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ABSTRACT ARTICLE HISTORY
Interfaces are a major issue when designing ferroelectric nanostruc- Accepted 12 April 2018
tured materials with tailored properties. In a context of integration

and multifunctionality in the field of electronics, several strategies ~~ KEYWORDS

have been developed to control the microstructure and defect _Corerfhe"_ Zarft'de“
chemistry of interfaces that strongly impact the macroscopic prop- th:m?;fji c:r:rcrf?cs, spark
erties. The suitability of the core-shell approaches that allow a sub- plasma siﬁtering; '
tle tuning of interface phenomena at different scales has been magnetoelectric materials
widely demonstrated. We focus here on the flexibility of the core-

shell approach devoted to the processing of nanostructured ferro-

electric composites. Our strategy relies on the use of advanced syn-

thesis processes to design ferroelectric grains coated with shells of

different nature, morphology and crystallinity. Typical examples will

be reviewed with a specific attention on their impact on both

microstructure and dielectric properties. Our approach, based also

on the use of fast sintering technique, provides a guidance to

design 3D bulk nanostructured ferroelectrics while controlling and/

or exploiting size, interface and defects chemistry. The contribution

of specific spectroscopies to probe interfacial chemistry and defects

is underlined. The high density of interfaces in core-shell materials

is obviously an advantage to target additional functionality such as

magneto-electric coupling. This is illustrated in 3D composites and

one dimensional nanostructures that coaxially combine electric and

magnetic materials. The core-shell approach described here could

be transferred to a much broader range of materials covering

many functionalities provided a deeper understanding of the inter-

faces at the atomic scale is achieved and a further development of

low temperature processing is reached.

1. Introduction

Thanks to their high permittivity and to its tunability, ferroelectric oxides are ideally
suited for passive components in electronics such as capacitors, resonators, filters,
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piezoelectric transducers. Capacitors in particular, are essential in most of the elec-
tronic devices and share a large part of the mass market in the areas of information
and communication technology and electronics. The current expectations are driven
by the needs to deliver ever-greater levels of functionality within smaller devices, the
available component space becoming increasingly constrained. The design of small
components leads to a growing need for high specific capacity. Barium titanate,
BaTiO;, used as the reference material in the multilayer ceramic capacitor (MLCC)
industry, is considered as one of the most important functional materials. To extend
its range of applications, it is desirable to control the permittivity value as well as
its temperature and electric field dependences. In addition, to allow the integration
into devices and to broaden the frequency range of use, dielectric losses have to be
drastically decreased up to the GHz range. Such versatility in the dielectric character-
istics can be reached in ferroelectric ceramics thanks to different strategies based on
chemical substitutions, dopants, grain size, and multi-materials. Among these
approaches, core-shell processing and modeling have been used for interface related
phenomena in nanograins: inhomogeneity of spontaneous polarization from the sur-
face to the grain core (size effects), local composition gradients (intrinsic point
defects and chemical substitution), surface coating (nanostructured composites). The
strong temperature dependence of the permittivity of BaTiO; (BT) based ceramics
can be efficiently softened reducing the grain size down to about 100nm. In this
size range, the core-shell structure consists of inner tetragonal core, gradient lattice
strain layer, and surface cubic layer. The so-called size effects in ferroelectrics were
significantly investigated during the last decades [1-4] and will not be detailed here.
We will only briefly discuss the core-shell approach used to control the chemical
inhomogeneity at the grain scale that also leads to ceramics exhibiting stable dielec-
tric behavior over temperature [5].

We will focus on the core-shell approaches dedicated to the composite route that
is particularly suitable not only to tailor the dielectric characteristics but also to gen-
erate new functionalities [6-9]. The major issue when designing tailor-made nano-
structured ferroelectric materials is the control of the interfaces in a broad sense i.e.
charged interfaces, grain boundaries, interphases between different components [10].
Through an overview of recent results, we will underline the progresses made in the
synthesis of nanoscale-designed ferroelectric particles, ceramics and composites
[6, 11]. In particular, promising wet chemical routes (seed growth process, thermoly-
sis, supercritical fluid synthesis) to control stoichiometry, crystallinity, surface reactiv-
ity and functionalization will be emphasized. The suitability of Spark Plasma
Sintering (SPS) to provide advanced nanostructured ceramics with tailored function-
alities will be also demonstrated. Specific characterizations such as Electron
Paramagnetic Resonance and the broadband dielectric spectroscopy (in the high-fre-
quency range up to the infrared) will be highlighted. Both techniques are particularly
well suited to probe defect structure and interfaces in inhomogeneous materials
exhibiting different bulk and grain boundary properties as well as in nanostructured
ceramics with components of different dielectric properties [12-14]. Finally, illustra-
tions of the core-shell approach to design multiferroic nanocomposites will
be presented.
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2. Chemical substitution and core-shell grains in fine-grained
microstructures

Specific chemical core-shell microstructures were initially developed in the 80-90’s in
order to adjust BaTiO; based ceramic multilayer formulation to fit with the expectations
of the so-called X7R components that require less than +15% deviation from the 25°C
dielectric constant value over a temperature range of - 55°C to 125°C. The grain struc-
ture consists of two regions, a core made of pure barium titanate and a shell containing
a non-uniform distribution of the dopants incorporated during conventional densifica-
tion process. The formation of core-shell microstructures requires a liquid phase sinter-
ing during which a subtle balance between thermodynamics and kinetics has to be
reached to ensure chemical inhomogeneity. BaTiO; based ceramics with addition of
ZrO, [15], LiF [16], Nb,Os [17], MgO and rare earth oxides [18] were investigated
reporting a variety of microstructures and tailored dielectric properties. The observed
broadening of the dielectric constant peak as a function of temperature results from a
distribution of local Curie temperature arising from the incorporation and non-uniform
distribution of dopants within the shell. The broad phase transition in core-shell ceram-
ics can be tuned not only by adjusting the nature and amount of additives but also by
adjusting the sintering conditions. As a result a wide range of attractive properties for
X7R capacitors applications can be obtained.

3. Nanoscale-designed ferroelectric particles and fast sintering process

Tailored microstructures for stable and enhanced dielectric properties have been largely
developed at the nanoscale. Scaling effects in perovskite ferroelectrics are of main con-
cern regarding applications including MLCC technology. The raising demand on
increased volumetric capacitance and reduced operation voltage has led to a decrease of
the dielectric layers thickness in MLCC from over 10 um down to 100nm and below
during the past decade. As a result it is still a challenge to overcome the change in
properties and the associated drawbacks arising from this downscaling. A complete
review focused on the role of electrical and mechanical boundary conditions, grain size
and thickness effects was recently proposed by J. F. Thlefeld et al. [3]

Different strategies aiming the dielectric properties control at the nanoscale will be
described in this section, most of them target interface and grain boundary engineering.
Here the core-shell approach will be defined in terms of coating particles with materials
of different nature or composition prior to the sintering step. Such a recent approach in
the field of ferroelectrics has provided particularly original microstructures opening new
pathways towards tailored functional and multifunctional nanocomposites. These recent
development are particularly well described in the review of V. Buscaglia and M.T.
Buscaglia [11]. As an example, the combination of size effects and local composition
gradients has led to nanoceramics exhibiting reasonable tunability, moderate dielectric
losses and flat temperature-independent permittivity [19].

A key point in the processing of core-shell designed ceramics is the sintering step
mandatory to obtain dense ceramics. Expecting new properties compared to homoge-
neous systems or aiming to preserve the functionality of each component, the accurate
control of interfaces, interdiffusion and defect chemistry during the sintering is a critical
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issue. Fast sintering techniques such as Spark Plasma Sintering have provided unique
opportunities to yield highly densified ceramics with tailored microstructures [20, 21].
The simultaneous action of uniaxial pressure and pulsed electrical current ensures effi-
cient heating leading to fast sintering kinetics [22]. It is worth noting that SPS ensures
reproducibility of both microstructure and properties of ceramics of about 10-20mm
diameter and ceramics can be processed with thickness as low as 50-100pum, values in
the range of those obtained by tape casting, a scalable process widely used in MLCC
industry. The flexibility of SPS in terms of adjustable experimental parameters and their
influence on properties will be illustrated in sections 3.1 and 3.2. The ceramics pre-
sented in these sections were performed using the Spark Plasma Sintering device (Dr
Sinter SPS-2080 - Syntex Inc.) located at the Plateforme Nationale de Frittage Flash du
CNRS, Université Toulouse III Paul Sabatier, France. The experimental conditions
related to synthesis or sintering are detailed elsewhere in the corresponding references.

3.1. Silica and magnesium oxide coated ferroelectric particles
3.1.1. Silica based core-shell nanocomposites

The coating of oxide or metallic particles with a continuous silica shell has been applied
to various inorganic materials to design functional materials at the nanoscale with con-
trolled magnetic, optical, electronic or catalytic properties [23]. Using the seed growth
process, we have successfully coated BaTiO; and Ba; ,Sr,TiO; (BST) particles with a
continuous silica shell of thickness accurately controlled from 1 to 100nm (coated par-
ticles are noted BT@SiO,, BST@SiO,) [24] (Figure la). The critical step is the colloidal
stabilization of the seeds before encapsulation or surface functionalisation. The first step
is to improve the colloidal stability of the ferroelectric nanoparticles by nitric acid leach-
ing in order to activate the surface sites. Then the hydrolysis/condensation of tetrae-
thoxysilane (TEOS) is catalyzed by ammonia in alcoholic media. The core-shell
approach in this context aims to create an artificial dielectric grain boundary. The silica
layer coats individually each ferroelectric grain and plays the role of a dielectric barrier
at the grain scale. In order to preserve the silica layer within the final dense ceramics,
SPS was first performed at relatively low temperature (1050 °C) and under argon [25].
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Figure 1. (a) BaTiOs core embedded within a dielectric shell (silica). (b) Link between macroscopic
dielectric relaxation and microscopic dynamics of charged defects from electron paramag-
netic resonance.
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These two conditions are mandatory to avoid both interdiffusion between the ferroelec-
tric and dielectric phases and the reduction of Ti*" into Ti’" associated with the cre-
ation of oxygen vacancies. Indeed, BT ceramics obtained by SPS are usually performed
under low oxygen partial pressure with sintering temperatures and applied pressures in
between 800-1200 °C and 40-100 MPa, respectively. A post-sintering annealing under air
in the temperature range 700 - 1000 °C is thus mandatory to minimize oxygen vacancies
associated with the reduction of titanium Ti*" into Ti’* and to recover insulating prop-
erties (Ti*" into Ti*"). The defect chemistry at the grain boundaries is then hardly fully
mastered, in particular in nanostructured ceramics [10, 26]. The combination of low
temperature and inert atmosphere enabled to obtain BT@SiO, ceramics exhibiting high
stability of permittivity over a wide temperature range and low dielectric losses at low
frequency (0.5% at 10kHz). However, the interdiffusion between the ferroelectric core
and the dielectric shell cannot be completely avoided [25]. The broadband dielectric
spectroscopy in the high-frequency range up to the infrared (IR) is a very sensitive tool
to probe interdiffusion phenomena that causes an additional dielectric dispersion below
the polar phonon range. The effective complex dielectric function in the IR-THz range
was studied for nanoporous composites [27] and for BaTiO;Q@QSrTiO; and
BaTiO;@BaZrO; dense core-shell nanocomposites [28]. The effective polar phonon
response was compared with the prediction of appropriate effective medium approxima-
tion coated-spheres model. The observed enhanced THz and microwave absorption was
qualitatively ascribed to an interdiffusion of BaTiO; cores into the shells [28]. Broad
band dielectric spectroscopy was also used to probe the degree of interdiffusion of sev-
eral BaTiO;@SiO, nanostructured ceramics differing in the sintering temperature and
thus in the level of densification [29]. An additional THz-Mw dispersion whose strength
increased with the density of the ceramic (i.e. sintering temperature), was ascribed to
gradient layers between core and shells. Bound charges connected with such interfacial
gradient layer are supposed to be at the origin of the additional dispersion [29]. In a
higher extent, such interfacial polarization is also well known as Maxwell-Wagner effect
in inhomogeneous ceramics with grains boundaries more resistive than the grains.
Grain boundary surface barrier layer capacitor effect is at the origin of giant permittivity
in reduced BaTiO; [30], CaCu3Ti O, [31] or in Nb+In co-doped TiO, with in this
case the formation of localized electron-pinned defect dipoles [32, 33]. The broadband
dielectric spectroscopy is also very useful to analyze the dielectric relaxation processes
in the GHz and THz ranges linked to the defects associated with the giant permittivity
behavior [34, 35]. Theoretical approaches have been also proposed to reproduce the
giant permittivity behavior and to evaluate the potentiality of electrical energy storage
and electrocaloric effect in the framework of a core-shell model of nanoceram-
ics [36-38].

Using SPS in low partial oxygen pressure (reducing conditions) to sinter silica
coated BT, tuned chemical reduction resulting in very large dielectric permittivity
(>10°) was achieved [39]. Even after a reoxydation step under air, the as obtained
core-shell nanostructured ceramics exhibit a gradually deepening blue which, in a first
attempt, can be ascribed to the existence of Ti’" associated with oxygen vacancies.
During the SPS ultra-fast cooling, the re-frozen silica shell acts as re-oxidation barrier
which prevents from free charges mobility. As a result, stable Ti’" ions are
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maintained in the ceramics and space charges are trapped at the interfaces. The most
striking effect is the coexistence of giant permittivity and low dielectric losses (<5%)
thanks to the silica phase. At the grain boundaries, the silica plays a dual role of
dielectric and reoxydation barrier [40]. However it was essential to reach a detailed
knowledge of the nature and concentration of charged defects for both better under-
standing of the properties and material design by tailoring properties. Deep insights
into the defect structure of oxides are facilitated by another very sensitive technique,
the Electron Paramagnetic Resonance (EPR). Due to its high sensitivity EPR offers
unique opportunity to study all kind of materials from bulk ceramics and composites,
single crystals to thin films and nanosized powders. Operating in a wide temperature
range (from cryogenic to high temperatures 2-700 K), EPR allows not only to identify
charged defects and estimate their concentration, but also to study the lattice dynam-
ics, the phase transitions: structural and magnetic, the relaxation and ions mobility
processes. Valence changes of defects/defect complexes as a function of electronic
charge trapping also can be monitored by EPR [12, 41, 42]. These features of EPR
are of particular interest for understanding the defect chemistry crucial in functional
materials. Temperature dependent electron paramagnetic resonance was undertaken to
confirm that the space charge relaxation observed in BT@SiO, ceramics sintered by
SPS under vacuum is due to Ti*" - V(O) charged defects [40]. The thermal activation
of the Ti*" EPR line was shown to follow the same Arrhenius law as the dielectric
one with a common activation energy of 100meV thus a direct link between the
macroscopic dielectric relaxation and the microscopic dynamics of charged defects
(T*" - V(O)) was clearly evidenced [40] (Figure 1b).

Beyond amorphous silica coating, it was interesting to investigate a crystallized dielec-
tric shell that could display in particular different sintering behavior. This was achieved
considering a magnesium oxide shell as described in the following section.

3.1.2. Magnesium oxide based core-shell nanocomposites

Magnesium oxide was also widely used in ferroelectric/dielectric composites designed
at the micro- and the nanoscale to decrease the dielectric losses while keeping moder-
ate permittivity in the range 500-1000 [7, 8, 42]. Aiming once again a control of the
dielectric phase at the grain scale, we successfully adapted an original method based
on thermolysis process for an efficient coating on ferroelectric particles surface by a
crystallized MgO shell [43]. The reaction occurs in solution at 290°C by thermal
decomposition of the magnesium precursor, Mg(acac),. Randomly oriented and crys-
tallized MgO nanosized particles aggregate around BT particles (Figure 2a). The initial
core-shell architecture is transformed into a uniform distribution of sub-micrometric
sized BT and MgO during sintering by SPS at 1100°C (pressure applied 2.5kN). The
thermomechanical properties of MgO nanoparticles (soft plastic behavior) and their
weak cohesion all around the ferroelectric cores allow a particle rearrangement in the
early stages of SPS sintering as soon as the pressure is applied [44]. As a result, a
homogeneous composite nanostructure is formed in-situ during sintering (Figure 2b).
The initial core-shell structure is lost after thermal treatment but the MgO still acts as
a diffusion barrier which prevents the ferroelectric core from grain growth. The
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Figure 2. (a) TEM image of BT@MgO nanoparticles processed by thermolysis. (b) SEM image (back
scattered electron) of the nanostructured ceramic obtained after SPS at 1100°C under a pressure of
2.5kN (MgO grains are in black). (c) Temperature dependence of the permittivity at 10kHz for BT/MgO
ceramics and BT ceramics sintered in the same conditions.

dielectric properties reflect the composite effect, with especially low (=0.5%) and sta-
ble dielectric losses for a wide frequency range. A significant stabilization of the per-
mittivity as a function of temperature is obtained in BT/MgO ceramics compared to
BT ceramics sintered by SPS in similar conditions. This clearly reflects the impact of
the stress generated in the BT particles during densification through the extended
interfaces in between the two components (Figure 2c) [43].

In order to evaluate the impact of the dielectric shell morphology on both the sinter-
ing and the dielectric properties, we used the flexibility of the supercritical fluid depos-
ition process to design alumina coated ferroelectric particles as described in the
following section.

3.2. Surface functionalization of ferroelectric particles by supercritical fluid
chemical deposition (SFCD) process

The unique properties of supercritical fluids are investigated for more than 25 years to
design advanced functional materials [45]. A supercritical fluid is a solvent which is proc-
essed in specific conditions of pressure and temperature above its critical pressure (p.) and
temperature (Tc). It is important to underline that each fluid has a specific critical point.
The most used fluids are CO, (p.=73.8 bar and Tc =31°C), H,O (p.=221bar and Tc
=374°C), EtOH (p.=6.27 bar and Tc =241 °C) or some mixtures of them as CO,/EtOH.
For mixtures, the critical point is evolving as a function of the composition. For instance,
the evolution of the critical point of the mixture CO,/EtOH can be found elsewhere [46].
The principle of the preparation of nanostructured materials using supercritical fluids con-
sists in performing a chemical reaction in this solvent processed under specific conditions
of pressure and temperature, the chemical reaction inducing the homogeneous nucleation
and growth of the nanostructures. Numerous materials have already been synthesized in
supercritical fluids [47] among the families of oxides, metals, nitrides, etc. Changing the
solvents allows playing with chemistry and so with the nature of materials, for instance,
from the formation of oxides in supercritical water to the formation of nitrides in super-
critical ammonia. A first part of the research concerns the synthesis of nanopowders in
continuous and scalable supercritical reactors for applications in electronics [48], in optics
[49], in catalysis [50], in environment [51], in geoscience [52], etc. A second part of the
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Figure 3. (a) principle of the SFCD process, (b) supported Al,O; nanoparticles on a BaTiOs particle
and (c) shell of MgO on a BaTiO; particle.

research is dedicated to material surface engineering by the controlled deposition of a
material on a substrate surface know as Supercritical Fluid Chemical Deposition (SFCD)
[53, 54]. This deposition method allows decorating the surface of a particle from sup-
ported nanoparticles to layered architecture (Figure 3a).

In a typical experiment, the particles to be coated are loaded in the high pressure/
high temperature reactor in presence of a metal precursor in ethanol. The reactor is
closed and CO, is added. The reactor is pressurized and heated up to the working con-
ditions to perform the transformation of the metal precursor and the deposition of
nanostructures or a shell.

This surface modification method has been applied to the functionalization of
BaTiO;-based particles. Ba;_,Sr,TiO; (x =0 and x=0.4) particles were coated with alu-
mina using aluminum acetylacetonate as metal precursor at 200bar and 200°C. The
addition of 1%wt of titanium isopropoxide as catalyst conducts to a homogeneous
nucleation of amorphous alumina nanoparticles. These nanoparticles are minimizing
their surface energy by deposition at the surface of the ferroelectric particles, the result
being the formation of a powder consisting of supported alumina nanoparticles on Ba;_
1, TiO; particles as shown on Figure 3b. In the absence of Ti-based catalyst in the
reaction medium, there is a heterogeneous nucleation and growth of a shell of amorph-
ous alumina at the surface of the BaTiO;-based particles (Figure 3a) [55]. At the end of
the coating experiment, pure supercritical CO, passed through the reaction vessel to
remove ethanol and organic residues from the aluminum precursor. A dried powder
can be then recovered without any additional filtering and post-treatment and can be
used as it for further processing to prepare ceramics. Only changing the nature of the
metal precursor allows to change the nature of the coating. Replacing aluminum
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Table 1. Optimized spark plasma sintering conditions.

Temperature Set Pulse Sequence Heating rate Applied
Point (°C) (On-Off) Dwell time (min) (°C/min) Pressure (MPa) Atmosphere
1100 12-2 3to5 100 100 Vacuum

acetylacetonate with a magnesium precursor gives access to the formation of an
amorphous magnesium oxide shell (Figure 3c).

SFCD  functionalized  nanopowders  BaTiO;@QAlL,O; (noted BTQALOQO;),
Bag ¢Sr 4 TiO3@QALO5 (noted BSTQAI,O3) and BageSrg4TiO3@QAlL, O3 NPs formed in
presence of the catalyst (noted BST@QAI,O;-C) were sintered by SPS. The objectives
were (i) to preserve the core shell architecture within the final SPS ceramics, (ii) to
determine the influence of the composition of the ferroelectric core (BST or BT) and
the impact of the morphology of the coating (continuous alumina shell or supported
alumina nanoparticles) on the structure and microstructure of the composite ceramics.

The optimized sintering conditions are reported in Table 1. They were selected con-
sidering (i) the minimization of grain growth and thus the preservation of the core shell
design, (ii) the limitation of the reduction of Ti*" into Ti’* associated with the creation
of oxygen vacancies under vacuum at high temperature [26, 39, 40] and (iii) the control
of interdiffusion at the interface between the ferroelectric core and Al,O; to prevent the
formation of barium aluminate (BAO = BaAl,O,) interphase.

Further, it is well-know from Finite Element simulations of the SPS process, particu-
larly when insulating materials are sintered, that the current distribution in the tool
may induce temperature gradients, overheating of the punches and of the graphite sheet
lining the inner wall of the mold [56, 57]. To minimize these phenomena and hom-
ogenize the temperature within the sample, two alumina buffer layers have been added
on each side of it. It turns out that the two alumina buffers are also efficient to minim-
ize titanium reduction as confirmed by the color of ceramics i.e. ceramics of white color
were systemically obtained.

The structural investigation by XRD of the different SPS ceramics indicates that both
the composition (BST compared to BT) and the morphology of the alumina shell play a
role in the BAO interphase formation. Interdiffusion is minimized in the case of BST@
Al,O5 ceramics compared to BT ones. In addition, when the shell is made of supported
alumina nanoparticles, a significant decrease in the amount of BAO is observed what-
ever the composition of the ferroelectric core. An illustration is given on Figure 4 for
BST composites.

Whatever the composition of the core and the morphology of the shell, SPS moderate
conditions allowed to obtain high relative density ceramics (> 90%). It has to be noted
that the alumina coating hinders the densification since for ceramics made of uncoated
particles (BT and BST), relative density higher than 95% are obtained for similar sinter-
ing conditions [26].

The microstructure evaluated by SEM revealed the absence of grain growth for the
BT composite ceramic compared to the starting powder (particle size 500nm), which
can be ascribed to the presence of the alumina shell and to the moderate sintering con-
ditions used (Figure 5a). In the case of the BST composite ceramics, even though BST
is more refractory than BT [58], an increase of the grain size is observed after sintering
(from initial powder 200nm to final grain size about 500nm) (Figure 5b). The grain
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Figure 4. XRD of SPS sintered BST@AI,O3; and BST@AI,0s-C (with catalyst).

Figure 5. SEM images of SPS ceramics: (a) BTQAI,05 and (b) BSTQAI,0s.

growth could be explained by a higher reactivity of the BST due to smaller initial par-
ticle size compared to BT.

Whatever the SPS core-shell ceramics, dielectric characterizations show that the con-
tribution of alumina strongly decreases the dielectric permittivity compared to BT and
BST ceramics. For BT@AL,O5 ceramic, the BAO secondary phase may contribute to
lower even more the permittivity but does not affect the ferroelectric properties as the
Curie temperature remains close to 402K. As expected, thanks to the dielectric shell, the
dielectric losses remain below 1% at room temperature. Similarly, for the BST composite
ceramics, the Curie temperature occurs close to 260K as expected for composition
Bag Srp.4TiO3. Room temperature permittivity of the BST composites also depends on
the morphology of the alumina shell. A permittivity value close to 3100 is observed
when BST grains are coated with a continuous alumina shell (Figure 6). For BST with
supported alumina particles, permittivity value is about 2200. This trend was not
expected considering the absence of BAO phase in BSTQAI,O;-C ceramic. This discrep-
ancy has to be related to the level of porosity which is higher in the latter sample com-
pared to the others and that could lead to lower value of permittivity. Similarly to BT
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Figure 6. Temperature dependence of the permittivity and dielectric losses (Tand) in the frequency
range 100Hz-200 kHz for BSTQAI, 05 ceramic sintered by SPS.

based composites, the dielectric losses of BST based composites are also lower than 1%
at room temperature. Both the flattening of the dielectric permittivity and the reduction
of losses well below 1% over an extended temperature range make these core-shell com-
posites appealing for applications.

The flexibility of the core-shell approach was illustrated in the two previous sections
through the design of shells with different nature, morphology and crystallinity and
their impact on both microstructure and dielectric properties. The advanced synthesis
methods presented allowed to create an artificial dielectric grain boundary whose nature
and thickness can be finely controlled. Controlling such high density of interfaces
remains challenging during the sintering. SPS was shown as a remarkable versatile tech-
nique that enables to yield original 3D nano/microstructures. Regarding the properties,
an obvious advantage of the core@shell approach lies in the existence of extended inter-
faces between the components in all directions. This is particularly interesting and
attractive to promote magnetoelectric coupling. Alternatively to the architectures men-
tioned above, the core-shell approach can therefore also be exploited to target multi-
functional composites. This will be illustrated in the next section through i) silica based
3D composites and ii) one dimensional (1D) nanostructures that coaxially combine elec-
tric and magnetic materials.

4. Complex core-shell based architectures toward multifunctionality

Magnetoelectric (ME) composites made by combining ferroelectric and magnetic phases
are a novel class of next generation of multifunctional materials that have drawn signifi-
cant interest in recent years [59-63] In particular, the indirect strain mediated coupling
interaction between piezoelectric and magnetostrictive phases could produce a large ME
response, several orders of magnitude higher than that corresponding to single phase
ME materials so far available at room temperature. This ME effect in composite materi-
als is known as a product tensor property which results from the cross interaction
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between piezoelectric and magnetostrictive ordering of the two phases [59, 60, 63]. ME
composite architectures have been prepared in several geometries like particles
embedded in a matrix [64, 65], co-sintered bilayered structures [66, 67], as well as low-
dimensionality heterostructures such as laminated and epitaxial self-assembled vertical
thin-films or more recently, coaxial nanofibers [68-71].

We present in this section two illustrations based on the core-shell approach to reach
multifunctionality targeting magnetoelectric nanostructured compounds: ferroelectric/
magnetic nanorasberries and nanocables.

4.1. Ferroelectric/magnetic raspberries

Starting from silica coating that allows a further functionalization of the ferroelectric
nanoparticles, innovative 3D ferroelectric/magnetic nanocomposites with extended inter-
faces between the two components were designed to promote magnetoelectric coupling.
We have demonstrated the possibility to obtain ferroelectric/magnetic raspberry build-
ing blocks from Bag ¢Sro4TiO5; (BST) and BaTiO; (BT) ferroelectric grains coated by sil-
ica and covered with 7nm diameter y-Fe,O; nanoparticles also coated by silica (Figure
7a, b). The method used to prepare ferroelectric/magnetic raspberry building blocks
involves: the silica coating of ferroelectric cores previously described [24]; the surface
modification of the silica core-shell ferroelectric particles by an aminosilane coupling
agent in order to provide positively charged surface. Due to the negative charge of
magnetic@SiO, nanoparticles, nanoraspberries morphologies are formed by the simple
mixing of the two colloidal systems by electrostatic interactions [72]. The main chal-
lenge is to find the best pH conditions for better electrostatic interactions between the
aminated BST (or BT)@ SiO, particles and the y-Fe,O;@SiO, nanoparticles while pre-
serving the stability of both colloidal dispersions. Nanostructured ceramics with the
coexistence between ferroelectricity, piezoelectricity and superparamagnetism were
clearly evidenced at room temperature [72]. However no magnetoelectric coupling was
found probably because of the limited strain mediated interactions between both com-
ponents resulting from the presence of silica as an intermediate phase. This is why we

Figure 7. (a) View of several raspberries nanoparticles formed of BaTiO; core embedded within a sil-
ica shell and coated with a supplementary magnetic nanoparticles embedded within an ultrathin silica
shell. (b) Zoom on the surface.
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looked for nanostructures in which the ferroelectric and ferromagnetic phases are in
direct interaction, namely nanocables that are described below.

4.2. (1D) nanostructures that coaxially combine electric and magnetic materials

Another approach to design core-shell multiferroic nanostructures is to use template-
assisted synthesis methods. Due to their reliability, flexibility, and reproducibility,
template-assisted synthesis attracts a significant interest to build well-ordered three-
dimensional arrays of nanowires (NWs) with high aspect ratio and high surface areas
[73-75]. In a previous work, we have reported the two-steps synthesis of BaTiO;-Ni
(BTO-Ni) nanocable (NC) arrays within porous anodic aluminum oxide (AAO) tem-
plates [76]. The limitations inherent to a thermal treatment performed at high tempera-
ture were pointed out. It was shown that the thermal annealing required for BTO
crystallization can (i) affect the ferroelectric BTO shell microstructure through defects-
driven surface rearrangement and diffusion inside the AAO pores, and (ii) induce the
template curvature, hence hindering the subsequent Ni electrodeposition into the BTO-
coated AAO pores. The strength of the dipolar interaction arising from the packing
density of the magnetic nanowires was correlated to the BaTiO; wall thickness through
magnetometry and ferromagnetic resonance measurements [76]. Magnetic properties of
such core-shell nanowires can be tuned by an appropriate choice of membrane, packing
fraction, geometric parameters (i.e., core radius and shell thickness) and composition.

Meanwhile, in order to favor electromagnetic coupling, core-shell composites made of
PbZr( 5,Tig.4803-CoFe,O4 (PZT-CFO) are very appealing, as PZT with composition near
the morphotropic phase boundary (MPB) exhibits excellent FE and piezoelectric proper-
ties, whereas CFO displays large magnetocrystalline anisotropy, high coercivity, and
moderate saturation magnetization [77]. Most of the studies devoted to coaxial PZT-
CFO were based on electrospinning of nanofibers [71] and sol-gel deposition of nano-
wires into AAO pores [78, 79]. Past efforts on ME characterization of core-shell nano-
fibers involving piezoresponse force microscopy (PFM) performed on a single PZT-
CFO and BTO-CFO nanofibers showed large ME coefficients of 29.5 and 35 V cm ™'
Qe !, respectively [71, 80]. Recently, direct ME coeftficient of 450 pV cm ' Oe ! was
measured using a small ac magnetic field values with variation in the dc magnetic field
for disks made of BTO shell-NFO core nanofibers prepared using magnetic field
assisted assembly of fibers into planar film [81]. The relatively low ME coefficient value
was ascribed to several contributions: air gaps, voids, porosity, defects in the assembly,
and dipole-dipole interactions between magnetic cores. Therefore, to obtain large ME
voltage coefficient in core-shell nanofibers/nanowires arrays, large interfacial surface
area between two constituents has to be enhanced and their morphology (i.e. voids, por-
osity, ratio of core-to-shell radius, shells wall thickness), structural properties (i.e.
defects, diffusion), and dipolar interactions between magnetic cores in core-shell nano-
fibers assembly (i.e. magnetic cores packing density) have also to be controlled.

Our approach aimed the elaboration of vertically oriented arrays of PZT-CFO core-
shell nanocables (NCs) using a three-step process: (i) sol-gel dip-impregnation of porous
anodic aluminum oxide (AAO) templates (Synkera, Co) and crystallization of the PZT
shell on the pore walls, thus forming PZT nanotubes (NTs), (ii) CoFe, metallic alloy
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Figure 8. Schematics for the synthesis of the CFO-PZT NC arrays: (a) wet chemical deposition and
crystallization of the PZT shells on the pore walls of the AAO template, (b) pulsed electrochemical
deposition of the CoFe, cores within the PZT-coated AAO pores, and (c) CoFe, conversion into CFO
phase by in situ thermal oxidation.

pulsed electrodeposition within the PZT-coated AAO templates, and (iii) in situ oxida-
tion of the CoFe, to obtain the desired CFO spinel cores. The different steps of the fab-
rication process are schematically illustrated in Figure 8.

Taking into account the above-mentioned temperature-related limitations on the con-
trol of interfaces, we took advantage of the flexibility of the impregnation—electrodeposi-
tion approach to lower the processing temperatures and thus improve nanocables’s
microstructure while ensuring chemical integrity of the two-phase materials. In particu-
lar, the benefit of the direct in situ oxidation of the metal CoFe, nanowires into the
metal oxide CFO nanowires during the crystallization of PZT nanotubes was demon-
strated and the role of PZT nanotubes as a diffusion barrier was highlighted.

Magnetic and piezoresponse force microscopy (PFM) characterizations were con-
ducted to study magnetic and ferroelectric properties at the microscale of the as-pre-
pared core-shell PZT-CoFe, and PZT-CFO nanocable arrays. In order to avoid critical
size effects [82-84] and to preserve the ferroelectricity in PZT nanotubes, sidewalls were
thickened by repeating the sol-gel dip-impregnations three times. Figure 9a, b show the
top view SEM images of the PZT NT arrays calcinated at low temperature 500°C
(noted PZT>*), in the case of single PZT tubular layer (Figure 9a), and three PZT tubu-
lar layers (Figure 9b) into AAO membranes (Dpore ~150nm, Poao ~35%) with pores
length around 50 pm. From SEM observations, the average wall thickness of the PZT
nanotubes was estimated in the range of 5-10nm for single-layer PZT and in the range
of 10-20 nm for three-layer PZT. Figure 9c shows 2 x 2 um?* tapping mode AFM topog-
raphy image for a PZT nanotube deposited on a Pt/Ti/Si substrate. The AFM images
confirm the granular morphology of the PZT nanotubes.

Metallic CoFe, nanowire arrays were then grown inside PZT°*-coated AAO mem-
branes using a pulsed electrodeposition process. Figure 9d, e show the tilted top view
SEM image of the as obtained PZT**°-CoFe, nanocables after the partial and complete
dissolution of the AAO membrane, respectively. An average height of the PZT*°-CoFe,
nanocables was estimated as expected close to ~10 um. The filling of the PZT** was
homogeneous and the CoFe, growth was stopped after 3000 seconds when the deposited
nanowires height, hinw, was about 10 um. EDX analysis (not shown) confirms the com-
position of PbZr,_,Ti,05: x=0.47 for the PZT°% nanotubes, which is close to the PZT
morphotropic phase boundary region with x=0.48. Note that the atomic ratio of Pb
has reduced by about 15%, which can be a result of partial diffusion at PZT/AAO
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Figure 9. (a,b) HRSEM images of free-standing PZT°° nanotubular structures (Dpore ~150nm, Papg
~35 %) prepared using (a) one and (b) three consequent sol-gel dip-impregnations into AAO tem-
plates. Tapping mode AFM topography image (c) of the three-layer PZT>% NT collected on the Pt/Si
substrate. (d) Tilted top view SEM image of the PZTsqo-CoFe, nanocables after the partial dissolution
of AAO template. (e) Top view SEM images of the PZT>*°-CoFe, NC arrays after the full AAO dissol-
ution. (f) Tapping mode AFM topography image of the PZT>®-CoFe, nanocables.

interfaces. The Fe/Co ratio close to 2 was confirmed. Figure 9f shows tapping mode
AFM topography image taken on a PZT>*’-CoFe, nanocables with outer diameter
~150 nm. The topographic AFM images indicate a smooth surface with low roughness
of the PZT°°-CoFe, nanocables.

The ordered arrays of AAO-embedded PZT**°-CoFe, nanocables were magnetically
characterized to determine the impact of the nanocable architecture on the magnetic
properties. For the arrays of metallic CoFe, nanowires, the magnetocrystalline anisot-
ropy can be neglected and the effective field, Hes, in the saturated state is only deter-
mined by magnetostatic contributions, i.e. shape anisotropy and dipolar interaction. It
can be thus expressed as Heg = 2nM; — 6nM;Pnw [85] where Pyyw is the nanowires
packing factor and M, ~1900 emu cm > is the saturation magnetization for CoFe, [77].
Figure 10 shows the normalized magnetic hysteresis loops measured at room tempera-
ture using alternating gradient magnetometer (AGM) with the field applied along the
in-plane (perpendicular to nanowire axis) and out-of-plane (parallel to the revolution
axis of nanowires) for CoFe, nanowire arrays as reference (Figure 10a), and two
PZT*®-CoFe, core-shell nanocables arrays, corresponding to one dip and three dip
PZT impregnation (Figures 10b, c). Figure 10a reveals that the high packing density of
CoFe, nanowires results in the easy direction of magnetization along in-plane direction
(Pcr3se ~ 0.35%0.11). The single layer PZT°%-CoFe, nanocables show almost isotropic
magnetic behavior due to the packing factor of CoFe, cores close to ~0.3 (Figure 10b).
The three-layer PZT*°-CoFe, nanocable arrays are more easily magnetized in out-of-
plane direction which can be explained by the nanocable morphology and a packing
factor Pyw =0.22, smaller than those of both purely metallic CoFe, nanowires and sin-
gle layer PZT*°°-CoFe, nanocables. Thereby, by tuning PZT shells sidewall thickness the
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Figure 10. Room temperature hysteresis loops along in-plane (solid line) and out-of-plane (dashed
line) directions for a vertically aligned CoFe, nanowire array (a) and the PZT°%-CoFe, multiferroic
nanocable arrays consisted of single-layer (b) and three-layer PZT nanotubes (c).

easy magnetization axis and dipolar interaction between CoFe, cores in the PZT-CoFe,
nanocable arrays can be controlled.

The oxidation of CoFe, to CFO inside pre-annealed three layers PZT"*’, tubular
structures was confirmed by in situ X-ray diffraction [86]. The metallic CoFe, and the
oxide CFO coexist over a temperature range going from 300 °C to 500 °C.

For PZT"°-CFO®® core-shell nanocables (CoFe, oxidized at 600°C), the magneto-
crystalline anisotropy is dominant and an isotropic hysteresis behavior regardless of the
direction of applied magnetic field and large value of coercivity are observed.

One of the challenging step in the characterization of the core-shell nanocable is the
macroscopic evidence of PZT nanotubes ferroelectricity, since it is not possible to apply
electrodes as for thin-films. Some attempts have been made by polishing the membrane
and depositing the top aluminum electrodes of ~1 pm thickness using thermal evapor-
ation [78] but large leakage currents did not allow to observe a clear P-E hysteresis
loop, unless the measurement frequency is increased to 100 kHz [87].

Local probe measurements using PFM were used in this work to confirm the polar-
ization switching and local ferroelectric properties of three-layers PZT** nanotubes and
PZT*°°-CoFe,/CFO nanocables. PEM measurement of core-shell nanocable is schematic-
ally shown in Figure 11a. Figure 11b, ¢ show PFM amplitude (b), and phase (c) images
of PZT**-CoFe, nanocables. The phase image (Figure 11c) does not clearly show piezo-
electric domains except a darker halo on the borders of the nanocable. However, this
may be due to a topographic effect.

In addition, electromechanical amplitude and phase hysteresis loops were measured
for PZT° nanotube, PZT"%°-CoFe, and PZT**°-CFO nanocables (Figure 11d-f). First,
PZT nanotubes and nanocables were identified by AFM imaging in tapping mode (see
Figure 9c¢, f), and then the phase and amplitude piezoresponse signals were measured in
the central region of the nanotube or nanocable while ramping the dc bias voltage
between -6 V and 6 V [88]. Figure 11d-f show the phase (red line) and amplitude
(green line) hysteresis loops measured in the central region of the PZT** (d), PZT**-
CoFe, (), and PZT°-CFO®® (f). The PFM amplitude hysteresis show typical butterfly
loops for all samples but in the case of PZT***-CoFe,/CFO nanocables (Figure 11e, f,
respectively), negative shifts of coercive fields in the phase and amplitude hysteresis
were observed, which can be attributed to the presence of surface charges at the inter-
face between CoFe,/CFO cores and PZT>* shells. The phase variation in the PZT>%
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Figure 11. (a) Schematic of localized ferroelectric characterization of nanotubes and core-shell nano-
cables. PFM amplitude (b), and phase (c) of the PZT5°°-CoFe2 nanocables. Domain switching shown
by in-field phase (red line) and amplitude (green line) hysteresis loops for (d) the three-layer PZT°®
nanotube, (e) the PZT*®-CoFe, nanocable, (f) the PZT°**-CFO®® nanocable prepared using three-layer
PZT> shells.

nanotube was around 170° after the dc bias voltage was increased from -5 to +5 V, and
for the PZT**-CoFe, and PZT**-CFO®® nanocables with voltage changing from -6 to
+6 V the phase change was around 180°. The domain switching voltages were (40.4) -
(-0.5) V, (-0.9) - (-1.3) V, and (-0.4) - (-1.3) V for the PZT*" nanotube, and PZT*"-
CoFe, and PZT**’-CFO nanocables, respectively.

Despite we overcame the thermal constraints and demonstrated the benefit of a global
lowering of the processing temperatures to preserve both architecture and structural
integrity, some decisive parameters such as the uniformity of PZT wall thickness and
the full oxidation of CoFe, cores need further optimization to obtain functional ME
core-shell nanocables. Nevertheless, the control of interfaces at the nanoscale in such
complex system opens a promising pathway towards low-cost processing of magneto-
electric nanocomposites.

5. Conclusion

The design of functional oxide materials with tailored properties remains challenging.
This is particularly true in highly polarizable materials such as ferroelectrics which are
highly sensitive to unavoidable defects, size effects and microstructure. Electrical break-
down strength, electrical conductivity, domain switching or electric-field induced strain
are strongly dependent on charged point defects and microstructural features. Surface
and interface-related phenomena are thus key issues in order to control the properties
of nanostructured ferroelectrics based materials. Core-shell approaches leading to either
chemical or structural gradients at the grain scale or modification/functionalization of
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particle surface have provided a significant contribution towards the control of proper-
ties through interface engineering. We have focused here on the core-shell composites
approach in which the chemistry and defect chemistry can be modulated at the nano-
meter scale. We have shown that advanced chemical tools and specific synthesis path
enable the building of individual (nano)-objects prior to their assembly and sintering to
get functional materials with improved dielectric and magnetoelectric properties. In par-
ticular, the flexibility of soft chemistry and Supercritical Fluid Chemical Deposition
combined to Spark Plasma Sintering allowed for an accurate control of interfaces. We
have underlined the crucial role of broad range spectroscopies to probe the defects at
interfaces and to model the dielectric response of such architectured materials. These
techniques are necessary to link microscopic and macroscopic properties and to confirm
that interfaces are not detrimental and even in some cases improve the materials
performances.

If the promise of the core-shell composites has already been demonstrated in the field
of ferroic materials, some clues for further improvements and future advances can
already be identified. Deeper comprehensive studies of the grain boundaries structure at
the atomic scale should be achieved thanks to high resolution electron microscopy and
atom probe facilities. Chemical segregation, interdiffusion, defects spatial distribution,
residual stress are decisive features that should be accurately mapped. A global lowering
of the processing temperatures including the sintering would enable a better control of
interfaces and improved dielectric and magnetoelectric properties as already anticipated.
Such development of energy effective and sustainable processes are under progress to
widen the fields of application and to open the way for the integration of a large variety
of functional ceramics and composites.
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