range around the median blocking t
perature,TBm , defined as the temperature at which 50%
the sextet has collapsed. This analysis yields a median bl
ing temperatureTBm514365 K.

The magnetic field dependence of the spectrum of sam
C1 at 230 K is illustrated in Fig. 5. An applied field of 0.7

FIG. 4. Selected Mo¨ssbauer spectra of sampleC1 measured at
the indicated temperatures. The full lines are fits based on the m
described in the text. The vertical bars represent 2% absorptio
s
f

it
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-
f
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is seen to be sufficient to induce a substantial magnetic s
ting. For larger applied fields the hyperfine splitting a
proaches the values found below the blocking temperat
This shows that the Zeeman energy is comparable to
larger than the thermal energy forB*1 T.

Mössbauer spectra of sampleC1 were obtained at 5 K in
a range of magnetic fields applied parallel to the gamma-
direction. Selected spectra are shown in Fig. 6. The m
effect of the field is to change the area ratio of the absorp
lines. The area ratio of the absorption lines in a magnetic
split Mössbauer spectrum is 3:x:1:1:x:3, wherex is given
by the expression

x5
4 sin2 c

22sin2 c
~12!

andc is the angle between the hyperfine field and the dir
tion of the gamma-rays. The observed area ratio can th
fore be used to obtain information on the orientation of t
sublattice magnetizations. In zero field the lines have an a
ratio close to 3:2:1:1:2:3 as expected for particles with
random orientation of their sublattice magnetizations. In
plied fields the observed magnetic hyperfine field,Bobs, is
almost unchanged, but the relative intensities of lines 2 an
increase with increasing magnetic field strength. The val
of x, obtained by fitting each of the spectra to a sextet w

el

FIG. 5. Mössbauer spectra of sampleC1 obtained at 230 K in
zero field and in different applied magnetic fields. The field of 0.7
was applied perpendicular to the gamma-ray direction, while
larger fields were applied parallel to the gamma-ray direction. T
vertical bars represent 1% absorption.
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the area ratio 3:x:1:1:x:3 of the lines, are plotted as a func
tion of the applied magnetic field in Fig. 7.

C. Mössbauer spectra of sampleC2

In order to study superparamagnetic relaxation well ab
TBm Mössbauer spectra of sampleC2 were obtained as a
function of temperature up to 495 K in zero external fie
Representative spectra, obtained at the indicated temp
tures, are shown in Fig. 8. The main difference compare
sampleC1 is thatTBm is slightly lower due to the smalle
particle size of sampleC2. After the measurement at 495
some of the spectra at lower temperatures were meas
again and a slight increase ofTBm was observed, but the
changes of the spectra in the temperature range from 29
495 K was negligible. Thus the sample was not significan
affected by the heating. Annealing at 523 K, however,

FIG. 6. Selected Mo¨ssbauer spectra of sampleC1 measured at 5
K in zero field and with different magnetic fields applied parallel
the gamma-ray direction. The vertical bars represent 2% absorp

FIG. 7. Relative absorption area,x, of lines 2 and 5 in the
magnetically split Mo¨ssbauer spectra of sampleC1 at 5 K shown as
a function of the applied magnetic field.
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sulted in a fully magnetically split Mo¨ssbauer spectrum a
295 K, indicating that some sintering of the particles h
taken place.

Because of the lower blocking temperature of sampleC2
the spectra obtained at temperatures above 200 K co
essentially of a superparamagnetic doublet. This double
asymmetric with different widths but equal absorption are
of the two lines. As the temperature is increased the as
metry is reduced and by repeating the measurements at lo
temperatures it was shown that this effect is reversible.

n.

FIG. 8. Selected Mo¨ssbauer spectra of sampleC2 obtained at
the indicated temperatures. The full lines are fits based on the m
described in the text. Note the different velocity scales in the up
and lower part of the figure. The vertical bars represent 1% abs
tion.
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D. Magnetization measurements

Figure 9 shows the hysteresis curves for sampleC1 mea-
sured at 6 and 295 K and for the as-prepared sample m
sured at 6 K. The inset shows the corresponding curve
sampleB measured at 295 K. The measurements indic
that the hysteresis loops are closed for magnetic fields la
than about 4 T. The high-field differential magnetic ma
susceptibilities,x, were determined from the slopes of th
linear high-field parts of the hysteresis curves after correc
for diamagnetic contributions from the sample holder. T
spontaneous magnetization,ss , was found by extrapolation
of the linear part of the high-field magnetization to zero fie
The results are given in Table I where the results obtai
for sampleC2 at 10 K and 295 K are also given. The da
obtained at 295 K and at low temperatures cannot be dire
compared because superparamagnetic relaxation has a
nificant influence on the magnetization at 295 K even forB
54 T, whereas the influence of superparamagnetism is n
ligible at low temperatures in large applied fields. The co
cive field of sampleC1 was 0.15 T at 6 K. It was found to

FIG. 9. Hysteresis loop of the as-prepared sample~h! and of the
dried sampleC1 at 6 K ~s! and 295 K~n!. The magnetization is
given per unit mass of Fe2O3 in the sample as determined by AAS
The inset shows the hysteresis loop of sampleB measured at 295 K

TABLE I. The spontaneous magnetization,ss , and the high-
field susceptibility,x, of the polycrystalline samples and of bu
single-crystal hematite measured in the basal plane. The dat
bulk single crystals are taken from Ref. 28.

Samples
Temperature

~K!
ss

~J T21 kg21!
x

~J T2 kg21!

As-prepared 6 0.9960.09 0.3460.04
295 0.2160.03 0.2760.04

C1 ~dried! 6 0.4060.03 0.2760.03
150 0.2960.03 0.2660.03
295 0.2260.03 0.2560.03

C2 ~dried! 10 0.4260.03 0.2560.03
295 0.1760.03 0.2360.03

B 295 0.2960.02 0.1960.02
Bulk, single crystals 295 0.3860.04 0.1960.02
a-
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ly
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g-
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decrease with increasing temperature and reached ze
about 100 K. The coercive field of sampleB was 0.33 T at
295 K.

Figure 10 shows the zero-field cooled~ZFC! magnetiza-
tion curve measured after a wait time,tm.100 s, at each
temperature in an applied field of 2.0 mT and the ac mag
tization curves measured at the frequenciesf 50.1, 1.7, 17,
and 170 Hz. At low temperatures the magnetic moments
frozen in an easy direction of magnetization giving rise to
low magnetic susceptibility and at high temperatures the s
ceptibility decreases asT21 due to the thermal fluctuation
of the magnetic moments. The magnetic susceptibility ha
peak at a temperature between these two extreme situat
where the time scale of the superparamagnetic fluctuat
becomes comparable to the time scale of the measureme
is seen from Fig. 10 that the temperature corresponding
the peak position increases with increasing frequency
that the height of the peak of the in-phase component of
ac-susceptibility decreases with increasing frequency as
pected for an ensemble of non-interacting superparamagn
particles.

V. DISCUSSION

A. The spontaneous magnetization of sampleB

The value ofss for sampleB is lower than the values0
5m0 /r50.3860.04 J T21 kg21 measured in the basal plan
of bulk single crystals.28 This is due to the orientation depen
dence of the canting angle@see Eq.~9!#. If the applied mag-
netic field is sufficiently large to align the effective partic
moment along the field direction we get from Eq.~11! the
relation s(B)5s0 sinz1xB. For a polycrystalline bulk he-
matite powder we find the average magnetization by in
grating over all the possible orientations ofB relative to the
@111# axis:

^s~B!&5
p

4
s01xB. ~13!

for

FIG. 10. The real part of the ac magnetization curves measu
at the frequenciesf 50.1, 1.7, 17, and 170 Hz after cooling in zer
field. The inset shows the ZFC magnetization curve measured
an applied field of 2.0 mT. The solid lines are fits to the data ba
on the models described in the text.
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This shows that we should expect an effective spontane
magnetization ofss5ps0/450.3060.03 J T21 kg21 in good
agreement with the observed value,ss50.29
60.01 J T21 kg21, for sampleB.

B. Determination of the effective magnetic moment of the
nanoparticles

The values ofs0 andx for the hematite nanoparticles at
K can be compared to the bulk values at room tempera
since the temperature dependence of these values is sm
the WF phase below 300 K.38 The magnetization measure
ments at 6 K show that the values ofx andss for sampleC1
are about 40% larger than the values measured for sampB.

The much larger value,ss50.99 J T21 kg21 ~see Table I!,
for the as-prepared sample must be due to the presenc
poorly crystalline Fe2O3 or ferrihydrite, which was removed
by the oxalate treatment when preparing sampleC1. The
observations can be explained if this impurity phase ha
spontaneous magnetization of about 6 J T21 kg21, which in-
deed is of the same order of magnitude as the reported v
for ferrihydrite.39,40 At room temperature the magnetizatio
values for the as-prepared and theC1 samples are quite simi
lar. This suggests that the contribution from the disorde
iron-containing compound at this temperature is strongly
duced. This is also in accordance with the expected beha
of ferrihydrite.40 The value ofss for sampleC1 at 6 K can
only be considered as an upper limit for pure hematite na
particles as up to 2% of the iron may still be in the form
such a disordered phase, i.e., the value ofss for the hematite
nanoparticles is in the range 0.3–0.4 J T21 kg21. As the value
of x for the as-prepared sample is only slightly enhanc
relative to sampleC1 it follows that the high-field suscepti
bility of the impurity compound is not much different from
that of hematite.

Muenchet al.12 found for 20–30 nm hematite particles
five times enhancement of the susceptibility compared to
bulk value. There are several reports on iron oxide partic
with sizes of 2–10 nm which by the authors were identifi
as hematite with relatively largess-values of 4–10
J T21 kg21 ~Refs. 14, 16, and 17! or even larger.13 These
values were explained by uncompensated surface spin14,17

or lattice defects,13 but they are also of the same order
magnitude as the magnetization of the component, wh
was removed by the oxalate treatment in the present st
Our results show that small amounts of impurity phases m
have a significant influence on the magnetization and th
fore some of the previously reported values may not be r
resentative for pure hematite.

The spontaneous magnetizationss can be related to an
effective spontaneous particle moment ofms5rVss . Calcu-
lating V from the particle diameter of 16 nm determine
from the XRD analysis and assuming that the particles
spherical with the density of bulk hematite (r
55256 kg m23), we find from the 6 K value ofss an effec-
tive spontaneous particle moment ofms'500mB for sample
C1. The uncertainty on this value is relative large due to
uncertainty on the particle size and the possibility that
sample contains a few percent ferrihydrite.

An alternative procedure to determine the magnetic m
ment of nanoparticles is by using the field dependence
us
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Mössbauer spectra at a temperature, where all the part
are superparamagnetic. When the Zeeman energy is l
compared to the anisotropy energy and the thermal ene
kT, the induced magnetic field at the iron nucleus,uBobs
2Bu, is given by the approximation37,41,42

uBobs2Bu.B0S 12
kT

mBD , ~14!

whereB0 is the saturation hyperfine field. In a large ma
netic field, wherem is aligned withB ~see Sec. V C!, the
sublattice magnetizations will be nearly perpendicular to
field and thereforeuBobs2Bu'Bobs is a good approximation
In lower fields, wherem is not fully aligned with the externa
field, the same approximation applies since the effect ofB is
to enhance the magnetic field for one sublattice but decre
it for the other, resulting in line broadening without any si
nificant effect on the average hyperfine field. In the pres
case the magnetic moment of the particles depends on
applied field and in the high-field limit it can be expressed

m5rV~ss1xB!5ms1rVxB. ~15!

Inserting this in Eq.~14! we obtain

Bobs.B0S 12
kT

msB1rVxB2D . ~16!

The Mössbauer spectra obtained at 230 K with applied m
netic fields in the range from 2 to 4 T were fitted with 2 or 3
sextets andBobs was determined as the area weighted av
age value of the hyperfine fields. The variation ofBobs as a
function ofB was fitted to Eq.~16! assuming a single particle
size ~16 nm! and usingx50.26 J T21 kg21, obtained from
the magnetization measurements at 150 K. The fit yield
B0550.560.9 T andms54006200mB . The uncertainty on
ms is mainly due to the uncertainty onV in Eq. ~16!.

C. The influence of uncompensated spins on the properties of
sampleC1

Antiferromagnetic nanoparticles are expected to hav
magnetic moment due to uncompensated spins. Ne´el20 has
proposed different models which predict uncompensa
magnetic moments given bymuc5nzmatom, wherematom is
the atomic moment~about 4.9mB for iron atoms in
hematite29! andn is the number of magnetic atoms per pa
ticle. Depending on the modelz may have values of 1/3, 1/2
or 2/3. The uncompensated magnetic moment is expecte
be parallel to one of the sublattice magnetization directio
For 16 nm hematite particles we obtain uncompensated
ments of about 220, 1400, and 9500mB for the threez val-
ues. As a spontaneous particle moment of about 400– 500mB
has been determined, the actual value ofz must be smaller
than 1/2. Studies of NiO particles suggest thatz is about
1/3.21 In addition there may be a contributionmsurf to the
magnetic moment from disordered surface spins. This c
tribution can have any direction relative to the other con
butions.

The total magnetic moment is given bym5mWF1muc
1msurf, wheremWF5mV is the magnetic moment due to th
weakly ferromagnetic canting of the sublattice magneti
tions. At small applied magnetic fields the sublattice mag



ie
io
o
ls

l

io

ld
d
th
bu
a

lo
s

ap
t
r
a
Fo
4
r
te

o-
-
-
he
e

ce
t o
e
u

he

ti
h.

a

sh
he

on
is

n

e as

o be
the
or

is
he
in

,
ag-

ger
ag-
lly
ery

e
ons
par-
on-

e

sal
e

t
y

in
-
ion
h

ne-
-
the

gy
ea-
see

ore
t

and
ron

ag-

6834 PRB 61BØDKER, HANSEN, KOCH, LEFMANN, AND MØRUP
tization directions and the direction ofm are mainly deter-
mined by the magnetic anisotropy. For larger appl
magnetic fields the direction of the sublattice magnetizat
will be determined by the competition between the anis
ropy energy and the Zeeman energy and will of course a
depend on the relative size of the contributions tom. If msurf
is small compared tomWF andmuc the magnetic moment wil
be composed of the two perpendicular contributionsmWF and
muc. In large magnetic fields the sublattice magnetizat
directions will approach the field direction formuc@mWF,
whereas they will tend to be perpendicular toB for muc
!mWF. SincemWF increases with increasing applied fie
@see Eq.~11!# it is in principle possible that the preferre
direction of the sublattice magnetization can be close to
direction of the applied field at moderate field strengths
may become nearly perpendicular to the field direction
large field strengths. In this case the value ofx, found from
Mössbauer spectra obtained in magnetic fields applied a
the direction of theg rays, should initially decrease to value
below 2.0 for low field strengths but then increase and
proach a saturation value close to 4.0 for large field streng
@see Eq.~12!#. The experimental data in Fig. 7 show fo
B&1 T that the value ofx is close to 2.0 as expected for
random orientation of the sublattice magnetizations.
larger magnetic fields the value ofx increases up to about 3.
for B54 T showing that the particle moment is nearly pe
pendicular to the sublattice magnetizations. This indica
that mWF is the dominating contribution to the particle m
ment. Numerical analyses of the Mo¨ssbauer and magnetiza
tion data show thatmuc&350mB and that even in zero ap
plied magnetic field the moment due to canting of t
sublattices is comparable to or larger than the uncomp
sated moment~as the two contributions tom are perpendicu-
lar!.

Further information about the direction of the sublatti
magnetization can be obtained from the quadrupole shif
the magnetically split Mo¨ssbauer spectra. In hematite th
principal axis of the electric field gradient at the iron nucle
is along the@111# axis. The quadrupole shift, observed in t
magnetically split Mo¨ssbauer spectrum, is given by

«5
«8

2
~3 cos2 u21!, ~17!

where u is the angle between this axis and the magne
hyperfine field and«8 is the quadrupole interaction strengt
For WF hematite the value«52«8/2 is obtained asu5p/2.
The value of«8 is about 0.21 mms21 for bulk hematite.43

From the Mössbauer spectrum of sampleC1, measured at 5
K in zero applied field, we find «520.102
60.006 mm s21, which shows that the sublattice magnetiz
tion directions are close to the basal~111! plane. Within the
uncertainty no change was observed in the quadrupole
for the 5 K spectra in magnetic fields of up to 4 T. Thus, t
uniaxial anisotropy energy constant,K1 , for the nanopar-
ticles is so large that the sublattice magnetization directi
remain in the~111! plane even in large magnetic fields. Th
shows thatuK1u is much larger thanKB andKD . A similar
behavior has been observed for WF bulk hematite.44

Assuming that the WF hematite moment is the only co
tribution to ss , the magnetization in the basal plane iss0
d
n
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54ss/p50.5060.04 J T21 kg21 for sampleC1. With this as-
sumption we can calculate the associated canting angl
d052 sin21(rs0/2M )50.1760.01°. The corresponding
value for bulk hematite isd50.1360.01°.1 The enhance-
ment of the spontaneous magnetization can, however, als
accounted for if the uncompensated particle moment or
moment due to disordered surface spins is not negligible
the sample contains up to 2% ferrihydrite.

D. Superparamagnetic relaxation and the magnetic anisotropy
energy

The magnetic anisotropy of WF hematite nanoparticles
more complicated than that of bulk hematite. Ideally, t
sixfold crystal symmetry in the basal plane should result
six minima for the magnetic energy@see Eq.~6!#, but the
valueTBm514365 K, observed by Mo¨ssbauer spectroscopy
is too large to be accounted for by the weak in-plane m
netocrystalline anisotropy of bulk WF hematite (KB
;1 J m23).1 This suggests that there are other and lar
contributions to the anisotropy in the basal plane. The m
netoelastic anisotropy originating from stress will usua
dominate the magnetocrystalline anisotropy except for v
carefully prepared and mounted bulk single crystals.1 This
contribution to the anisotropy is uniaxial in the basal plan1

and can be large enough to dominate other contributi
from, for example, shape and surface anisotropy in nano
ticles. We therefore assume that the magnetocrystalline c
tributionsFU andFB to the energy density for bulk hematit
in Eqs.~5! and ~6! can be replaced by

FUB52K1 cos2 u1KBu sin2 u sin2 f, ~18!

where f'f21f0'p2f11f0 and f0 is the angle be-
tween a crystal axis and an easy uniaxial axis in the ba
plane.KBu is the effective uniaxial anisotropy constant in th
basal plane. In the previous section it was shown thatu'p/2.

The energy barrier for rotation ofm out of the basal plane
is still found from Eq.~10! asKDV. It should be stressed tha
the rotation ofm out of the basal plane only involves ver
small changes ofu andf. The change ofFUB during such a
rotation is therefore negligible compared toKDV. This type
of rotation will give rise to superparamagnetic behavior
magnetization measurements but not in Mo¨ssbauer spectros
copy since the fluctuations of the sublattice magnetizat
directions are negligible. Another type of rotation, whic
will give rise to superparamagnetic behavior in both mag
tization measurements and Mo¨ssbauer spectroscopy, in
volves a 180° rotation of the sublattice magnetizations in
basal plane over the energy barrierKBuV. If KBuV is differ-
ent from KDV we then expect to observe different ener
barriers by Mo¨ssbauer spectroscopy and magnetization m
surements. In magnetization measurements we expect to
a cross-over from two-dimensional relaxation ofm over the
lower of the energy barriers at low temperatures to a m
isotropic relaxation ofm at higher temperatures. The firs
and second types of rotation correspond to the high-
low-frequency modes, respectively, observed in elect
magnetic resonance measurements on the weakly ferrom
netic state of hematite.1
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E. Fitting of the dc and ac magnetization measurements

In the analysis of the dc and ac magnetization meas
ments it is not feasible to take accurately into account
two energy barriers, the dependence of the canting angl
the direction ofm relative to the basal plane and the possi
presence of an uncompensated magnetic moment. We
therefore, as a first approximation, assumed that the dc
ac magnetization measurements can be modeled usi
three-dimensional relaxation model and an effectiv
uniaxial anisotropy energy. We have furthermore assum
that the relaxation time is adequately described by the N´el-
Brown expression@Eq. ~2!#. In the following we will con-
sider a volume-weighted distributionf (y) of reduced particle
volumes or, equivalently, energy barriers,y[V/Vm
5Eb /Ebm, whereVm and Ebm are the median particle vol
ume and energy barrier, respectively. Following Wohlfart45

we write the ZFC magnetic susceptibility as

xZFC~T,tm!}
m1

2

3K FEbm

kT E
0

T/Tbm
y f~y!dy1E

T/Tbm

`

f ~y!dyG ,
~19!

where m1 is the magnetization in the absence of dynam
effects,TBm[Ebm/@k ln(tm/t0)#, tm is the measuring time an
K is an effective anisotropy constant. The first contribution
from the superparamagnetic particles and the second co
bution is from the blocked particles. Following Gittleman46

we write the ac susceptibility as

xAC~T,v!}
m1

2

3K FEbm

kT E
0

`

y~11 ivt!21f ~y!dy1 iv

3E
0

`

t~11 ivt!21f ~y!dyG , ~20!

where v52p f is the angular frequency of the applied
field and t5t0 exp(y•Ebm/kT). The first contribution is
from the susceptibility of the superparamagnetic partic
and the second contribution is from the susceptibility of
frozen particle moments. The real and imaginary pa
xAC8 (T,v) andxAC9 (T,v) of xAC(T,v) are the in-phase an
out-of-phase components of the measured susceptibility
spectively. The effective median energy barrier, deno
Ebm

magn, represents the combined energy barriers and the e
of a possible cross-over between relaxation in two and th
dimensions.Ebm

magn may therefore not be directly related
any of the energy barriers. For this reason we also expect
the distribution functionf (y), obtained from fits of the ex-
perimental data to Eqs.~19! and~20!, may be wider than the
actual volume distribution. We have implicitly assumed th
the distribution of effective energy barriers is independen
the measuring time. If this or the assumption of a relaxat
time given by Eq.~2! is not valid, it may be seen as poor fi
quality for some of the frequencies.

In the following we consider a log-normal distribution o
volume-weighted energy barriers,

f ~y!dy5
1

A2psy
expS 2

ln2 y

2s2 Ddy, ~21!
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wherey5Eb /Ebm and s is the logarithmic standard devia
tion. We have performed simultaneous least-squares fit
all the magnetization data shown in Fig. 10, both witht0 as
a free parameter and for different fixed values oft0 between
1310212s and 5310210s. The variation ofx2 of the fit as
a function of lnt0 was close to parabolic and gave an es
mate of the uncertainty on the value oft0 . In the following
all stated uncertainties are estimated from the values ot0
wherex2 of the fit has increased 10% compared to the va
in the minimum.

The best fits of the ZFC and ac magnetization data
tained for sampleC1 to Eqs.~19! and~20!, respectively, are
shown as the full lines in Fig. 10. The out-of-phase data
the ac susceptibility were included in the fitting, but are n
shown in the figure. Although the experimental results
influenced by two relaxation processes with different ene
barriers~and possibly different values oft0! the measured
data are fitted well by the simple model presented above.
resulting parameters aret051.821.3

13.2310211s, Ebm
magn/k

5305620 K ands51.0060.01. The stated values and u
certainties ofEbm

magn ands do not take into account the sim
plifications made above and should therefore not be take
representations of the actual barrier distribution. The lar
values oft0 correspond to the lower values ofEbm

magn. No
low-field magnetization measurements were performed
sampleC2.

F. Fitting of the Mössbauer spectra

The temperature series of Mo¨ssbauer spectra were an
lyzed using the two-level relaxation model by Blume a
Tjon47 in which the magnetic hyperfine field is assumed
switch with an average frequencyt21 between the values
6Bobs perpendicular to the principal axis of the electric fie
gradient. The two-level model is justified for uniaxial aniso
ropy andkT&0.3•KV ~see, e.g., Ref. 48, Fig. 2!. If the value
of t0 is sufficiently small (&10210s) this condition is ful-
filled in the vicinity of the blocking temperature. The lin
shape of the superparamagnetic doublet, observed abov
blocking temperature, will therefore only differ slightly from
that generated by the two-level model. The in-well collecti
magnetic excitations are accounted for by settingBobs equal
to the average hyperfine field calculated by Boltzma
statistics.49,50 For the present case, asuK1u@KBu , it is more
adequate to use two-dimensional~2D! Boltzmann statistics
rather than 3D Boltzmann statistics. The reduction ofBobs
due to collective magnetic excitations can then be fou
from

Bobs5B0

*0
p/2 exp~2KBuV sin2 f/kT!cosf df

*0
p/2 exp~2KBuV sin2 f/kT!df

'B0F12
kT

4KBuV
G , ~22!

where the last expression is the low-temperature expan
for kT&0.1•KBuV. The variation ofB0 with temperature
was assumed to follow that of bulk hematite after subtract
of 0.8 T below TM because of the absence of the Mor
transition in the nanoparticles.1 We write the resulting Mo¨ss-
bauer spectrum as
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G~n!5E
0

`

g~n,y•Ebm! f ~y!dy, ~23!

wheren is the velocity,g(n,Eb) is the Mössbauer spectrum
for a single energy barrier,Eb5KBuV and f (y) is the volume
weighted distribution of reduced energy barriers. The f
expression forg(n,Eb) can be found in Appendix B of Ref
47. The other input parameters, which are not explic
given in Eq.~23!, are the magnetic hyperfine field, the rela
ation time, the quadrupole interaction strength, the isom
shift and the intrinsic widthsWij of lines i and j 572 i . To
avoid unrealistic sets of parameters the line widths were c
strained toW16>W25>W34 in the fitting. The values ofWij
and the quadrupole interaction strength were constraine
be identical for all spectra in a temperature series and
change of the isomer shift with temperature due to the s
ond order Doppler shift was described using the Deb
approximation.51 The full integrals in Eq.~22! were used to
calculateBobs during the fitting.

The lines in Figs. 4 and 8 are the best fits of the spectr
samplesC1 andC2 to the modified Blume-Tjon relaxatio
model, Eq.~23!, obtained by simultaneous least-squares
to the full temperature series of each of the samples. As
be seen from the figures all essential features of the spe
are well reproduced by the model. There are, however, s
minor discrepancies at intermediate temperatures, wh
probably are due to small deviations of the actual bar
distribution from the log-normal distribution, and at hig
temperatures, which may be due to the failure of the sim
Néel-Brown expression@Eq. ~2!# for the relaxation time for
kT'Ebm and the assumption of only two possible directio
of the magnetic hyperfine field. The doublet, which is due
particles that exhibit fast superparamagnetic relaxation
asymmetric at all temperatures, i.e., the line at negative
locity is broader than the line at positive velocity. This
clearly seen in the spectra of sampleC2 obtained at 375 and
495 K in a small velocity range~Fig. 8!. This asymmetry is
a result of relaxation effects for relaxation times of the ord
of 10210s.47,52For shorter relaxation times the asymmetry
reduced. This explains why the doublet spectrum of sam
C2 is more symmetric at 495 K than at lower temperatur
The best fit to the temperature dependence of the sec
order Doppler shift was obtained using a Debye tempera
QD;500 K, which is similar toQD;600– 700 K estimated
from specific heat measurements on bulk hematite.1 Varia-
tions of 6200 K on the values ofQD gave only a slight
change of the quality of the fits.

For sampleC1 the isomer shift, extrapolated to zero tem
perature, wasd050.4960.01 mm s21. The quadrupole inter-
action strength was«8[eQVzz/450.2160.01 mm s21 corre-
sponding to the quadrupole splittingDEQ52«850.42
60.02 mm s21 of the doublet at high temperatures and t
quadrupole shift «5«8/2•(3 cos2(p/2)21)520.105
60.005 mm s21 of the sextet at low temperatures. These p
rameters are in agreement with those expected for bulk
matite at low temperature in the absence of the Morin tr
sition. The other parameters obtained from the fits of
spectra of theC1 sample aret056.524.5

110.5310211s, Ebm/k
55902120

1150K, s50.660.1 and B0(T50 K)553.360.2 T.
The uncertainties were estimated in the same manner a
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the magnetization measurements. The larger value oft0 cor-
responds to the lower value ofEbm and the larger value ofs.

It should be noted that the value ofEbm estimated by this
method, is influenced by both collective magnetic exci
tions, which are related to the shape of the ene
minimum,41 and superparamagnetic relaxation, which is
lated to the height of the energy barrier. If the shape of
energy barrier deviates from that given by Eq.~18! the
change ofBobs with temperature may therefore differ from
Eq. ~22!. We checked this by estimating a value ofEbm from
the low-temperature spectra obtained forT,50 K where no
doublet is present. The value ofEbm obtained in this way
should mainly be determined from the collective magne
excitations. In the fitting,t0 ands were fixed to the values
given above. The result wasEbm

CME/k5620650 K. These
spectra were also fitted using a distribution of hyperfi
fields and the variation of the median field of the distributi
~corresponding to a particle with energy barrierEbm! was
fitted to Eq.~22! resulting inEbm

CME/k5640650 K. The val-
ues of Ebm

CME do not differ significantly from the values o
Ebm estimated from the full-temperature scan and hence
~18! appears to be an adequate description of the anisot
energy in the basal plane.

The parameters resulting from the analysis of t
temperature series of Mo¨ssbauer spectra of theC2 sample
are d050.4960.01 mm s21, «850.2460.01 mm s21, t0

54.923.6
15.3310211s, Ebm/k5470290

1150K, s50.760.1 and
B0(T50 K)553.060.2 T. The obtained value ofs is in
good agreement with the value 0.760.3 found from the TEM
micrographs. The value of«8 for this temperature series i
slightly larger than that obtained for sampleC1. This is due
to the fact that we have measured on sampleC2 at higher
temperatures resulting in a relatively larger weight of t
high-temperature spectra and that the quadrupole split
of the doublet at high temperatures,DEQ50.54
60.02 mm s21, is slightly larger than 2«850.48
60.02 mm s21 expected from the fit of the full temperatur
series. The value of« in the low temperature spectra is«5
20.09860.005 mm s21. A possible explanation of this is a
enhancement of«8 due to surface effects or defects such
OH groups and vacancies. The contributions to the elec
field gradient from defects presumably have random dir
tions relative to the direction of the hyperfine field and w
therefore mainly give rise to line broadening in the magne
cally split spectra due to the angular dependence of the q
rupole shift@see Eq.~17!#, but aboveTBm they will affect the
average quadrupole splitting.

G. Estimates oft0 and anisotropy constants

The two values oft0 estimated from the Mo¨ssbauer spec
troscopy measurements on samplesC1 andC2, are in good
agreement. The resulting average value ist0

5(664)310211s. The value,t051.821.3
13.2310211s, esti-

mated from the magnetization measurements, is somew
lower than the average value estimated from the Mo¨ssbauer
spectra. Due to the different nature of the relaxation p
cesses observed by magnetization measurements and M¨ss-
bauer spectroscopy, the two values do not have to be ide
cal. They are, however, in agreement when the uncertain
are taken into account.
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The values oft0 andEbm found by Mössbauer spectros
copy, are in agreement with the estimatest0;7310212s
~the uncertainty was about an order of magnitude! and
Ebm/k55006200 K obtained from the broadening of th
quasielastic component in inelastic neutron scattering spe
of the as-prepared sample assuming a single particle si18

Mössbauer studies of this sample showed that it has a su
paramagnetic blocking temperature similar to that of sam
C1 and the relaxation of the hematite particles in this sam
is therefore not significantly affected by the presence of
impurity phase.

Due to the complexity of the relaxation process in t
magnetization measurements it is difficult to relateEbm

magndi-
rectly to any of the barriersKDV andKBuV. Using the bulk
value, KD52.03103 Jm23 and the particle diameter of 1
63 nm we calculateKDV/k53102100

1200K for sampleC1 ~this
value will be slightly larger than a value based on the med
particle size but the effect on the obtained value is within
stated uncertainty!. The value of KDV/k is significantly
lower than KBuV/k but in good agreement withEbm

magn/k
5305620 K and it thus supports the interpretation in term
of two different relaxation modes in the form of an in-pla
and an out-of-plane fluctuation ofm.

VI. CONCLUSIONS

The present work has shown that large quantities of p
16 nm hematite particles can be prepared by a sim
method. The small ferrihydrite component observed in
Mössbauer spectra of the as-prepared sample was rem
with an oxalate treatment, and interparticle magnetic inter
tions were limited by coating the particles with oleic ac
No clear indication of an uncompensated moment was
served and an upper limit of about 350mB for this contribu-
tion was estimated. The magnetization of the particles w
found to be slightly larger than the bulk value. This diffe
ence may be due to an uncompensated magnetic mome
small amount~&2%! of ferrihydrite or a slight increase o
the canting angle in the particles. Above the superparam
netic blocking temperature, the Mo¨ssbauer spectra wer
found to consist of an asymmetric doublet for which t
asymmetry decreases with increasing temperature. Th
due to a superparamagnetic relaxation time of the orde
,

nd

t,

is,
tra
.
er-
le
le
e

n
e

re
le
e
ed

c-
.
b-

s

t, a

g-

is
of

10210s with the fluctuating hyperfine field perpendicular
the principal axis of the electric field gradient and is in a
cordance with the Blume-Tjon model for relaxation. By ta
ing into account the particle size distribution and the eff
of collective magnetic excitations we were able to simul
neously fit Mössbauer spectra obtained at temperatures ra
ing from 15 K to well above the superparamagnetic block
temperature. This allowed us to determine the Ne´el relax-
ation pre-factort05(664)310211s and the median energ
barrier for relaxation in the basal planeEbm/k55902120

1150K
for sampleC1. These values are in accordance with tho
obtained from inelastic neutron-scattering studies. Simu
neous fits of the magnetization curves with a model for
laxation in three dimensions gave a slightly lower value
the pre-exponential factor,t051.821.3

13.2310211s, and an ef-
fective median energy barrierEbm

magn/k5305620 K, which
corresponds well to the energy barrierKDV/k'310 K esti-
mated using bulk parameters. The median energy bar
obtained from the magnetization measurements, is sig
cantly lower than that obtained from the fit of the Mo¨ssbauer
spectra. This difference is due to the presence of two dif
ent modes of magnetic relaxation, which are characteri
for the weakly ferromagnetic phase. One mode involve
2D type of relaxation of the sublattice magnetization in t
basal plane, while the other mode involves fluctuations of
weakly ferromagnetic moment out of the plane. The fi
effect gives rise to superparamagnetic behavior in b
Mössbauer spectroscopy and magnetization measurem
while the second mainly affects the magnetization meas
ments. We therefore observe a 2D type of relaxation
Mössbauer spectroscopy, while the magnetization meas
ments are affected by a more 3D-like type of relaxation d
to the effect of both in-plane and out-of-plane relaxatio
The exponential pre-factor in the Ne´el law for the relaxation
time may be different for these two modes.
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Mössbauer Spectroscopy, edited by R. L. Cohen~Academic,
New York, 1980!, Vol. II, p. 1.

38F. van der Woude, Phys. Status Solidi17, 417 ~1966!.
39J. M. D. Coey and P. W. Readman, Nature~London! 246, 476

~1973!.
40K. Moorjani and J. M. D. Coey,Magnetic Glasses~Elsevier, Am-

sterdam, 1984!, p. 169.
41S. Mørup, J. Magn. Magn. Mater.37, 39 ~1983!.
42S. Mørup, P. H. Christensen, and B. S. Clausen, J. Magn. Ma

Mater.68, 160 ~1987!.
43L. Tolber, W. Kündig, and I. Savic, Hyperfine Interact.10, 1017

~1981!.
44Q. A. Pankhurst and R. J. Pollard, inMössbauer Spectroscop
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cations~Tata McGraw-Hill, New Delhi, 1973!, p. 93.
52A. M. Afanas’ev and V. D. Gorobchenko, Zh. Eksp. Teor. Fiz66,

1406 ~1974! @Sov. Phys. JETP39, 690 ~1974!#.


