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Introduction

First-time synthesis of a magnetoelectric
core—shell composite via conventional
solid-state reactiont

Leonard F. Henrichs, (& **® Xiaoke Mu,? Torsten Scherer,¢ Uta Gerhards, ¢
Stefan Schuppler,® Peter Nagel,® Michael Merz, @ € Christian Kubel, @ <P
Mohammed H. Fawey,® Thomas C. Hansen @ 9 and Horst Hahn 2"

In recent years, multiferroics and magnetoelectrics have demonstrated their potential for a variety of
applications. However, no magnetoelectric material has been translated to a real application yet. Here, we
report for the first time that a magnetoelectric core—shell ceramic, is synthesized via a conventional
solid-state reaction, where core-shell grains form during a single sintering step. The core consists of ferri-
magnetic CoFe,O4, which is surrounded by a ferroelectric shell consisting of (BiFeOsz),—(Biy/2K1/2TiO3)1_.
We establish the core—shell nature of these grains by transmission-electron microscopy (TEM) and find an
epitaxial crystallographic relation between core and shell, with a lattice mismatch of 6 + 0.7%. The core-
shell grains exhibit exceptional magnetoelectric coupling effects that we attribute to the epitaxial connec-
tion between the magnetic and ferroelectric phase, which also leads to magnetic exchange coupling as
demonstrated by neutron diffraction. Apparently, ferrimagnetic CoFe,O4 cores undergo a non-centro-
symmetric distortion of the crystal structure upon epitaxial strain from the shell, which leads to simul-
taneous ferrimagnetism and piezoelectricity. We conclude that in situ core—shell ceramics offer a number
of advantages over other magnetoelectric composites, such as lower leakage current, higher density and
absence of substrate clamping effects. At the same time, the material is predestined for application, since
its preparation is cost-effective and only requires a single sintering step. This discovery adds a promising
new perspective for the application of magnetoelectric materials.

past years."” These materials consist of particles or grains with
a central core surrounded by a shell, where core and shell have

Core-shell type materials are of great interest in many research
areas such as electronics, catalysis or biomedical applications
and research activity in this field has increased steadily over the
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different chemical composition but usually very similar crystal
structure and epitaxial crystallographic relation.>* However, so
far only a few core-shell type materials are commercially rele-
vant such as dielectrics for multilayer ceramic capacitors with
high thermal stability fulfilling the X7R specification.>*>° In
these BaTiO;-based materials, the core-shell structure leads to
high thermal stability of the dielectric permittivity. More
recently, they have attracted new attention in lead-free piezoelec-
trics, since they exhibit exceptionally high electromechanical
strain, due to their core-shell microstructure.”®

An important characteristic of these ceramics is the fact
that they are produced in a one-step solid-state sintering
process, where the core-shell grains are formed “in situ” due
to impeded diffusion resulting in kinetically stabilized core-
shell grains.>*® The one-step fabrication process makes these
materials interesting for applications, due to low production
costs. Therefore, we want to suggest the term in situ core-shell
(ISCS) ceramics for these materials, to distinguish them from
nanoparticle based core-shell materials. The latter represent
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the majority of core-shell materials in current research, and
consist of isolated nanoparticles which are usually produced
by a multistep layer-by-layer synthesis approach such as (co)
precipitation®'® or microemulsion."" Such core-shell particles
might be pressed and sintered to form a bulk material in a
consecutive step. However, this approach is relatively elaborate
and not suitable for economical synthesis of large amounts of
material. Furthermore, there are a number of important draw-
backs for such materials: (i) the metastable core-shell struc-
ture present in the base-particles might be lost during sinter-
ing of the bulk material due to diffusion and grain growth. (ii)
To avoid losing the core-shell structure, relatively low sintering
temperatures are employed, which might result in low density
and thus lack of good ferroelectric properties.

Multiferroic and magnetoelectric (ME) materials are among
the top research topics in materials science in the field of smart
materials according to Thompson Reuters, due to their rich and
complex physics and potential for applications in sensors and
memory."> Although there have been notable improvements in
recent years such as for Aurivillius phases or PbZr 53Tip.47,03—
PbFe, 5Ta, 505 solid solutions, single-phase multiferroics so far
exhibit ME effects that are unacceptably weak in terms of
applications.’®'* Composite magnetoelectrics on the other
hand are more promising, since they offer much stronger ME
coupling coefficients at ambient conditions. Many composite
ME materials consist of a ferroelectric perovskite and a ferri-
magnetic spinel. Due to similarities in their crystal chemistry
and lattice constants, these materials possess the ability to form
heteroepitaxial composites. Common ferroelectric perovskites
have a cell parameter of ~4 A, which is within a 5% mismatch
to the main building block of the CoFe,0, (CFO) structure,
corresponding to half of its cell parameter (~4.19 A),'® meaning
that the distances between e.g. (100). planes for perovskites and
(200). planes for spinells are similar. Many ME composite
materials have been realized for example in the systems
BaTiO;-CoFe,0,,"” " or BiFeO;-CoFe,0,,'*' and some also
with core-shell type structures such as core-shell fibers.>**!

Magnetoelectric composites:
challenges and opportunities

The most common connectivity schemes of ME composites are
0-3, 2-2 and 1-3, corresponding to particles dispersed in a
matrix, layered films and parallel fibers embedded in a matrix,
respectively. Each type of composites has specific drawbacks. For
example, 0-3 composites prepared from core-shell or convention-
al nanoparticles often exhibit weak coupling due to their poly-
crystalline nature, while 2-2 composites display low ME coupling
due to substrate clamping. For 1-3 composites, high leakage cur-
rents have been reported due to percolating CFO pillars with rela-
tively low resistivity.”>** On the other hand, no ME in situ core-
shell ceramic has been reported so far, although they have the
potential to circumvent some of the aforementioned drawbacks,
all the while being predestined for applications due to their well-
established, cost-effective production process.
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Here, we report for the first time that a magnetoelectric (ME)
core-shell ceramic has been synthesized in a conventional solid-
state synthesis process. The previously reported multiferroic clus-
ters** which exhibit exceptional ME coupling, are identified as
core-shell grains with a magnetic core consisting of CFO, which
is surrounded by a ferroelectric perovskite-type matrix.

The in situ ME core-shell ceramics combine characteristics
from different composite classes, namely 0-3 connectivity
(usually polycrystalline bulk ceramics) and epitaxial inter-
growth, which usually occur in 2-2 and 1-3 thin-film type com-
posites (see Fig. 1). The new 0-3 epitaxial composite has the
potential to eliminate drawbacks of other composite classes.
This adds an exciting new perspective for ME composites.

Sample synthesis and description

All experimental results presented in this work were obtained
on polycrystalline ceramics with the overall composition
(BiFe(.0C00.103)0.4—(Bi1/2K1/,TiO3)0¢ (BFC-BKT) except where
explicitly stated. Their crystal structure as well as ferroelectric
and magnetic properties have been reported elsewhere.>* For
more information on sample appearance, microstructure and
crystal structure see ESI (Fig. S17).

Samples were prepared via conventional solid-state synthesis
from Bi,03, Fe,O3, TiO,, CoO (all Sigma Aldrich), and K,CO;
(Alfa-Aesar) (all 99.9% purity) powders as starting materials,
which were mixed according to desired stoichiometry. Milling
was done in a Dynomill Typ KDLA by Willy A Bachofen with
yttria-stabilised zirconia (YSZ) (Tosoh, Japan) beads (2 mm) in
propan-2-ol for 1 hour to ensure homogeneity. Mixed powder
was calcined at 800 °C for 4 h in air. The resultant product was
ground using pistil and mortar and sieved through a 300 pm
mesh. 1 wt% Glascol HA-40 binder (Allied Colloids, UK) and
propan-2-ol was added to the powder, which was mixed again
using the same procedure as before. The resultant slurry was
dried via distillation and the final powder was pressed into
pellets of 8 mm diameter and 3-5 mm thickness in two-step
process: (i) uniaxial pressing at 50 MPa and (ii) cold isostatic
pressing at 300 MPa for 15 minutes. These pellets were sintered
in a bed of calcined powder of the same composition in a
covered alumina crucible at 1065 °C for 2 h. During heating, the
binder was burnt out slowly with a ramp rate of 50 °C h™ up to
600 °C followed by a fast rate of 300 °C h™'. The pellets were
cooled to 600 °C at 150 °C h™' so that thermal shock was
reduced. The conditions for synthesizing (BiFeO;)o.4-
(Biy,K;,TiO3)06 ceramics for neutron diffraction experiments
were the same. For detailed synthesis see ref. 25.

Experimental results

In order to gain a better understanding of the microstructure
and chemical composition of the grains we had previously
referred to as multiferroic clusters, a thin lamella was investi-
gated by TEM. Those results are displayed in Fig. 2.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematics of magnetoelectric composites with different connectivity schemes and crystallographic relation between constituents. (a)
Composite with 0—3 connectivity and no epitaxial relation between grains and matrix (polycrystalline solid). (b, c) Heteroepitaxial composites with
1-3 and 2-2 connectivity respectively and epitaxial intergrowth between constituents. (d) The core—shell composite as reported here, combines
0-3 connectivity that is usually realized in solely polycrystalline materials with epitaxial intergrowth as known from thin-film type 1-3 or
2-2 heteroepitaxial composites.
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Fig. 2 TEM characterization of BFC—-BKT ceramics. (a, b, c) High-angle annular dark-field (HAADF)-STEM image and corresponding EDX elemental
composition maps. (b) Elemental distribution of Co, Bi and K. (c, d) Elemental distribution of Fe and Ti. From the EDX-maps it becomes obvious that
BiFeOs-rich regions exist, within a Biy/»2K;,,TiO3-rich matrix. The z-sensitive HAADF is dominated by the Bi content. A CoFe,O,4 grain can be easily dis-
tinguished from the matrix by its Co content and low intensity in HAADF (see (a) and (b)). (e, f) HAADF and bright-field (BF) TEM images of a core—
shell grain respectively. Grain boundaries are emphasized by red dashed lines. (e) Shows a typical core—shell grain where a CoFe,O,4 core is sur-
rounded by a first BiFeOsz-rich shell and a second Biy;2K1,,TiO3z-rich shell. (g) High-resolution (HR)-TEM of a core—shell interface region along the
[110]-zone axis. (h) Fast-Fourier-Transforms (FFTs) of the core and shell region from (g). The spinel structure shows an extra reflection (111)spinel (OF
(%, % %,)pero\,skite) compared to the perovskite structure, while they exhibit 6 + 0.7% lattice mismatch. HR-TEM proves an epitaxial relation between
core and shell, since both structures are well aligned.

EDX elemental maps (Fig. 2b and c) reveal that the Thus, we observe that a BiFeO; (BFO)-rich phase exists inside
sample is chemically inhomogeneous. It is obvious that Bi is  a Bi;,K;,,TiO3 (BKT)-rich matrix. Both phases have a perovs-
spatially correlated with Fe while K is correlated with Ti. Kkite crystal structure. Furthermore, there is a third phase

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12,15677-15686 | 15679
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which is CoFe,0, (CFO). A CFO grain can be easily identified
by its Co content in Fig. 2b. All three phases are distinguish-
able in high-angular-annular dark-field (HAADF)-STEM,
which is sensitive to the average atomic number and thus
mainly reveals the differences in Bi concentration, which is
by far the heaviest element in the material. The majority of
CFO grains, exhibit a core-shell type structure. Fig. 2e shows
an example of a core-shell type grain with a CFO-subgrain as
the core, which is surrounded by an “inner” BFO-rich shell
and an “outer” BKT-rich shell in an onion-type structure.
The grain boundaries of the host grain and the core can be
easily identified in bright-field (BF) TEM. We will see later by
PFM that the BFO-rich phase is ferroelectric and the BKT-
rich matrix exhibits properties (see Fig. 2).
Accordingly, we observe a ferroelectric domain structure in
BF-TEM in the BFO-rich phase (see Fig. 2f). For the CFO
cores that were investigated by TEM (>20), we observe that
these have always at least a common interface or are entirely
surrounded by the ferroelectric BFO-rich phase. This lead to
an erroneous interpretation of the core-shell structures as
single-phase multiferroic grains in the past.>* However, the
high spatial resolution of TEM, clearly reveals the multi-
phase nature of the previously termed multiferroic clusters.
High-resolution (HR) TEM confirms an epitaxial relation
between core and shell. The Fourier transforms (Fig. 2h) of
the HR-TEM image of a CFO core and its perovskite shell,
demonstrate the coherent crystal structure with good lattice
alignment. As outlined in the introduction, spinells and per-
ovskites can form epitaxial composites where half of the unit
cell of CFO corresponds to the full unit cell of a perovskite.
We observe a lattice mismatch of 6 + 0.7%, according to the
distances between (100) and (200) lattice planes for perovs-
kite and CFO, respectively. This lattice mismatch relaxes by
dislocations that occur at the core-shell grain boundary (see
ESI Fig. S41). As observed by HR-TEM, there is one lattice
mismatch per 13 to 19 lattices (roughly 1 dislocation per 5 to
7 nm) in the perovskite phase, which fits well to the mis-
match of 6%.

The composition of the BFO- and BKT-rich perovskite
phases and of CFO was determined by electron probe micro-
analysis (EPMA) and STEM-EDX. The compositions given in
this work were determined from EPMA except for CFO
cores where the high lateral resolution of STEM-EDX was
necessary. For BFO-rich phases, we find the composition

relaxor

Big.85:0.04K0.15:0.03F€0.66:0.08 T10.36:0.08C00.03:0.0102.89:0.02, Which
corresponds to a stoichiometry of x = 0.66 + 0.06 ((BiFeOs3),~
(Biy/,K/2TiO3);—«) (Co is disregarded). The composition of the
BKT-rich matrix Biy.75+0.03K0.3:0.02F€0.37:0.05T10.65:0.04C00.0410.01
05.9+0.01, X = 0.37 £ 0.03 is close to the intended overall compo-
sition of x = 0.4. Uncertainties are given by the standard error
across all measurements. For CFO the measured composition
corresponds to the theoretical composition within the experi-
mental error. It is doped only with minor amounts of Ti
(approx. 0.2 at%). Furthermore, grain boundaries also exhibit
a higher BFO content as shown by the higher resolution EDX
map in Fig. 2d.
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In order to wunderstand the microstructure-property
relations in the material, we will give an outline of the
materials electronic and magnetic microstructure.

The magnetic force-microscopy (MFM) image in Fig. 3b dis-
plays several CFO cores (marked by dashed circles). All of them
display a core-shell type structure as evident from topography
(Fig. 3c), where the magnetic cores display a characteristic
round shape (marked cyan) and are situated rather centrally in
their host grains (red dashed lines). Like in HAADF imaging,
we can distinguish the three different phases by SEM in BSE
mode, since this imaging mode is also sensitive to the average
atomic number. Thus, we note that the bright regions in
SEM-BSE are BFO-rich. It becomes obvious that the BFO-rich
phase displays enhanced piezoelectricity by comparing the
PFM and SEM-BSE images (Fig. 3e and f) whereas the BKT-
rich phase displays a PFM amplitude close to 0. Note that we
determined the so-called PFM background signal®®*’ by
recording the PFM X- and Y-Amplitude on a non-piezoelectric
reference sample and a number of non-piezoelectric contami-
nant particles. Both values were in good agreement. The value
of the PFM background signal was 0.24 + 0.05 in a.u. and was
set to 0 in the PFM-scale used in Fig. 3. The error is the stan-
dard deviation across all reference measurements.

Surprisingly, some of the CFO cores (marked by cyan circles
in Fig. 3e) exhibit a PFM-signal that is different from the back-
ground value. This fact is highlighted in Fig. 3d, which shows
line profiles through a CFO core (1) (see Fig. 3e magnified
panel) and a ferroelectric BFO-rich region (2) for comparison.
The PFM X-Amplitude measured across the CFO core (1) has a
value of _—0.13 which is different from the PFM background
signal also when considering the error. Thus, it appears to
exhibit piezoelectricity. We want to consider whether these
non-zero PFM-signals could be due to measurement artifacts,
or arise from actual piezoactivity. We have carried out PFM
experiments on non-epitaxial CFO particles present in BFC-
BKT ceramics, which display a 0 PFM signal homogeneously
across the whole particle and interface between particle and
matrix. Furthermore, PFM probes the piezoresponse very
locally and we think that the lateral resolution as well as the
probing depth, which should not be larger than 200 nm are
small enough to probe only the CFO core and not a mixed
signal from the CFO core and for example a ferroelectric
region underneath it. We see a saturation of the PFM signal
over a distance of approx. 100 nm around the particle’s centre,
which supports that the lateral resolution is good enough.
Furthermore, we estimated that the amplitude of the PFM-
signal of the CFO core in relation to that of the ferroelectric
region as displayed in Fig. 3b (approx. 1:3) are realistic, by
comparing it to a known ferreoelctric reference sample
LiNDbO;. The local piezoelectric coefficients of the ferroelectric
regions are similar to LiNbO; with a moderate dz; coefficient
of 20 pm V~'.?® Therefore, the amplitude to the CFO core’s
PFM-signal seems realistic. For a detailed discussion on poss-
ible artifacts, PFM resolution and amplitude, see ESL.{

We propose that the epitaxial strain from the polar perovs-
kite matrix causes a polar distortion of the spinel crystal struc-

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Ferroelectric and magnetic microstructure of BFC—BKT ceramics via correlative microscopy. (b) Magnetic force-microscopy (MFM) phase
image and (e) vertical piezoresponse force-microscopy (VPFM) X-Amplitude (mixed signal) respectively of the same area on a polished BFC-BKT
ceramic. (a) Schematic merged ferroelectric and magnetic microstructure of the material, which shows the outlines of ferroelectric or non-ergodic
BFO-rich regions (yellow) and CFO cores (blue) in one image. (c) AFM topography corresponding to (b). All magnetic CFO cores as visible in (b)
display a core—shell type structure. Grain boundaries of the host-grains (red dashed lines) and CFO cores (cyan) are marked for clarity. (d) PFM Line
profiles through a CFO core (1) (see magnified panel) and a BFO-rich region (2). Several CFO cores (marked by cyan dashed circles in (e)), exhibit an
enhanced piezoresponse. Piezoelectricity in CFO cores might be explained by a polar distortion of the spinel structure due to epitaxial strain from
the surrounding polar matrix. (f) SEM-BSE image of the same area as in (b), (c) and (e). Ferroelectric regions as visible in PFM, also display a bright
contrast in SEM-BSE, which is sensitive to the atomic number z. By comparison with TEM (Fig. 2a) it becomes clear that the bright contrast is due to
an increased content of Bi and thus of BFO. Hence, only BFO-rich regions seem to be ferroelectric. The scale bar in (b) applies also to micrographs

(c) (e) (f), which all show the exact same sample region.

ture, which in turn leads to piezoelectricity in CFO. The
majority of cores have sizes between 50-200 nm. It is reason-
able to assume that epitaxial strain from the matrix is not fully
relaxed over these length scales (for example by dislocations),
and thus has a significant influence on the cores’ structure
and properties. Piezoelectricity of CFO might play an impor-
tant role for the observed strong ME coupling. Scanning-trans-
mission X-ray microscopy (STXM) was employed to support
results by PFM, which further support strong coupling
between core and shell (see ESIf).

In previous work, we demonstrated the relaxor type pro-
perties of the material.”* Thus, we identify the BFO-rich phase
as non-ergodic, displaying long-range ferroelectric order, and
the BKT-rich matrix as ergodic, which does not maintain long-
range ferroelectric order in absence of a sufficiently large elec-
tric field. This is consistent with the literature where in the
system (BiFeO3),—(Biy/,K1/,TiO3);_r, BFO richer compositions
(x > 0.6) are reported to display rather classic ferroelectric pro-
perties, while BKT richer compositions (x < 0.4) are classified
as relaxor ferroelectrics.>>*??° Ferroelectricity in BFO-rich
phases is further corroborated by selected area diffraction in
TEM, which reveals the presence of superstructure reflections
due to anti-phase octahedral tilting around the [111]. direction
(a”a"a” in glazer notation), which indicates a rhombohedrally
distorted perovskite structure like in bulk BFO (see ESI
Fig. S11).>! Ozaki et al., found the same superstructure reflec-
tion in ceramics with composition x = 0.6 which is in line with

This journal is © The Royal Society of Chemistry 2020

the composition that we determined by EPMA.>*> The increased
BFO content at grain boundaries visible in Fig. 3d furthermore
explains the enhanced piezoresponse as observed in PFM (see
Fig. 3e). We note that when comparing Fig. 3b and f, it
becomes clear that not all regions that have a dark contrast in
SEM-BSE are also magnetic. From correlative SEM, PFM, MFM
and EPMA elemental mapping we conclude that these must
consist of antiferromagnetic o-Fe,O; since they exhibit no
magnetic stray field in MFM and no increased Co content (see
ESI Fig. S4).

The content of all relevant phases in the sample was esti-
mated using different techniques (see ESIf for details).

In the light of these new findings, previous results by
neutron diffraction might now be understood. Previously, we
had found an extremely high Néel-temperature T\ = 670 + 10 K
for BFC-BKT, which is even above the one reported for pure
BFO (650 K) although a much lower Ty is expected due to the
significantly decreased Fe content (i.e. BFO: 20 at%, BFC-BKT:
7.2 at%).>* However, since we now know that the material con-
tains core-shell type grains where CFO is epitaxially inter-
grown with a BFO-rich shell, the high T\ can be understood in
terms of magnetic exchange coupling between the two phases.
Magnetic transition temperatures of BCF-BKT and CFO were
probed by temperature dependent neutron diffraction by
monitoring the intensity of magnetic reflections that can be
assigned to a specific phase in contrast to magnetometry data.
Fig. 4 shows the magnetic peak height vs. temperature for CFO

Nanoscale, 2020, 12,15677-15686 | 15681
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Fig. 4 Neutron magnetic peak height vs. temperature. Peak heights of
antiferromagnetic %(111) peak (d = 4.57 A) for (BiFegsC00103)0.4—
(Big/2K1/2TiOs)oe  (BFC—-BKT, blue squares) and (BiFeOs)g4—
(Bi1/2K1/2TiO3)0.6 (BF—BKT, black diamonds) and the magnetic (111) peak
(d = 4.83 A) for the CFO secondary phase inside BFC—BKT samples (red
circles). The transition temperature for CFO and BFC—BKT are the same
within experimental accuracy, while it is much lower for BF—BKT. The
peak heights of %(111) BF-BKT were normalized and offset for clarity.

Table 1 Magnetic transition temperatures from neutron diffraction vs.
temperature. Errors are calculated from linear fitting of the curves and
propagation of uncertainty

Tn, Tc in K Phase

688.6 £ 9.7 (BiFe.9C00.103)0.4~(Bi1/2K1/2TiO3)0.6

680.6 + 6.7 CFO (secondary phase in BFC-BKT samples)
399.1+1.4 (BiFeO5)y.4~(Biy /2Ky /,TiO3)o.6

a 225 Oe 150 Oe 75 Oe

-150 Oe

-75 Oe

&
<
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(111) and the antiferromagnetic 1 (111) peak associated to the
BFO-rich phase.

The magnetic transition temperatures are determined by
the intercept of the linear fits to the curve before and after the
transition. The curves include points both from ramping temp-
erature up and down, and both directions were fitted to deter-
mine transition temperatures. Results are summarized in
Table 1.

The transition temperatures for BFC-BKT and CFO are
identical within the experimental error. The influence of
adding Co can be clearly seen for (BiFeO3) 4—(Bi1/2K1/2TiO3)0.6
(BF-BKT), whose Ty is approx. 280 K lower than for BFC-BKT.
We know from EPMA and STEM-EDX measurements, that the
perovskite phases are only slightly doped by Co (approx.
0.6-0.8 at%), which should not have such drastic effect on Tx.
On the other hand Ty for BF-BKT is in good agreement with
literature for related compounds (BiFeO;)—(Bi;/,Na;,TiO3),
(BiFeO;)~(BaTiO;) or (BiFeO;)-(PbTiO;)****  where Ty
decreases approx. linearly with decreasing Fe content and is
far below that of pure BFO. Therefore, we conclude that the
coinciding, high transition temperatures of BFC-BKT and CFO
must be due to magnetic exchange coupling in core-shell
grains, which is in agreement with our microstructural obser-
vations. Close to Ty, magnetic order is maintained at least in a
thin layer of the shell around the CFO core. However, upon
crossing Tc, CFO can no longer sustain magnetic order in the
shell and both undergo magnetic transition simultaneously.

As outlined in the introduction, ME materials bear great
potential for applications. One example for potential appli-
cations is a as magnetic field sensor.>® Here, the material
should exhibit a high direct ME coupling effect. Fig. 5 shows a
PFM under in situ magnetic field study, demonstrating strong
direct ME coupling in this system. Images were recorded in

b Topography

30.0 pm/V 20.0 nm

20.0
15.0

16.0
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Fig. 5 PFM under in situ lateral magnetic field. (a) VPFM X-Amplitude (mixed signal) images under in situ lateral magnetic field. (b) Topography of
the same region as in. A CFO core and CFO core/BFO-rich inner shell are marked by cyan dashed circles, while their host grains are marked by red
dashed lines. (a). Ramping of magnetic field and order in which images were taken are illustrated by direction of blue arrows. All PFM images have
the same contrast scale. Strong changes of the PFM X-Amplitude as a function of the magnetic field occur, which indicates a change of electric

polarization as a function of magnetic field.
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the order as indicated by the blue arrows, i.e. starting from 225
Oe and ending with —225 Oe.

Changes of the domain configuration as function of in-
plane magnetic field are clearly observable. The effect is par-
ticularly strong for one grain with oval shape that is marked by
a cyan dashed circle in Fig. 5. This oval grain is reminiscent of
a core-shell grain as depicted in Fig. 2e. As in previous work,
we used a ferroelectric reference sample, periodically poled
lithium niobate (PPLN), to quantify the piezoresponse.* The
above measurements confirm the large ME coupling effects of
this core-shell system. Additionally, we marked another CFO
core that seems to be responsible for ME coupling. ME switch-
ing events occur primarily in the host grains of the two cores
marked by cyan dashed circles in Fig. 5, or in the neighboring
grains. In contrast, ME coupling effects were not observed in
grains further away.

As found in previous work,** we observe that changes of the
domain configuration are independent of the magnetic field
direction. This behavior can be explained by stress-strain
mediated coupling, via magnetostriction and piezoelectricity.
We certainly expect a strong stress-strain mediated coupling
between core and shell, due to the epitaxial interconnection.
Coupling effects to neighboring grains as observed above, are
also feasible via stress-strain mediated ME coupling. PFM
indicates, that some regions become ferroelectric only under
magnetic field. This might be explained by the relaxor-like
nature of the material. ME coupling between magnetic cores
and ferroelectric inner-shells could establish long-range ferro-
electric order in previously ergodic shells under magnetic
field, due to a change in the mechanical and electronic bound-
ary conditions. Therefore, the ferroelectric inner shells might
act as nucleation sites for the development of long-range ferro-
electric order in shells that possess relaxor properties in the
absence of a sufficiently large magnetic field. This effect could
lead to a larger ME effect in non-ergodic relaxor-type materials
as compared to classic ferroelectrics, due to the much lower
remanent polarization in relaxor ferroelectrics. In addition we
have carried out macroscopic measurements of ME coupling
using SQUID magnetometry under applied electric field (see
ESI, Fig. S21). These measurements suggest a macroscopic
coupling coefficient of a. s = 1.50 x 10™" s m™". This coeffi-
cient is much lower than the local coupling coefficient as
reported above. However, the coupling coefficient can be
understood when considering (i) the low volume concentration
of ME core-shell grains and (ii) the fact that the samples were
not textured. A more detailed discussion is given in the ESL

Outlook and conclusion

In this work, we report the first synthesis of a magnetoelectric
core-shell ceramic via conventional solid-state synthesis. We
describe the resulting core-shell material by using the term
in situ, since core-shell grains form in situ during the (single-
step) sintering process. Therefore, we want to suggest the term
in situ core-shell (ISCS) ceramics to distinguish them, from

This journal is © The Royal Society of Chemistry 2020
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other types of core-shell materials that are usually based on
pre-formed core-shell nanoparticles. ISCS ceramics combine
advantages from different composite classes, namely 0-3 con-
nectivity and epitaxial intergrowth, which usually only occur in
2-2 and 1-3 type composites with the potential to eliminate
their drawbacks. Apart from the obvious practical advantage of
ISCS ceramics regarding the simple production process, they
should also offer several technical advantages over other ME
composites. These are: (i) large ME coupling due epitaxial
intergrowth of ferroelectric and magnetic phase; (ii) no sub-
strate clamping as for 2-2 layered thin-film systems; (iii) no
short-circuit problem as for 1-3 columnar composites and (iv)
an improved density compared to other (nanoparticle based)
0-3 bulk systems,*** resulting in high resistivity and good
ferroelectric properties as demonstrated before.**

We attribute the exceptional ME coupling properties of the
core-shell grains to their epitaxial intergrowth leading to mag-
netic exchange coupling between core and shell and presum-
ably to piezoelectricity in CFO as observed by PFM.

It is known from literature, that the number and size of
core-shell grains can be tailored by choosing the right kinetic
balance between crystal growth, diffusion and grain-boundary
migration processes responsible for their formation.>® Thus, a
material can be tailored with an optimized concentration of
CFO cores inside a ferroelectric or relaxor matrix. However, we
need to stress that the fabrication process as detailed here,
does lead to impurities such as larger non-epitaxial CFO and
Fe,O; impurities which should be optimized before utilization
in practical magnetoelectric devices. Such a material might
then be processed similar to those core-shell ceramics fulfill-
ing the X7R temperature stability criteria, which are used for
multilayer capacitors.>> We envisage a ME core-shell ceramic
that is tape-casted and processed into a capacitor structure, for
use in an application such as a magnetic field sensor (see
Fig. 6).>>° The material could furthermore be textured by tem-
plated grain-growth (TGG) or in situ application of magnetic
field during sintering.>” Texturing is necessary to achieve a net
macroscopic ME coupling coefficient for an otherwise isotropic
polycrystalline ME composite. In that way, a cheap yet highly
sensitive ME sensor might be obtained, that is compatible
with existing large-scale processes from multilayer ceramic
capacitor production.

Methods

Samples for scanning probe microscopy were polished using a
route as described in the literature.”**® PFM and MFM experi-
ments were carried out on a 5420 AFM by Agilent Technologies
(now Keysight) and a Bruker Dimension Icon, respectively. For
PFM experiments, DCP11 conductive diamond coated tips by
NT-MDT were used. Diamond coated tips were found to give
better signal stability as metal coated tips.>® PFM was carried
out in the low AC-frequency regime far away from the contact
resonance (70 kHz). PPP-MFMR AFM tips by nanosensors were
used for MFM experiments in a constant frequency mode. For
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Magnetoelectric Sensor

Tape-Casting

~

Magnetic Cores

Ferroelectric Shells

Fig. 6 Outlook: potential application of magnetoelectric core—shell
ceramics. 3D-Illustration of tape-casting process (left) for preparation of
magnetoelectric core—shell ceramics that could be used in a magneto-
electric magnetic field sensor based on a conventional multilayer
ceramic capacitor design (right). The fact that magnetoelectric core—
shell ceramics show strong magnetoelectric coupling and can be pro-
duced via conventional solid-state synthesis in a single sintering step,
makes them appealing for applications. Core-shell ceramics produced
by tape-casting are already used in commercial multilayer ceramic
capacitors.

finding the same micrometer sized area on one sample with
different methods, a polished sample was structured using a
simple shadow masking method.*® Magnetic fields for in situ
under magnetic field PFM experiments were generated by the
Magnetic Lateral Field Module 5420 by ScienTec with magnetic
fields of up to +750 Oe.

AFM and SEM investigations were carried out on three
different samples on at least 20 different sample regions.
Therefore, we are confident to say that the experimental
results presented in Fig. 3 and 5 are representative.

Focused-ion-beam milling (FIB) on an FEI Strata 400S was
employed for preparation of electron transparent lamellae.
Altogether four samples were investigated by TEM, which all
showed similar features as presented in Fig. 2. HRTEM
measurements were carried out on an aberration (image) cor-
rected FEI Titan 80-300 operated at 300 kV. STEM-EDX maps
were obtained on a Philips Tecnai F20 operated at 200 kV. For
quantification of EDX elemental analysis, the TIA software
package from FEI company was used and a thickness correc-
tion was applied. The thickness of the sample was estimated
based the electron inelastic mean free path as determined by
electron energy loss spectroscopy (EELS) using a Gatan GIF
Tridiem 863 spectrometer.

Electron probe microanalysis (EPMA) was done on a Jeol
JXA 8530-F equipped with a field emission gun operated at 15
kv with 20 nA probe current. For quantitative elemental ana-
lysis, standards were used for each element. For Fe, Co, Ti:
pure elemental standards; O: ZrO,; Bi: Bi,Se;; K: Orthoclase
(KAISi;Op).
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For neutron diffraction experiments, the two-axis diffract-
ometer D20 at ILL (Grenoble, France) was used.*® The wave-
length of neutrons was 2.41 A using an HOPG (002) monochro-
mator in reflection, at 42° take-off angle, while a position sen-
sitive detector (PSD), covering a continuous 26 range of 153.6°
over a total solid angle of 0.27 sr, was used. Five ceramic
pellets, from the same material batch and a total weight of
approx. 20 g, were stacked into a vanadium can to achieve a
high signal intensity.

Scanning-transmission X-ray microscopy was carried out on
the PolLux beamline of the Swiss light source (SLS) at the Paul
Scherrer Insitut in Switzerland.**"*" The X-ray beam was mono-
chromatized to a photon energy resolution of 1.6 eV, and
focused by a zone plate with an outermost zone width of
30 nm, resulting in a spatial resolution of approx. 45 nm. Each
spectrum was normalized by a background spectrum that was
recorded at the same time as the sample spectrum to remove
instabilities of the X-ray beam intensity.

Abbreviations

ME Magnetoelectric coupling

PFM Piezoresponse force-microscopy
MFM Magnetic force-microscopy

ISCS In situ core-shell

TEM Transmission electron-microscopy
SEM Scanning electron-microscopy

EDX Energy dispersive X-ray spectroscopy
EPMA Electron-probe microanalysis
HAADF High-angle annular dark-field

FFT Fast-Fourier-Transform

CFO Cobalt ferrite

BFO Bismuth ferrite

BKT Bismuth potassium titanate
BFC-BKT  (BiFe(.9C00.103)0.4~(Bi1/2K1/2TiO3)0.6
CIGM Chemically induced grain-boundary migration
EELS Electron energy loss spectroscopy
STXM Scanning-transmission X-ray microscopy
XAS X-ray absorption spectroscopy
E-CFO Epitaxial CFO

E-Per Epitaxial perovskite

NE-CFO  Non-epitaxial CFO

NE-Per Non-epitaxial perovskite
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