
Chapter 4
Core/Shell Bimagnetic Nanoparticles

Elin L. Winkler and Roberto D. Zysler

Abstract The advances in the physical and chemical fabrication methods have
enabled the possibility to produce artificial nanostructures whose properties are
different from that of their constituent materials. The presence of interfaces in
core/shell bimagnetic nanoparticles introduces additional interactions that could radi-
cally modify the static and dynamic magnetic behavior of the systems. The number
of parameters that governs the magnetic behavior grows enormously and the oppor-
tunity to manipulate, control, and understand the role played by each one of them,
opens a wide range of possibilities to design novel materials with suited properties.
The magnetic response changes depend on the magnetic ordering and anisotropy
of the phases, the core size and shell thickness, the quality of the interface, and
the strength of the interface exchange coupling. In this chapter, we discuss the new
properties found in core/shell bimagnetic nanoparticles and analyze the main char-
acteristics that have to be taken into account to design a system with a particular
response.

4.1 Introduction

Themagnetism has had a tremendous impact on our daily life, and it has transformed
our society, the waywe see the world and the waywe communicate each other. These
days, it exist a huge demand of newmaterials to be used in numerous applications, and
for developing new smaller devices and with improved performance. Large part of
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the research on field was driven by looking for harder and softer magnetic materials,
and compounds for magnetic recording.

One important area in this field is the development of high-performance permanent
magnets which requires hard magnetic materials with large energy product (BH)max.
Most of the progress in this area was reached from the design of new alloys that
combines 3d ions coupled with rare-earth ions as SmCo5, Nd2Fe14B, Sm2Fe17N3, in
this way compounds with large remanent magnetization and large coercive field are
obtained. Novel ways to fabricate permanent magnets exploit the exchange length of
the magnetic materials by combining at nanoscale soft with hard magnetic materials,
composites with large magnetization, and also large magnetic anisotropy could be
obtained. This strategy also opens new possibilities to fabricate new compounds with
large energy products and rare-earth free magnets which would lower the cost of raw
materials for manufacturing, and also simplify production due to the limitations of
obtaining rare earth. The dimension of each component is determinant in this family
of nanostructures and as a consequence fine control of the morphology and structure
at nanoscale is mandatory.

The miniaturization of the magnetic devices and the increasing demand of high-
density data storage materials also have driven the research in material science. The
pushing toward high-density data storage in smaller dimensions has to face the well-
known superparamagnetic limits so other approaches based on exchange coupling
bimagnetic materials at nanoscale emerge as a possible solution. As it wasmentioned
previously, the current strategy does not go through the search for new compounds,
although it cannot be ruled out to find a new phase with astonishing properties,
but it is looking to design and manufacture new compounds from the possibility of
manipulating and combining materials at the nanoscale. New synthesis and physical
fabrication methods give a huge impulse to the area. The possibility of combining in
a single nanoparticle two or more components, with controlled size and high quality
of interfaces, opens a wide range of new possibilities.

The presence of interfaces in core/shell bimagnetic nanoparticles introduces addi-
tional interactions that could radically modify the static and dynamic magnetic
behavior of the systems. The number of parameters that governs the magnetic
behavior grows enormously and the opportunity to manipulate, control, and under-
stand the role playing by each one of them opens a wide range of possibility to design
novel materials with suited properties. The magnetic response changes depend on
the magnetic ordering and anisotropy of the phases, the core size and shell thickness,
the quality of the interface, and the strength of the interface exchange coupling. As a
consequence, different behaviors named exchange spring, exchange bias, magnetic
hardening, and proximity effects are observed. In this chapter, we are going to focus
on the advances reached in the fabrication and the new properties found in core/shell
bimagnetic nanoparticles, and we will discuss the main characteristics that have to
be taken into account to design a particular system. The chapter is organized as
follows: in Sect. 4.2, a brief summary of the most used synthesis methods is given.
In Sect. 4.3, we will focus on the phenomenology and the physical parameters that
determine the magnetic response of the core/shell system. In Sect. 4.4, we are going
to present a case study, CoO-core/Co1–xZnxFe2O4-shell nanoparticles with x = 0–1,
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where the tuning of the coercive field, the thermal stability and the exchange bias
will be attained by controlling the size and the interface exchange coupling. Finally,
in the last section, future perspectives on the field will be described.

4.2 Synthesis and Production of Core/Shell Nanoparticles

The advances in the chemical and physical fabricationmethods have enabled a contin-
uous production of novel multifunctional nanostructures. In the particular case of
bimagnetic nanoparticles, according to the technological challenge or basic research,
different core/shell structures, including FM(FiM)-core/AFM-shell [1, 5, 9], FM-
core/FiM-shell [66], hard/soft FiM-core/FiM-shell [11, 39], inverted AFMcore/FiM-
shell [30, 36], doubly inverted AFM-core/FiM-shell (TN > TC) [53], and multishell
nanoparticles [54], have been fabricated.

A physical approach to the fabrication of bimagnetic nanoparticles is based on
obtaining the initial nanoparticles by known methods as gas condensation, thermal
plasma, or spray pyrolysis. These initial particles can be formed, in general, by
simple metals, alloys, or oxides. A second step, consisting of a post-treatment
of partial reduction of oxides or oxidation of alloys (or overoxidation of certain
oxides), provides a core/shell architecture to the nanoparticles. An example of oxida-
tion of metallic particles has been reported in the initial paper of the exchange
bias phenomena where cobalt particles were oxidized giving a Co/CoO ferro-
magnetic/antiferromagnetic core/shell structure [43]. Another example of oxidation
of seeded nanoparticles is given by the Ni/NiO (ferromagnetic/antiferromagnetic)
core/shell structures [23]. On the other hand, the reduction of transition metal oxides
by annealing in reducing atmosphere (e.g., H2) can also be used to obtain the desired
core/shell nanostructures as the CoO (Co3O4)/Co antiferromagnetic/ferromagnetic
inverted core/shell structure [63] or CoFe2O4/CoFe2 [20].

The concept to produce core/shell nanoparticles by chemical route is similar.
Single-phase nanoparticles are synthesized by a particular chemical method, and
using the same concept of superficial post-treatment, an oxidation (reduction) is
taking effect in order to obtain the core/shell structure. Many chemical routes give
high control of composition, crystallinity, and size. There exists a large diversity
of synthesis methods such as co-precipitation [13], sol–gel [64], cation exchange
process [59], and thermal decomposition [35, 45]. Although it is very simple to obtain
core/shell architecture by post-processing the surface, there are inherent drawbacks
to themethod that limit its application, i.e., it is very difficult to control independently
the core and shell sizes, and the shell composition is determined (and limited) by the
core composition. On the other hand, these manufacturing methods produce a low
quality of the core/shell interface. The last point is amajor problem in the observation
of the exchange bias effect and/or the enhancement of the coercive field.

Another interesting approach is the seed-mediated growthmethod. This procedure
consists in the synthesis of the core and shell in two stages which enable to control
independently both composition and size of each component This opens up many
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possibilities for manufacturing new systems, where proper materials can be chosen
to optimize the exchange interaction between the two magnetic phases, i.e., by mini-
mizing the crystalline mismatch, selecting compounds with particular magnetization
and magnetic anisotropy, etc. The seed-mediated high-temperature thermal decom-
position method has shown high efficiency in producing monodispersed nanoparti-
cles with high quality of crystalline order and well-defined interfaces. These charac-
teristics make it one of the most used methods which enabled the fabrication of many
novel core/shell bimagnetic nanoparticles, e.g., CoO/CoFe2O4 [36], CoO/NiFe2O4

[31], CoFe2O4/MnFe2O4 [57], Fe3O4/γ-Mn2O3 [24], ZnFe2O4/CoFe2O4 [42]. Also,
two-step co-precipitation methods have proven to be appropriate for creating
core/shell architecture. Examples of that are γ-Fe2O3/CoO [55], SmCo/Co [65],
and CoFe2O4/Fe3O4 [16]. The mentioned chemical routes, among many others [15],
show an enormous versatility and easy to produce a great variety of bimagnetic
core/shell nanoparticles, which make this field promising for the design and fabrica-
tion of new systems for fundamental studies or for the development of nanoparticles
for a wide range of applications.

4.3 Interface Coupling Phenomenology and Models

As the size of a magnetic material is reduced to nanometric scale, the surface-to-
volume ratio increases and, as a consequence, the surface effects became more rele-
vant. For example, approximately 1% of the atoms are located at the surface of
single-phase nanoparticles of 100 nm, while the proportion increases over the 60%
when the size diminishes to 3nm.Surface defects, brokenbonds, variation in the inter-
atomic distance and surface local anisotropy induce magnetic disorder and magnetic
frustration. In bimagnetic core/shell nanoparticles, besides the surface effects, the
presence of the interface between the two magnetically ordered phases introduces
additional interactions that could radically modify the static and dynamic magnetic
behavior of the systems. This interface interaction can generate a new behavior that
is not present in any of the original components as exchange bias effect, exchange
spring, and anisotropy enhancement, which present characteristic hysteresis loops
as illustrated in Fig. 4.1. There are good and complete reviews in the literature that
discuss in detail the models that describe these effects [14, 22, 25, 39, 46, 48], below
we are going to mention the main characteristics that has to be taken into account to
predict the behavior and for designing a particular system.

4.3.1 Exchange Bias Effect

In bimagnetic nanostructures with FM/AFM interfaces, the exchange bias effect (EB)
is typically manifested by a field shift (HEB) of the hysteresis loop when the material
is field cooled from temperatures higher than the Néel temperature of the AFM (TN)
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Fig. 4.1 Scheme of the magnetization loops for a single-phase magnetic nanoparticles and for
different exchange coupled systems where exchange bias, anisotropy enhancement, and exchange
spring behaviors are illustrated

and lower than the Curie temperature of the FM (TC). The phenomenon is also
related to other features as unidirectional anisotropy, coercive field enhancement,
enhancement of the thermal stability of the nanoparticle magnetic moment, and
vertical shift or asymmetric of the magnetization loop. Since the first observation
of the unidirectional anisotropy in Co/CoO nanoparticles by Meilklejhon and Bean
in 1956 [43], important advances have been made, both in the fabrication of new
exchange bias structure and also in the development of theories explaining the origin
of the observed behavior. Initially, most of the studies were made in thin films due
to the high degree of control in the fabrication process, and they were impulsed
by the crucial role played by the interfaces in technological application as read-
head, high-density magnetic memories, spin valves, etc. Later, novel chemical route
allowed a great control of the growing parameters of magnetic nanoparticles making
it possible the design and fabrication of an enormous variety of biphase or even
multiphase nanoparticles.

The physical origin of EB is usually explained by describing the pinning action
exerted by the AFM over the FM(FiM) spins, as a consequence of the exchange
coupling at the AFM/FM(FiM) interface. This interaction induces an extra torque to
the magnetization reversal process and, depending to the ratio between the interface
coupling energy and the anisotropy energy of the AFM, an asymmetry of the magne-
tization loops or enhancement of the coercive field, or both effects are observed. In a
simple phenomenological model, considering the Zeeman interaction, the magnetic
anisotropy of both phases, and the FM/AFM exchange interaction, the free energy
of a FM/AFM coupled system can be expressed as:
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Fig. 4.2 Schematic representation of the magnetizations of the antiferromagnetic (mAFM) and the
ferromagnetic (mFM) component of a core/shell nanoparticle, the magnetic field (H), and the angles
involved in the description of the free energy

E = −HmFMVFM. cos(θ − β) − HmAFMVAFM cos(θ − α)

+ KFMVFM sin2 β + KAFMVAFM sin2 α − JEX cos(β − α)

where H is the applied magnetic field, mFM is the saturating FM magnetization
normalized by the total FM volume (VFM), mAFM is the uncompensated AFM
magnetization normalized by the total AFM volume (VAFM), KFM and KAFM are
the magnetic anisotropy of the FM and AFM phases, JEX is the exchange coupling
constant at the interface; the α, β, and θ are the angles between mAFM, mFM, and H
with the easy axis direction, respectively, as shown in Fig. 4.2. The expression above
includes two important approximations, the first one assumes a coherent rotation of
the saturation magnetization with the field, and the second one assumes that the FM
and AFM anisotropy easy axis are parallel.

From the above expression, two limit situations can be considered: KAFMVAFM

� JEX and KAFMVAFM � JEX. In the first case, KAFMVAFM � JEX, after a field
cooling process from a temperature TN < T < TC, the spins at the AFM interface
align parallel (or antiparallel for JEX < 0) to the FM phase in order to minimize the
energy due to the interface exchange coupling. In this particular configuration, for
JEX > 0, the requested field to produce the inversion of the magnetization is higher in
the opposite direction of the appliedmagnetic fieldwhich originates the characteristic
unidirectional anisotropy and negative exchange bias field. In this approximation, the
magnetic structure of the AFM phase remains unchanged during the magnetization
reversal process. From (1), the equilibrium angles of magnetization can be easily
calculated for α ~ 0 and mAFM ~ 0, and the exchange bias field can be obtained: HEB

= −JEX/ (mFMVFM).
As the real interfaces are far away to the ideal sharp AFM/FM interface, the

predicted HEB value is overestimated even by several orders of magnitude. Novel
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experimental and theoretical approaches show the presence of pinned and unpinned
spins at the interface, where only the AFM pinned spins, exchange coupled with the
FM phase, give place to the loop shift after the field cool process. As a consequence,
the coupling energy should be normalized by replacing it by an effective JEFF value
that accounts for the pinned spins faction ρ, JEFF = ρJEX, which reduces the surface
exchange energy consistently with the smallerHEB observed [3, 49, 53]. Ohldag and
co-workers [49, 40], from X-ray circular dichroism experiments on exchange bias
multilayers, found that only a small fraction of interfacial spins ~4% is pinned to
the AFM component. Similar results were reported in several core/shell systems
as Fe@Cr [3], MnO@Mn3O4 [53, 67], Fe/γ-Fe2O3 [21], CoO@Co1–xZnxFe2O4

[29]where the strength of the exchange coupling is correlated with the density of
interfacial frozen spins. The exchange bias shift is often accompanied by a vertical
shift displacement of the magnetization loop originated by the uncompensated AFM
spins that remain pinned during the hysteresis loop. Size dependence studies show
that the vertical shift, which is proportional to the number of pinned spins, has a
non-monotonous dependence with the size as shown in Fig. 4.3 for the Fe/γ-Fe3O4

Fig. 4.3 a Zero-field
cooling (ZFC) and field
cooling (FC) magnetization
loops taken at T = 5 K for
10 nm Fe/γ-Fe2O3
nanoparticles. The inset
shows the FC M(H) curves
at different temperatures.
bExchange bias field (HEB)
and the net magnetic
moment of the frozen spins
(Mf) plotted as a function of
particle. Reprinted from
Khurshid et al. [21], with the
permission of AIP
Publishing
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system [21]. However, although these quantities are related, the observation of aHEB

does not necessarily require the existence of uncompensated AFM spins.
Notice that the expression obtained for the exchange bias, within these approxima-

tion, does not depend on the magnetic anisotropy neither the size of the AFM phase.
However, experimental evidence [41] shows that an AFM size threshold should be
overcome to observe an exchange bias field. Figure 4.4 shows the dependence of
HEB of Fe3O4(FiM)core/CoO (AFM) shell nanoparticles as a function of the AFM
shell thickness, where a non-monotonous dependence of the HEB with the thickness
is observed [38]. These results could be understood in terms of the diminution of the
AFM anisotropy when the size of the AFM component diminishes beyond a critical
thickness and, as a consequence, the AFM component is not longer pinned during the

Fig. 4.4 Schematic and TEM image of the Fe3-δO4@CoO core/shell nanoparticles. The drawing
shows the profile sections as a function of the Co(stearate)2/Fe(stearate)2 molar ratio R. Fe3-δO4 in
red andCoO in green. The bottom graph shows the exchange bias field (HE,●) and the coercive field
(HC, �), after FC and squareness (MR/MS, Bluebox) obtained from M(H) curves and plotted as a
function of R. Adapted with permission from Liu et al. [38]. Copyright (2015) American Chemical
Society
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magnetization reversal mechanism. In spite of this, the authors call the attention on
the complexity of the system that should be taken into account to interpret the results.
On one hand, the growth process leads to a homogeneous CoO shell formation when
the coating is thin, while polycrystalline discontinuous shell is found for thicker
thicknesses. On the other hand, interdiffusion at the interface was found which leads
a CoFe2O4 thin layer formation to be observed, only, in the thinner CoO shell. The
presence of this hard/soft interface could result in the huge coercivity increase and
the diminution of the exchange bias for the lower Co concentration.

Another parameter that plays a fundamental role in the exchange bias strength is
the lattice mismatch between core and the shell phases. Depending of the system,
different effects were reported. In the size dependence of Co-core/Co3O4-shell
nanoparticles study it was found that the exchange bias field and the vertical shift
present amaximumwhen the latticemismatch ismaximized. This result is associated
with the increase of the interfacial magnetic anisotropy with the strain εCo = (aCo–
aCo-bulk)/aCo-bulk, and also it is relatedwith the increase of pinned spins with the lattice
mismatch [8, 26, 51]. On the contrary, when the Co-core/CoO-shell nanoparticles
are embedded in CuxO matrix, the exchange bias and the coercivity was optimized
by diminishing the mismatch between the AFM shell and the matrix. In this case,
by diminishing the mismatch, the highly anisotropic CoO phase is stabilized and
also an increase of the number of pinned and unpinned uncompensated spins as a
consequence of the interdiffusion of the Cu ions into the CoO shell is observed. This
strategy could be reaches by modulating the oxygen partial pressure and therefore
adjusting the CuxO phases, been Cu, Cu2O, Cu4O3 or CuO, of the matrix [17]. These
examples illustrate different approaches to maximize the anisotropy of the AFM
phase and as a consequence optimize the EB effects.

Most of the researches on core/shell exchange bias systems report ferromagnetic
coupling at the interfacewhich is compatiblewith the negativeHEB usually observed.
Different couplings were evaluated mainly from Monte Carlo simulations, however,
only recently could be experimentally detected. Bimagnetic core/shell nanoparticles
based on iron and manganese oxide were studied, and antiparallel coupling at the
interface was found with the corresponding positive exchange bias field [11]. Inter-
estingly, it was proved that the sign and the magnitude of the exchange bias field can
be controlled by the cooling field, which give an additional tool to handle the EB
effect.

Up to here we have discussed the reversal process when the AFM anisotropy
energy is larger than the interface exchange energy, in the opposite situation: JEX �
KAFMVAFM, the AFM and FM phases are rigidly coupled and an enhancement of the
magnetic anisotropy with the consequent coercivity increase is observed. From the
equilibrium condition of the free energy, in the approximation α~β the coercivity
field can be estimated:

HC = 2(KFMVFM + KAFMVAFM)

mFMVFM + mAFMVAFM
,
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Fig. 4.5 TEM image of ZnO/CoFe2O4 and CoO/CoFe2O4 core/shell nanoparticles and the corre-
sponding magnetization loops measured at T = 5 K, where the increase of the coercive field by the
interface exchange coupled in the second sample is remarkable

where HC results an average of the magnetic parameter of both phases. Figure 4.5
illustrates the coercivity enhancement by the interface exchange coupling observed
in core/shell nanoparticles of 7.4 nm mean diameter [62]. In the figure, the magneti-
zation loop of CoFe2O4 ferrite is compared when it grows over a diamagnetic ZnO
or an AFMCoO core. In the former case, the coercivity result 7.8 kOe, instead in the
exchange coupled CoFe2O4/CoO system HC increase more that 300% reaching the
27.8 kOe evidencing the magnetic hardening of the nanostructure by the interfacial
exchange interaction.

The intrinsic complexity of core/shell nanoparticles makes it difficult the anal-
ysis of the exchange bias effect and the particularity of each system makes hard
to including all the results in a single model. However, although the modified [43]
phenomenological model fails to give a quantitative description, it provides a correct
qualitative description of the systems, which results very useful for choosing suitable
materials for designing nanostructures with tuned property.

4.3.2 Exchange Spring Behavior

The search of high-performance magnets has driven the development of nanostruc-
tured magnetic material that maximize the energy product (BH)max, which can be
achieved by increasing both the saturation magnetization and the coercive field.
Therefore, the strategy is to combine at the nanoscale a FM (FiM) soft magnetic
material, to maximize MS, exchange coupled with a hard magnetic material, which
usually presents lower MS, to maximize HC. This approach has the advantage of
reducing the proportion of hard magnetic material based on rare earth with the corre-
sponding cost reduction. However, as was settled by Kneller and Hawig in their
pioneering work [22], when the fraction of FM soft material increases, a critical
thickness, δc, is found. Below δc, both phases are rigidly exchange coupled and
switch their magnetization simultaneously, whereas for larger thicknesses, the soft
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phase nucleates and rotates reversibly at a lower magnetic field, as it is illustrated
in Fig. 4.6. The critical thickness is related with the exchange length and results
approximately twice the domain wall of the hard phase dH = π (AH/KH)1/2, where
AH and KH are the exchange and anisotropy constant of the hard phase, respectively.
Therefore, in hard/soft or soft/hard core/shell nanoparticles, when the thickness of
the soft layer ts is smaller than the δc, the magnetization of both materials is strongly
coupled and invert simultaneously at a switching field HSW, which results in an

Fig. 4.6 Diagram of the
proposed magnetic exchange
regimes in the core/shell
nanoparticles. Magnetic
properties of FePt@Co
nanoparticles as a function of
the Co shell thickness:
a saturation magnetization,
Ms, b coercive field, Hc, c %
remnant magnetization
recovery, d energy product,
BH, and e anisotropy
constant, Keff. The blue
shaded line indicates the
maximum exchange-spring
effect. Reprinted with
permission from Carnevale
et al. [4]. Copyright (2016)
American Chemical Society
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average of the parameters of both phases, HSW = 2(KHVH + KSVS)/(MHVH +
MSVS), where K, M and V are the magnetic anisotropy, saturation magnetization,
and volume, respectively, and the subindex S and H correspond to the soft and hard
component.

When the thickness of the soft phase is larger than the critical thickness, ts >
δc, the magnetization of both phases remains parallel until the Bloch-type domain
wall nucleates in the soft phase at the magnetic field HN = π2AS/(2MStS2), where
AS is the exchange constant of the soft component. For magnetic fields larger than
HN the domain wall moves toward the interface where the spins are pinned to the
hard magnetic component (see Fig. 4.6). When H is further increased above H irr,
the domain wall will be compressed to the interface till the energy necessary for
a displacement of the domain wall into the hard magnetic phase is reached. The
irreversible field is usually smaller than the switching field of the hard phase but has
the same order of magnitude. Below H irr a reversible behavior of the magnetization
is observed which resembled spring behavior, which originated the name of the
process. Finally, when ts � δc the magnetization inversion process corresponds to
two independent phases.

The predicted evolution from rigid-coupled to exchange spring and beyond the
exchange coupled behavior is nicely illustrated in the hard/soft Fe0.65Pt0.35-core/Co-
shell nanoparticles case [4]. The system was synthesized by one-pot microwave
chemical route which allows the control of the Co shell thickness from 0.6 to
2.7 nm over the hard fcc Fe0.65Pt0.35 of 5 nm of diameter. From the low-temperature
hysteresis loop, the size dependence of the magnetic parameters was obtained as
shown in Fig. 4.6. As expected, the saturation magnetization of the system system-
atically increases with the shell thickness, following a volumetric power law MS ∝
r3. Conversely, the coercivity field follows non-monotonic size dependence. For a
thinner Co layer, the HC increases, a behavior ascribed to the improving of the hard
magnetic properties due to the strong exchange coupling between the interface Co
spins and the FePt core. When the thickness of the shell increases, the coercivity
decreases due to the weaker pinning action exerted by the FePt hard magnetic phase
over the outer Co layers, within this size range exchange spring process is observed.
For a thicker shell, themagnetic behavior is dominated by the soft FMCo, as a conse-
quence HC diminishes and tends to an asymptotic value. An important consequence
of the described behavior is the enhancement of the energy product which increases
from 1.10(8) MGOe for FePt nanoparticles up to 3.82(5) MGOe when the core is
encapsulated by a 1 nm thickness Co shell.

Finally, as the advanced chemical methods enabled to obtain monodispersed
nanoparticle systems, large area of self-assembled nanoparticles can be fabri-
cated. These systems look to optimize the core/shell nanoparticles as building
blocks for advanced permanent magnetic applications reaching promising results
at room temperature, as the FePt–Fe3O4 nanocomposites with an energy product
of 20.1MGOe [65], FePt/Co [37], or rare-earth free core/shell nanoparticles
CoFe2O4/CoFe2 [56].

Much has been advanced in this time driven by new techniques of manufacture
and characterization, and a large number of different materials has been fabricated
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depending on the particular problem to be analyzed, or the magnetic response that
it wanted to be achieved. In most of the cited examples, the magnetic response
of bimagnetic nanoparticles is tuned by controlling the size of the core or shell
components or by combiningmaterials with different magnetocrystalline anisotropy.
In the next section, we will discuss an alternative approach to control the magnetic
properties as a function of the interface exchange energy.

4.4 Tuning the Magnetic Properties by the Interface
Exchange Coupling

In Sect 4.3, the exchange bias effect was analyzed in AFM/FM(FiM) or
FM(FiM)/AFM core/shell systems by comparing the magnetic anisotropy energy
of the AFM phase with the interface exchange energy, where two limit situations
were considered KAFMVAFM � JEX and KAFMVAFM � JEX. Here, we present a
model system to analyze the evolution of the exchange bias effect as a function of
the interface coupling. With this aim CoO, AFM nanoparticles of ~3 nm of diameter
were synthesized by high-temperature decomposition of organometallic precursor
and encapsulated with a Co1–xZnxFe2O4 shell of ~4 nm thickness. It is expected
that by replacing the Co2+ (3d7, S = 3/2) by Zn2+ (3d10, S = 0) the strength of
the interface exchange coupling would be reduced, therefore a change from rigid
coupling (KAFMVAFM < JEX) to exchange bias regime (KAFMVAFM > JEX) could be
obtained. In order to perform a systematic study, the CoO cores were synthesized in
one step and split in five batches to overgrow the shells with different compositions,
and this step assures that the properties of the AFM component are comparable in
all the studied systems. Figure 4.7 shows TEM images of the five systems studied
named Zn-x, where x corresponds to the Zn concentration that changed nominally
as x = 0, 0.25, 0.50, 0.75, 1. All the systems present comparable size ~ 11 nm and
similar morphology, also notice that the shell is formed by several nanograins in
close contact as was observed in other core/shell system [36, 38].

From the FC and ZFC magnetization loops, the coercivity and the exchange bias
fields were obtained and they are shown in Fig. 4.8. Also, for comparison, the field
values for 8 and 5 nm CoO/CoFe2O4 core/shell bimagnetic nanoparticles [29] and
the coercivity of (Co1–xZnx)Fe2O4 single-phase nanoparticles [19, 18] are included.
Several features of this figure call the attention: the coercivity field monotonically
decreases with the Zn concentration, while theHEB presents a maximumHEB ~1500
Oe for x = 0.25; also, when the HC values are compared with the obtained for the
single-phase ferrite, the magnetic hardening of the system is evidenced. Moreover,
it is noteworthy that HC and HEB can be systematically changed without producing
a significant modification of the magnetization.

As it is known, the magnetocrystalline anisotropy is originated in the spin orbit
coupling. In the cobalt ferrite, the Co2+ (3d7, S = 3/2) occupy the octahedral site of
the spinel structure resulting in a degenerate ground-state energy level with nonzero
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Fig. 4.7 a–e Transmission electron microscopy image, with the corresponding size histograms,
and f–k high-resolution TEM images of CoO/ Co1–xZnxFe2O4 (x = 0–1) core/shell nanoparticles
(samples nameZn-x). Reproduced fromLavorato et al. [32]with permission fromTheRoyal Society
of Chemistry

orbital angular momentum [7, 47] (as a consequence the orbital magnetic moment
interact with the spin originating large magnetocrystalline energy. The anisotropy
constant reported for the Co ferrite at room temperature is K ~4 × 106 erg/cm3

[46, 61]. On the contrary, the Zn2+ does not present spin orbit interaction because
its outer configuration is fulfilled. Therefore, when the Zn concentration increases,
it is expected a decrease of the effective magnetic anisotropy of the (CoZn)Fe2O4.
This argument is consistent with the diminution of the coercivity observed with x,
however it is not enough to explain the results because the magnitude of the HC is
more than 100% larger in the core/shell system that in the (CoZn)Fe2O4 single-phase
nanoparticles of similar size. If the interface exchange coupling is considered, this
interaction provides an additional source of anisotropy that explains the enhancement
of HC and also the presence of HEB.

The interface coupling energy could be estimated from the experimental param-
eters as EEX = HEBVFiMMS, where VFiM and MS are the volume and the saturation
magnetization of the ferrite. It is found that, for round nanoparticles systems of
11 nm with a core of 2.7 nm of diameter, EEX vary approximately linearly with the
Zn concentration from 1.5 × 10−13 erg for x = 0.25 to 0.4 × 10−13 erg for x = 0.
Although for x = 0 noHEB was observed, the coupling energy can be estimated from
the linear extrapolation resulting EEX ~ 2 × 10−13 erg, value close to the anisotropy
energy of the CoO antiferromagnetic component EAFM = KAFMVAFM~3.1 × 10−13

erg. Microscopically, this result could be interpreted from the modified Meilklejhon
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Fig. 4.8 a Zero-field-cooled
and field-cooled (from 310 K
with 10 kOe) HC and b HEB
of CoO/Co1–xZnxFe2O4
(x = 0–1) core/shell
nanoparticles measured at
5 K. For comparison, the HC
of Co1–xZnxFe2O4 [19] and
[18], and also the HC and
HEB values for 5 and 8 nm
CoO/CoFe2O4 [29] are
shown. Reproduced from
Lavorato et al. [31], with
permission from The Royal
Society of Chemistry

and Bean model where the surface interface energy is normalized by the fraction of
effective pinned spins, n, EEX/Aint = nJSFiMSAFM/aAFM2, where Aint is the surface
area, J = JCo–Co = 21.2 K, SAFM = 3/2, SFiM is approximately 5/2, aAFM = 4.26 Å.
Figure 4.9 shows the evolution of the calculated energy and the fraction of pinned
spins with the Zn concentration. The replacement of Co by the non-magnetic Zn
ions induces a reduction of the interface coupling changing the relation between
the involved energy EAFM and EEX, promoting the change of behavior from rigid
coupling to exchange bias. When the Zn concentration further increases, the fraction
of pinned spins continuously diminishes and the interface coupling is less effective,
as a consequence the HEB diminishes.

In summary, the presented approachprovides away to tune themagnetic hardening
and the exchange bias field of the system by tuning the exchange coupling at the
AFM/FiM interface of core/shell nanoparticles.

4.5 Future and Perspectives

The impressive advances in the physical and chemical fabrication methods have
enabled the possibility to produce artificial nanostructures whose properties are
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Fig. 4.9 Variation of the interface exchange coupling energy (EEX) and the associated fraction of
pinned uncompensated spins at the interface (n, right axis) with the Zn concentration (solid line)
estimated from the experimental data (circles). The horizontal dotted line indicates the anisotropy
energy of the AFM core estimated from the experimental data. The left (x = 0) and right (x > 0)
panels show schematically the reduction in the effective number of exchange-coupling bonds at the
interface when doping the Co ferrite with non-magnetic Zn atoms. Reproduced from Lavorato et al.
[32], with permission from The Royal Society of Chemistry

different from that of their constituentmaterials. The core/shell nanoparticles systems
have shown great versatility in the capacity to design new materialswith tuned prop-
erties. In this chapter, we have shown that, by the interface exchange coupling, the
magnetic hardening and the energy product for permanent magnets can be enhanced,
and also the exchange bias can be tuned to produce an offset in the magnetization
loops of great interest for spintronic and data storage applications. Recently, chemical
method allows the fabrication of tunnel magnetoresistance devices based on bimag-
netic nanoparticles or multicomponent superlattice [2, 6, 10, 27, 58, 60]. As it is well
known, magnetic tunnel junction is composed by two ferromagnetic conducting
layers separated by an insulating tunneling barrier, and the electrical resistance of
the device switches between high and low resistance states as the magnetic field
changes the relative orientation of the magnetizations of the two magnetic layers. In
these nanostructures, the magnetic switching field is determined by the magnetic
anisotropy of the system. Therefore, the possibility of combining ferromagnetic
conductors with magnetic insulators in a single nanoparticle with core/shell struc-
ture would allow the manipulation the characteristic of switching field by tuning
the interface exchange coupling, which would opens new and exciting possibili-
ties to use the nanoparticles as the building blocks for new devises. The perspec-
tives for improvement and innovation are huge, where different nanostructures can
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be developed to obtaining multiple magnetotransport, or magnetoelectric responses.
Different magnetic characteristics, i.e., exchange spring, exchange bias, can be tuned
by choosing different hard/soft or soft/hard core/shell materials. Also, the tunnel
barrier can be modulated by modifying the shell structure and composition.

The versatility and ease production of the core/shell nanostructures were also
exploited in the biomedical field. For example, for magnetic fluid hyperthermia, it
is necessary to tune the nanoparticles magnetic properties in order to produce the
highest specific power loss for a given alternating magnetic field. Core/shell systems
are the suit material to pursue this goal since, as we have showed previously, proper
anisotropy and magnetization could be easily tuned by the exchange interaction [28,
34, 50]. The development of bifunctional nanoparticles also presents an exciting
perspective. For example, the incorporapproximately linearly with the Zn concen-
trationation of optical functionalities to magnetic nanoparticles could contribute to
the future development of magnetic fluid hyperthermia and its clinical application
by monitoring their presence in the intracellular medium in vitro through fluores-
cence microscopy. In this area, we can mention the development of bifunctional
CoFe2O4(core)/ZnO(shell) nanoparticles with simultaneous photoluminescence in
the visible range (shell) and optimized magnetic properties (core), suited for produce
AC magnetic losses for hyperthermia treatment [33], or for MRI contrast agent [61].

An important aspect that should be taken into account for biomedical applica-
tions is the biocompatibility of these nanostructures. The surface modification of
the nanoparticles, or its encapsulation with a biocompatible shell, could expand the
available materials in this area and its range of applications [12]. In particular, the
nanoparticles can be coated with silica [52] or hydroxyapatite [44], which could
improve the biocompatibility, the nanoparticle chemical stability, reduce the toxicity
and also the coating could provides an ideal support for subsequent functionalizations
with active organic molecules.

The challenge for the future is the development of new core/shell nanoparticles
systems where the properties are fundamentally determined by the interfaces. It is a
very active area where novel systems with new properties are continuously reported.
It is also an interdisciplinary field, with a tremendous impact in our society, impulsed
by the synergy between the advancement in the chemical and physical fabrication
methods together with the technological development of new characterization tools,
and with the impetus given by the huge demand for new magnetotransport and
magnetoelectronic devices or innovative biomedical therapies.
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