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The magnetic properties of hematite-Fe,03) particles with sizes of about 16 nm have been studied by use
of Mossbauer 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 hematiteTAt100 K the M@sbauer 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 aéshluer spectra obtained at
temperatures frm 5 K to wellabove the superparamagnetic blocking temperature allowed the estimation of the
pre-exponential factor in N&'s expression for the superparamagnetic relaxation tirge,(6+4)x 10 !s
and the magnetic anisotropy energy barngm/k=590i§§8 K. A lower value of the pre-exponential factor,
To=1.8"32x10 s, and a significantly lower anisotropy energy barng}97k=305+20 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 boteshbuer 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.

[. INTRODUCTION compensated spiffsas observed for antiferromagnetic NiO
nanoparticle$}??
Hematite @-Fe,03) is the most stable iron oxide under ~ The magnetic anisotropy energy of magnetically ordered
ambient conditions and is commonly found in natbfdts ~ particles is normally assumed to be given by
magnetic properties have been studied extensively both in )
bulk form and in the form of ultrafine particlésAlthough E(6)=KV sir? , @

many reports concerning hematite nanoparticles have agyhereg is the angle between the easy direction of magneti-
peared, see, e.g”*°the magnetic properties of the small zation and the magnetization vectds,is the magnetic an-
particles are still not understood in detail. isotropy constant antl is the particle volume. In small par-
Hematite has the corundum crystal structure and ordergcles the energy barrierkKV, which separates the two
antiferromagnetically below its N& temperature, Ty minima at¢=0 andé=, may be comparable to the thermal
=955K. Bulk hematite has a Morin transition &ty  energy. This results in superparamagnetic relaxation, i.e.,
=263 K below which the two magnetic sublattices are ori-fluctuations of the magnetization direction among the energy
ented along the rhombohed{dl11] axis and are exactly an- minima. The temperature dependence of the superparamag-

tiparallel. AboveT), the moments lie in the bas@l1l) plane  netic relaxation time,r, is expected to follow the N
with a slight canting away from the antiferromagnetic axisBrown expressiof'?*

resulting in a small net magnetization in the plane. For small

particles the Morin temperature decreases with decreasing KV
particle size and for particles smaller than 8—20 nm the tran- T=To eXF{ﬁ , 2
sition temperature is below 4 K!! This effect has been

explained by a lattice expansion in the small parti@&hut ~ wherek is Boltzmann’s constant andl is the temperature.
strain and defects may also be importatt*The magnetic The pre-exponential factor, is in general of the order of
moment of hematite nanoparticles in the weakly ferromag10 °-10 *?s and depends weakly on temperattfrén ear-
netic (WF) state may have contributions from both the cant-lier studies of hematite nanoparticles using” ddbauer

ing of the sublattice magnetization directions and from un-spectroscopy®**16252&nd neutron-scatteriffthe analysis

0163-1829/2000/610)/682613)/$15.00 PRB 61 6826 ©2000 The American Physical Society



PRB 61 MAGNETIC PROPERTIES OF HEMATITE NANOPARTICLES 6827

a)

-
1

K K
52 FU=—71(0052 6+ cog 492)—72(co§1 6,+cog 6,),
‘ — , (5

=l
[=2]
Z|

whereK; andK, are anisotropy energy constants ahdand

0, are the polar angles betwedh, andM,, and the[111]
b) z direction. At room temperatur ,|<|K4|.* The spin flip at
the Morin temperature is related to a change in sigiK f
from positive belowT,, to negative abové,,.* The sixfold
symmetry in the basdfl11) plane can be taken into account
by introducing the following expression for the basal plane

4

) crystalline anisotropy:
™ e
i ”7—” y KB 5 -5
! \ FB=7(sm 0, Ccos 61+ sin° 0, cos 6¢,), (6)
x where ¢, and ¢, are the azimuthal angles ™, andM,,

respectively, andKg is the basal plane anisotropy energy
constant. The value dfz is very small compared to that of
|K1| (andK5). The total magnetic energy density is given by

FIG. 1. (a) lllustration of the canting anglé between two sub-
lattice magnetization®,; andM,, the resulting magnetizatiom
=M;+M,, and the vectol=M,—M;. (b) Definition of angles in
a spherical polar coordinate system with thaxis being thd111]

orthorhombic direction. F=Fgt+Fz+Fy+Fs. (7)

The anisotropic exchange term in E@) is responsible for

has been based on the assumption that the superparamagnetig small canting of the sublattice magnetizations in the WF
relaxation can be described by an expression of the samgate. If a magnetic field is applied it will give rise to a

form as Eq.(2). _ second contribution to the canting. The resulting canting
In this paper we present the results of a detailed study ofngle, 5, defined in Fig. 1, is given By’

hematite nanoparticles with a size of about 16 nm. The par-
ticles were investigated by electron microscopy, x-ray and 1
neutron diffraction, magnetization measurements angsvio siné=y—r[Bcos{—¢)+DM (sin? {—cos 6)*?], (8)
bauer spectroscopy with the main focus on their magnetic ©
properties. The experiments give evidence for the presenaghere, £ and 6 are the angles between thil1] direction
of two superparamagnetic relaxation modes as expected f@ind the net magnetizatiom=M,+M,, the applied field,
hematite nanoparticles if the magnetic structure is similar taandl=M,— M, respectively. In the WF stat€¢;<0 and|
that of WF bulk hematite. will therefore be in the basal plane, i.é=m/2. In zero
applied field we thus obtain the expression
Il. THE MAGNETIC ENERGY OF WF HEMATITE

The magnetic anisotropy energy of bulk hematite is more Sir? 6=
complex than that given by Eql) because of the low sym-
metry of the crystal structure. The following brief summary The |argest canting angié~D/J, is obtained whem is in
of the magnetic properties of hematite is based on Ref. kne pasal plane. Sincéy<1 the change in uniaxial anisot-
The definitions of vectors and angleS are illustrated in F|g lropy energy during rotation ah out of the p|ane is neg]i_

It is generally accepted that the exchange interaction imyiple. In zero applied field, the energy required to rotate
the WF state of hematite contains an anisotropic term iran anglef out of the basal plane is therefore given by the

addition to the usual iSOtl‘OpiC contribution. The magnetiCChange in the exchange interaction energy derﬁﬁw (3)]’
energy per unit volume due to exchange interaction can b&nhnich can be written as

written

2
JE) Sir? ¢. 9

e

Fm=—Kpsirf ¢, (10)
FE:\]eMl'Mz_D'(MlxMz), (3) ) . .

_ o ~ whereKp=(MD)?/2J,. From this expression we find that
where M, and M, are the sublattice magnetizations with for a particle with volumeV there is an energy barriét,V
IM4|=|Mo|=M, Je is the mean-field coefficient related to for a rotation ofm out of the(111) plane. With the values
the isotropic exchange interaction, adds a constant vector \=9.0x10°JT !m3 MD=2.0T and MJ,=900T for

along the[111] direction. If a magnetic fieldB, is applied it pylk hematité?®2we estimatek p=2.0x 102 I m 3,

gives rise to a Zeeman energy term When a sufficiently large magnetic fielB, is applied to
WF hematite such than is aligned along the field we find
Fz=-B-(M;+M,). 4 from Eq. (8) that

The magnetocrystalline anisotropy energy of bulk hematite is s 1
expected to reflect the crystal symmetry and it is therefore m=2M sin==— (B+DM sin¢), (12)
reasonable to assume a uniaxial contribution of the form 2 Je
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where we have used that@<w, é=¢, 6=7n/2 and56<1. If  croscopy(TEM) was performed using a Philips EM 430 mi-

B is applied in the basal plane the magnetization is given bygroscope operated at 300 kV. X-ray diffractiGdRD) pat-
m=p(oo+ xB), wWherep is the densityy=(pJ.) ! is the terns were obtained using a Siemens D5000 diffractometer
observed mass susceptibility ang=DM/pJ, is the spon- and CokK, radiation. Both the as-prepared sample and the

taneous magnetization per unit mass. BorO the sponta- Samples of coated particléafter evaporation of the carrier
neous magnetization in the basal planenis=pa,. liquid in vacuum at 385 Kwere studied. The iron content in

the dried C1 sample was measured by atomic absorption
spectroscopyAAS) and from this the weight percent of he-
IIl. EXPERIMENT matite was determined to #2%. The remaining sample
] ] ) mass is mainly due to oleic acid surfactant and residual car-

The hematite nanoparticles were prepared by heating 25§er jiquid.

g FENO3)3-9H,0 (Merck, p.a) at 90 °C in air for 20 days. The Massbauer study of sampl was performed with
The final mass of the as-prepared sample was 55.8 g, whidiie hexadecane carrier frozen in zero applied magnetic field.
is 13% higher than expected for a full transformation of theln order to avoid induced texture, magnetic fields were only
iron salt to pure Fg3. This was also reflected by a thermo- applied at temperatures up to 230 K, which is well below the
gravimetric analysis up to 800 °C, which showed a 13% demelting point of the carrier liquid. No magnetic fields were
crease of the mass. The excess material is probably due tgplied to the part of sampl€2, which was studied by
water and nitrate ions mainly associated with the interfaceviossbauer spectroscopy. All magnetization measurements
between the particles. were performed on powder samples firmly compressed in

A ferrihydrite impurity (see Sec. IV Bin the as-prepared teflon cups. The drie€1 sample was used in these measure-
sample was removed by treating the sample in darkness fenents to avoid the large diamagnetic contribution from the
20 h with a solution of 0.2 M ammonium oxalate with the pH carrier liquid. A comparison of magnetization measurements
adjusted to 3 using 1M HCf** The hematite particles were obtained before and after exposure of @& sample to 5 T,
first separated from the fluid by centrifugation and thenrevealed that no texture had been induced by the field.
washed twice with water. Finally, the particles were coated
with oleic acid and dispersed in hexadecane as described in IV. RESULTS
Ref. 32. The resulting sample is label€q.

In order to perform Mesbauer studies of fast superpara-
magnetic relaxation at elevated temperatures a sample of Figure 2a) shows the XRD spectrum of the drie@l
coated hematite particles supported on porous silitztrex ~ sample. The hematite diffraction pattern is the dominant fea-
Silica, 320 nig™%, Amicon Corp) was prepared. First, the ture with an additional broad low-intensity peak gt
average size of the coated particles dispersed in hexadecarel.4 A~! due to the surfactant. The spectrum of the as-
was reduced by removal of the largest particles by centrifuprepared sample is very similar except that the broad peak is
gation. The suspension was added to the dry silica and thabsent. From the line broadening of the diffraction peaks the
hexadecane was evaporated at reduced pressure at about 388ticle size can be obtained using the Scherrer forrdula
K, giving a sample containing approximately 12 wt.% hema-= KX/ cosé, where\ is the wavelength and is the Bragg
tite on silica. This sample is label&@R. The silica was used angle. Assuming a spherical particle shape the particle diam-
to reduce particle interactions and to prevent sintering at eleter d is obtained by settind =1.107 wheng is the full
evated temperatures. width at half maximum line breadt. A particle size of

Bulk polycrystalline hematite in the form of a commercial 163 nm was determined for both the as-prepared sample
hematite powdefMerck, p.a) was studied as a reference. and sampleC1 assuming negligible lattice straja similar
Prior to the study the material was annealed in air¥d at  analysis based on the integral breadth vtk 1.333 (Ref.
1170 K resulting in an increase of the average particle siz83) gave a particle size of 74 nm]. The line broadening
from about 0.5 to 3um. This sample is labeleB. was also analyzed for the effect of lattice strain but no con-

Neutron-diffraction measurements were performed at 1Gistent effect could be resolved. A strain level of about 0.01—
K using the TASY triple-axis spectrometer at DR3, Risg Na-0.03% cannot be excluded and as a result the obtained par-
tional Laboratory. Mesbhauer spectroscopy was performedticle size may be slightly underestimated but this effect is
using constant-acceleration spectrometers with 50 mOQbithin the stated uncertainty.
sources of°’Co in Rh. The spectrometers were calibrated In the neutron-diffraction pattern of the as-prepared
using a 12.5um thick a-iron foil at room temperature. Iso- sample, shown in Fig. (), the two peaks afj=1.37A™!
mer shifts are given relative to the centroid of the calibrationand 1.51 A* are the purely magnetid11) and(100) reflec-
spectrum. Masbauer spectra at temperatures between 5 artibns; the other lines are due to nuclear diffraction. The peaks
230 K in applied magnetic fields up ¥4 T were obtained at q=2.69A" ! and 3.10 A are due to the aluminum
using a liquid helium cryostat with a superconducting mag-sample container. The particle size and the magnetic domain
net from Thor Cryogenics. Zero-field spectra at temperaturesizes were determined from the broadening of the structural
between 15 and 300 K were obtained using a closed cycland magnetic peaks, respectively. Both the structural and the
helium refrigerator from APD Cryogenics Inc. Spectra atmagnetic sizes were #5 nm, in good agreement with the
higher temperatures were obtained using a home-built furXRD results.
nace. ac and dc magnetization measurements were carried For both x-ray and neutron scattering the contribution to
out using commercial superconducting quantum interferencthe diffraction pattern from each particle is weighted by the
device (SQUID) magnetometers from Cryogenic Ltd. and particle volume and the obtained particle size can thus be
Quantum Design, respectively. Transmission electron miconsidered to be related to the volume-weighted average par-

A. Particle size and structure
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FIG. 2. (a) X-ray diffraction spectrum of the dried sampGL

with the carrier liquid removed an) neutron-diffraction spectrum

Absorption

Velocity (mm/s)

FIG. 3. Mcssbauer spectrum obtained at 15 K of the as-prepared
sample(circles and of sampleC1 (shown as a solid line between
data points The spectrum of the as-prepared sample is scaled by a
factor 0.54 such that absorption areas of the hematite component
are the same in the spectra. The vertical bar represent 2% absorp-
tion for the sampleC1.

In the following we use the average particle diameters
determined by the diffraction techniques when such average
values are relevant. When the size distribution is important it
will, however, be assumed that the size distribution for both
sampleC1 andC2 can be described by a log-normal distri-
bution.

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

Figure 3 shows Mssbauer spectra obtained at 15 K of the

of the as-prepared samplthe solid lines are a guide to the gye as-prepared sample and of sam@le. The main feature of
Both spectra are shown as a function of the momentum tragsfer poth spectra is the magnetically split sextet due to hematite

with a magnetic hyperfine field of about 52.5 T. For the

ticle size. Thus, we conclude that the particles consist Oés_prepared sample there is an additional component with
single magnetic domains with an average volume-weighte@roader lines and a hyperfine field of about 48 T, which
diameter of 163 nm. For samplé€2 a particle diameter of probably is due to ferrihydrite or amorphou529g35 This
14+=3nm was estimated using XRD before impregnation ofcomponent, which corresponds to about 10% of the spectral

the silica.

Transmission electron micrographs of the samplds

area of the as-prepared sample, is not visible in the spectra of
sampleC1 and must therefore have been reduced to less than

and C2 (before impregnation of the siligsshowed roughly  about 2% by the oxalate treatment. This result is in good
spherically shaped particles but with some irregularities anéhgreement with other studies which indicate that ferrihydrite

a slight degree of agglomeration, especially in sanple

is dissolved by the oxalate treatméhe!

and this makes a detailed estimate of the particle size distri- Mossbauer spectra of sampl were obtained in zero
bution difficult. An estimate of the size distribution was, applied field at temperatures between 5 and 230 K. Selected
however, possible for sample2. Assuming spherical par- spectra are shown in Fig. 414 K the spectrum is magneti-
ticle shape, the volume-weighted size distribution could becally split with a hyperfine field of 53:£0.2 T, an isomer
described well by a log-normal distribution with a volume- shift of 0.49-0.01mms?! and a quadrupole shift of

weighted median particle diametef,=16=3 nm and the
standard deviationy=0.22+0.09 of In@d/d,,)). Thus the dis-

—0.102+0.006 mm st These values are consistent with
those expected for weakly ferromagnetic hematite with the

tribution of volume-weighted particle volumes is also log- sublattice magnetization directions in the basal pf&rEhis

normal distributed with the median volumé,= m(d,,)%/6
and the standard deviatiom=304=0.7=0.3 of In(V/V,).

shows that there is no Morin transition at temperatures as
low as 5 K. At this temperature, the absorption lines have a

The average volume-weighted diameter for the log-normahearly Lorentzian line shape with the width 0.42 mm sf

distribution is da=dy,expE2)=dy-1.02=16+3 nm3*

lines 1 and 6. This width is slightly larger than the corre-

This value is slightly larger than that found from the XRD sponding 0.29 mmg obtained for the bulk polycrystalline
analysis but the difference is within the uncertainty. A simi- hematite. As the temperature is increased, there is a gradual

lar analysis of TEM micrographs of sampld showed that,

collapse of the magnetically split component to a doublet,

when a few agglomerates were ignored, the particle size diswhich is the dominant feature at 230 K. This behavior is
tribution in this sample is also compatible with a log-normaltypical for magnetic nanoparticles, which exhibit superpara-

distribution.

magnetic relaxatio>*” The gradual collapse of the mag-
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FIG. 5. Mcssbauer spectra of sampl obtained at 230 K in
zero field and in different applied magnetic fields. The field of 0.7 T
was applied perpendicular to the gamma-ray direction, while the
larger fields were applied parallel to the gamma-ray direction. The
I 150 K vertical bars represent 1% absorption.

is seen to be sufficient to induce a substantial magnetic split-
ting. For larger applied fields the hyperfine splitting ap-
proaches the values found below the blocking temperature.
I 230K This shows that the Zeeman energy is comparable to or
larger than the thermal energy fB=1T.
Mossbauer spectra of samld were obtainedtsb K in
a range of magnetic fields applied parallel to the gamma-ray
direction. Selected spectra are shown in Fig. 6. The main
28 40 4 8 12 effect of the field is to change the area ratio of the absorption
Velocity (mms™) lines. The area ratio of the absorption lines in a magnetically
split Mossbauer spectrum is 8:1:1:x:3, wherex is given
FIG. 4. Selected Mssbauer spectra of sampld measured at by the expression
the indicated temperatures. The full lines are fits based on the model
described in the text. The vertical bars represent 2% absorption. 4 sir? "

X2 sir W

| I TR T SN SRNPUN [N SR ST SN WSO WS VOt WY ST WY

(12

netically split spectrum with increasing temperature indicates
that the sample contains particles with a broad distribution ofnd ¢ is the angle between the hyperfine field and the direc-
blocking temperatureslz, which is related to the particle tion of the gamma-rays. The observed area ratio can there-
size distribution. The relative area of the magnetically splitfore be used to obtain information on the orientation of the
component varies almost linearly with temperature over aublattice magnetizations. In zero field the lines have an area
broad temperature range around the median blocking tenratio close to 3:2:1:1:2:3 as expected for particles with a
perature,Tg,,, defined as the temperature at which 50% ofrandom orientation of their sublattice magnetizations. In ap-
the sextet has collapsed. This analysis yields a median bloclplied fields the observed magnetic hyperfine fiedy;, is
ing temperaturd g,,= 143+ 5 K. almost unchanged, but the relative intensities of lines 2 and 5
The magnetic field dependence of the spectrum of samplecrease with increasing magnetic field strength. The values
C1 at 230 K is illustrated in Fig. 5. An applied field of 0.7 T of x, obtained by fitting each of the spectra to a sextet with
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FIG. 6. Selected Mssbauer spectra of sami@d measured at 5

I 35K

Absorption

K in zero field and with different magnetic fields applied parallel to
the gamma-ray direction. The vertical bars represent 2% absorption.

the area ratio 3:1:1:x:3 of the lines, are plotted as a func-
tion of the applied magnetic field in Fig. 7.

C. Mossbauer spectra of sampleC2

In order to study superparamagnetic relaxation well above
Tsm MoOssbauer spectra of samp2 were obtained as a
function of temperature up to 495 K in zero external field.
Representative spectra, obtained at the indicated tempera-
tures, are shown in Fig. 8. The main difference compared to
sampleC1 is thatTg,, is slightly lower due to the smaller
particle size of sampl€2. After the measurement at 495 K
some of the spectra at lower temperatures were measured
again and a slight increase 0%, was observed, but the
changes of the spectra in the temperature range from 295 to
495 K was negligible. Thus the sample was not significantly

Absorption
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42 8 -4 0 4
Velocity (mms™)

I ‘ .( 375K

495 K

affected by the heating. Annealing at 523 K, however, re-
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< 35k i_
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s
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Applied magnetic field (T)

FIG. 7. Relative absorption area, of lines 2 and 5 in the
magnetically split Ma@sbauer spectra of samyild at 5 K shown as
a function of the applied magnetic field.

-4 -2 0 2 4
Velocity (mms™)

FIG. 8. Selected Mssbauer spectra of sampl® obtained at
the indicated temperatures. The full lines are fits based on the model
described in the text. Note the different velocity scales in the upper
and lower part of the figure. The vertical bars represent 1% absorp-
tion.

sulted in a fully magnetically split Mssbauer spectrum at
295 K, indicating that some sintering of the particles had
taken place.

Because of the lower blocking temperature of san@i?e
the spectra obtained at temperatures above 200 K consist
essentially of a superparamagnetic doublet. This doublet is
asymmetric with different widths but equal absorption areas
of the two lines. As the temperature is increased the asym-
metry is reduced and by repeating the measurements at lower
temperatures it was shown that this effect is reversible.
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at the frequencie§=0.1, 1.7, 17, and 170 Hz after cooling in zero
field. The inset shows the ZFC magnetization curve measured with
an applied field of 2.0 mT. The solid lines are fits to the data based
on the models described in the text.

FIG. 9. Hysteresis loop of the as-prepared sanfipleand of the
dried sampleC1 at 6 K(O) and 295 K(A). The magnetization is
given per unit mass of £@; in the sample as determined by AAS.
The inset shows the hysteresis loop of santpteeasured at 295 K.

decrease with increasing temperature and reached zero at
about 100 K. The coercive field of samfewas 0.33 T at
Figure 9 shows the hysteresis curves for san@ilemea- 295 K.
sured at 6 and 295 K and for the as-prepared sample mea- Figure 10 shows the zero-field cool€édFC) magnetiza-
sured at 6 K. The inset shows the corresponding curve fotion curve measured after a wait timg,=100s, at each
sampleB measured at 295 K. The measurements indicatéemperature in an applied field of 2.0 mT and the ac magne-
that the hysteresis loops are closed for magnetic fields largeization curves measured at the frequendied.1, 1.7, 17,
than about 4 T. The high-field differential magnetic massand 170 Hz. At low temperatures the magnetic moments are
susceptibilities,y, were determined from the slopes of the frozen in an easy direction of magnetization giving rise to a
linear high-field parts of the hysteresis curves after correctioow magnetic susceptibility and at high temperatures the sus-
for diamagnetic contributions from the sample holder. Theceptibility decreases @& due to the thermal fluctuations
spontaneous magnetizatioms, was found by extrapolation of the magnetic moments. The magnetic susceptibility has a
of the linear part of the high-field magnetization to zero field.peak at a temperature between these two extreme situations,
The results are given in Table | where the results obtaine@vhere the time scale of the superparamagnetic fluctuations
for sampleC2 at 10 K and 295 K are also given. The databecomes comparable to the time scale of the measurement. It
obtained at 295 K and at low temperatures cannot be directlis seen from Fig. 10 that the temperature corresponding to
compared because superparamagnetic relaxation has a stge peak position increases with increasing frequency and
nificant influence on the magnetization at 295 K evenBor that the height of the peak of the in-phase component of the
=4 T, whereas the influence of superparamagnetism is negc-susceptibility decreases with increasing frequency as ex-
ligible at low temperatures in large applied fields. The coerpected for an ensemble of non-interacting superparamagnetic
cive field of sampleC1 was 0.15 T at 6 K. It was found to particles.

D. Magnetization measurements

TABLE I. The spontaneous magnetizatian,, and the high-
field susceptibility,y, of the polycrystalline samples and of bulk V. DISCUSSION
single-crystal hematite measured in the basal plane. The data for A. The spontaneous magnetization of sampl8

bulk single crystals are taken from Ref. 28. .
The value ofag for sampleB is lower than the valuer

=my/p=0.38+0.04J T kg ! measured in the basal plane

Temperature [ X ) 4
Samples (K) OT kg (Tkg'y  of bulk single crystals? This is due to the orientation depen-
dence of the canting angJsee Eq.(9)]. If the applied mag-
As-prepared 6 0.990.09 0.3420.04  netic field is sufficiently large to align the effective particle
295 0.210.03 0.2%0.04  moment along the field direction we get from E4l) the
C1 (dried 6 0.40:0.03 0.220.03  relation o(B) =0 sin{+xB. For a polycrystalline bulk he-
150 0.29:0.03  0.26-0.03 matite powder we find the average magnetization by inte-
295 0.22£0.03  0.25-0.03 grating over all the possible orientations Bfrelative to the
C2 (dried 10 0.42-0.03 0.25:-0.03 [111] axis:
295 0.1720.03 0.23:0.03
B 295 0.29-0.02 0.19:0.02
Bulk, single crystals 295 0.380.04 0.19-0.02 <O‘(B)> - ZUO+XB- (13

4
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This shows that we should expect an effective spontaneoudossbauer spectra at a temperature, where all the particles

magnetization ofr¢= 7o,/4=0.30+0.03J T *kg tingood are superparamagnetic. When the Zeeman energy is large

agreement with the observed Vvalue,c4,=0.29 compared to the anisotropy energy and the thermal energy,

+0.01JT1kg™?, for sampleB. kT, the induced magnetic field at the iron nuclelBy
—B|, is given by the approximatidfr*'42

B. Determination of the effective magnetic moment of the kT
nanoparticles |Bobs—B|=Bo| 1— 4B’ (14)

The values ofry andy for the hematite nanoparticles at 6 whereB, is the saturation hyperfine field. In a large mag-
K can be compared to the bulk values at room temperaturg ... fiald. wherem is aligned withB (see Sec. VT the
'csrllzc\sjv?e;:):]ean;sek)rgrg\:ve ggg%‘(%?]r;c?ng;;heeﬂszzgi/s:]u?ﬁe':siﬂélIéﬂblattice magnetizations will be nearly perpendicular to the
ments at 6 K show that the values pande for sampleC1 field and therefor¢Bops~ B| ~Bopsis @ good approximation.
bout 40% | than th Ip s d for sagol In lower fields, wheren is not fully aligned with the external
are abou o larger than the values measured o1 Sample g0y the same approximation applies since the effe® &f

— 1 -1
f me mu_ch Iarge[jvalue;?—O.QQtJl;l‘ (lj<g t(S?r? Table) to, enhance the magnetic field for one sublattice but decrease
or the as-prépared sample must be dué 1o the presence ﬁ)ffor the other, resulting in line broadening without any sig-
poorly crystalline F60, or ferrihydrite, Wh'Ch was removed nificant effect on the average hyperfine field. In the present
by the oxalate treatment when preparing samPle The  oqo the magnetic moment of the particles depends on the

observations can be _explained if this impu_rilty phase_ has applied field and in the high-field limit it can be expressed as
spontaneous magnetization of about 6 3Rg %, which in-

deed is of the same order of magnitude as the reported value w=pV(os+ xB)= s+ pVyB. (15)
for ferrihydrite394° At room temperature the magnetization _ o _

values for the as-prepared and & samples are quite simi- Inserting this in Eq(14) we obtain

lar. This suggests that the contribution from the disordered KT
iron-containing compound at this temperature is strongly re- Bope=Bo| 1- ——————5|.
duced. This is also in accordance with the expected behavior msB+pVxB

. N 40 .
of ferrihydrite.” The value ofos for sampleCl at 6 K can g nigsshauer spectra obtained at 230 K with applied mag-

only be considered as an upper limit for pure hematite nanOgeyic fields in the range from @t T were fitted with 2 or 3
particles as up to 2% of the iron may still be in the form of

. . ) sextets and,, was determined as the area weighted aver-
such a disordered phase, i.e., the value ofor the hematite

age value of the hyperfine fields. The variation as a
nanoparticles is in the range 0.3—-0.4 }kg . As the value ch vp Bobs

(16)

) ; unction of B was fitted to Eq(16) assuming a single particle
of x for the as-prepared sample is only slightly enhanced;;;¢ (16 nmy and usingy=0.26 JT kg%, obtained from
relative to sampleC1 it follows that the high-field suscepti- the magnetization measurements at 150 K. The fit yielded
bility of the impurity compound is not much different from Bo=50.5+0.9 T andu.=400+ 200 . The uncertainty on

5+0. s + .

that of hematite. , . ) .
. . is mainly due to the uncertainty ovi in Eq. (16).
Muenchet al*2 found for 20—30 nm hematite particles a y y a. (16

five times enhancement of the susceptibility compared to the
bulk value. There are several reports on iron oxide particles™
with sizes of 2—10 nm which by the authors were identified
as hematite with relatively largess-values of 4-10 Antiferromagnetic nanoparticles are expected to have a
JT *kg™?! (Refs. 14, 16, and 27or even largef® These magnetic moment due to uncompensated spingl’Riaas
values were explained by uncompensated surface *8gihs proposed different models which predict uncompensated
or lattice defects? but they are also of the same order of magnetic moments given by,c=n%wawom WHEre taiom IS
magnitude as the magnetization of the component, whicthe atomic moment(about 4.9ug for iron atoms in
was removed by the oxalate treatment in the present studjiematité®) andn is the number of magnetic atoms per par-
Our results show that small amounts of impurity phases mayicle. Depending on the modelmay have values of 1/3, 1/2,
have a significant influence on the magnetization and theresr 2/3. The uncompensated magnetic moment is expected to
fore some of the previously reported values may not be repbe parallel to one of the sublattice magnetization directions.
resentative for pure hematite. For 16 nm hematite particles we obtain uncompensated mo-
The spontaneous magnetizatioy can be related to an ments of about 220, 1400, and 950p for the threez val-
effective spontaneous particle momenff= pVos. Calcu-  ues. As a spontaneous particle moment of about 400500
lating V from the particle diameter of 16 nm determined has been determined, the actual value ofiust be smaller
from the XRD analysis and assuming that the particles ar¢han 1/2. Studies of NiO particles suggest tkat about
spherical with the density of bulk hematite p ( 1/32! In addition there may be a contributigng, to the
=5256 kg m %), we find from the 6 K value ofog an effec- magnetic moment from disordered surface spins. This con-
tive spontaneous particle moment@f~500ug for sample tribution can have any direction relative to the other contri-
C1. The uncertainty on this value is relative large due to thebutions.
uncertainty on the particle size and the possibility that the The total magnetic moment is given y= pwrt pyc
sample contains a few percent ferrihydrite. + Msurf, Wherepye=mV is the magnetic moment due to the
An alternative procedure to determine the magnetic moweakly ferromagnetic canting of the sublattice magnetiza-
ment of nanoparticles is by using the field dependence dfions. At small applied magnetic fields the sublattice magne-

The influence of uncompensated spins on the properties of
sampleC1
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tization directions and the direction gf are mainly deter- =40,/7r=0.50+0.04JT *kg ! for sampleC1. With this as-
mined by the magnetic anisotropy. For larger appliedsumption we can calculate the associated canting angle as
magnetic fields the direction of the sublattice magnetizations,= 2 sin (poy/2M)=0.17+0.01°. The corresponding
will be determined by the competition between the anisotvalue for bulk hematite isS=0.13+0.01°! The enhance-
ropy energy and the Zeeman energy and will of course alsment of the spontaneous magnetization can, however, also be
depend on the relative size of the contributiongutdf mg,+  accounted for if the uncompensated particle moment or the
is small compared tg,r and u,. the magnetic moment will moment due to disordered surface spins is not negligible or
be composed of the two perpendicular contributipig and  the sample contains up to 2% ferrihydrite.

My In large magnetic fields the sublattice magnetization
directions will approach the field direction fQr, wwe,
whereas they will tend to be perpendicular Bofor w,
<uwe. Since uywe increases with increasing applied field
[see Eq.(11)] it is in principle possible that the preferred  The magnetic anisotropy of WF hematite nanoparticles is
direction of the sublattice magnetization can be close to thenore complicated than that of bulk hematite. Ideally, the
direction of the applied field at moderate field strengths busixfold crystal symmetry in the basal plane should result in
may become nearly perpendicular to the field direction asix minima for the magnetic enerdgee Eq.(6)], but the
large field strengths. In this case the valuexpfound from  valueTg,=143*+5K, observed by Msshauer spectroscopy,
Mossbauer spectra obtained in magnetic fields applied alonig too large to be accounted for by the weak in-plane mag-
the direction of they rays, should initially decrease to values netocrystalline anisotropy of bulk WF hematiteK
below 2.0 for low field strengths but then increase and ap~1 Jn®).! This suggests that there are other and larger
proach a saturation value close to 4.0 for large field strengthsontributions to the anisotropy in the basal plane. The mag-
[see Eq.(12)]. The experimental data in Fig. 7 show for netoelastic anisotropy originating from stress will usually
B=1T that the value ok is close to 2.0 as expected for a dominate the magnetocrystalline anisotropy except for very
random orientation of the sublattice magnetizations. Focarefully prepared and mounted bulk single crystalhis
larger magnetic fields the value »fncreases up to about 3.4 contribution to the anisotropy is uniaxial in the basal pfane
for B=4 T showing that the particle moment is nearly per-and can be large enough to dominate other contributions
pendicular to the sublattice magnetizations. This indicate$rom, for example, shape and surface anisotropy in nanopar-
that uwe is the dominating contribution to the particle mo- ticles. We therefore assume that the magnetocrystalline con-
ment. Numerical analyses of the s&bauer and magnetiza- tributionsF, andFg to the energy density for bulk hematite
tion data show thaj,<350ug and that even in zero ap- in Egs.(5) and(6) can be replaced by

plied magnetic field the moment due to canting of the

sublattices is comparable to or larger than the uncompen- _ i

sated momen(as the two contributions tg are perpendicu- Fus=—K1 oS 6+ Kg,sir? dsir’ ¢, (18)

lar).

Further information about the direction of the sublatticewhere ¢~ ¢,+ g~ 7— 1+ ¢y and ¢, is the angle be-
magnetization can be obtained from the quadrupole shift ofween a crystal axis and an easy uniaxial axis in the basal
the magnetically split Mssbauer spectra. In hematite the pjane.Kg, is the effective uniaxial anisotropy constant in the
principal axis of the electric field gradient at the iron nUC|EUSbasa| p|ane_ In the previous section it was shown that/2.
is along the[111] axis. The quadrupole shift, observed inthe  The energy barrier for rotation i out of the basal plane
magnetically split Mssbauer spectrum, is given by is still found from Eq.(10) asKV. It should be stressed that
the rotation ofm out of the basal plane only involves very
small changes ob and ¢. The change oF g during such a
rotation is therefore negligible comparedKgV. This type
of rotation will give rise to superparamagnetic behavior in
where ¢ is the angle between this axis and the magnetignagnetization measurements but not indgleauer spectros-
hyperfine field and:" is the quadrupole interaction strength. copy since the fluctuations of the sublattice magnetization
For WF hematite the value=—¢'/2 is obtained a®==/2.  directions are negligible. Another type of rotation, which
The value ofs’ is about 0.21 mms' for bulk hematite®  will give rise to superparamagnetic behavior in both magne-
From the Mmsbauer spectrum of sampld, measured at 5 tization measurements and "Sgbauer spectroscopy, in-

K in zero applied field, we find e=—0.102 volves a 180° rotation of the sublattice magnetizations in the
+0.006 mm s, which shows that the sublattice magnetiza-basal plane over the energy barrig€g,V. If Kg,V is differ-

tion directions are close to the bagalll) plane. Within the  ent from KpV we then expect to observe different energy
uncertainty no change was observed in the quadrupole shiftarriers by Mesbauer spectroscopy and magnetization mea-
for the 5 K spectra in magnetic fields of up to 4 T. Thus, thesurements. In magnetization measurements we expect to see
uniaxial anisotropy energy constar€,, for the nanopar- a cross-over from two-dimensional relaxationrofover the
ticles is so large that the sublattice magnetization directiontower of the energy barriers at low temperatures to a more
remain in the(111) plane even in large magnetic fields. This isotropic relaxation ofm at higher temperatures. The first
shows thaiK,| is much larger tharkKz andK. A similar  and second types of rotation correspond to the high- and
behavior has been observed for WF bulk heméfite. low-frequency modes, respectively, observed in electron

Assuming that the WF hematite moment is the only con-magnetic resonance measurements on the weakly ferromag-
tribution to o, the magnetization in the basal planedig  netic state of hematite.

D. Superparamagnetic relaxation and the magnetic anisotropy
energy

8!
= 7(3 cog 6—1), (17
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E. Fitting of the dc and ac magnetization measurements wherey=E/E, and o is the logarithmic standard devia-

In the analysis of the dc and ac magnetization measurdion- We have performed simultaneous least-squares fits of
ments it is not feasible to take accurately into account thél! the magnetization data shown in Fig. 10, both wighas
two energy barriers, the dependence of the canting angle (ﬁt]free_pigrameter and_Igr different fixed valuzesr@betvx_/een
the direction ofm relative to the basal plane and the possiblel %10 "“s and 5<10""s. The variation ofy“ of the fitas
presence of an uncompensated magnetic moment. We hag@efunction of Inr, was close to parabolic and gave an esti-
therefore, as a first approximation, assumed that the dc arf#ate of the uncertainty on the value gf. In the following
ac magnetization measurements can be modeled usingaiﬂ stated uncertainties are estimated from the valuesg,of
three-dimensional relaxation model and an effectivelywherex® of the fit has increased 10% compared to the value
uniaxial anisotropy energy. We have furthermore assumel the minimum. o
that the relaxation time is adequately described by thelNe ~ The best fits of the ZFC and ac magnetization data ob-
Brown expressiofEq. (2)]. In the following we will con- ~ tained for sampl€€1 to Egs.(19) and(20), respectively, are
sider a volume-weighted distributidify) of reduced particle  Shown as the full lines in Fig. 10. The out-of-phase data of
volumes or, equivalently, energy barriersy=V/V,, the ac guscept!b|llty were included in the.flttmg, but are not
=Ey/Epm, WhereV,, andE,,, are the median particle vol- shown in the figure. Although the experimental results are

ume and energy barrier, respectively. Following Wohlf4th influenced by two relaxation processes with different energy
we write the ZFC magnetic susceptibility as barriers(and possibly different values afy) the measured

data are fitted well by the simple model presented above. The

m2[E,., (T/T - resulting parameters arero=1.8"32x10" s, EM29Tk

1| Ebm bm :

Xzrc( T, tm) S—K[FJ yf(y)dy+ J f(y)dy}, =305+20K ando=1.00+£0.01. The stated values and un-
0 T/Tom 19 certainties ofEp2%" and o do not take into account the sim-

plifications made above and should therefore not be taken as
wherem, is the magnetization in the absence of dynamicrepresentations of the actual barrier distribution. The larger

effects,Tgn=Eom/[K IN(tn/7)], tnis the measuring time and ValUes of 7o correspond to the lower values &> No

K is an effective anisotropy constant. The first contribution isOW-field magnetization measurements were performed on
from the superparamagnetic particles and the second cont§@mpleC2.

bution is from the blocked particles. Following Gittlenfén

we write the ac susceptibility as F. Fitting of the Mo ssbauer spectra

The temperature series of Mdsbauer spectra were ana-
lyzed using the two-level relaxation model by Blume and
Tjon*” in which the magnetic hyperfine field is assumed to
switch with an average frequency ! between the values

* . _ + Bgps Perpendicular to the principal axis of the electric field
X Jo (1+iwT) 1f(y)dy}, (20 gradient. The two-level model is justified for uniaxial anisot-
ropy andk T<0.3-KV (see, e.g., Ref. 48, Fig) 2Af the value
where w=2f is the angular frequency of the applied ac of 7o is sufficiently small €10 *°s) this condition is ful-
field and 7= 7o exply-Eyn/kT). The first contribution is filled in the vicinity of the blocking temperature. The line
from the susceptibility of the superparamagnetic particlesshape of the superparamagnetic doublet, observed above the
and the second contribution is from the susceptibility of theblocking temperature, will therefore only differ slightly from
frozen particle moments. The real and imaginary parts',[hat generated by the two-level model. The in-well collective
Xac(T,®) and xao(T,0) of xac(T,w) are the in-phase and magnetic excitations are accpunted for by setfings equal
out-of-phase components of the measured susceptibility, ré0 the average hyperfine field calculated by Boltzmann
spectively. The effective median energy barrier, denotedtatistics'®*° For the present case, f6;|>Kag,, it is more
EM9" represents the combined energy barriers and the effe@dequate to use two-dimensior{@D) Boltzmann statistics

of a possible cross-over between relaxation in two and threfather than 3D Boltzmann statistics. The reductionBgs
dimensions EM" may therefore not be directly related to due to collective magnetic excitations can then be found
b m

any of the energy barriers. For this reason we also expect thiem
the distribution functionf(y), obtained from fits of the ex-

m2

E o0
XAC(T,w)ocs—li k_t"ﬂo y(1+ion) f(y)dy+ie

perimental data to Eq$19) and(20), may be wider than the B 712 exp — K guV sir? ¢p/kT)cose d¢p
actual volume distribution. We have implicitly assumed that obsT PO (T2 axp(— KgyV SIn ¢p/kT)d g

the distribution of effective energy barriers is independent of

the measuring time. If this or the assumption of a relaxation ~B [1_ KT 22)
time given by Eq(2) is not valid, it may be seen as poor fit 0 4Kg V|’

quality for some of the frequencies. o )
In the following we consider a log-normal distribution of Where the last expression is the low-temperature expansion
Vo|ume-weighted energy barriersy for kT=<0.1- KBUV' The variation OfBO with temperature

was assumed to follow that of bulk hematite after subtraction
1 In2 of 0.8 T below Ty, because of the absence of the Morin
f(y)dy= ——exp — ny dy, (21)  fransition in the nanoparticléswe write the resulting Mss-
2 2
V2may o bauer spectrum as



6836 B@DKER, HANSEN, KOCH, LEFMANN, AND M@RUP PRB 61

o the magnetization measurements. The larger valug cbr-
G(v)= fo g(v,y-Epm) f(y)dy, (23)  responds to the lower value B, and the larger value af.
It should be noted that the value Bf,,, estimated by this
method, is influenced by both collective magnetic excita-
wherev is the velocity,g(v,E,) is the Massbauer spectrum tions, which are related to the shape of the energy
for a single energy barrieE,=Kg,V andf(y) is the volume  minimum?#! and superparamagnetic relaxation, which is re-
weighted distribution of reduced energy barriers. The fulllated to the height of the energy barrier. If the shape of the
expression fog(v,Ep) can be found in Appendix B of Ref. energy barrier deviates from that given by Hd8) the
47. The other input parameters, which are not explicitychange ofB,,s with temperature may therefore differ from
given in Eq.(23), are the magnetic hyperfine field, the relax- Eq. (22). We checked this by estimating a valuetgf,, from
ation time, the quadrupole interaction strength, the isomethe low-temperature spectra obtained Tor.50 K where no
shift and the intrinsic width$V; of linesi andj=7—i. To  doublet is present. The value &, obtained in this way
avoid unrealistic sets of parameters the line widths were corshould mainly be determined from the collective magnetic
strained toW,;¢=W,5=W3, in the fitting. The values oW; excitations. In the fittingr, and o were fixed to the values
and the quadrupole interaction strength were constrained tgiven above. The result waEE,wE/k=620i 50K. These
be identical for all spectra in a temperature series and thgpectra were also fitted using a distribution of hyperfine
change of the isomer shift with temperature due to the sedields and the variation of the median field of the distribution
ond order Doppler shift was described using the Debygcorresponding to a particle with energy barri,,) was
approximatior?* The full integrals in Eq(22) were used to fitted to Eq.(22) resulting inECVE/k=640+50 K. The val-

bm

calculateB s during the fitting. _ ues of EME do not differ significantly from the values of
The lines in Figs. 4 and 8 are the best fits of the spectra oéb

- ) ’ m estimated from the full-temperature scan and hence Eq.
samplesC1 andC2 to the modified Blume-Tjon relaxation (1g) appears to be an adequate description of the anisotropy
model, Eq.(23), obtained by simultaneous least-squares f'tsenergy in the basal plane.
to the full temperature series of each of the samples. As can ¢ parameters resulting from the analysis of the
be seen from the figures all essential features of the Speaf@mperature series of Mdsbauer spectra of the2 sample
are well reproduced by the model. There are, however, someg., 5,=0.49+0.01mms., &'=0.24+0.01mms?, 7
minor discrepancies at intermediate temperatures, which 4 g+53, 1511 E  /k=470'15°K  +=0.7+0.1 and
probably are due to small deviations of the actual barriery (.T;SSK)ZSS 00 i The obtained value of is in
distribution from the log-normal distribution, and at high _° da reemen;c v;itr{ thé value 6-0.3 found from the TEM
temperatures, which may be due to the failure of the simpléJOO 9 :

, : oo micrographs. The value of’ for this temperature series is
Neel-Brown expressionEq. (2)] for the relaxation time for slightly larger than that obtained for samg@d. This is due
kT~E,,, and the assumption of only two possible directions ghtly 'arg |

of the magnetic hyperfine field. The doublet, which is due tot0 the fact that we have measured on san@at higher

. L . . ‘temperatures resulting in a relatively larger weight of the
particles that exhibit fast superparamagnetic relaxation, 'ﬁigh-temperature spectra and that the quadrupole splitting
asymmetric at all temperatures, i.e., the line at negative ve- . _

. . " . .« . of the doublet at high temperaturesAEG=0.54
locity is broader than the line at positive velocity. This is +0.02mms?:, is slightly larger than 2 =0.48
clearly seen in the spectra of samfii obtained at 375 and :0.02 mm s*l’expected from the fit of the full tempe}ature
495 K in a small velocity rangéFig. 8). This asymmetry is ~ -

; . . series. The value of in the low temperature spectra és=
It of rel ff f I f th X ; -
a result of relaxation effects for relaxation times of the order™ 0.098+0.005 mm s, A possible explanation of this is an

of 1054752 For shorter relaxation times the asymmetry is hancement of due to Surf Hocts or defect N
reduced. This explains why the doublet spectrum of sampl anceme ue 10 surtace efiects or detects such as
H groups and vacancies. The contributions to the electric

C2 is more symmetric at 495 K than at lower temperatures old aradient from defects presumably have random direc-
The best fit to the temperature dependence of the seconé; 9 P y

order Doppler shift was obtained using a Debye temperatur ons relative to the direction of the hyperfine field and will
©.-~500 K. which is similar to®~600—700 K estimated erefore mainly give rise to line broadening in the magneti-
D ’ D -

Iy ; lly split spectra due to the angular dependence of the quad-
from specific heat measurements on bulk hematiaria- 2 . .
tions oﬁ: +200 K on the values 0B, gave only a slight rupole shift[see Eq(17)], but aboveT g, they will affect the

change of the quality of the fits. average quadrupole splitting.

For sampleC1 the isomer shift, extrapolated to zero tem- . ]
perature, was, = 0.49+0.01 mm .. The quadrupole inter- G. Estimates of 7, and anisotropy constants
action strength was’ =eQV, /4=0.21+0.01 mms* corre- The two values ofr, estimated from the Mgsbauer spec-
sponding to the quadrupole splitingdEq=2¢"=0.42  troscopy measurements on samplss andC2, are in good
+0.02mms? of the doublet at high temperatures and theagreement. The resulting average Vvalue s,
quadrupole  shift e=¢'/2-(3 co$(n/2)~1)=—-0.105 =(6+4)x10 s. The value,7,= 1.8732x 10" s, esti-
+0.005mms* of the sextet at low temperatures. These pamated from the magnetization measurements, is somewhat
rameters are in agreement with those expected for bulk h@ower than the average value estimated from thesshauer
matite at low temperature in the absence of the Morin transpectra. Due to the different nature of the relaxation pro-
sition. The other parameters obtained from the fits of thecesses observed by magnetization measurements ass- Mo
spectra of theC1 sample arero=6.5"3%><10 's, E,n/k  bauer spectroscopy, the two values do not have to be identi-
=590" 150K, ¢=0.6-0.1 and Bo(T=0K)=53.3-0.2T.  cal. They are, however, in agreement when the uncertainties
The uncertainties were estimated in the same manner as fare taken into account.
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The values ofry and Ep,, found by Mcssbauer spectros- 10-1°s with the fluctuating hyperfine field perpendicular to
copy, are in agreement with the estimates-7x10 '?s  the principal axis of the electric field gradient and is in ac-
(the uncertainty was about an order of magniju@®d cordance with the Blume-Tjon model for relaxation. By tak-
Epm/k=500=200K obtained from the broadening of the ing into account the particle size distribution and the effect
quasielastic component in inelastic neutron scattering spectigf collective magnetic excitations we were able to simulta-
of the as-prepared sample assuming a single particle'$ize.neously fit Mssbauer spectra obtained at temperatures rang-
Mossbauer studies of this sample showed that it has a supeng from 15 K to well above the superparamagnetic blocking
paramagnetic blocking temperature similar to that of sampléemperature. This allowed us to determine theelNelax-

C1 and the relaxation of the hematite particles in this sampletion pre-factorry=(6+4)x 10" s and the median energy
is therefore not significantly affected by the presence of theyarrier for relaxation in the basal plar,,/k="590" 53K

impurity phase. _ . . for sampleC1. These values are in accordance with those
Due to the complexity of the relaxation process in thegptained from inelastic neutron-scattering studies. Simulta-
magnetization measurements it is difficult to rel&fff®"di-  neous fits of the magnetization curves with a model for re-

rectly to any of the barrier&pV andKg,V. Using the bulk |axation in three dimensions gave a slightly lower value of
value, Kp=2.0x10°Jm® and the particle diameter of 16 the pre-exponential factory,=1.8"32x10 s, and an ef-
+3nm we calculatdpV/k=310" 130K for sampleC1 (this  fective median energy barri€gp297k =305+ 20 K, which
value will be Sllghﬂy Iarger than a value based on the mediard;orresponds well to the energy barr]érjvlk~ 310K esti-
particle size but the effect on the obtained value is within themated using bulk parameters. The median energy barrier,
stated uncertainly The value of KpV/k is significantly  optained from the magnetization measurements, is signifi-
lower than Kg,V/k but in good agreement witlEg2%7k  cantly lower than that obtained from the fit of the S&bauer
=305+ 20K and it thus supports the interpretation in termsspectra. This difference is due to the presence of two differ-
of two different relaxation modes in the form of an in-plane ent modes of magnetic relaxation, which are characteristic

and an out-of-plane fluctuation of. for the weakly ferromagnetic phase. One mode involves a
2D type of relaxation of the sublattice magnetization in the
VI. CONCLUSIONS basal plane, while the other mode involves fluctuations of the

- weakly ferromagnetic moment out of the plane. The first

The present work has shown that large quantities of pUr@ect” gives rise to superparamagnetic behavior in both
16 nm hematite part|c_|es can be prepared by a Slmp"ﬁ/léssbauer spectroscopy and magnetization measurements,
method. The small ferrihydrite component observed in thypjje the second mainly affects the magnetization measure-
Mossbauer spectra of the as-prepared sample was removaghnis Wwe therefore observe a 2D type of relaxation by
with an oxalate treatment, and interparticle magnetic interacy;ssshauer spectroscopy, while the magnetization measure-
tions were I|_m|tgd by coating the particles with oleic acid. ,ants are affected by a more 3D-like type of relaxation due

No clear indication of an uncompensated moment was obg, the effect of both in-plane and out-of-plane relaxation.

served and an upper limit of about 3p for this contribu-  The exponential pre-factor in the Bidaw for the relaxation
tion was estimated. The magnetization of the particles wage may be different for these two modes.

found to be slightly larger than the bulk value. This differ-

ence may be due to an uncompensated magnetic moment, a ACKNOWLEDGMENTS
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