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Tuning the magnetic properties of bimagnetic core/shell nanoparticles

Designing multi-phase transition metal oxide nanoparticles could be promising in the
development of new rare-earth-free permanent magnets and high-density data-storage
devices. Reporting in Nanotechnology (http://iopscience.iop.org/0957-4484/25/35
/355704/), researchers at the Bariloche Atomic Centre in Argentina design and fabricate
antiferromagnetic CoO nanoparticles encapsulated in a ferrimagnetic CoFe204 shell. They
show that the magnetic hardness and the magnetic thermal stability can be successfully
increased by the exchange coupling at the interface. Moreover, the magnetic properties can
be tuned by changing the characteristic sizes of the core/shell structure.
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The effect of nanoparticle diameter on the coercive field and blocking temperature (http://images.iop.org/objects/ntw/journal/13/8/5
/figurel.jpg)

(http://images.iop.org/objects/ntw/journal/13/8/5/figurel.jpg)

Novel permanent magnets and high-density data-storage applications require highly anisotropic materials.
Here, researchers show that the effective magnetic anisotropy can be enhanced by the exchange coupling
at the interface of bimagnetic nanostructures. When the mean size of CoO/CoFe204 nanoparticles is
reduced from 11 to 5 nm, a remarkable increase of the low-temperature coercive field from 21.5 to

30.8 kOe is observed. This is at the expense of a lower blocking temperature.

DC magnetic measurements as well as X-ray powder diffraction (XRD) and transmission electron
microscopy (TEM) experiments are carried out in order to study the relationship between the structure
and the magnetic properties. A phenomenological model is used to interpret the interplay of the different
competing factors on the magnetic hardening. This comprehension is essential for designing and
engineering new materials to improve the performance of modern magnetic devices.

The researchers presented their work in the journal Nanotechnology 25 355704
(http://iopscience.iop.org/0957-4484/25/35/355704/).
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Heat-assisted magnetic recording doubles hard disk drive capacity (June 2014) (http://nanotechweb.org
/cws/article/lab/57685)
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Competing interactions and stepwise magnetization observed in Fe nanoparticle films (Aug 2013)
(http://nanotechweb.org/cws/article/lab/54234)

Making monodisperse FeCo nanoparticles the easy way (Oct 2013) (http://nanotechweb.org/cws/article
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Abstract

The control of the size of bimagnetic nanoparticles represents an important step toward the study
of fundamental properties and the design of new nanostructured magnetic materials. We report
the synthesis and the structural and magnetic characterization of bimagnetic CoO/CoFe,Q,4 core/
shell nanoparticles. The material was fabricated by a seed-mediated growth high-temperature
decomposition method with sizes in the range of 5-11 nm. We show that the core/shell
morphology favours the crystallinity of the shell phase, and the reduction of the particle size
leads to a remarkable increase of the magnetic hardening. When the size is reduced, the coercive
field at 5 K increases from 21.5 kOe to 30.8 kOe, while the blocking temperature decreases from

388 K to 167 K. The size effects on the magnetic behaviour are described through a
phenomenological model for strongly ferri-/antiferromagnetic coupled phases.

Keywords: bimagnetic nanoparticles, magnetic anisotropy, interface exchange coupling, cobalt

ferrite, nanomagnetism

(Some figures may appear in colour only in the online journal)

1. Introduction

The fabrication of artificial nanostructures and the advance of
physical properties’ detection techniques allow the study of
fundamental properties at the nanoscale level and drive the
development of new applications [1-3]. In the case of mag-
netic nanoparticles, the search for new materials for the
development of advanced magnets and high density data
storage is an area of great interest [4, 5]. However, it is well
known that when the size of the particle is reduced beyond the
superparamagnetic threshold, the nanoparticle magnetic
moment fluctuates [6, 7]. As a consequence, the research is
oriented to the production of highly anisotropic materials to
increase the magnetic moment thermal stability. Most of these
single-phase high-performance materials are expensive, such
as FePt, or are based on limited rare earth compounds, such as
Nd,Fe 4B or SmCos [8-11]. Another potential approach is
the design and fabrication of bimagnetic transition metal

0957-4484/14/355704+09$33.00

oxide nanoparticles, which exploit the properties of each
phase and the interface exchange interaction. Thermal
decomposition methods allow the fabrication of nanoparticles
with controlled size and composition [12, 13] and high-
quality bimagnetic core/shell nanoparticles have been
obtained through seed-mediated growth [8, 14—18]. The core/
shell nanoparticles could improve the performance of modern
permanent magnets by increasing the effective magnetic
anisotropy of the material through the coupling between the
different magnetic phases. However, few examples of struc-
tures with different core/shell compositions were reported,
i.e., CoFe,O4/MnO [19], FeO/CoFe,04 [14], CoFe,0O4/CoFe,
[20, 21], Co/MFe,O4 (M =Mn, Fe) [15] and Fe;0,/Mn;0,4
[22]. Since comprehensive theories that account for the
magnetic behaviour of core/shell bimagnetic nanoparticles are
still lacking, our investigation aimed to understand the size
effects on the magnetic properties of bimagnetic systems that
are of crucial importance for designing and engineering new

© 2014 I0P Publishing Ltd  Printed in the UK
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Table 1. Synthesis conditions and structural parameters: reflux temperature (Trgrux); heating rate of the first step (HR); surfactant/precursor
molar ratio (S/P); mean core diameter (<Dcorg>); mean particle diameter (<Dyp>) and its standard deviation (op), measured by TEM; mean
size of CoO <Dc¢,0> and CoFe,04 <Dcop.0> phases estimated by XRD.

Synthesis parameters TEM XRD
TreFLUX HR S/P <Dcorg> <Dnp> oD <Dco0> <Dcore0™>
Sample (°O) CCmin™")  (mol mol™) (nm) (nm) (nm) (nm) (nm)
S1 255 5 4 2.6 5.1 0.9 2 4.5
S2 255 30 4 3.8 8.2 1.2 6 6
S3 285 30 2 6.0 11.3 1.7 — 14

materials. Recently, it has been found that CoO/CoFe,O, core/
shell nanoparticles that combine two highly anisotropic magnetic
materials show a remarkable increase of coercivity compared to
their single-phase parent compounds [23]. The origin of this
magnetic hardening was associated with the exchange coupling
between the antiferromagnetic core and the ferrimagnetic shell
[24] and, being an interface phenomenon, it should be strongly
dependent on the size of the particles. When the nanoparticle
size is reduced, the crystalline and magnetic disorder increases,
and the influence of thermal fluctuations becomes more impor-
tant. To elucidate the interplay of the different competing factors
on the magnetic hardening, we investigated the core/shell sam-
ples as a function of the nanoparticle size. In this frame, we
synthesized and studied the structural and magnetic properties of
CoO nanoparticles with different diameters ranging from 2.6 nm
to 6nm, encapsulated in a CoFe,O, shell of ~1.3-2.6 nm
thickness.

2. Experimental details

2.1. Synthesis of bimagnetic nanoparticles

CoO/CoFe,0, core/shell nanoparticles of different sizes were
synthesized by means of high-temperature decomposition of
the metal acetylacetonates, assisted by oleic acid and oleyla-
mine as surfactants [23]. In a typical synthesis (sample S2),
4 mmol of Co(acac), were mixed with 8 mmol of oleic acid,
8 mmol of oleylamine, 0.02 mmol of 1-2 octanediol and
235 mmol of diphenyl ether. In order to obtain monodispersed
CoO nanoparticles, the mixture was magnetically stirred and
heated to the reflux temperature (260 °C) for 120 min with a
controlled heating rate of 30 °C min™". After cooling to room
temperature, 0.8 mmol of Co(acac), and 1.6 mmol of Fe
(acac); were added to the mixture, according to the molar
composition of the cobalt ferrite. In the same step, 0.02 mmol
of 1-2 octanediol, 4 mmol of oleylamine, 4 mmol of oleic
acid and 79 mmol of diphenyl ether were added, and the
preparation was heated up to 260 °C for another 120 min. In
this second stage, the heating rate was fixed at 30 °C min™" in
order to avoid the homogeneous nucleation of the spinel
phase and to favour the formation of a core/shell structure.
By modifying the heating rate of the first step, the
refluxing temperature and the surfactant/precursor ratio, it
was possible to obtain nanoparticles of different sizes and
morphologies. Sample S1 was prepared following the same

procedure described above, but the heating rate during the
first step was fixed at 5 °C min~". Sample S3 was produced in
a similar fashion, but we employed a lower surfactant/pre-
cursor molar ratio and used benzyl ether as the solvent,
leading to a higher reflux temperature of 285 °C (see table 1).
During the second stage of the synthesis, the heating rate was
fixed at 30 °Cmin~" for all of the samples.

After the nanoparticles were cooled to room temperature,
they were precipitated by centrifugation (14 000 rpm/30 min)
and washed several times with a mixture of ethanol and
toluene 8:1 with the objective of eliminating the organic
coating. After the toluene evaporated, a dry powder was
obtained. In order to improve the crystallinity, the samples
were heated to 300 °C with a heating rate of 2.5 °C min™" and
kept at that temperature for 2h in an air atmosphere. The
obtained dry powder was then mixed with an epoxy resin to
prevent the mechanical movement of the nanoparticles during
the magnetic characterization.

2.2. Characterization methods

The nanoparticles’ crystalline structure was characterized by
x-ray powder diffraction (XRD) using a Philips PW3020
diffractometer (CuKa radiation). Rietveld refinements were
performed using the Fullprof software [25] and were used to
estimate the crystallite mean size. The core/shell morphology
was assessed by means of Philips CM200 UT transmission
electron microscopy (TEM), which was operated at 200 kV.
The crystallinity and morphology of the samples were eval-
uated by the analysis of high-resolution and dark-field TEM
images. The particles’ size distribution was evaluated from
bright-field and high-resolution TEM images by measuring
around 300 particles of each sample. The magnetic behaviour
was analyzed using a superconducting quantum interference
device (SQUID, Quantum Design) magnetometer with a
+70 kOe maximum applied field in the temperature range of
4-320 K. Magnetization versus temperature experiments were
performed following the ZFC (zero field cooling) and FC
(field cooling) procedures at an applied field of 100 Oe.
Thermoremanent magnetization (TRM) measurements were
performed by cooling the sample from 330 to 5K under a
100 Oe applied field and by subsequently measuring the
temperature dependence of the magnetization at a 0 applied
field. The magnetic properties were measured in a Faraday
balance magnetometer with a 10 kOe maximum applied field
from room temperature to 800 K.
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Figure 1. X-ray diffraction patterns and the corresponding Rietveld

fits (full lines). The bulk CoO and CoFe,0O, Bragg positions are
indicated with stars (top) and full bars (bottom), respectively.

3. Results and discussion

3.1. Morphology and structural characterization

The x-ray diffraction patterns are presented in figure 1; the
Bragg peaks’ positions of the bulk CoO and CoFe,O4
phases are also shown for comparison. Notice that the dif-
fraction peaks that correspond to the CoFe,O, phase are
clearly detected in all of the systems. However, the con-
tribution of the CoO core phase dominates the diffraction
pattern of S2; at plain sight, it cannot be resolved for S1 and
S3. Rietveld refinements were performed using the known
CoO (JCPDS#43-1004) and CoFe,O, (JCPDS#22-1086)
bulk crystal structure. The fitting patterns are shown in the
full lines in figure 1. The characteristic sizes of the nanos-
tructures were obtained from the fittings. The average
crystallite size of the CoFe,O4 shell (Dcopeo) is 4.5 nm,
6nm and 14nm for samples S1, S2 and S3, respectively.
Moreover, the average crystallite size for the CoO core
(Dcoo) resulted in 2nm for S1 and 6 nm for S2 and could
not be resolved for sample S3, probably due to the limited
statistic and the different peak broadening of the CoO and
CoFe,0,4 phases (see table 1).

Furthermore, the TEM micrographs were analyzed to
investigate the size, structure and morphology of the nano-
particles. Figures 2(a)-(c) show the representative images and
size dispersion graphs for the three systems. The histograms
were constructed according to the Sturges method [26] and were
fitted with a lognormal function f(D):(l/\/ 2ﬂaD)exp[—ln2(D/
Dy)/26°], from which the median diameter D, and dispersion &
were estimated. Then, the mean diameter <D>=D0exp(02/2)
and standard deviation 0D=<D>[exp(o'2)—1]” 2 were calculated
(see table 1). The high resolution TEM images presented in
figures 3(d)—(f) exhibit a different phase contrast, which unveil
the core/shell structure. From these images, the interplanar dis-
tances of the phases involved were measured. The value of 4.9 A
shown in figure 3(d) matches well with the (111) CoFe,O,4
plane, while figure 3(f) shows different plane orientations for the
inner and outer part of the particle.
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Figure 2. Bright-field TEM images of S1, S2 and S3 CoO-core/
CoFe,04-shell samples ((a), (b) and (c), respectively). The insets
show the diameter distributions and the corresponding lognormal fit.

An enlarged HRTEM image of S3 is shown in figure 4. It
is revealed that the interplanar distances measured for the core
(figure 4(a)) and the 90° angle between the planes match well
with the (1-11) and (110) CoO planes, as shown in the
schematic representation (figure 4(c)). The interplanar dis-
tances of the outer part of the particle measured in figure 4(b)
are consistent with the (400) CoFe,O, planes. It is noteworthy
that while the residual organic compound used in the synth-
esis isolates from each other the particles of the S1 and S2
systems, the S3 presents aggregates formed by a small
number of nanoparticles, leading to a ‘flower-like’ morphol-
ogy of 22nm mean size. This feature was observed pre-
viously [27-29] and could be attributed to the lower
surfactant/precursor molar ratio employed, which could favor
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Figure 3. Dark-field TEM images of the S1, S2 and S3 CoO-core/
CoFe,04-shell samples ((a), (b) and (c), respectively), reconstructed
with a fraction of the (111) CoFe,O, electron diffraction ring. On the
right, the HRTEM images of S1, S2 and S3 ((d), (e) and (f),
respectively) are presented. The interplanar distances that correspond
to the (111) CoFe,O,4 plane are signaled (d), and different planes’
orientations are pointed out for the inner -A- and outer part -B- of the
particle (f); see figure 4 for further details.

the agglomeration during the synthesis. In order to confirm
the nature of the shell phase, we obtained dark-field TEM
images recorded with a small objective aperture positioned on
the inner electron diffraction ring (111) of the CoFe,O,4 phase
(figures 3(a)-(c)). Therefore, the bright contrast in the
reconstructed images corresponds to the CoFe,O, spinel
phase, and a shell thickness of 1.3 nm, 2.2 nm and 2.6 nm for
S1, S2 and S3, respectively, could be estimated.

Notice that the CoFe,Q, size determined from the XRD
is larger than the one obtained by TEM. To understand these
results, it should be remarked that from the XRD curves, the
crystallite volume is estimated, while the TEM images give
information about the shell thickness of the core/shell struc-
ture. In addition, figure 3 reveals that the CoFe,0, crystallites
grow up in the shell with a preferential orientation over the
CoO seed, which could also result in a bigger XRD crystallite
size. This feature was also observed in other core/shell sys-
tems and in hollow nanoparticles [23, 30].

Figure 4. Details A (a) and B (b) of the S3 HRTEM image; the
measured interplanar distances are indicated in each case. A
schematic representation of the projection of the Co atoms in the
CoO with the Fm3m structure along the [-112] direction (c), where
planes (1-11) and (110) are indicated with its associated interplanar
distances.
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Figure 5. Temperature dependence of the ZFC and FC magnetization
of the CoO-core/CoFe,04-shell nanoparticles of samples S1, S2 and
S3 ((a), (b) and (c), respectively). The insets show the distribution of
energy barriers f(7g), calculated from the ZFCFC (empty dots) and
TRM (full dots) measurements.

3.2. Magnetic properties

The temperature dependences of the zero field cooling (ZFC)
and field cooling (FC) magnetization are presented in figure 5.
Measurements up to 330 K and above 300 K were carried out
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Figure 6. Hysteresis cycles measured at 5 K and 300 K (inset) for
CoO/CoFe,04 nanoparticles of different sizes.

in a SQUID magnetometer and a Faraday balance, respec-
tively, and the results were normalized according to the mass
employed in each experiment. The general feature of the M vs
T curves is similar for the three samples. The magnetization is
reversible at high temperatures, which is consistent with
superparamagnetic behaviour; when the temperature dimin-
ishes, the ZFC and FC curves split, indicating that the
nanoparticles’ system is partially blocked, according to their
effective magnetic anisotropy distribution. Another feature to
remark on from figure 5 is the weak anomaly observed in the
ZFC curve at around 300 K for the S2 and S3 samples. This
anomaly could be related to the Néel temperature of the bulk
CoO (Tx~ 293K) [31, 32]. The ZFC curves show a max-
imum that shifts to higher temperatures when the size
increases, i.e., Tyax~270K (S1), 358 K (S2) and 508 K
(S3). The energy barrier distribution from the ZFC and FC
magnetization curves was calculated according to:

£ (Ts) o (UT)[ d(Mzrc — Mec)/dT . (1)

It is known that the energy barrier distribution can also be
obtained from the temperature decay of the remanence curve
(TRM), according to f (T3) o (1/T) [ dMrrm/dT ]. The insets
of figure 5 show f(7Tg), where an excellent agreement between
both estimations can be observed. From the lognormal fits of
f(Tp), in the insets of figure 5, the <Tz> was determined as the
median value of the distribution. We found that when the
nanoparticles’ size grows, <Tp> increases from 167 K to
271K to 388 K for S1, S2 and S3, respectively. It is note-
worthy that the blocking temperatures of the present core/
shell nanoparticles are larger than those reported for CoFe,O4
single-phase nanoparticles of comparable size: <Tp>~23 K,
48K and 180K for 2nm, 3nm and 5 nm CoFe,O, nano-
particles [33], <Tg>~ 120 K for 5 nm CoFe,O,4 nanoparticles
[34] and <Tg>~ 120K for CoFe,O, with a similar shell
morphology [24]. The comparison suggests that the larger
<Tg> values are due to the core/shell interface coupling, but
the important role of the interparticle interactions on the
enhancement of the thermal stability also has to be taken into
account. Indeed, such interactions are clearly evidenced by
the flattening of the FC magnetization curve below Tyax [6].

In order to evaluate the magnetic hardening of the
bimagnetic system, we have measured hysteresis cycles as a

Table 2. Magnetic properties: coercive fields (Hc) at 5 and 300 K,
squareness ratio (Mgr/Ms) and mean blocking temperature, calculated
from ZFC-FC magnetization curves (<Tg>).

Hc HC MR/MS <Tg>
Sample 5 K (kOe) 300 K (kOe) 5K (K)
S1 30.8 0 0.77 167
S2 27.8 0.5 0.78 271
S3 21.5 1.1 0.93 388
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Figure 7. Temperature dependence of the squareness ratio (a) and
temperature dependence of the coercive field (b) for CoO/CoFe,0O,4
nanoparticles of different sizes.

function of temperature. Figure 6 shows M vs H curves at 5 K
for the three nanoparticle sizes. From this figure, a systematic
increase of the coercive field Hc is observed when the size of
the particles decreases; in fact, Hc changes from 21.5 kOe to
30.8 kOe when the size is reduced (see table 2). It is note-
worthy that the coercive fields measured at a low temperature
are higher than the one reported for single-phase CoFe,Oy.
The highest coercive field observed for CoFe,O4 at 10K is
around 20 kQOe, as reported for 16 nm particles fabricated by
the high-temperature organometallic decomposition method
[35] and for 40 nm particles fabricated by seed-mediated
growth-dominant coprecipitation [36]. In addition, the coer-
civity observed at SK for 7.5 nm ZnO/CoFe,0O, core/shell
nanoparticles with a shell thickness of ~2 nmis Hc ~ 7.8 kOe
[24]. From these observations, we can conclude that the
interface exchange interaction between the antiferromagnetic
core and the ferrimagnetic shell plays a relevant role in the
magnetic hardening of the system. When the temperature is
raised, a fraction of the particles enters the superparamagnetic
regime, according to their energy barrier distribution (insets
of figure 5); as a consequence, the coercive field decreases.
Notice that the smallest particles (S1) present a strong
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reduction of Hc up to 150K (figure 7(b)), while the largest
particles (S3) present a smoother temperature dependence.
The size dependence of Hc shows an opposite behaviour at
room temperature compared to the 5 K measurements, and the
coercivity increases with size due to the largest fraction of
still-blocked particle moments.

The temperature dependence of the remanence to the
saturation magnetization ratio (Mgr/Ms) is reported in
figure 7(a). At a low temperature, the Myr/Mg ratio changes
from 0.93 to 0.77 when the size is reduced. For the smallest
particles (S1), Mr/Ms shows an important and more rapid
reduction with the temperature, while larger particles (S2, S3)
present a smoother dependence. Therefore, the ratios are O,
0.1 and 0.4 for S1, S2 and S3 at room temperature,
respectively.

It is noteworthy that no significant shift of the hysteresis
loops is observed at 5K after cooling from 320 K under
different applied fields: between 20 and 40 kOe. The lack of
an exchange bias can be ascribed to the comparable magnetic
anisotropy of the two materials, as we will discuss later.
Indeed, to observe the exchange bias, the anisotropy of the
antiferromagnetic phase is requested to be larger than that of
the ferro(ferri)magnetic phase. Moreover, the anisotropy
energy of the antiferromagnet has to be larger than the
interface exchange energy. The antiferromagnetic phase is
only able to exert a pinning action on the magnetization of the
ferro(ferri)magnet in the presence of both conditions.

3.3. Discussion and conclusions

The high-temperature decomposition of the organometallic
compounds involves several parameters to be controlled, such
as the heating rate, reflux temperature, reflux time and the
molar ratio between the surfactants and precursors. After
adjusting some of them, it is possible to obtain particles with
different sizes and morphologies [37-39], which allow the
fabrication of artificial nanostructures with controlled prop-
erties. In particular, we have designed and fabricated anti-
ferromagnetic/ferrimagnetic core/shell nanoparticles, which
show thermal stability improvement and hardening of the
magnetic properties.

During the synthesis, the nucleation process takes place
after the decomposition of the organometallic compounds,
which increases the concentration of ions above the nuclea-
tion limit. A low heating rate leads to a more homogeneous
decomposition process; consequently, a large amount of ions
are used in the formation of a large number of nuclei. On the
other hand, a high heating rate produces a less homogeneous
decomposition, forming a smaller amount of nuclei and larger
particles at the end of the synthesis. Our results are as follows:
a lower Theating rate produces smaller cores
(<Dcorg> ~ 3 nm), while a higher one produces larger cores
(<Dcorg>~ 6 nm). Another advantage of the method is the
as-formed organic coating of the nanoparticles that prevents
their coalescence, allowing a subsequent thermal treatment
that improves the crystallinity without a noticeable size
growth. However, in the case of larger nanoparticles fabri-
cated with a lower surfactant/precursor ratio, aggregates

formed by a few nanoparticles were observed. Although the
synthesis method employed in this work allows good control
of the size, crystallinity and composition of the nanoparticles,
it is limited by the total volume of the material that can be
obtained. While many methods for the fabrication of mono-
disperse and shape-controlled nanocrystals have been studied
[40], e.g., thermal decomposition of metal-surfactant com-
plexes, nonhydrolytic sol-gel or polyol processes, the pro-
duction of core/shell nanoparticles, particularly when a
multistep method is required, increases the complexity [41],
and full parameterization of the synthesis processes is needed.
Although some advances in the development of large-scale
single-reaction methods involving nontoxic and inexpensive
reagents have been done [42], achieving scalability to a
desired commercial scale is still a challenge.

The overall magnetic measurements show that CoO/
CoFe,0,4 bimagnetic nanoparticles present an enhancement of
the thermal stability and magnetic hardening, as compared to
their single-phase CoFe,O, counterparts. CoFe,O, nano-
particles with different morphologies and concentrations were
extensively studied [34-36, 43], and none of these systems
surpass a coercive field of 20 kOe at low temperature. In our
case, the Hc increases up to 30 kOe in the smallest core/shell
system (S1), and the origin of such magnetic hardening is
associated to the strong FIM/AFM interface exchange inter-
action [24].

Thermal stability of exchange biased systems is asso-
ciated with magnetic anisotropy of the AFM grains. Con-
ventionally, the blocking temperature in exchange-coupled
bimagnetic systems is defined as the temperature at which the
exchange bias field, Hgg, goes to zero [44, 45]. In this
situation, following the analysis of Fulcomer and Charap [46],
the AFM core has to overcome the energy barrier given by
Expm = KAFMVAFMsinza—JINTcosa, where Kapv and Vagpm
are the magnetic anisotropy constant and the magnetic
volume of the AFM phase, Jint is the exchange coupling
constant at the interface, and «a is the angle between the easy
axis of the AFM and its magnetization. In this model,
KarmVarm = Jint and the energy barrier vanishes when
KarmVarm = Jint; @8 a consequence, the shift of the mag-
netization loop is no longer observed. The situation regarding
the CoO/CoFe,O, bimagnetic system is different because it
does not present a shift of the hysteresis cycle but an
enhancement of the coercive field, indicating that the FiM and
AFM spins are strongly coupled at the interface
(KarmVapm < JinT)- In this limit, the energy barrier for a
strongly coupled system could be expressed as [24]:

E = — (Hmpim Viim + Hmapm Varm) cos (0 — a)

+ (Keiv Vv + Kapm Varu ) sin®(a) (2)

where H is the applied magnetic field; mgy is the FiM
magnetization, normalized by the total FiM volume (Vgv);
mapy 1s the uncompensated AFM magnetization, normalized
by the total AFM volume (Varm); Kriv 1 the magnetic ani-
sotropy of the FiM; «a is the angle between magnr, mEv and
the easy axis direction; 0 is the angle between H and the easy
axis  direction.  According to the theory of
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superparamagnetism, the relaxation time z varies exponen-
tially with the energy barrier, so by taking equation (2) into
account, we can define the blocking temperature of the
exchange-coupled core/shell nanoparticles at zero field from:

AE = Kriv Vi + KarmVarm = In(em/70) ks (Ts).  (3)

where 7~ 100s and 7o~ 10~ s are the measurement time
and the characteristic relaxation time of the material, respec-
tively, and kg is the Boltzmann constant. From the free energy
expressed in equation (2), the coercive field at 7=0K of an
AFM/FiM coupled system of randomly oriented particles can
be obtained:

Hc = 0.96 (Kgim Viim + Karm Varm )/ (7rim Veim
+ marm Varm)

= 0.96 (Krim/mrim + Karv Varm/meim Veim )- 4)

Notice that the above oversimplified model of the core/
shell nanoparticle system describes the observed size depen-
dence of <Tg> and Hc well. While the blocking temperature
increases with the volume of the magnetic phases (weighted
by their anisotropy constant), the magnetization reversal is
governed by the AFM/FiIM volume proportion. These
equations are consistent with the results reported for the
exchange coupled AFM/FiM films, where the coupling is
more effective when the film thickness diminishes
[31, 47, 48]. In order to evaluate the predicted <7g> and Hc
from equations (3) and (4) for the CoO/CoFe,O, bimagnetic
nanoparticles, an estimation of the magnetic volumes should
be performed. In the previous section, we pointed out that the
ferrite shell does not grow uniformly over the core but is
formed by a number of partially aligned nanocrystals.
According to the TEM measurements, it is possible to con-
sider that each AFM core is coupled to ~4-5 grains that
occupy the total volume of the shell. Within this approx-
imation, <Tg> resulted in 121 K and 403 K for S1 and S2,
respectively. On the other hand, <7g> of S3 is clearly above
the CoO Néel temperature, so only the magnetic anisotropy of
the FiM phase should be considered. Furthermore, in this last
case, the energy barrier is increased by the interparticle
interactions promoted by the nanoparticle agglomeration. By
employing equation (4), we can estimate the coercivity as a
function of the size for a random spatial distribution of ani-
sotropy easy axes. These values were calculated using the
magnetic anisotropy constants Kagy~4 - 107 erg cm™ [24]
and Kgpg~4-10° erg cm™ [24, 49], along with the bulk
ferrimagnetic ~ magnetization of  CoFe;O4  mpm~
424emucm™ and the volumes estimated by TEM. The
coercive fields resulted in ~68 kOe, ~49 kOe and ~31 kOe
for S1, S2 and S3, respectively. As we mentioned above, this
simple approach describes the tendency observed in the stu-
died systems well, although the calculated H values are
overestimated. The discrepancy could be due mainly to
oversimplification of the model, as, for example, it does not
take into account interface imperfections and misalignment
between the AFM/FiM anisotropy easy axes caused by the
complex shell structure. In addition, it is worth noting that

these models are based on the hypothesis of coherent rotation
of the magnetization, which is only valid for systems with
characteristic sizes smaller than the coherence radius
Rcon ~5-10nm [50, 51]. Therefore, it is reasonable to apply
the above phenomenological picture to the S1 and S2 samples
because their characteristic sizes (cores sizes < 3.8 nm and
shell <2.2 nm) are smaller than Rcoy. However, the more
complex morphology of the larger S3 system implies that
other factors, such as structural imperfections and bigger
CoFe,0, crystallite grains, could play a fundamental role in
the reversal process.

Regarding the normalized remanent magnetization of the
S1 and S2 systems, the low temperature Mr/Mg values are closer
to the theoretical value predicted for non-interacting spatially
randomly oriented nanoparticles with cubic magnetic anisotropy
(Mr/Ms=0.83) than to the value reported for uniaxial anisotropy
(Mr/Ms=0.5) [52]. This result suggests that the CoFe,O,4 shell
presents cubic anisotropy, even with a thickness as thin as
~1.3nm, in contrast to what was reported for the CoFe,O,
single-phase nanoparticles [20, 33, 43]. It could be assumed that
the overgrowth of the CoFe,O, shell over the CoO core
diminishes the crystalline and magnetic surface disorder of the
CoFe,0, phase, leading to a highly crystalline FiM phase with
cubic anisotropy, even when the shell thickness is about 1-2 nm.
It can also be remarked that S3 shows a high Mr/Mjs ratio of
>0.8 up to 150 K, even though the coercivity at that temperature
is reduced to a third of the low temperature value. Such high
Mg/Ms values cannot be explained just by considering cubic
magnetocrystalline anisotropy for CoFe,O4. In our case, the
sample S3 was formed by core/shell particles in close contact,
supporting the possibility of an exchange coupling between the
particles that form the nano-aggregates. In the remanent state,
and after saturation by a large magnetic field, a significant
number of nanoparticle surface magnetic moments could deviate
from their easy axis toward the applied magnetic field direction
due to the competition between the magnetocrystalline aniso-
tropy and the interparticle exchange interaction. As a con-
sequence, the resultant spontaneous polarization in the field
direction would be higher compared with the remanent mag-
netization of the non-interacting particles. This behaviour is
supported by theoretical and experimental studies in nano-
particles and nanocomposites [10, 53, 54]. On the other hand,
despite the fact that magnetic stability can be increased by
magnetic coupling up to the ordering temperature of the anti-
ferromagnetic phase, the magnetic properties of all of the sam-
ples are strongly diminished when the temperature is increased
due to their reduced sizes. Therefore, further strategies, e.g,
employing an antiferromagnetic material with a 7y that is much
higher than room temperature, should be investigated in order to
design new materials suitable for commercial uses.

In summary, we have shown that the control of the
dimensions and morphology of bimagnetic core/shell nano-
particles in the nanoscale is a very powerful way to design
new materials with optimized properties. When the nano-
particle size is reduced, the system presents a remarkable
increase of the magnetic hardening due to the enhancement of
the magnetic anisotropy by the interface exchange interaction.
We have demonstrated that the core/shell morphology favours
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the formation of a highly crystalline magnetic phase, which
improves the coupling at the interface. However, the energy
barrier associated to the magnetocrystalline anisotropy
decreases when the nanoparticle size is reduced, and the
system loses its thermal stability more rapidly with an
increasing temperature. In conformity, the coercivity and the
MRg/Mg ratio fall rapidly when the temperature is increased.
By applying a simple phenomenological model to the
bimagnetic nanoparticles’ system, it is possible to explain the
main size effects reflected by the magnetic measurements.
Finally, we conclude that the effective magnetic anisotropy
can be raised by reducing the characteristic size of the FiM
and AFM phases and by improving the quality of the interface
of the bimagnetic nanoparticles.
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