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Magnetic dynamics of weakly and strongly interacting hematite nanopatrticles
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The magnetic dynamics of two differently treated samples of hematite nanoparticles from the same batch
with a particle size of about 20 nm have been studied bygdauer spectroscopy. The dynamics of the first
sample, in which the particles are coated and dispersed in water, is in accordance witkltezpxession for
the superparamagnetic relaxation time of noninteracting particles. From a simultaneous analysis of a series of
Mossbauer spectra, measured as a function of temperature, we obtain the median energiK hafriék
=570+100 K and the preexponential factey= 1.3féj§>< 10" 1%s for a rotation of the sublattice magnetization
directions in the rhombohedrél11) plane. The corresponding median superparamagnetic blocking tempera-
ture is about 150 K. The dynamics of the second, dry sample, in which the particles are uncoated and thus
allowed to aggregate, is slowed down by interparticle interactions and a magnetically split spectrum is retained
at room temperature. The temperature variation of the magnetic hyperfine field, corresponding to different
quantiles in the hyperfine field distribution, can be consistently described by a mean field model for “super-
ferromagnetism” in which the magnetic anisotropy is included. The coupling between the particles is due to
exchange interactions and the interaction strength can be accounted for by just a few exchange bridges between
surface atoms in neighboring crystallites.

. INTRODUCTION E~JVM;-M,—VD-(M;XM,)—K,V cod 8

Hematite @ —Fe,03), which is the most stable iron ox- +KpgyV sir? gsir’ ¢, (1)

ide, has the rhombohedral crystal structure isomorphous to N - ] L
that of corundunt.In its bulk form it is antiferromagnetically WhereM, andM are the sublattice magnetizatiofisjs the

ordered with the sublattice magnetization directions alond?Zialoshinskii vector, and and ¢ are the angles between
the rhombohedraJ111] axis below the Morin temperature M1—M,; and the[111] direction and an easy direction in the
Ty~260 K. BetweenT,, and the Nel temperature Ty _basal(l_ll) plane, respectively. The two first terms are the
~056 K, the spins lie in thé111) plane and are slightly isotropic and anisotropic e>§change mtera_ctlons. The_ third
canted away from antiferromagnetic orientation resulting in £2nd fourth terms are the anisotropy energies for rotation of
weak ferromagnetiéWF) moment of about 0.4 JT'kg~*in ~ M1—M; out of the(111) plane and within thé111) plane,

the (111 plane. Both the Morin transition temperature, the fespectively. It was found that the sublattice magnetization
saturation magnetization and other magnetic properties délirections were confined to th@11) plane (¢~ 7/2) even in
pend on the particle size when the dimensions approach tH! applied magnetic fieldfet T and hence that-K, was

nanometer range. Within the last few decades the magnetf@Uch larger than all other anisotropy constants. The super-
properties of nanocrystalline hematite have therefore atP@ramagnetic relaxation sensed by sébauer spectroscopy
tracted considerable attentint2 was therefore of two-dimensional nature. From analyses of a

Recently a sample of hematite nanoparticles with a size Otfemp_erature series of Mebauer spectra using _the elfllee—
about 16 nm, prepared by heating of Fe(QYG9H,0, was laxation law for the superparamagnetic relaxation time
studied by magnetization measurements, x-ray and neutron E

T=To exp( ) s

diffraction, and M@sbauer spectroscop§The nanocrystal- T

line hematite had a spontaneous magnetization of about 0.3—

0.4 JT *kg~* which is only slightly enhanced compared 1o jt was found that the median energy barrier for a 180° rota-
the value for polycrystalline bulk WF hematit¢0.3  tion of the sublattice magnetization vectors in the basal plane
JT kg™ 1). It was found that the dominating contribution to wasEy,/k=Kg,Vm/k~600 K and the preexponential factor
the magnetization in the nanoparticles arises from the cantvas determined to,=(6+4)x10 s,

ing of the magnetic sublattices and that the magnetic energy Studies of interparticle interactions between magnetically
of the nanocrystalline hematite sample in zero external fieldrdered nanoparticles have attracted both theoretical and ex-
could be described By? perimental interest”**~%° This interest has so far mostly
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been focused on the properties of systems of ferro- and fer- T T T T T T T
rimagnetic particles with pure dipole interactioiis3°but it

is interesting to compare the behavior of such systems with
the behavior of systems of interacting antiferromagnetic or

weakly ferromagnetic particles as the nature of the interac-
tion may be different in these systems. For ferro- and ferri-

magnetic particles both magnetic dipole-dipole interactions

and exchange interactions may be important. For antiferro-
magnetic and weakly ferromagnetic particles, exchange cou-
pling between the surface atoms of neighboring particles

may be the most important interactith.

In this paper, we compare two samples of weakly ferro-
magnetic hematite nanoparticles from the same batch. In one
sample the particles were coated with surfactant molecules
and suspended in water in order to minimize interparticle
interactions. The other sample was prepared by washing and
drying uncoated particles. \sbauer spectra of the two
samples are substantially different, but the studies suggest

25 30 35 40 45 50 55 60 65 70

that the difference in strength of interparticle interactions can °20 Co K,
explain the observations. The magnetic dynamics of the
coated particles is in accordance with theeNexpression for FIG. 1. X-ray diffraction spectra ofa) the as-prepared sample

superparamagnetic relaxation whereas the behavior of thand (b) the dry sample(c) Difference between the two spectra
uncoated particles can be described in terms of the “superscaled to same intensity of the sharp pgaks
ferromagnetism” modet?
was placed on a carbon coated copper grid and dried for the
electron microscopy studies. X-ray diffractigxRD) was
Il. EXPERIMENTAL performed on both the as-prepared sample and the dry

: le in a Philips PW1050 diffractometer using e
The sample was prepared by forced hydrolysis aflfe ~ S3MP! -
ions at elevated temperature. First 0.02 mole of Fegyo 'adiation from a Co tube. The Msbauer spectra were ob-
-9H,0 (Merck, p.a) was added to 200 chof distilled water tained with a conventional Misbauer spectrometer in the
at a temperatl;re close to the boiling point. Next 1.3 ah constant acceleration mode using a 50 mCi sourc¥©b in

25% ammonia solution was added under vigorous stirrin h The calibration was performed using a 1.2‘51 th'Ck.
and the solution was left in the reaction vessel at 100 ° oil of a-Fe at room temperature. All isomer shifts are given

under reflux conditions for 2.5 h. The resulting brownish redWith respect to that o&-Fe at room temperature. The Ko

precipitate was separated from the solution by centrifugatiOIkl’auer spectra measureq below 80 K were obtalneq using a
Josed cycle helium refrigerator from APD Cryogenics Inc.

and was washed twice in water and once in acetone. Thg . ,
as-prepared sample contained a disordered iron-containi d the s_peqtra (_)btalned from 80 K to 295 K were obtained
sing a liquid nitrogen cryostat. Spectra measured above

phase in addition to hematitesee Sec. Ill A. In order to biained usi h built f
remove this phase, the sample was treated with oxalate. Th{§°™ temperature were obtained using a home-built furnace.
sample of commercial hematite powd@derck, p.a) was

treatment has proven effective to dissolve poorly crystallineA o .
iron oxides and hydroxide:* The pH of a 0.2 M solution u_sed_as a reference for the variation of the saturation hyper-
of di-ammonia oxalate was adjusted to 3 by addition of 1 mfin€ field with temperature.
HCI. About 250 cmi of this solution per gram of the as-
prepared sample was added and the suspension was left in Il. RESULTS
darkness for 24 h with stirring. The resulting red precipitate
was then separated from the solution by centrifugation and
washed twice in water. In Fig. 1 are shown XRD spectra of the as-prepared
One part of the oxalate-treated sample was washed in w&ample and the dry sample. The difference spectrum, ob-
ter and in acetone and was left for drying. This sample willtained after normalization to eliminate the sharp diffraction
be referred to as the dry sample. Another part of the oxalaténes, is shown in the lower part of the figure. The spectrum
treated sample was washed in water and was kept suspendefdthe dry sample contains only reflections characteristic of
in water. The pH of this suspension was increased to aboutematite whereas the spectrum of the as-prepared sample has
10 by addition of 25% ammonia solution and subsequenthsome additional features due to the phase removed by the
the surfactantoleic acid was added. The sample was then oxalate treatment. These features are more clearly seen in the
given an ultrasonic treatment resulting in a stable suspensiatifference spectrum, which exhibits broad lines a®2242,
of the particles. This sample will be referred to as the coated7, 54, and 64. These four reflections are consistent with
sample. those reported in the same O2interval for 6-line
Transmission electron micrographs of both the coated anterrihydrite 32
dry samples were obtained using a Philips EM 430 electron The broadening of the diffraction lines for both the as-
microscope operated at 300 kV. The samples were given aorepared sample and the dry sample was analyzed. No con-
ultrasonic treatment in water and a droplet of each samplsistent effect of stress on the line broadening could be ob-

A. Sample purity and morphology
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component can be removed by the oxalate treatment shows
that, at least in our samples, the component is not due to
surface atoms of the hematite nanoparticles. The parameters
corresponding to the peak positions of this component are
Bn=48.5t1.0 T, §=0.48+0.02 mms?!, and e=—0.05
+0.02 mms?! and they correspond well to those reported

for 6-line ferrihydrite34%°

B. Mossbauer spectra of the coated sample

Absorption (arb. unit)

Mossbauer spectra of the coated sample were obtained at
temperatures up to 240 K. Higher temperatures lead to a
significant reduction of the Vksbauer effect because the
T T T melting point of the ice matrix is approached. Representative
12 8 4 0 4 8 19 spectra are shown in Fig.(8. At low temperatures, the
spectra consist of a single sextet with sharp lines. As the
temperature is increased, the lines become asymmetrically

FIG. 2. (8) Mdssbauer spectra of the as-prepared sarfgpen broadened towaro!s the ce_ntroid of the spectrum, and a dou-
circles and of the dry samplédata points connected by linesb- ~ DlIet appears. At intermediate temperatures, the sextet and
tained at 15 K.(b) Difference between the two spectra obtained doublet coexist, and at 240 K the spectrum is almost fully
after scaling to eliminate the sextet due to hematite. The points aréollapsed to a doublet. This behavior is typical for a sample
connected by lines for visual clarity. containing noninteracting or weakly interacting superpara-

magnetic particles with a broad size distribution. The median
served and it was therefore assumed that the broadening bfocking temperature, defined as the temperature at which
the diffraction lines was solely due to the small crystallite 50% of the spectrum is magnetically split, is about 150 K. A
size. In the difference spectrum in Fig. 1 some sharp spikespectrum was also measuredrat 240 K in a magnetic field
are seen at the positions of the diffraction peaks. This indiof B=0.7 T applied perpendicular to the gamma-ray direc-
cates that the hematite diffraction lines in the dry sample ar@on [Fig. 3(a), bottom]. It is seen that the applied field re-
slightly broader than those in the as-prepared sample. By usgores the magnetic splitting. This shows unambiguously that
of the Scherrer formul we estimated the crystallite dimen- the collapse of the sextet is due to superparamagnetic relax-
sionsd=24+6 nm for the as-prepared sample athet20  ation of the particles and that the particles have a nonzero
*4 nm for the dry sample. The larger uncertainty for themagnetic moment. A rough estimate of the magnetic mo-
as-prepared sample is due to the presence of the lines froment, u, corresponding to the median particle size can be
the ferrihydrite phase. This suggests that the particle dimersbtained from this spectrum usitig®
sions have been slightly reduced by the oxalate treatment.
The particle size estimated from the XRD spectrum of the
dry sample is consistent with the observations made by elec-
tron microscopy. The electron micrographs of both the
coated and dry samples showed roughly spherical particles, i . . . .
Detailed analyses of the size distributions were not possibl e saturation hype_rflne_ field. This equation assumes smgll
due to agglomeration of the particles. No significant differ-2nisotropy and a field-independent valu_e of the magnetic
ence between the dry and coated samples could be observé]a(.)mem' In the present case thg magnetic moment depends

The Mossbauer spectra of the as-prepared and drg.‘n the external f:ﬁld due to the field dependence of the WF
samples obtained at 15 K are shown in Fig. 2. The differenc agnetic moment and the anisotropy may not be negli-

between the two spectra, after normalization to eliminate thg'ble' I bOt.h thgse effects are neglectgd, howev_er, 't. leads to
En overestimation ofc. As the saturation hyperfine field at

component with sharp lines, is also shown. The spectrum o . ,
the dry sample consists of a sextet with sharp Lorentzia 40 K we use the hyperfine field from the measurement on

. : , . _ the reference bulk hematite samplgter subtracting 0.8 T
shaped lines and a magnetic hyperfine fieldByf=53.1 S o
+0_g T. an isomer shiftgof5=0.3flg+ 0.01 mm ?%f and a becausél <T?), B,=52.5 T. From a hyperfine field distri-
c}uadrup;ole shift o= —0.10+0.01 r?lm s These param- bution fit’” to'the spectr.um shown in Fhe lower part O.f Fig.
eters are consistent with those expected for hematite in th (f)é(‘;ve obta:jn éhe3med|anb?y_perf~|nle512|)eﬂij)bs~ (3j4hT. US|tr;]gt
absence of the Morin transitidriThe width of lines 1 and 6 94— 20 Nm and Eq(3), we obtainu~150Qug and hence tha

was 0.39 mms®. Within the statistical uncertainty this spec- € Value of the spontaneous magnetizatiog u/Vp, is
trum was identical to the spectrum of the coated particlesc‘maller than 9'6 ‘]T. kg .(p:5256 kgm ™ is f[he_densny
obtained at the same temperature. No traces of other comp f bUIk. hematitg. T.h's '”?p"es that the magngtlzathn of the
nents(such as goethitecould be found in these Msbauer ematite nanopartlc_:les_ln the present s_tudy is similar to_ that
spectra. In the spectrum of the as-prepared sample there is SE WF bulk hematltelzm agreement with the observations
additional component which constitutes about 50% of thénade by Bakeret al.

spectral area. This component is more clearly seen in the
difference spectrum. Van der Kraan observed a similar com-
ponent in M@sbauer spectra of hematite nanoparticles and Mossbauer spectra of the dry sample are shown in Fig.
attributed it to surface atonisHowever, the fact that the 3(b) for some of the measuring temperatures. The highest

Velocity (mm s™)

R R kT
Bobs~Bo| 1— E

hereB,s is the observed median hyperfine field a@Bglis

>
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C. Mossbauer spectra of the dry sample
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FIG. 3. (a) Mossbauer spectra of the coated sample obtained at the indicated temperatures. The lines in the zero-field spectra are the fits
to the modified Blume-Tjon model described in the text. For visual clarity the points in the in-field spectrum are connected with) lines.
Mossbauer spectra of the dry sample obtained at the indicated temperatures. The lines are fits to hyperfine field distributions. The vertical
bars in the figure indicate 1% absorption in the spectra.

measuring temperature was 360 K. A comparison of thea magnetic field of 1.5 T at room temperature results in a

spectra obtained at room temperature before and after thgharpening of the lines and an increased average hyperfine
measurement at 360 K revealed that the magnetic hyperfinfeeld [Fig. 3(b), bottom|.
splitting was slightly better resolved after the heating. This is
probably due to partial removal of adsorbed water from the

particle surface$? All measurements presented in the fol- IV. DISCUSSION
lowing were made after the 360 K measurement. The spectra
of the dry sample are substantially different from those of the

coated sample. At least up to 295 K, the spectra consist only Any model, which may be used to describe the behavior

of magnetically split components, but especially for of the present samples must be able to explain two effects,
=200 K, the lines are asymmetrically broadened towards theamely the absence of fast superparamagnetic relaxation in
centroid of the spectrum, and even at room temperature thetbe dry sample and the line broadening and the low values of

is no indication of a doublet in the spectrum. Application of the average hyperfine field in this sample above 200 K.

A. Qualitative interpretation of the results
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One might suggest that the apparent increase of the blockliffraction, Massbauer spectroscopy and magnetization mea-
ing temperature in the dry sample simply could be due to asurements as a function of temperature on similar samples.
increase in the superparamagnetic relaxation time which maBased on the disappearance of the magnetic peaks in neutron
occur because of, for example, an increase in the anisotropiffraction spectra, the collapse of the sextet in théskto
energy constant. Such an effect could be related to the inflisauer spectra and the occurrence of a cusp of the zero field
ence of adsorbed molecules on the surface anisotropy. Docooled magnetic susceptibility at approximately the same
mann et al1®?*?” have suggested that interparticle interac-temperature, they concluded that the observed phenomena
tions always result in an increase of the energy barrier in Equere due to a lower N\ temperature of the fine particles
(2) and thatry also may be affected by interparticle interac- compared to bulk goethite rather than due to interactions
tions. The theoretical background for these suggestions ifietween superparamagnetic particles.
however, questionabfé.In the spectra of the dry sample, Bocquetet al*? also estimated the magnetic anisotropy
obtained above 200 K, lines 1 and 6 are broader than thenergy constant of goethite from the field dependence of
inner lines, and even for a very substantial broadening ofMdssbauer spectra at low temperatures. Using the value es-
lines 1 and 6 there is no collapse of lines 3 and 4 as on@mated in this way they calculated a superparamagnetic
would expect if the line broadening was due to conventionah|ocking temperature, which was far above the temperatures
Neel relaxation’® and the asymmetry is too large to be ex- 5t which the broadened spectra were measured, indicating
plained by collective magnetic excitatioffsThus, the spec- that the assumptions behind the model for ‘“super-
tral shape is not in accordance with a model for superparégromagnetism” were not fulfilled. However, the model
magnetic relaxation and another explanation is therefpraised to calculate the field dependence of thésshbauer
needed. Since the particles in the two samples are identic é;ewa and the spin-flop field was based on the assumption

as they are taken from the same batch, it seems that tho uniaxial anisotropy and a collinear antiferromagnetic

different behavior must be related to the difference in inter-Structure althouah the maanetic structure of aoethite is much
particle interactions. , 9 g g

H 3
The spectral shape of the dry sample at high temperaturégore compllcated.. Therefore the model seems to be too
(T>200 K) is very similar to that observed in samples of crude. Secondly, it has been shown that even a very small

goethite @-FeOOH nanoparticles, and it is therefore rel- uncompensated magnetic moment in antiferromagnetic par-

evant to consider the models that have been suggested E&'easii‘” result in a substantial increase of the spin-flop
describe the properties of samples of nanocrystalline goefleld, “*and small antiferromagnetic particles will inevita-
thite. One possible explanation for the reduced hyperfin®!ly have an uncompensated moment. Furthermore, the an-
fields could be surface effect$ Such effects can in fact be iSotropy was estimated at low temperatures, but at higher
significant in Msbauer spectra of very small particles, buttemperatures, at which the model is applied, the anisotropy
for goethite and hematite particles with dimensions of themay be smaller. An estimate of the anisotropy constant for
order of 20 nm, only a small fraction of the atoms is ex-ferritin, based on the field dependence of the sstwauer
pected to be influenced by surface effeéétand it is there-  Spectra, yielded a blocking temperature of the order of 900

fore unlikely that surface effects can explain the present reK.** Mdssbauer spectroscopy measurements on the same
sults. sample, however, revealed that the blocking temperature was

It has been suggested that a mean field model for interabout 40 K. Therefore, the estimates of the magnetic anisot-
acting particles can explain the results for goethiteropy of antiferromagnetic particles from the field dependence
nanoparticled® The basic idea in this model is that interpar- of Mossbauer spectra are at least in some cases inadequate.
ticle interactions(exchange or dipole interactionsan lead Bocquetet al** proposed that the asymmetric broadening
to “super-ferromagnetic” ordering of the(sublattice-  in the Massbauer spectra can be explained by a model in
magnetization directions of the particles at temperatures avhich it is assumed that the particles consist of clusters cre-
which the particles would exhibit fast superparamagnetic reated by a high concentration of vacancies. Furthermore, they
laxation if they were noninteracting. The order parameter ofssumed that the magnetization vectors in the clusters pre-
the frozen “super-ferromagnetic” state varies with tempera-cess rapidly with a precession angleThe magnetic hyper-
ture in a way similar to that of, for example, ferromagneticfine fields, observed in the Nsbauer spectra, were fér
materials. This state, which should be understood in an ab=By assumed to be given bB=B,cosd. The magnetic
stract sense as the ordered state resulting from the interpdnyperfine field distribution was assumed to be proportional
ticle interactions, does not necessarily imply a macroscopito the Boltzmann factop(B) = exp(E, cosé/kT), whereE, is
ferromagnetic moment of the sample. In the model, it is asthe height of the potential barrier of the formE. cosé re-
sumed that the relaxation is fast, such that the line broaderated to interactions between the clusters. Thus, it was as-
ing due to relaxation is negligible, and the bbauer spectra sumed that the precession is fast compared to the time scale
should consist of sextets with a magnetic hyperfine splittingof Mossbauer spectroscopy, whereas the transition rate for
corresponding to the average hyperfine field. Howeverfransitions between the precession states, characterized by
variations in strength of interparticle interactions and in mag-different 6 values, is small. The latter assumption may not be
netic anisotropy lead to different temperature dependenciesorrect for the following reason: It is considered as an
of the magnetic hyperfine fields, and this is the reason for thattempt frequency for transitions across the energy barrier of
line broadening. Studies of goethite particles with differenta superparamagnetic cluster, one should expect that the re-
interparticle interactions seem to support the ‘“super-laxation between the precession states near an energy mini-
ferromagnetism” modet*164° The model was, however, mum will have a characteristic time scale of the same order
later criticized by Bocquett al,****2who performed neutron as 7y, i.e., typically much smaller than the time scale of
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53.2 7 tive magnetic excitations and “super-ferromagnetistit3®

53.0 . This will be discussed in more detail in the subsequent sec-

508 |- ] tions. The qualitative analysis of the data thus indicates that
£ sopl h the most adequate model for description of the properties of
2 52'4 3 1 the dry sample is the “super-ferromagnetism” model.
m [ ]

5221 7 B. Analysis of the spectra of the coated particles

52.0 - - . .

- 1 At low temperatures, the variation of the median magnetic
51'80 50 hyperfine field of the coated particles is in accordance with

Eqg. (4). The solid line in Fig. 4 is a fit to Eq(4) which
yielded xV/k=1030+ 100 K. The variation oBy(T) with
FIG. 4. Observed median magnetic hyperfine field for the coatedemperature was assumed to follow that of bulk hematite

: 1
(®) and dry samples({) as a function of temperature. The lines after subtracting 0.8 T foll <Ty .~ For the low-frequency
are fits in accordance with E4). resonance mode of hematiteyhich is relevant to consider

for MOssbauer spectroscopywe only need to consider the
Mossbauer spectroscopy. Thus the “cluster model” seems ttast two terms in Eq(l). For these two terms arid; <0, «
be based on assumptions, which are not verified. in Eq. (4) is given by®
The interpretation of the results for goethite may still be

an open question. In the present study we have directly mea- E _ L 1

. . + . (5)
sured the superparamagnetic blocking temperature of the Kk 2Kg, 2|K4
non-interacting hematite particles, and we have found th
essentially all particles have blocking temperatures belo
250 K. Thus, the assumption used in the *“super
ferromagnetism” model is clearly fulfilled above this tem-
perature, and there is no reason to introduce new paramet
as in the model by Bocquet al*?

3Before we proceed with the detailed modeling of the tem-
Vberature series of Misbauer spectra, it is relevant to con-
“sider the expected variation &f; with temperature and par-
ticle size. For bulk hematite, the temperature variatioi pf
%8s been successfully modeled using mean-field thesmy
L - Ref. 1 for referencesin this theory K, attains essentially a
29;- r;(e :Zg;rtgitntzehg%ﬂ'rcﬁ'gg %ﬁg%ﬂg&%‘;ﬁf&i;iﬁ datconstant po$itive value for temperatures smaller thar] about
150 K. At higher temperatures it decreases almost linearly

Eroadeng i due 1 fuduiations of the sublatice magnetiif (SMPSraLUre Up (0 about 500 K, changes sign from
9 9 ositive to negative at the Morin transition temperatdig,

zation vectors in the particles, which to some extent can b or nanoparticles it is known thai, is smaller than the bulk

supprgsse(_j by the applied field. If t_he reduqed values of th\?alue and the Morin transition is absent at least down to 5 K
hyperfine field were due to a lowering of the éléempera-

; . for particles smaller than about 20 rrA*547 T, is also
ture, as it has been suggested for goettfitene would not sensitive to defects and surface effects. In the study by

expect such a dependence on the applied field. Therefore, t'ﬁze(zﬁdkeret al? of 16 nm hematite nanoparticles it was shown

9bserved field depen(’j’ence supports the Va“.d'ty of th(?hat—Kl was so large that the sublattice magnetization vec-
super-ferromagnetism” model for the dry hematite sample.,[OrS could be considered as confined to ¢h&1) plane and

According to Bocquet’s “cluster model,” one should ex- Ihence that théK,| contribution in Eq.(5) could be ne-

pect the same cluster dynamics in the coated and the d . . .
samples at low temperatures. We have fitted the IOW_glected. As the particles in the present study have a size of

temperature Mssbauer spectra of the two samples with dis—abOUt 20 nm, it is likely thatK,| is small at low tempera-

tributions of magnetic hyperfine fieldé.In Fig. 4 we have tures, and hence that thig, |~ contribution in Eq.(5) may
shown the median hyperfine fielB.{T), of the two not be negligible. However, to our best knowledge, there are
[o] ’

samples folT<45 K. For both sampleB,,{T) has a linear currently no satisfactory models that predict the temperature

temperature dependence, but the slope for the dry sample %pendence oK, for magnetic nanoparticles. Thus, if the

significantly smaller than that for the coated sample. The:ﬁgnrﬁ;agir;e\é?;gf&dﬁé :esszgp\Itliaa:I;Oc:E)hnasttg:]tb;tlﬁorz/\?rtrc]aarlr;
reduction of the magnetic hyperfine field in nanoparticles 1 N
9 yp b eratures but large above about 150 K. It therefore seems

compared to the bulk value is at low temperatures in gener . > . L
P P g reasonable to include a finite value §f in the description

given by*® . ) ar
of the collective magnetic excitations at low temperatures
and to consideK ; as infinite in a description of the behavior
, 4 at higher temperatures. As discussed above, it is well known
that K, is very sensitive to the particle volume. As a first
whereB(T) is the temperature dependent hyperfine field inapproximation, we include this in the description of the col-
the absence of relaxation phenomehBor hematite, the lective magnetic excitations by assuming thal;V attains
variation of Bo(T) is small below 45 K compared to the the same valué&, for all particle volumes, i.e., th&, is
observed temperature dependenc8gf]. The value ofk is  inversely proportional to the particle volume.
related to the shape of the energy minimum and depends on The full temperature series of Msbauer spectra of the
both the anisotropy energy constants and interparticleoated particles was analyzed using the Blume-Tjon two-
interactions:>3® The different slopes observed for the two level relaxation modé? modified to include the effects of
samples in Fig. 4 can be explained by the models for colleceollective magnetic excitation$:*® In this model, the mag-

Bond T)~Bo(T)

Wy



1130 HANSEN, KOCH, AND MORUP PRB 62

netic hyperfine field is assumed to switch with an averagevith 3d uniaxial anisotropy predict that,, for a constant
frequencyr ! between+ B, whereB,is perpendicular value of the energy barrier, increases with decreasing
to the positive electric field gradient along thel1] axis.  anisotropy>° If the behavior of antiferromagnetically ordered
The expressiong[v,7,Bys, for the resulting Msesbauer particles with 21 uniaxial anisotropy is governed by a simi-
spectrum for a single particle size, wheras the velocity, lar expression, this may explain the higher observed value of
can be found in Appendix B of Ref. 38. We have assumed a in the present study, as the median energy barriers in the
volume-weighted  log-normal  distribution, f,,(y)dy  present study and that by/Bker et al!? are similar, but the
=(V27o) " Lexp(-In?y/20?)dy, of reduced energy barri- anisotropy constant in the present study is lower than that
ers,y=E, /Eyn=V/V,,. The expression for a spectrum at a obtained by Bdker et al*2

given temperature can then be written as

C. Analysis of the spectra of the dry sample

G(v)=f glv, 7(y),Bopd ¥)]- fin(y) dy, (6) As discussed in Sec. IV A, the observed slowing down of
0 the superparamagnetic relaxation in the dry sample com-

wherer(y) = 7o-exply-Epm/kT) andB,,{y) is the magnetic pared to the coated sample must be due._to interparticle inter-
hyperfine field for a particle with the energy barrigf, ~ actions. A similar difference between the b&bauer spectra
=y-Epn=Y-KgVm and|K|V=E;. In the fitting, the exact of wet and dry hematite particles has been observed by Po-
integrals leading to Eq$4) and (5) were calculated numeri- likarpov et al,’” but a detailed investigation of the sample
cally. Other input parameters not explicitly shown are thepurity, the origin of the interactions and a quantification of
quadrupole interaction strength, the isomer shift, and the inthe observations was not made by these authors. In this study
trinsic linewidths. The quadrupole interaction strength andve have information on both the magnetic moment of the
the intrinsic linewidths were fixed to be identical for all spec- particles and the particle size. This enables us to give a rough
tra in the temperature series and the change of the isomé&stimate of the ordering temperature below which the mag-
shift with temperature due to the second order Doppler shiffitic dipole interactions lead to freezing of the magnetic mo-
was accounted for using the Debye approximation with anents of the particles.
Debye temperature of 500 ¥:*° Simultaneous fits of this It has been shown that the ordering temperature of a sys-
model to the whole temperature series ofddbauer spectra tem of interacting magnetic particles with pure dipole inter-
were performed for both fixed values of, between action is of the order of
1x10 12 s and 5<10 1% s and for7, as a free parameter. )
The variation of the quality of the fity?, as a function of _ Mo H 7
In(7o) had a parabola-like minimum. This variation was used 4™ 44 kDS’
for an estimation of the uncertainties on the parameters from ) ) . .
the fit. The uncertainties stated below correspond to the vaivherew is the magnetic moment of a particle abdis the
ues ofry where the value of? has increased 10% compared average distance between the partlé_PeE_or spherical par-
to the value at the minimum. ticles of diameted and mass magnetizatiary we can esti-

We have fitted the spectra using modelsBgggin which ~ mate the maximum ordering temperature correspondirigy to

E;1=(|K,|V) ! was assumed negligiblée., a pure @ re-  —das

laxation and withE, as a free parameter. The latter model 5 2 2.3

yielded a significantly better fit than the first model, and it max_ 0 T IsP d ®)
thus indicates that the value B is relatively small for the W 47 36k

particles in the present study.

. _ _ l 71 .
The best fit is shown as the full lines in Fig(a@ We Ug:ﬂg d = 20 nm andos=0.6 JT kg~ we estimate
obtained the parameters,=1.3"33x10"1 s, E,. /K Taq ~0.2 K, which is three orders of magnitude lower than

= KgVin/k=570+100 K, E,/k=2400"%% K ¢=0.62 ':)he highestttertr;1p?ratur(=:[_5” at Whicth vv”e ha\I/_te _(I?rt:ser\;ﬁsls}lvlo
+0.05 andBy(T=0 K)=53.4+0.2 T. The isomer shift ex- ~2u€r spectra that are st magnetically Spiit. 1nus, the Ireez-

trapolated to zero temperature way=0.492+0.005 ing of the magnetic moments in the dry sample cannot be

mms ! and the strength of the quadrupole interaction, inexplamed by magnetic dipole interactions.

terms of the quadrupole shift of the sextet at low tempera- For crystallites in close gontact, there may be exghange
tures. wase— —0.100+0.005 mmsL. The lower value of coupling between magnetic surface atoms belonging to

7o Corresponds to the higher value®g,, and lower value of nelghbo_rlng crys;uglllltes. This interaction can for a crystallite,
E i, be written a&*
1.

The corresponding value &g, is about 2 kJm?. This
value is about a factpr of 2 lower than the value obtained for E,=—M(T)- 2 Kieix|\7|j(-|-), (9)
the particles with dimensions of about 16 nm studied by ]
Badker et al,*? and the value ofry is about a factor of 2 ) )
higher in this study than that obtained bydkeret al}* The =~ WhereM;(T) and M;(T) are one of the sublattice magneti-
smaller anisotropy may in part be due to a lower Crystalzations in each of the Crysta”itéﬂndj, reSpeCtively, and the
stress and hence a smaller stress anisotropy, which is b&UM is over the nearest neighbors. Using a mean field
lieved to be the predominant contribution to the effectiveaPproximation;>*°Eq. (9) can be written as
uniaxial anisotropy in the basal plah&he current models . R
for the relaxation time of a ferromagnetically ordered particle Ei=—KuM;(T)-(M(T))7, (10
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where Km<|\7|(T)>T is the mean field from the neighboring the global but not t[}e local texture of the sample. We there-
particles andK,=(Z;K{,) is an effective exchange coeffi- fore assume thatM(T))y is parallel to the easy axis of
cient, which depends on the coupling strength and the nunparticlei. With this assumption, the total magnetic energy of
ber of interacting neighbors. We define the order parametet particle is given by

b(T) as Ew=— K,V cog 6+ Kpg,V sir? 0sir? ¢
—KM(T)2b(T)sin6 cose. (12

Using the procedure described in Ref. 36, we find for low
Jemperatures that in Eq. (4) is given by

b(T)=(M(T))r/Mq(T), 11

where M(T) is the saturation value of the sublattice mag-
netization at the temperatuiie

In the analysis of the coated sample, we found that th
best description of the data was obtained using a finite value 1 Vv
of K; at low temperatures. We also justified that it is prob- —= 5+ 5.
able that— K attains a large valufi.e., that the sublattice k2K VHKRMT)® - 2KgV+KinM(T)
magnetization vectors are confined to ttill plang at  From the fit shown in Fig. 4, we obtairV/k= 1400+ 150
temperatures above about 150 K. This implies that only th&. Using the values oK;V and Kg,V estimated in Sec.
projection of (M(T)); onto the basal plane of particleis IV B, we find the interaction paramete¢,M(T)*/ k=750
important in Eq.(10). As the sample was obtained after =300 K.
evaporation of the liquid in which the particles were sus- At higher temperatures, as discussed above, the total mag-
pended, it is likely that the interparticle interactions havenetic energy of a particle can be approximated by
resulted in some local alignment of the orientation of neigh- .
boring crystallites due to the easy physical rotation of the Eror=KpuV i ¢—KqM(T)?b(T)cos¢. (14
particles in the liquid. The gentle crushing of the dry pelletWith this expression for the energy, we find by use df 2
of particles, when the absorber was prepared, may destrdgoltzmann statistics that

(13

f "extf — BK e,V S b+ BK M (T)2b(T) cosplcose de
0
b(T)=

- , (15
fo exfd — BKg,V sir? ¢+ BK M (T)?b(T)cos¢p]de¢

where=(kT) 1. The temperature dependenceb¢T) can In the “super-ferromagnetism” model, it is assumed that
be determined from this equation by numerical methods. Théhe superparamagnetic relaxation is fast, i.e., thesddauer

temperature at which(T) becomes zero is called the order- spectrum of a single particle in principle should consist of a
ing temperatureT,. For the case of zero anisotrops,  sextet with narrow lines. The magnetic splitting is deter-

=0, we obtain the equation mined by the average hyperfine field, which is proportional
p 0 to b(T) depends on the interaction strength and the tempera-
bO(T) = 11 (BKM(T)“b™(T)) 16) ture. The random packing in typical samples of nanoparticles

lo(BK M (T)?bO(T))’ will, however, result in variations in the interaction strength

) N ) i ~leading to a distribution of magnetic hyperfine fields at finite
wherel ,(x) is the modified Bessel function of the first kind temperatures.

of ordern. Using the expansions(x) ~1+x?/4 andl(x) It should be noticed that if the interaction energy is large
~x/2 for x<1, it is easy to derive the ordering temperaturecompared to the anisotropy energy, there is only one energy
for Kg,=0 as minimum of the magnetic energyeq. (14)]. In this case,
there is no energy barrier to overcome in the relaxation pro-
To=KaM(Tp)%/2k. (17 cess. The magnetization directions are then expected to fluc-

tuate between different precession states with a relaxation

It is convenient to express the interaction strength in terms ofiye of the order ofro, which is short compared to the time
T? instead ofK,,M(T)2. This is easily carried out in EGS. scale of M®sbauer spectroscopy.

(15) and(16) by making the replacement In accordance with the model for “super-
ferromagnetism,” the spectra were fitted with distributions
of magnetic hyperfine fields using the method by Wivel and
Mdrup>’ The results for selected temperatures are shown in
Fig. 5. A doublet appears in such distributions as a sextet
The effect of the anisotropy is to enhance the ordering temwith a magnetic hyperfine field close to zero. Even at 323 K,
peratureT, with respect toTS and change the curvature of there is essentially no doublet but there is a very broad dis-
b(T) compared tchy(T).>* tribution of magnetic hyperfine fields.

27190
BKuM(T)?=—=(M(T)/M(TP))%. (18)
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FIG. 7. Values ob;(T) obtained as described in the text for the
B, (M B, (M

dry sample as a function of temperature fer0.25 (O), 0.5 (O),

and 0.75 (\). The solid and broken lines are best fitsbgfT) and
FIG. 5. Representative distributions of hyperfine fields for theb (T) to th&e) data, respectively. ber)

spectra of the dry sample obtained at the indicated temperatures and

fields. The distributions obtained at 295 K are shown on the sam .
ccae TR ' v $9=370= 20 K andKg,V/k=90=90 K. Thus, it is seen that

the best fits are obtained for an anisotropy close to zero. This
In earlier publications on interacting goethite rather puzzling observation was also made in earlier studies

: - 13d4
particlest>4 the order parameter was fitted to the reduced®®’formed on goethite nanoparticfes:

average hyperfine field The average hyperfine figld is very sensitive to a sr_’naII
fraction of superparamagnetic particles and does effectively
Dal T) =(Bni(T))/Bo(T), (199  notonly depend on the averaging over the interaction fields

but also on an averaging over the anisotropy energies. It is
where(B(T)) was obtained from the distribution of hyper- therefore possible that the effect of the_ ani_sotropy. is aver-
fine fields. The saturation hyperfine field at zero temperatur@9€d out when the average hyperfine field is considered. It
was a fitting parameter in the fits t(T) and the tempera- would therefore be more appropriate to co'nS|der.the tempera-
ture variation of the saturation hyperfine fieBy(T), was ture dependence_of a fracthn of the partlc_les with the same
assumed to follow that of bulk hematite after subtracting 0.gnteraction energies and anisotropy energies. The order pa-
T below the Morin transitiort. In Fig. 6 is shownb(T), rameter of each particle in the sample is assumed to be given
deduced from fits of the spectra of the dry sample to hyperPY @n expression of the same form as Etp). In the fol-
fine field distributions, as a function of temperature. ResultdOWing we assume that the shape of the individbgT’)
are only given forT<323 K where essentially no doublet is CUrves are similar, but with different values ®f, i.e., we
present in the spectra. Higher temperatures may also lead f$SUme that the curves do not intersect. The temperature de-
removal of adsorbed water from the particle surfaces, whicfp€ndence of the order parameter for particles with similar
may change the coupling between the particles. Fits to thB&havior can then be obtained from the hyperfine field dis-
data of the “super-ferromagnetic” order parameter with andtributions (Fig. 5. We define the order parametef(T) as
without including the anisotropy are shown as the full and
dashed lines, reg:spectively. Frgr); the fit in which the anisot- br(T)=B4(T)/Bo(T), (20
ropy is neglected we obtaWﬁ=395i5 K. When the anisot- whereB(T) is thef-quantile of the hyperfine field distribu-
ropy is included we obtaif,=382+5 K corresponding to tion p(Bn(T)), i.e.,

10 B(T)

f= jo P(Bh(T))dBp(T). (21
0.8
In Fig. 7 is shown the variation df;(T) for f=0.25, 0.5,
and 0.75 along with fits to the “super-ferromagnetic” order
parameter with and without the anisotropy includeétts.
(15 and(16), respectively. It is seen that the quality of the
fits for which the anisotropy is not included is poor, while
the quality of the fits with the anisotropy included is rather
good. The difference in the quality of the fits is most clearly

0.6

o704

0.2

0.0

0 100 200 300 400 seen forf=0.5 and 0.75. In the following we only consider
T (K the fits to the model where the anisotropy is included in the
K) calculations.
FIG. 6. Values ofb,(T) obtained from distribution fits of the In Fig. 8 are shown the interaction strengffi,, and

spectra of the dry sample as described in the text. The solid antfguV/K obtained from fits ofb(T) to the experimental val-
broken lines are fits to the data b{T) andby(T) obtained from  ues of b¢(T). The A relaxation modelEq. (15)] is not
Egs.(14) and(15), respectively. strictly applicable at low temperatures, whekg| ! is not
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0L 0 U T and Kg,V/k with increasingf is observed. This is in agree-
i ment with the assumption that the larger valued obrre-

600 - spond to particles with larger anisotropy energies and stron-
< 500 i ger ir_1teractions. Hen_ce, _the analysis of_the temperature
= | variation of the hyperfine fields corresponding to fixed frac-
3 400 I tions of the material appears to give information about the
% - physical properties of the sample, whereas the analysis of the

300 - variation of the average hyperfine field leads to low and un-

200 [ reliable values for the magnetic anisotropy and a slight over-

PR T R R S R estimation of the interaction strengff, due to an averag-
0.2 0.3 0.4 0.5 0.6 0.7 0.8 ing over the distribution of anisotropy energy barriers and

f the distribution of interaction strengths. This result seems to
explain why the best fits to the model for ‘“super-
ferromagnetism” were obtained for zero anisotropy for
samples of goethite in Refs. 13 and 14.

The present study has the advantage that samples of vir-
tually noninteracting particles and interacting particles, pre-
negligible. However, the experimentally observed variationpared from the same batch of particles, could be compared.
of b(T) at low temperatures is small compared to that atMoreover, the particles have a nonzero magnetic moment,
higher temperatures, and the influence of a finite valu€,0f which can be aligned along an external magnetic field such
at low temperatures on the estimatesTtgf andKg V/k is  that we unambiguously can distinguish between paramag-
therefore negligible. netic and superparamagnetic behavior. Furthermore, teé Ne

For f>0.4, the value oK, V/k is about 600 K andg is  temperature of hematitél (=956 K) is much larger than the
of the order 300-400 K. Thukg,V/k=K M (T)?b(T)/k  Neel temperature of goethitél (=~ 393 K) and this excludes
in the considered temperature range. If the two parametettbie possibility of a distribution of N temperatures near
are identical £600 K), the magnetic energhEq. (14)] will room temperature. The data are in excellent agreement with
have two minima, but the probability of finding a particle in the “super-ferromagnetism” model and this model therefore
the upper minimuniat ¢=7) is less than 2% at 300 K and seems to be able to explain the essential features of ordering
even smaller at low temperatures. It is therefore a good agPhenomena due to exchange interactions between antiferro-
proximation to assume that the relaxation takes place in gagnetic or weakly ferromagnetic nanoparticles.
single minimum and therefore, even at low temperatures, the Since the dipole interactions between the hematite par-
relaxation is fast compared to the time scale ofdstmauer ticles are too weak to explain the ordering it seems that the
spectroscopy. exchange coupling between atoms belonging to neighboring

The values ofKg,V, obtained from the fits, are signifi- particles is responsible for the ordering. For a pair of par-
cantly smaller forf<0.4 than forf=0.4. It is unlikely that ticles it is likely that only a few pairs of atoms can be in so
the assumption that the mean field for neighboring particle§lose contact that the exchange coupling is significant. It is
is parallel to the easy direction of magnetization is fulfilled Possible to make a rough estimate of the number of atom
for all particles in the sample and this may explain the ir-pairs necessary to explain the observed ordering temperature.
regular behavior forf<0.4. As discussed above, only the From the ordering temperatufié~300 K we find from Eq.

projection of(M (T))+ onto the basal plane contributes to the (17) that the interaction energy for a particle B0 K is
effective interaction strength and therefore particles with @Pout |E;/k|~600 K. The dominating contribution to the
large angle between the easy direction é(M(T))T will exchange coupling between the iron atoms in bulk hematite

often have low values of,. Moreover, the shape of the comes from the superexchange coupling of each iron atom to

) . . nine neighboring iron atom'sReported exchange coupling
b(T) curves depends on this angle. For particles with S'mpleconstants,llk, for the superexchange pathways range from

un?axial anisotropy and a large angle betwébh(T))+, thg about—10 K to —30 K. The valuel/k=—20 K gives an
anisotropy even leads to a reductionf compared t0T,  exchange energy for a pair of E& ions (s=5/2) of about
instead of the increase found for small angte&its to the —Js?/k~125 K. Hence, if a particle is connected to the
b¢(T) data to Eq(15) are therefore not justified for particles pejghboring particles via only about 5 exchange bridges with
for which this angle is large. Such particles will predomi- the same exchange coupling constants as inside the particles
nantly contribute to the lower part of the distribution of mag-we can explain the observed ordering temperature. It is, how-
netic hyperfine fields. In the following, we therefore only ever, likely that more pairs of atoms are involved in the

FIG. 8. Values ofl'g (@) andKg,V/k (O) obtained from fits of
b(T) to b{(T) determined from the hyperfine field distributions for
the dry sampléFig. 4(b)].

discuss the results obtained fb=0.4. exchange coupling and that most of these have a weaker
The aVerage Value dKBuV/k IS about 650 K and the exchange Coup”ng constant.
average value T is about 300 K. The value dfg,V/k is The particles have been prepared in water and water mol-

in excellent agreement with that obtained from the analysigcules are therefore adsorbed onto the surface. Such mol-
of the temperature series of Mgbauer spectra of the coated ecules may prevent direct contact between the surface atoms
sample, and the value % is in accordance with the value of the neighboring particles, but they may provide another
of the interaction parameter estimated from ELB). In the  exchange pathway in which the coupling strength may re-
range off values from about 0.4 to 0.75, where we expect tosemble that of iron atoms in hydrated iron salts. Such com-
have reliable values db:(T), a slight increase of botffg pounds typically have magnetic ordering temperatures of the
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order of 1 K and exchange coupling constants of about The values ofKg, and 7y, obtained in this study, are
|J/k|~0.1 K. In this case we find that about 1000 coupledsmaller and larger, respectively, than those obtained for
pairs of atoms are needed to account for the interactiosmaller hematite nanoparticles prepared by a different
strength. Assuming a surface layer thickness of 0.2 nm, wenethod!? The lower value ofKg, may be due to a lower
find that a spherical particle with a diameter of 20 nm con-degree of stress in the particles in the present study. The
tains about 5000 iron atoms in the surface layer. This impliesigher value ofry, may be explained by a dependencergf
that even for this weak coupling strength only a small frac-on the anisotropy, provided that the superparamagnetic re-
tion of the surface atoms is needed to form exchange bridgdaxation time for an antiferromagnet in two dimensions is
through water to the iron atoms in the surfaces of neighborgiven by an expression similar to that of a ferromagnet in
ing particles to explain the observed ordering temperature. three dimensions.
It has been shown that the shape of the spectra of the dry
V. CONCLUSIONS sample at high temperatures is due to strong interparticle
] ) interactions and that the dominating contribution to the inter-
We have shown that the described preparation procedurgetions comes from exchange coupling of the surface atoms
leads to formation of hematite nanoparticles with dimensiong,f neighboring particles. The effect of the interactions and
of about 20 nm and tha_t coprecipitated ferrihydrite can bgpe magnetic anisotropy on the distribution of hyperfine
removed by treatment with oxalate. From the same batch ofg|gs can be consistently analyzed using a two-dimensional
particles a coated sample with negligible interparticle intermean field model for the interactions similar to the model for
actions and a dry sample with strong interparticle interac“super-ferromagnetism” by Moup et al? if the variation
tions have been prepared. of the hyperfine field corresponding to a certain fraction of

The magnetization of the coated particles is similar to thathe material and not the average hyperfine field is consid-
of bulk hematite. By simultaneous fitting of a temperatureg e

series of Mesbauer spectra to the described modified
Blume-Tjon model we have estimated the energy
barrier in the basal planeKg,V,/k=570=100 K,
the low-temperature out-of-plane anisotropy energy, Financial support from the Danish Natural Science Re-
E;/k=2400"35° K, and the pre-exponential factors,  search Council and the Danish Technical Research Council
=1.3"33x10 s, is gratefully acknowledged.
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