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Magnetite nanoparticles with a cobalt ferrite shell provide the opportunity to obtain a tunneling mag-
netoresistance structure and offer an additional degree of freedom in shaping the magnetoresistive
characteristics. In order to investigate the effect of the relative fractions of the shell on magnetic and
magnetoresistive properties, we have prepared (by chemical co-precipitation) a bi-magnetic (soft/hard)
core—shell Fe304/CoFe;O4 nanoparticle system (with diameters of a few nm). The structural, mag-
netic, and electric transport properties of the as-prepared core precursor, core—shell nanoparticles, and
sintered powder were determined. It was found that the obtained particles, which are few nanometers in
size, have the desired single-crystalline spinel structure with a core—shell architecture and the expected
magnetic properties associated with core-shell interactions. Sintering leads to more complex magnetic

(2025)

behavior and tunneling conductance.
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1. Introduction

The creation of complex architectures at the
nanometer scale allows new properties to be
achieved. Magnetic nanostructures have aroused
great interest, pushing the boundaries of magnetic
information storage technology, as well as enhanc-
ing the understanding of spin-dependent trans-
port phenomena. Spin-dependent transport has
attracted much attention since the discovery of
giant magnetoresistance (GMR), colossal magne-
toresistance [1, 2], and tunneling magnetoresis-
tance (TMR) in so-called magnetic tunnel junctions
(MTJs) [3, 4]. The TMR is especially attractive be-
cause the values of magnetoresistance obtained in
MTJs greatly surpassed those of the GMR [5]. In
addition, MTJ devices are highly versatile, allow-
ing the combination of electrodes and barriers of
various types [6-8].

However, it is difficult to obtain high spin po-
larization values of electric current and improve
the TMR effect using classical ferromagnetic tran-
sition metals. The search for materials with high
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spin polarization has focused (among others) on
a family of materials known as half-metals [9-11],
such as magnetite (Fe3Q4) or other magnetic ox-
ides. Significant TMR — sometimes called “pow-
der magnetoresistance” effects (PMR) — has been
reported in compacted powder pellets of materials
with high spin polarization [12-14]. In both TMR
and PMR, a thin non-magnetic layer on the grain
surfaces plays the role of a barrier for the spin-
polarized electrons [12, 13, 15, 16]. For this form
of microstructure, in the ideal case, each magnetic
grain boundary can be a spin-selecting junction, and
the total number of junctions increases by many or-
ders of magnitude [17-19].

Characteristic feature of TMR/PMR systems
is that the plot of the resistance vs applied ex-
ternal magnetic field (H) usually has a maxi-
mum at the field (HME) equal (or very close) to
the coercive field (H.) of the total magnetization
(M) [12, 13, 15]. However, it could be of inter-
est to have the freedom to shape the magnetoresis-
tive characteristic, i.e., to obtain quasi-independent
magnetic and magnetoresistive (MR) responses to
the applied magnetic field.
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Fig. 1. Schematic presentation of the synthesis
procedures for ferrimagnetic nanoparticles.

Such an possibility has been discovered in
SroFeMoOg powder [20-22], where the MR peak
was observed at HME that was many times higher
than H.. This shows a way to intentionally manip-
ulate the tunneling process through controlled cre-
ation of an appropriate insulating magnetic barrier,
whose spin orientation relative to that of the metal-
lic grain can be controlled by the application of
a suitable magnetic field intensity. This possibility
is provided by bi-magnetic core—shell nanoparticles
composed of ferrites that differ in terms of electrical
conductivity and magnetic anisotropy [23-29].

Research into nano-sized magnets, known as
“magnetic nanoparticles”, began with the advent
of nanotechnology [30]. Advances in chemical syn-
thetic methods offer an affordable route for the
“bottom-up” synthesis of complex nanostructures,
with precise control over their chemical composi-
tion, shape, and size. New composite nano-ferrites
(as core—shell nanoparticles) are the subject of in-
tensive research due to their numerous possible ap-
plications [31-33]. Improved synthesis methods en-
able re-examination of the feasibility of granular
magnetoresistance (multiple tunnel junctions) via
a bottom-up nanochemical approach [19].

In the case of ferrite core-shell (bi-magnetic)
nanoparticles, the tunneling magnetoresistance may
depend on the particle sizes and relative fractions of
the constituent core and shell materials. Thus, the
present work is motivated by the authors’ interest in
understanding the extent to which these nanostruc-
ture parameters affect the MR properties and the
relative behavior of H, and HME. For these stud-
ies (which are complementary to those previously
published [23]), we prepared Fe3O4/CoFe204 core-
shell nanoparticles to check the effect of increas-
ing the ratio of the CoFe;O4 shell volume to core
volume.
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Both ferrites forming the nanoparticle have a cu-
bic spinel structure. In the bulk form, Fe3O4 (mag-
netite) is a magnetically soft ferrimagnet with a
Curie temperature of T¢ ~ 860 K, high specific
magnetization, and coercivity of a few Oe at room
temperature. In turn, cobalt ferrite (CoFey04) is
magnetically hard, with a much higher value of the
magnetocrystalline anisotropy constant. These fer-
rites also differ in terms of electric conductivity,
namely magnetite is considered a “poor metal” be-
cause its resistivity is slightly too high to be classi-
fied as a metal, whereas CoFesQy is a regular insu-
lator at room temperature [34].

It should be emphasized that the nanoparti-
cles prepared for resistivity measurements are not
coated with any organic spacer typically used to
prevent agglomeration. In this paper, the sample
preparation, structural characterization (including
attempts to distinguish the CoFe;O4 shell on the
basis of transmission electron microscopy (TEM)
or synchrotron X-ray analysis), as well as basic
magnetic and electric transport properties are pre-
sented.

2. Materials and methods

Bi-magnetic spinel ferrite core—shell nanoparti-
cles comprising magnetic hard (CoFe20O4) and soft
phases (Fe304) were synthesized by a combination
of hydrolysis of coordination compounds in a high-
temperature organic solvent with a seed-mediated
growth process according to synthesis procedures
reported in [35]. As reactants, iron(III) chloride
nonahydrate (97% FeCls - 9H20), cobalt(II) nitrate
hexahydrate (98% Co(NO3)s - 6H20), iron(II) sul-
fate heptahydrate (99% FeSO, - TH20), sodium
hydroxide (98% NaOH), and diethylene glycol
(99% DEG) purchased from Sigma-Aldrich were
used.

2.1. Synthesis of Fe3O,4 nanoparticles

For the synthesis of FesO4 nanoparticles, the
FeSO, - THoO and FeCls - 9H5O salt solutions in a
1:2 molar ratio were mixed with diethylene glycol in
a three-neck flask under a flowing argon atmosphere
(Fig. 1a). At the same time, a NaOH alkali solution
in DEG was prepared, added drop by drop to the
solution of salts (FeSOy4 - THoO and FeCl; - 9H50),
and stirred for 2 h (Fig. 1b). The resulting mix-
ture was heat-treated at 200-220°C for 60 min
(Fig. 1c). Oleic acid was then added to the diethy-
lene glycol solution, and the mixture was stirred
for 20 min. After cooling, the resulting nanopar-
ticles were centrifuged, washed with an ethanol-
water solution, and dried in open air at 50°C
for 10 h.
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2.2. Synthesis of Fe3Q4/CoFesO4 nanoparticles

Fe30,4/CoFe;04 nanoparticles with a core—shell
architecture were synthesized in a three-neck flask
under a flowing argon atmosphere. First, Co(NO3)z-
6H>0 and FeCl3 - 9H5O solutions were mixed with
DEG, and the mixture was stirred for 20 min
(Fig. 1d). At the same time, NaOH in DEG was
prepared and added to the mixture of the salts
CO(N03)2 -6H50 and FeCl; - 9H,0 (Flg 1e). After
2 h of stirring, the Fe3O4 nanoparticles (in DEG),
synthesized by the method described above (see
Fe304 preparation) without the oleic acid addition
procedure, were introduced to the reaction medium
(Fig. 1f). The resulting solution was heat-treated
at 200-220°C C for 90 min (Fig. 1g). After cool-
ing, the resulting nanoparticles were centrifuged,
washed with an ethanol-water solution, and dried
in open air at 50°C for 10 h.

It should be noted that, in contrast to the typ-
ical (final) procedure described in other studies
on similar nanoparticles, the obtained nanoparti-
cles (prepared mainly for resistivity measurements)
are not coated with oleic acid or any other organic
separator.

2.3. Pellet preparation

Portions of the obtained powder (~ 100 mg) were
cold pressed (axial pressure ~ 400 MPa) in a 5 mm
diameter steel die into discs/pellets ~ 1 mm in
thickness and then annealed (sintered) in argon gas
at 450°C for 2 h in order to improve interparticle
mechanical and electrical connections (which prob-
ably result in partial fusing of their shells). These
conditions reduce the contact resistance, maintain-
ing interdiffusion between core and shell insufficient
to degrade the core-shell structure [23].

2.4. Characterization techniques

High-resolution powder X-ray diffraction for all
the samples was performed on the ID22 beam-
line at the European Synchrotron Radiation Fa-
cility (ESRF) in Grenoble. The used wavelength
was A = 0.354575(6) A. The applied diffraction
geometry involving analyzer crystals allows for an
extremely small instrumental contribution to the
peak full width at half maximum (ca. 0.003° of 26).
The structure refinements, employing the Rietveld
method, were performed using TOPAS 5 software.
The microstructure of the as-prepared nanopar-
ticles was additionally characterized by transmis-
sion electron microscopy (TEM), using an image-
corrected Titan Cubed 80-300 microscope operating
at 300 kV. Elemental composition was analyzed by
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energy-dispersive X-ray spectroscopy (EDX) per-
formed during TEM measurements, employing an
EDAX 30 mm? Si(Li) detector with a collection
angle of 0.13 sr. Magnetic properties (of powder
and pellets) and magnetoresistance (of pellets) were
studied using the Physical Property Measurement
System (PPMS) from Quantum Design, equipped
with the Vibrating Sample Magnetometer (VSM)
option or, alternatively, the Resistivity option. Mag-
netic measurements were performed in the tempera-
ture range of 2-390 K and a field range of +9 T. For
the resistivity measurements, electrical leads were
attached to the pellets on the holder (puck) with
silver paint. Additionally, the Keithley Model 2400
SourceMeter was used in the cases of very high resis-
tances (dozens of GQ2) at the lowest temperatures.

3. Results and discussion

3.1. Structure

The collected high-resolution synchrotron X-ray
powder diffractograms are presented in Fig. 2. All
the diffractograms confirm the obtainment of the
desired spinel (MgAl;0,4) structure, with the re-
fined lattice parameters quoted in Table I (includ-
ing reference data [36-38]). The refinement gives
a = 8.370(2), 8.391(1), and 8.3839(3) A for sam-
ples of Fe3Oy4, Fe304/CoFe;04 nanoparticles, and
the annealed pellet of compacted FesO,4/CoFes0y,
respectively.
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Fig. 2. X-ray diffractograms of (a) Fe3Oy4 core, (b)

Fe304/CoFez04 core—shell, and (c) annealed core-
shell nano-powders. (d) A powder XRD pattern of
Fe30y4 (spinel) comes from the ICSD database 2025.
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TABLE I

Lattice parameters (for Fe3O4 nanoparticles, Fes04/CoFez04 core—shell nanoparticles, and annealed pellet of
compacted FesO4/CoFe;04) obtained using the Rietveld procedure compared with reference data [ICSD]. Here,

Ryp is the weighted profile residual factor.

Refinement results

Reference (bulk material)

Sample/material

a [A]

Ruyp [%]

Source

a [A]

F6304
Fe304/CoFe204
Fe304/CoFe204 annealed

8.370(2)
8.391(1)
8.3839(3)

6.5
6.1
4.5

8.3967(3)

Bosi et al. [36]

F8203
CoFe204

Diffraction peaks, in the case of non-annealed
samples, are strongly broadened, which is due to
the nanometer size of the crystallites (the instru-
mental effect is negligible because of the high-
resolution setup). In order to estimate the par-
ticle sizes, the Scherrer equation was applied (to
the data of 440 reflection), resulting in the fol-
lowing crystallite sizes: 4.3, 6.0, and 10.9 nm
for Fe3Oy4, Fe304/CoFes04 nanoparticles, and an-
nealed Fe;0,/CoFe;O4 nanoparticles, respectively.
The quite good agreement of the obtained crys-
tallite sizes for Fe30,/CoFe;04 with the electron
microscopy results (presented below) indicates that
the nano-powder consists of single-crystalline par-
ticles. Additionally, the above crystal size estimate
for core—shell nanoparticles is considerably greater
than that for the Fe3O,4 nanoparticles, providing an
argument for the existence of a CoFesO, shell on
the Fe3Oy4 core.

In the case of as-prepared (non-annealed) sam-
ples, a peak shape asymmetry was observed (see
example in Fig. 3), with a possible origin in the
non-homogeneity of the sample. The instrumental
contribution can be excluded in this case, as the
asymmetry is well visible not only in the low-angle
part of the diffractograms. The presence of this peak
asymmetry in the case of both homogeneous and
core—shell nanoparticles indicates that the origin of
this asymmetry is not necessarily connected to the
existence of the CoFe;04 shell (and its slightly dif-
ferent lattice constant). On the other hand, alter-
ations in the lattice constant (within the depth of
Fe304 nanoparticles), caused by possible oxidation
to maghemite [34, 39] on the particle surface (or
a stoichiometric gradient in the nanoparticle), can
cause a similar effect. It is also worth mentioning the
supposed presence of some amount of amorphous
content in the non-annealed (as-prepared) materi-
als, manifesting itself through broad (low-intensity)
humps of similar ¢g-values and shape to those pre-
sented in [39]. This pattern feature was not pro-
nounced in the annealed sample, leading to the con-
clusion that at least some part of the amorphous
content had crystallized.

The refined lattice parameters fall between the
Fe;04 (8.3967 A) and 4-Fey03 (8.3457 A) bulk
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8.3457
8.3806(1)

Shin [37]
Ferreira et al. [38]
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Fig. 3. The 440 reflections in the case of as-
prepared and annealed Fe3O4/CoFe;O4 core—shell
nanoparticles (enlargement of a fragment of Fig. 2).
In the case of the as-prepared sample, the aforemen-
tioned asymmetry of the 440 reflection is observed.

reference data [ICSD database, 2025]. Competing
effects should be taken into account: (i) lat-
tice contraction as a result of surface oxida-
tion (to maghemite) and (ii) lattice expansion
caused by surface relaxation [39], especially for
the smallest particles [40]. The FesO4 sample lat-
tice parameter is near the arithmetical middle
(of the mentioned reference data), probably be-
cause of some maghemite surface layer [34, 39].
For Fe3s0,4/CoFe;04 nanoparticles, this parameter
is between Fe3O,4 and CoFe;O4 bulk data, probably
because of lesser oxidation (which may be the result
of the protective role of the CoFe,O4 layer and gen-
erally larger particles). In addition, oxidation can
vary significantly from sample to sample, depend-
ing on the preparation and storage [39]. A smaller
lattice parameter after annealing may be caused by
weaker surface relaxation for larger particles [40].
As regards the significant increase in the esti-
mated nano-crystallite size after annealing (from 6.0
to 10.9 nm), it may be partly explained by the gen-
erally higher crystallinity index (as a result of the
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Fig. 4.
the region marked by the red square in panel (a), processed by Fourier filtering, presenting a particle oriented
along the [011] zone axis. A model of the FesO4 crystal structure is superimposed on the high-resolution image.
(c) Particle size distribution obtained from TEM images, fitted with a lognormal function. (d) STEM-HAADF
image of the nanoparticle agglomerates. (e) Integrated EDX spectrum, collected from the area indicated by
the green square in panel (d), revealing an O:Fe:Co atomic percent ratio of approximately 53:37:10 (shown in
the color-coded chart).

reduction of the amorphous phase and the homoge-
nization of the nanoparticles). However, the real size
increase (coarsening) and the joining of nanoparti-
cles contribute as well.

Figure 4a shows the high-resolution transmission
electron microscopy (TEM) image of as-prepared
Fe304/CoFe;04 nanoparticles. Due to their identi-
cal crystallographic structures and minimal lattice
mismatch, semi-epitaxial growth of the CoFesOy
shell over the Fe3O,4 core is possible, as previously
reported in the literature [41, 42]. As a result, the
core—shell architecture is not distinctly visible in
the image. Thus, the thickness of the cobalt fer-
rite shell was estimated to be ~ 1 nm, based on the
size difference between the core—shell and uncov-
ered FezO,4 particles. A Fourier-filtered magnified
area (highlighted by the red square in Fig. 4a) is
shown in Fig. 4b, revealing a well-oriented particle.
The FezOy4 crystal structure was identified by mea-
suring two interplanar spacings and the angle be-
tween them. Consequently, the [011] zone axis pro-
jection of the FezO, structure was superimposed
on the high-resolution image and showed excellent
agreement with the observed pattern. Particle size
analysis based on TEM images indicates that the
particles are nearly monodisperse with a relatively
narrow size distribution, as presented in Fig. 4c.

sk "
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(a) High-resolution TEM image of as-prepared FesO4/CoFe;04 nanoparticles. (b) Magnified view of

Fitting the data with a lognormal function gives an
average particle diameter of 5.8 nm with a standard
deviation of 0.9 nm.

Moreover, energy-dispersive X-ray spectroscopy
(EDX) was performed using scanning transmission
electron microscopy (STEM) and a high-angle an-
nular dark field (HAADF) detector. The EDX sig-
nal collected from an agglomeration of particles
(shown in Fig. 4d) is presented in Fig. 4e and re-
veals an atomic percent of Fe : O : Co = 37 : 53 : 10.
This composition confirms the proposed structure
of FesO4 cores coated with ~ 1 nm thick CoFe;Oy4
shells.

The TEM results are consistent with those of the
complementary X-ray analysis, despite certain dif-
ferences between the estimation methods. From the
TEM images, we obtained a ‘“number-based” size
distribution (and average) of particle diameter val-
ues [39].

Structural studies have shown that the obtained
(as-prepared) few-nanometer-sized particles have
the desired spinel structure. The complementary
X-ray, EDX, and TEM results show that, in the
case of core—shell particles, the FesOy4 core with a
spinel structure is covered by a CoFe;QO4 shell. Fur-
thermore, TEM results indicate a relatively narrow
size distribution.
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Temperature dependences (2-390 K) of the zero-field-cooled (ZFC) and field-cooled (FC) magneti-

zation measured for the core—shell Fe3sO4/CoFe>O4 nanoparticles (<1), compacted and annealed pellets (A),
and uncovered Fe3O4 particles (). The dependences for as-prepared CoFe2O4 particles () with diameters
similar to those of FesO, particles are presented for comparison'?.

3.2. Magnetic properties

As seen from the thermal dependence of the field-
cooled (FC) magnetization (measured in an exter-
nal field of 50 Oe) for as-prepared Fe30,/CoFe;O4
nanoparticles, the magnetization decreases mono-
tonically with increasing temperature, whereas the
zero-field-cooled (ZFC) curve displays a maximum
with the peak temperature equal to ~ 300 K, which
is much higher than the one (~ 80 K) observed for
uncovered Fe3O, particles — see Fig. 5. If we ap-
proximately consider observed peak temperatures
as the average blocking temperatures for super-
paramagnetic relaxations (Tg), then such a huge
enhancement of the peak temperature can be re-
lated to the increase in the effective anisotropy of
particles which originates from magnetically hard
CoFey04 shells. This fact, along with the single
maximum (“blocking temperature”) observed for
Fe30,/CoFe;04 nanoparticles, can be interpreted
as a confirmation of the efficient core—shell ex-
change coupling. It should be noted, however, that
although the samples described are in the form of
loosely compacted powder, the shape of ZFC-FC
curves and the obtained Tz values may not repre-
sent the properties of ideal, isolated superparamag-
netic nanoparticles. The differences may be due to
long-range magnetostatic interactions between par-
ticles and the lack of an insulating organic shell
on the particles. Additionally, the surface of the
nanoparticles has a significant contribution at the
nanoscale due to the large surface-to-volume ratio.
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Since the surface of the nanoparticles has a higher
concentration of vacancies, disorders, and broken
bonds compared to the core, the surface ordering
under the influence of the magnetic field can be very
different [33, 43, 44].

In the case of strongly compacted and an-
nealed pellets, the ZFC and FC curves (also shown
in Fig. 5) do not coincide, and no maximum is ob-
served in the ZFC curve in the available temper-
ature range because of stronger interparticle cou-
pling, as well as possible microstructural changes
occurring at interfaces during annealing. The de-
pendences for as-prepared CoFe;O,4 particles with
diameters similar to those of Fe3Q, particles are
also presented (in Fig. 5) for comparison'!.

Magnetization hysteresis loops, M (H), measured
at different temperatures (2-300 K) for as-prepared
powder and annealed pellets are presented in Fig. 6a
and b, respectively. The uncoated Fe3O,4 particles
at 2 K exhibit the magnetization curve typical of a
soft magnet, with a coercivity of around 300 Oe. For
Fe304/CoFe;04 powder, the coercivity increases
20 times, reflecting the increase in the total
anisotropy of heterostructured particles. This re-
sult can be explained by the large contribution of

~
~

flgyupplementary results concern CoFesQy4 nanoparticle
powder, which was prepared using the same procedure as for
the other particles studied in this work. The conditions were
selected to obtain particles with diameters similar to those
of FezO4 particles.
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Temperature dependences of coercive field H. for as-prepared Fe3O4 nanoparticles, FesO4/CoFeO4

(core-shell) nanoparticles, and annealed pellet (obtained by cold pressing) of Fe3O4/CoFe20O4 nanoparticles.
The dependence for as-prepared CoFe2O4 particles (O0) with diameters similar to those of FesOy4 particles is

presented for comparison'.

the shell to the nanoparticle characteristics, as well
as by the modification of the core—shell interface
parameters, as postulated in the work on similar
nanoparticles (however, mostly coated with oleic
acid and prepared mainly for biomedical applica-
tions) [45, 46]. Additionally, a kink in the magneti-
zation curve is observed as the field approaches zero,
which is characteristic of soft/hard nanostructures
with a small part of the uncoupled soft phase.

The hysteresis loop for annealed pellets is smooth
(implying coherent switching of spins in the effi-
ciently exchange-coupled heterostructure), but with
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the coercivity almost three times higher than that
for the powder. This increase in coercivity can be
ascribed to the partial fusing of CoFe;O4 shells
and the subsequent enhancement of magnetic inter-
actions between neighboring nanoparticles (which
can be treated as randomly oriented complex
nanocrystallites), but also to the possible forma-
tion of an interdiffusion layer between the core and
shells and/or other microstructural changes dur-
ing annealing. The situation is additionally com-
plicated by magnetoelastic contributions, because
cobalt ferrite is a magnetostrictive material [47].
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Fig. 8. Temperature dependence of the resistance of a compacted and annealed pellet of Fe304/CoFez04
nanoparticles plotted in log(R) vs T~/2 coordinates. The inset shows the same relationship plotted as log(R)
versus 7.

It is worth mentioning the observed substantial
increase in the near-saturation magnetization af-
ter annealing, which correlates with the postulated
(in Sect. 3.1) higher crystallinity index of the an-
nealed sample.

Temperature dependences of the coerciv-
ity for the as-prepared FezO, nanoparticles,
Fe30,4/CoFe;04 nanoparticles, and annealed pellet
(obtained by cold pressing) of Fes0,/CoFesOy4
particles are shown in Fig. 7. The dependence
for as-prepared CoFeyO, particles with diameters
similar to those of Fe3Oy4 particles is also presented
for comparisont!. It can be seen that the coercivity
is higher for the as-prepared Fe3z04/CoFes0y
nanoparticles studied in this work than for those
studied in [23], which is due to the smaller diameter
of the core, in agreement with the prediction that
in a soft/hard granular system, H. is inversely
proportional to the size of the soft phase [48] as
well as the thicker layer of the hard phase [49]. As
seen in Fig. 7, the coercivity decreases monotoni-
cally with temperature for both samples, but for
the as-prepared particles, it vanishes at a lower
temperature, in correlation with the “blocking
temperature”.

The measured magnetic properties  of
Fes04/CoFe304 nanoparticles confirm the ef-
ficient core-shell exchange coupling (coherent
switching of spins). In turn, for annealed pellets,
we still have an efficiently exchange-coupled het-
erostructure, but there is also strong interparticle
coupling (magnetic interactions between neigh-
boring nanoparticles). Because heterostructured
core—shell particles were grown individually, we can
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expect randomly oriented crystallographic axes
(like in polycrystals). In an ideal case (thick
shell), dominating CoFe;0, magnetocrystalline
anisotropy (with a large positive constant K in
the bulk case) implies cubic easy axes [50] for the
shell and, because of strong exchange coupling, can
force the same (or similar) “effective” axes also for
the entire particle. On the other hand, if the shell
is exchange-coupled with the shells of adjacent
particles, then there is a competition between the
local anisotropies (possible random anisotropy ef-
fects [24]), the interconnecting couplings (exchange,
dipolar), and the magnetoelastic interactions [47].

3.3. Resistivity

The resistivity, measured in the annealed pellet of
Fe30,4/CoFe304 nanoparticles, is much higher than
that expected for bulk Fe3O4 or CoFesQy4 spinels,
which can be attributed to the increased contribu-
tion of contact resistances between nanoparticles
due to their low dimensions. The fast decrease in
the resistance with increasing temperature is char-
acteristic of insulators, for which the concentration
of charge carriers depends strongly on temperature.
The thermal dependence of the resistance is close to
linear when plotted in log(R) vs T~'/2 coordinates
(see Fig. 8).

The fact that resistivity is approximately pro-
portional to exp[l/v/T] suggests a vital role of
a grain boundary tunneling conductance mecha-
nism [51, 52]. This can be expected for a granular
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system in which tunneling occurring through grain
boundaries separating adjacent grains is the main
contribution to resistivity [25, 53-55].

4. Conclusions

The structural, magnetic, and electric properties
of cold-pressed and sintered Fe3O,/CoFe;O4 core—
shell nanoparticle powder have been studied. The
obtained hetero-structured magnetically soft/hard
particles, several nanometers in diameter (synthe-
sized by chemical co-precipitation), have the desired
spinel-type structure and a relatively narrow size
distribution. The complementary X-ray, EDX, and
TEM results confirm the existence of a shell in the
case of core—shell particles.

The efficient core—shell exchange coupling leads
to a large increase in effective magnetic anisotropy.
The coercive field (H.) of the core-shell nanopar-
ticles is much higher than that of magnetite. In
the case of pellets (prepared by cold pressing and
annealing), H. increases much more because of
stronger interparticle coupling and possible mi-
crostructural changes at the core—shell interfaces of
the nanoparticles.

Preliminary electric measurements show an in-
creased contribution of contact resistances between
nanoparticles and suggest a vital role of a grain
boundary tunneling conductance mechanism. More
results (e.g., magnetoresistance data) and a detailed
analysis of magnetic and electric transport proper-
ties will be presented in a separate work.
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