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The magnetic properties of mixtures of ferrimagnegi¢-e,0; (maghemitg and antiferromagnetic NiO or
CoO nanoparticles have been studied by us&'leé Mossbauer spectroscopy, neutron powder diffraction and
magnetization measurements. The studies showed that the interaction with antiferromagnetic particles has a
significant influence on the magnetic properties of $hEe,O3 nanoparticles. It was found that mixing the
y-F&03 nanoparticles with NiO nanoparticles resulted in a faster superparamagnetic relaxation and a reduced
coercivity compared to a sample consisting solelyyeFe,O; nanoparticles. On the contrary, mixing of
y-Fe,03 nanoparticles with CoO nanoparticles resulted in a suppression of the relaxation and an increase in
coercivity. These results suggest that the properties of the ferrimagi€tsO; nanoparticles are influenced
by the anisotropy of their neighboring antiferromagnetic particles. The dominating type of magnetic interaction
between the particles in the composites seems to be exchange interaction between surface atoms of neighboring
particles.
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l. INTRODUCTION NiO.2%22 Most of the studies of exchange interaction across
interfaces have been focused on thin film structures, because
Interparticle interactions between magnetic nanoparticlesf their use in spin valves, which play an important role in,
can have strong influence on the magnetic properties; in pafoer example, read heads in present day computers. It has
ticular, the superparamagnetic relaxation of the particles carecently been shown that the exchange coupling of ferromag-
be significantly affected by interactiofs'® The influence of netic nanoparticles to an antiferromagnetic environment
dipolar interactions between ferromagnetic or ferrimagnetican lead to a greatly enhanced anisotropy and this may
nanoparticles has been studied in, for example, frozen ferrdse utilized to increase the information density in magnetic
fluids with different interparticle distances. Weak dipole in-recording medi@® Studies of annealed self-assembled
teractions can lead to faster relaxati@rwhereas strong in- nanoparticles have revealed strong exchange coupling, which
teractions may result in slowing down of the relaxation andcan be used for creating permanent magffeks.other stud-
eventually to a divergence of the superparamagnetic relaxes, nanoparticles of ferro- or ferrimagnetic materials have
ation time at a critical temperature, which increases withbeen mixed with antiferromagnetic nanoparticles by
increasing strength of the interactib®13-1®Below this criti-  ball-milling.2>27 When using this preparation technique,
cal temperature the samples have many similarities withanoparticles of the different materials may be welded to-
spin-glasse$:® gether and therefore come in close contact such that ex-
Dipolar interactions between antiferromagnetic nanoparehange coupling between the particles can be significant. In
ticles are typically too weak to have any significant influencethese studies, it was found that interaction with the antifer-
on the relaxation behaviour, even if the particles are in closeomagnetic particles can result in both an enhanced coerciv-
contact®’ Still, MGssbauer spectroscopy studies have showity and a nonzero exchange bias.
that antiferromagnetic nanoparticles in close proximity often We have earlier investigated the influence of interparticle
have their superparamagnetic relaxation suppressed cormteractions between antiferromagnetic nanoparticles of dif-
pared to noninteracting particlé$-11 This suggests that ex- ferent materials, prepared by drying aqueous suspensions of
change interactions between surface atoms of neighborinipe particles:° With this preparation technique one might
particles can be significant. expect the interparticle interactions to be weak. However,
Exchange interaction across interfaces between ferro- dviossbauer studies of pure-Fe,O; (Refs. 7 and 1P or
ferrimagnetic materials and antiferromagnetic materials ha3’Fe-doped NiQ(Ref. 11) nanoparticles have shown that the
great technological importance because it can lead to ersuperparamagnetic relaxation is significantly suppressed in
hanced coercivity and shifted hysteresis loops, known asamples prepared by drying aqueous suspensions. The stud-
“exchange bias,” due to the pinning of the magnetization ofes of samples of nanoparticles of different materials also
the ferromagnet by the antiferromagA®t® Studies of thin gave some unexpected res¥8.For example, mixing of
films of FeO, interlayered with either CoO or NiO have a-Fe,05 nanoparticles with CoO nanoparticles resulted in a
revealed another interesting phenomenon, namely that th&rong suppression of the superparamagnetic relaxation,
interactions between the two materials can result in a subwhereas mixinga-Fe,0; nanoparticles with NiO nanopar-
stantial increase of the Néel temperature of CoO andicles had the opposite effect. Furthermore, surprisingly it
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was found that mixing with NiO particles resulted in a Morin E=K sir -M By, 3)
transition in 9 nma-Fe,05 nanoparticles, although this mag- _ . L ,

netic phase transition normally is absentiFe,0; particles ~ WhereBiy is an effective interaction field, which may have
with diameters below-20 nm. In this paper, we present the its main contributions from exchange interactions with
results of studies of mixtures of 7 nm ferrimagnetic N€ighboring magnetic particles, arM is the (sublatticg
y-F&,0; nanoparticles with antiferromagnetic NiO or CoO Magnetization. If the second term in B§) is predominant,
nanoparticles. By use of Méssbauer spectroscopy, we haJ/gere will be only one energy minimum of the magnetic en-

studied the influence of interactions on the relaxation of thé"dY» and the magnetization vector may then fluctuate around
y-Fe,05 nanoparticles. The results are qualitatively similarthe direction of the effective interaction field. In this case the

to those obtained in our previous studies of mixtures with@verage of the magnetic hyperfine field has a finite value, and
a-Fe,0; nanoparticle8:1° Magnetization measurements on the Moéssbauer spectra will therefore be magnetically split.
the composites show that interparticle interactions affect alsb!0WeVer, even for very fast fluctuations, the spectra will

the coercivity of they-Fe,05 nanoparticles. This result sup- have broad lines because of the distribution of effective in-

ports that there is a strong exchange interaction between tgraction fields in samples of interacting nanoparti¢fes
particles in the samples. Only at high temperatures, where the thermal energy be-

comes comparable to or larger than the interparticle interac-

. tion energy, there will be a doublet or singlet component in
Il. MOSSBAUER SPECTRA OF NONINTERACTING the spectra.

AND INTERACTING MAGNETIC NANOPARTICLES

. . . . Ill. EXPERIMENTAL DETAILS
The magnetic anisotropy of an isolated magnetic nanopar-

ticle is often assumed uniaxial with a magnetic anisotropy vy-Fe,03 nanoparticles were prepared by oxidation at am-

energy density given by bient conditions of Fg0, nanoparticles, which were made by
co-precipitation of Fél) and Félll ) from an aqueous solu-
E=K sir? 6, (1)  tion of 2.0 M FENO;); and 1.0 M FeS@by addinga 1.0 M

aqueous solution of NaOH. The particles were washed
whereK is the magnetic anisotropy energy constant, &l through several steps with,B and acetone. After washing,
the angle between thesublattice magnetization direction the particles in a part of the sample were coated with oleic
and an easy direction of magnetization. Very small particlesicid and suspended in heptane in order to minimize interpar-
may perform superparamagnetic relaxatifire., thermal ticle interactions. The particles in the remaining part of the
fluctuations of the(sublattice magnetization between the sample were left uncoated and freeze-dried.

two minima atf=0° and =180 with a relaxation timer, NiO nanoparticles were prepared by thermal decomposi-
given by the Néel-Brown expressfér® tion of Ni(OH), at 325°C in air for 3 h, similar to the prepa-
ration described in Ref. 11.
7= 79 eXp(KV/kgT), 2 CoO nanoparticles were prepared by two different meth-

ods. A sample, called CoO-ann, was prepared by heating
whereV is the particle volumekg is Boltzmann's constant, cobalt acetate in an argon atmosphere at 300°C for 4 h. This
and T is the temperaturer, is typically in the range sample contained a minor impurity of metallic Co. Another
10*'-10°s. In nanoparticles, for whichr, is small  sample of CoO particles, CoO-bm, was prepared by high-
(~10*'s) compared to the time scale of Mossbauer specenergy ball-milling of a 1:1 molar ratio mixture of GO,
troscopy, 7y ~5-107's, a typical(i.e., not truly monodis- and Co in argon for 115 h. This preparation method seems to
persg particle size distribution will result in a very wide be a convenient way to produce pure and fairly small CoO
range of relaxation times at temperatures where the averaggarticles.
relaxation time is close t@y,. This is due to the exponential Mixtures of nanoparticles of-Fe,05 with NiO or CoO
dependence of on V. Therefore, close to the blocking tem- (1:1 by weight, unless otherwise indicajedere prepared
perature, only a tiny fraction of the particles will have relax- by suspending the particles in distilled water, and subse-
ation times close tey;, which would give rise to broad com- quently exposing them to intense ultrasound with the aim to
ponents in the spectf& Instead, the spectra will mainly break apart agglomerates and to obtain a homogeneous mix-
consist of a superposition of a sextet with narrow lines, repture. The mixed samples were left to dry in open petri dishes
resenting those particles, which are below their blockingn air at room temperature for about 2 days or at 200 °C for
temperaturg > 7y), and a sharp central doublet or singlet, 2 h. The dried powders were collected from the petri dishes
representing those particles which exhibit fast superparamagyith a plastic spatula and packed into sample containers. For
netic relaxation(r<7y). However, if 7o is of the order of Mdssbauer spectroscopy and magnetization measurements,
101°-107° s, a large fraction of the particles in a sample hasthe powders were tightly packed. In particular for magneti-
relaxation times comparable to the time scale of Mdssbaueration measurements, where magnetic fields of up to 1 T
spectroscopy in a temperature range whe€weksT is small.  were applied, the powders were densely compacted to a co-
This will result in spectra with broadened lines around theherent solid, with the aim to avoid rotation of the particles

blocking temperature. during measurements. No binding materials such as epoxy
If the particles are in close proximity, Eql) may be were added to the powders in order not to affect the inter-
replaced by®10 particle interactions.
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X-ray diffraction (XRD) was performed using a PW 1390 sample had an average diameter of 16 nm, whereas the par-
Philips diffractometer with a CiK, radiation source. ticles of the CoO-bm sample had a diameter of about 10 nm.
Transmission electron microscogfEM) images were The mean diameter of the NiO particles was found to be
obtained by a Philips EM 430 operated at voltages up t@about 5 nm. The results of the XRD analysis were confirmed
300 kV. by electron microscopy studies. TEM studies further showed
Mossbauer spectra were obtained using conventional corthat the y-Fe,0; and CoO particles are pseudo-spherical in
stant acceleration spectrometers with sources’’@o in  shape, while the NiO particles were plate-shaped with a di-
rhodium. The instruments were calibrated by use of aameter of about 17 nm and a thickness of about 3 nm.
12.5 um foil of a-Fe. Velocities and isomer shifts are given  Neutron powder diffraction data of the two CoO samples,
relative to the centroid of the calibration spectrum. CoO-ann and CoO-bm showed that the Néel temperatures
Neutron powder diffraction measurements were per-of the nanoparticles are very close to the bulk vdR@3 K).
formed on the DMC diffractometer at the Swiss SpallationThis was found from following the decrease in integrated
Neutron Source, Paul Scherrer Institute, Villigen, Switzer-intensity of the antiferromagneti¢4¥2Y9 reflection. Previ-
land. The diffractometer uses a multi-detector, which spans aus neutron powder diffraction studies of NiO
two-theta angle of 80° with a detector separation of 0.2°. Wenanoparticles! which are similar to the NiO particles stud-
used a wavelength of 4.2 A for the measurements. By usingd here, have shown that the Néel temperature of these
a two-theta starting angle of 33°, we were able to record, foplate-shaped nanoparticles is about 60 K lower than the bulk
Co0, the antiferromagnetit/s¥:Y) reflection at 1.28 AL, value (523 K).
the magnetiq¥2%23/2 reflection at 2.45 A, and the struc- By use of neutron diffraction, we have not been able to
tural (111) reflection at 2.56 AL resolve a possible increase in the Néel temperature of the
Magnetic hysteresis loops were measured by use of a vicoO nanoparticles above the bulk value, when in composites
brating sample magnetometer with a superconducting coilvith iron oxides with higher ordering temperatures, such as
magnet. The samples were enclosed in copper cylinders witteported for CoO/Fg, multilayer structure$? For both
typical sample masses of 125 mg. The instrument was caliy-F&e,0;+CoO andy-Fe,03;+NiO composites, overlapping
brated using the known magnetic saturation moment of aeflection lines made it impossible to determine the critical
cobalt sample. Measurements were performed at temperéemperatures of CoO or NiO. Complementary, we have
tures between 5 K and 310 K in applied fields up to 1 T.looked at samples of-Fe,0O;+Co00O, composites in which
Field cooled hysteresis curves were obtained by cooling in aignificant interparticle interactions have previously been ob-
field of 1 T over less than 30 min and then recording theserved by Méssbauer spectroscdgy.In such composites,

loop starting from 1 T. the diffraction lines of the two components can clearly be
resolved and it was seen that the antiferromagnetic reflection
IV. RESULTS of CoO vanished at a temperature close to 300 K. Thus the
Néel temperature of CoO nanoparticles does not seem to
A. X-ray and neutron powder diffraction increase due to the interparticle interactions.

The average particle diameter was estimated for all
samples from the XRD data by use of the Scherrer formula.
In the analysis we neglected the possible influence of strain
on the line broadening. This may result in an underestimate Figure 1 shows Méssbauer spectra of samples consisting
of the particle size, especially for the ball-milled sample. Thesolely of 7 nmy-Fe,0; nanoparticles. The spectra shown in
analysis showed that thg-Fe,0O; particles had an average Fig. 1(a) were obtained from a sample of particles coated
diameter of about 7 nm. The particles of the CoO-annwith oleic acid. These spectra show an evolution with tem-

B. M&ssbauer spectroscopy
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perature, which is typical for noninteracting or weakly inter- aqueous suspension of the particles to ultrasound followed
acting superparamagnetic particles, i.e., a coexistence of lay drying at room temperature, are shown in Figa)2Com-
doublet and a sextet, with the relative area of the doublepared to the spectra of the puseFe,O5 particles, prepared
increasing with increasing temperature at the expense of th@ the same wayFig. 1(c)], the spectra of the mixture indi-
sextet. In the spectra, where both a doublet and a sextet aggte a faster relaxation of thg-Fe,O; particles. This is in
presente.g., at 150 K, neither of them have narrow lines. In particular evident when comparing the spectra obtained at
spectra of noninteracting nanoparticlescefe,0; the lines 150 and 200 K of the two samples. Spectra of mixtures of
of both }2‘? sextet and the doublet are ponsid(a_rablyy_Fezog and NiO nanoparticles, dried at 2009€Eig. 2b)],
narrower?>** The difference between the two iron oxides gpy |ess influence of relaxation, presumably because of a
can be explained by the different values of the paramefer qnger interparticle interaction induced by the heating. For
in the two materials as discussed in Sec. Il. A small value o omparison, Fig. @) shows spectra of the purg-Fe,Os

7 results in a very wide distribution of relaxation times in . .
the temperature range where the Mossbauer spectrum gradﬁqnopartlcles, dried at the same temperature. These spectra

ally transforms from a sextet to a doublet such that most oft S0 suggest an enhanced interaction compared to the sample

the particles have relaxation times that are either mucl‘_lir_'e_d at room temperature,_but the spectra of s_amples con-
longer or much shorter tham,. This is the case for taining NiO are much more influenced by relaxation than the

a-Fe,0; nanoparticles wherer,~1011s3234 |n 7 nm sam.ples of pure-Fe03 nanopartiples.
y-Fe,0; particles the value ofry is of the order of Figure 3 shows spectra of a mixture pf~6,0; and CoO
5.109 535 This means that for small values of the param-(C00-ann nanoparticles, prepared by exposing an agueous

eter KV/kgT the particles will have relaxation times of the
order of 10°-10°® s. This results in broad lines in the Méss- g ompm I
bauer spectr30 : R

The spectra in Fig. (b) were obtained from a sample of L
uncoated particles, which were freeze-dried. These spectra soE Ty
are quite similar to those shown in Figiaj, indicating that
the interparticle interactions only play a minor role in this
sample.

Figure Xc) shows spectra of a sample of uncoated par-
ticles, which was prepared by suspending the freeze-dried
particles in water by exposing them to ultrasound and then
allowing them to dry at room temperature. In these spectra
the superparamagnetic relaxation is to a large extent sup- ‘
pressed at intermediate temperatures. For example, at 150 K W
only a sextet with broad lines is visible in contrast to Figs. s g O
1(a) and Xb) in which an intense doublet is also visible at 9\ H
this temperature. Such a suppression of the superparamag- L
netic relaxation is a typical feature of nanoparticles with a N
significant interparticle magnetic interactiért’*’ A com- 5 T b i 5T
parison of the spectra in Figs(d and Xc) shows that the Velocity (mm/s)
way in which the samples are prepared plays a crucial role
for the magnetic properties of nanopowders. FIG. 3. 5"Fe-Mossbauer spectra obtained at the indicated tem-

Mossbauer spectra of a sample consisting of a mixture operatures of 7 nm-Fe,O; particles mixed with CoO-ace nanopar-
v-Fe&,05; and NiO nanoparticles, prepared by exposing articles at room temperature.

Relative absorption
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FIG. 4. Hysteresis loops o§-Fe,03, y-F&03;+Co0-bm and FIG. 5. The coercivity of pure~-Fe,05; and y-Fe,03+CoO-bm
v-F&03+NiO at 5 K. The magnetization is given per mass unit of nanoparticles plotted as a function of temperature. The solid lines
v-Fe05 in the samples. are guides to the eye.

suspension to ultrasound with subsequent drying at room

temperature. A comparison with the spectra in Figs) and  that the sample ofy-Fe,0O; nanoparticles interacting with
2(a) shows that CoO has the opposite effect of NiO, i.e., itCOO is not as close to saturation at 1 T as the pure sample of
leads to suppression of the superparamagnetic relaxation wF&0Os. This is supported by the different slopes of the
the y-Fe,0; particles. This is most clearly seen in the spectranagnetization curves ofy-Fe0; and y-F&03;+Co0-bm

obtained at 150 K. when approaching 1 T. All three loops are smooth and thus
In order to study the influence of the method for preparashow no sign of having more than one type of contribution,
tion of CoO and the mixing ratio in samples withFe,0; i.e., the composites seem to behave magnetically as single-

and CoO nanoparticles, we prepared samples with differerfhase materials indicating that there is a strong exchange
ratios of the two oxides. In this series we used the CoO thafteraction between the particl&ésFrom the loops, we find
was prepared by ball millingCoO-bm) and we prepared that the 7 nmy-Fe,0O;3 particles have a coercivityuoHc
samples with 75%, 50%, 25%, and 10§4~e,05. The spec- =55+2) mT, while the composite ofy-Fe,03+NiO has a

tra of all these samples did not differ much and they wereslightly lower value, about 433) mT. Quite contrary, for
very similar to those in Fig. 3. Thus, a relatively small the y-Fe,03;+CoO-bm composite, we find thajHc
amount of CoO nanoparticles is sufficient to produce the=185+10) mT, which is more than three times as large as it
interaction effect. Moreover, the different preparation tech-s for the sample consisting purely fFe,O; nanoparticles
niques and the different average particle size of the two Co@rom the same batch. Thus, the influence of the interparticle
samples have little influence on the interaction effects. interactions on the coercivity can be quite significant.

Drying mixtures ofy-Fe,05; and CoO nanoparticles with In Fig. 5, it is shown how the coercivity of the samples of
different mixing ratios at 200°C did not result in systematic y-F&05; and y-F&,05;+CoO-bm changes with temperature.
variations of the relaxation behavior, but XRD studies of theThe difference between the two samples observed at low
samples showed that part of the CoO had oxidized t§0g0 temperatures diminishes with increasing temperature and at
which is paramagnetic at temperatures above 80 K. ThereF=100 K, the coercivity is similar and almost negligible for
fore, the samples containing CoO dried at room temperaturthe two samples. The fact that the coercivity does not be-
and at 200°C cannot be compared directly. come zero seems to be an effect of the magnetometer.

In order to see if the interaction with the antiferromag-
netic particles could be observed directly as a shifted hyster-
esis loop, i.e., as exchange bias, of the ferrimagnetic

Figure 4 shows hysteresis loops of the purde,0;  y-F&,05; nanoparticles, we recorded the loops of the pure
nanoparticles and of the composites pFe,0;+NIiO and  y-Fe,0; and the composites of-Fe,0;+NiO and y-Fe,05
v-F&,03+Co00-bm nanoparticles at 5 K after cooling in +CoO-bm at 5 K after cooling in a field of 1 T from 310 K
zero-field. All three samples are those prepared by ultrasoun@d.e., from a temperature above the Néel temperature of CoO
treatment of aqueous suspensions followed by drying. Thand above the blocking temperature of the NiO nanoparticles
magnetization at 1 T of the sample of puye-e,0; nano-  as determined by Mdssbauer spectroscopy studies of similar
particles is about 57 A Aikg. For each sample, the magne- °>’Fe-doped NiO nanoparticlés!y. For both the pure
tization is shown per unit masgFe,0;. It can be seen that y-Fe,05; sample and the composites we observed small loop
the NiO particles have a nonzero mome(af about shifts, which(in relative valueswere nearly identical for the
25 A m?/kg, presumably due to uncompensated spins of théhree samples. Therefore, it seems that the loop shifts are not
plate-shaped NiO particlgswhereas a magnetic moment related to exchange coupling at the interface between ferri-
from CoO particles could not be resolved at the maximunmagnetic and antiferromagnetic particles, but it is rather an
applied field of 1 T. Rather, the magnetization of the intrinsic property of they-Fe,O5 nanoparticles. Such a be-
-Fe,05+Co0O-bm composite is less than that of the pyre havior of purey-Fe,05 nanoparticles has been reported by
-Fe,05 nanoparticles. An explanation for the latter could beMartinezet al3®

C. Magnetization measurements
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V. DISCUSSION sate. However, since the drying method influences the

Our studies of differently prepared samples pFe,0,  Stréngth of interparticle interactidirigs. Xb) and Xc)], the
nanoparticles show that the preparation conditions have FSUlts suggest that during drying of aqueous suspensions the

great influence on the magnetic properties. Mossbauer stuc{%art'CIeS are brought in close proximity in such a way that

ies of an uncoated freeze-dried sampleyefe,0; nanopar- e magnetic intgraction strength is large. Here, van der
3 \Waals or magnetic forces may play a role.

ticles and an uncoated sample dried at room temperature It is interesting that mixingy-Fe,0, particles with NiO

shI(:)W(e)d S|gn|f|ca?_tl?/ dlﬁg{ﬁn?\l_r((;laxatlon bt_ef?awor. I\/Illcxm_g and CoO nanoparticles have the opposite effects on the re-
y-F&Ys hanoparticies with INID “nanoparticies results N4y ation of y-Fe,0, particles. Similar results were found for
faster relaxation ofy-FeO; particles. However, mixing ixtures of «-Fe,0, nanoparticles with NiO and CoO

7-F&0; nanoparticles with CoO nanoparticles had the oppopanoparticled:l® We believe that the observed different in-
site effect. , _ fluences of NiO and CoO nanoparticles are mainly a conse-

It could be argued that the change of relaxation behavioguence of their different anisotropy energies. The NiO par-
in the composites might be due to a change in the magnetigcies have very small volumes and the magnetic anisotropy
anisotropy of the maghemite nanoparticles induced byonstant of NiO is not very large. Therefore, the NiO par-
chemisorbed Cd or Ni?* ions. During the ultrasonic treat- ticles are expected to have small magnetic anisotropy energy.
ment in water, such ions may be dissolved from the CoO otit is possible that the effective anisotropy of the NiO par-
NiO particles. In fact, because €oions have large single- ticles is too small compared to that of theFe,O5 particles
ion anisotropy, chemisorbed €oions might result in an to induce exchange coupling effeéfsMossbauer studies of
enhanced anisotropy, which could explain the suppression & similarly prepared sample of NiO, which was doped with
the relaxation. However, we have prepared samples by dry*Fe, showed that the NiO particles are superparamagnetic
ing y-Fe,05 particles from aqueous solutions of €pand  with a blocking temperature of about 120'KWhen the
we have found no effect on the relaxation. Moreover, iny-Fe,0; particles are separated by NiO patrticles, their mag-
agreement with this, previous studies @fFe,0O; nanopar-  netic coupling to other-Fe,O5 particles may therefore be
ticles with chemisorbed Ri or C&* ions have also shown weakened. The CoO particles are larger than the NiO par-
that these ions cannot account for the measured effects ticles and they have larger magnetic anisotropy energy con-
nanocomposite¥ stant. Therefore, g-Fe,0O5 particle, which is coupled to a

Dipolar interactions in the nanopowders might play a roleCoO patrticle, cannot relax in the same way as it could when
for the magnetic properties of the samples, especially sinc& was isolated or only in contact with otherFe,O; par-
both they-F&,05; and NiO nanoparticles have been found toticles. It may, to a certain extent, have to follow the fluctua-
have significant magnetic moments. The energy of the dipol&ons of the magnetization direction of the CoO particles,
interaction between two adjacent spheriggéte,O; particles,  which have slow relaxation because of the large anisotropy
which are 7 nm in diameter and have a magnetization oénergy. The different morphologies of the NiO and CoO par-
57 A n?/kg, is about 100 K, and for two spherical 5 nm ticles also may lead to differences in the physical contact
NiO particles with a magnetization of 25 A%tkg, the di-  with the y-Fe,0 particles, and this can also play a role for
pole interaction energy is about 10 K. These interaction enthe exact strength of interparticle coupling.
ergies might account for some of the observed effects. For The magnetization measurements indicate, in agreement
instance, the increased relaxation vFe,05 nanoparticles with Mdssbauer spectroscopy studies, that exchange aniso-
in the composite ofy-F&05;+NiO, compared to the pure tropy influences the properties of theFe,O; nanopatrticles.
v-Fe,05 nanoparticles, could be explained by the reducedrhe coercivity of they-Fe,0O5; nanoparticles was tripled at
interaction energy, when interaction with NiO instead oflow temperatures when interacting with CoO nanopatrticles,
v-Fe,0; particles. On the other hand, we have seen howwhile it was slightly reduced when interacting with NiO
CoO nanoparticles, which have insignificant external magnanoparticles. This can be explained by the different
netic moments, had the most profound influence on the propanisotropies of the CoO and NiO particles, which the
erties ofy-F&05 nanoparticles. Therefore, exchange interac-y-Fe,O5 particles apparently couple to. At increasing
tions between the particles must be prevalent in the samplegeemperatures we have seen how the coercivity of
This is also in accordance with the results obtained on antiy-Fe,03+CoO decreases. This is presumably because the
ferromagnetic composité$. coupled CoO and-Fe,05 particles perform superparamag-

It is remarkable that exchange interactions across the imetic relaxation. The temperature range where it happens in
terfaces of nanoparticles in close proximity in a powder arghe magnetization measurements is somewhat lower than the
strong enough to result in a significant change in the relaxtemperature range, where the Mdodssbauer spectra change
ation and coercivity. If the particles were separated by layerfrom a sextet to a doublet, as expected due to the different
of, for example, adsorbed water or if there are mismatcheime scales of the two techniques. Although exchange cou-
between the directions of sublattice magnetizations, oneling seems prevalent between the particles, we were not
would expect the interparticle exchange interaction to beable to observe exchange bias in the composite systems. In
small(in insulators, one would not expect exchange couplingstudies of thin films it has also been found that exchange
if the magnetic materials are separated by a nonmagnetimoupling can lead to an enhanced coercivity which is not
spacer, but this can be the case in metallic systdmBur-  related to the size of exchange b#sn the present case, the
ther, if a particle interacts with several neighbors, one mightibbsence of exchange bias is probably due to rather small
also expect that the interaction fields would partly compen-anisotropies of the nanoparticles on an absolute scale. This
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implies that they-Fe,O3 particles can drag the sublattice plained by exchange coupling of neighboring particles in
magnetization of the antiferromagnets around due to the cowslose contact. We suggest that the different influence of the
pling between the particles. This is seen as an effect to thBliO and CoO nanoparticles on the relaxation of iron oxide
coercivity of the ferrimagnetic particles, but the anisotropynanopatrticles is related to a difference in magnetic aniso-
of the antiferromagnetic particles is too small to result intropy of the NiO and CoO particles.
shifted hysteresis loops.
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