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Magnetoelectric composite materials consisting of coupled magnetic and ferroelectric phases open
doors to exciting applications like electrically controlled magnetic sensors and memories. In this
direction, we report the first-time observation of the exchange-spring mechanism in nickel-barium
titanate magnetoelectric composite systems. The low field DC magnetization measurements of the
Ni—-BaTiOz composite systems reveal an anomalous magnetic behaviour indicating the presence of a
Griffiths-like phase. The exchange bias loop shift observed in the Ni-BaTiOs systems confirms the
formation of antiferromagnetic NiO. The structural transitions of BaTiOs visible in the magnetic data
implicate magnetoelectric coupling between Ni and BaTiOs. The maximum value of the magnetoelectric
coupling coefficients observed for the Ni-BaTiOs 0—3 composites is 18.53 mV cm Oe™%, and for the
composites with 1-3 connectivity it is 10.91 mV cm Oe™; both values are higher than the reported
values of Ni-BaTiOs particulate composites. In addition to this, the magnetoelectric coupling
coefficients of the Ni—BaTiOz composites with 1-3 connectivity show an increasing trend towards the
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1. Introduction

Multiferroics exhibit multiple properties like ferromagnetism,
ferroelectricity, ferroelasticity etc. in the same system, enabling
cross control of ferroic order parameters." Among various
multiferroics, magnetoelectric (ME) materials whose magnetism
can be controlled by electricity have drawn great attention.
Due to coupling between ferromagnetic (FM) and ferroelectric
(FE) order, they find immense applications in sensors and
memories, where one ferroic property can be manipulated using
the conjugate field of the other.> Most single-phase ME materials
have minimal ME coupling, and the majority of them possess
Curie temperatures much below ambient. Hence single-phase
ME materials are likely to be too weak for practical applications.
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Among them, BiFeO; shows high Curie and Néel temperatures
far above room temperature, and thus is widely investigated.’
In comparison to single-phase ME materials, ME composites
have high demand due to their much higher ME coefficient and
operating temperature. Multifunctional composites are defined
using connectivity schemes such as 2-2 (2 dimensionally
laminated), 0-3 (zero dimensional (0D) particles dispersed in a
3-dimensional (3D) matrix), and 1-3 composites (one dimen-
sional (1D) materials embedded in a 3D matrix).* In a magneto-
electric composite, the ME coupling is generated due to the
magnetostrictive and piezoelectric effects, mainly happening at
the interface.

BaTiO; (BTO) is a well-studied system due to the high
dielectric permittivity and phase transitions. BTO exhibits
various temperature dependent phases such as cubic, tetragonal,
orthorhombic and rhombohedral. Among these, the high-
temperature cubic structure is paraelectric (>393 K), while the
others are ferroelectric.® ME composites of BTO and
ferrimagnetic (FiM) CoFe,O, (CFO) have been widely
investigated.” But Ni-BTO systems are far less studied due to
the high conductivity of Ni. For the synthesis of highly insulating
Ni-BTO composites, the partial pressure of oxygen is a crucial
factor. If the partial pressure is too high, Ni gets oxidized, and,
for a too-small value of the partial pressure, oxygen defects in
BTO result in high leakage current.'®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Most of the reported literature on Ni-BTO composites is
focused on multilayer ceramic capacitor (MLCC) appli-
cations."™ In BTO coated Ni, the nano ferroelectric coating
inhibited the oxidation of the Ni core.'”> Composites of Ni
and BTO are far less investigated as magnetoelectric materials.
The first documented record in this direction happened
only in 2010 when Lutsev et al. reported the spin-wave
dynamics in Ni/BTO nanocomposites, who also measured
the ME coupling coefficient of these composites using
microwave spectroscopy.'* Around the same time, the electric
manipulation of the magnetization of Ni/BTO hybrid structures
was reported, which revealed the magnetoelectric coupling
phenomenon. Accordingly, the strain induced in BTO is
transferred to the Ni layer, which affects the magnetization
due to inverse magnetostriction.'® More recently, the variation
of magnetoelectricity in a BTO/Ni composite as a function of
compaction pressure was reported by Brosseau et al."® Now it is
well known that the magnetization of FM materials is
influenced by the interplay of various anisotropies, in which
strain anisotropy plays a substantial role. Compressive stress
induces significant changes in the magnetic anisotropy at the
FM grain boundaries."® In 2012, Dai et al investigated the
electronic structure and ME effect at the interface of X/BTO
(X = Ni, Fe) superlattices using the first-principles density
functional theory.'” They observed that in Ni/BTO composites
the ME effect is determined by the change of magnetic
moments on Ni atoms near the interface.’” In 2014,
Liang et al. investigated the ME properties of BTO thin films
deposited on Ni foils and found that the ME coupling
coefficient is inversely related to the thickness of the interfacial
NiO layer.'® In 2019, Siva Vadla et al. reported the ME coupling
in BTO nanotubes electrodeposited with Ni.'® In that study,
both the inner and outer surface of BTO tubes are deposited
with Ni, thereby maximizing the strain transfer at the Ni-BTO-
Ni interfaces. Subsequently, Buttlar et al. also synthesized ME
composites of micro-sized Ni particles embedded in a BTO
matrix by reductive sintering under nitrogen gas.*® In 2020, we
have reported the ME effect in hierarchically grown Ni nano-
wires decorated with BTO nanoparticles and found that the
coercivity gets improved by optimal FE decoration.* Recently,
our group reported the ME coupling in BTO coated sea
urchin-like Ni nanoparticles and found that the ME coupling
influences the electric and magnetic transport mechanisms.®'

In several solid-state physical systems, including ferrites® and
perovskites,? Griffiths-like phase (GP) is frequently being reported.
Recently, we have reported GP in Fe;O, nanostructures.*
Nevertheless, only a few reports are available on the observation
of GP in multiferroic materials. In the simplest terms, GP
represents the presence of magnetic inhomogeneity in a para-
magnetic (PM) matrix showing nonlinear inverse susceptibility
(") above its ferromagnetic Curie temperature (7).>® Thus,
GP is usually observed as a downturn in 3~ * above T¢. In 2012,
Prokhorov et al. reported GP in single-phase multiferroic
BiMnO; and BiFe, sMn, 505 films.>® Later, Singh et al. reported
GP in a manganese doped Co;TeOg multiferroic.”” Due to the
highly conducting nature, ME structures involving 0D and 1D
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Ni are mostly unexplored. The observation of exchange bias and
GP in such systems has not been reported yet. Our intention is
to throw more light on the factors controlling the cross-
coupling in such systems.

In the present investigation, we report the synthesis of 0-3
and 1-3 ME composites made of sea-urchin-like Ni nano-
particles and one dimensional prickly Ni nanowires with
ferroelectric BTO for room temperature ME applications.
The ferroelectric, magnetic and magnetoelectric properties of
these ME composites were investigated thoroughly. Magnetic
measurements elucidate the first observation of the exchange
spring mechanism and Griffiths-like phase in Ni-BTO
composites.

2. Experimental

2.1. Synthesis

The nickel nanostructures were synthesized through a chemical
reduction process, as described in our former paper.>® Analytical
grade chemicals were used with no further purification. NaOH
(SD Fine-Chem Limited, 98% pellets) was used as the base to
control the pH value. The reducing agent N,H,-H,O (99%
solution in water, Merck) controls the Ni nanostructure’s
reduction. The reaction was carried out for different molarities
of NaOH and thereby varying the value of the pH. When the pH
was 9.1, prickly Ni nanowires (coded as NW, hereafter) were
formed, while a pH of 10.2 yields sea-urchin-like Ni nano-
particles (coded as NP, hereafter). BTO nanoparticles were
synthesized through the same procedure as described in our
recently published paper.”’ For the present study, the ME
composites are prepared using NP and NW as the FM phase
and BTO as the FE phase. Two sets of ME composites Ni-BTO in
different morphology were synthesized, namely NP-BTO and
NW-BTO. Both sets of samples were prepared in three different
weight percentages (wt%), with Ni:BTO ratio of 1:1, 1:2 and
1:5, where Ni acts as the filler and BTO as the matrix for making
0-3 ME composites of NP-BTO and 1-3 ME composites of
NW-BTO. These two sets of composites are coded as NP-BTO
1:1, NP-BTO 1:2 and NP-BTO 1:5, and NW-BTO 1:1,
NW-BTO 1:2 and NW-BTO 1:5. All the samples were prepared
by mixing Ni and BTO samples using an agate mortar and pestle
for an hour.

2.2. Material characterization

The crystal structure of the samples NP, NW and BTO were
determined by X-ray diffraction (XRD) techniques using a
PANalytical X’pert Pro diffractometer (Cu-Ko X-rays with A =
1.5406 A). The morphology of samples NP, NW and BTO was
studied using a transmission electron microscope (300 kv
HRTEM, FEI Tecnai T30 with EDS, USA). The scanning electron
microscopy (SEM) images, energy-dispersive X-ray spectroscopy
(EDS) and elemental mapping of the ME composites were
investigated using an SEM-ZEISS EVO 18 (Carl Zeiss, Germany).
X-ray photoelectron spectroscopy (XPS, PHI 5000, ULVAC-PHI
Inc., USA) analysis of the ME composites was carried out to
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study the surface chemistry, and the XPS data were processed
using Multipak software. Magnetic characterization of the ME
composites was carried out using a vibrating sample magneto-
meter (VSM) in a physical property measurement system
(PPMS, Quantum Design, USA). The magnetoelectric coupling
measurements were carried out using a magnetoelectric setup
made by Marine India, New Delhi, comprising an electromagnet,
a Helmholtz coil and a Hall probe.

3. Results and discussion

3.1. Phase identification and morphology analysis

In general, ferromagnetic Ni crystallizes in fcc symmetry,
whereas BaTiO; crystallizes in ferroelectric tetragonal symmetry
at room temperature. The XRD spectra of samples NP and NW
are shown in Fig. 1(a). As expected, both samples have an fcc
nickel phase (matched with JCPDS card No. 04-0850). Fig. 1(b)
shows the XRD pattern of BTO nanoparticles indexed using
tetragonal structured BaTiO; (matched with JCPDS card No.
01-089-1428). Fig. 1(c)-(e) show the TEM images of NP, NW
and BTO, respectively. Sample NP has a morphology resembling
a sea urchin, and NW has a one-dimensional morphology with
prickles on the surface, which is analogous to the stem of the
plant Euphorbia. The TEM image showing the prickly surface of
sample NW is shown in the inset of Fig. 1(d). The average
particle size of the samples was calculated using GATAN Micro-
scopy Suite software. Sample NP has an average particle size of
250 nm, and the diameter of NW is in the range of 500-700 nm.
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On the other hand, the BTO nanoparticles have an average
particle size of 60 nm (see Fig. 1(e)).

It is well known that, below a critical particle size, the room-
temperature ferroelectricity of BTO nanoparticles completely
disappears. Some of the previous reports show that the complete
vanishing of ferroelectricity was observed below 30 nm due to its
phase transition from tetragonal to cubic.”>*° However, this
critical size largely depends on the synthesis methods, which vary
in the range of 10-100 nm.*" There were exceptions in the exact
critical particle size as well. For example, Qi et al. synthesized
ultrafine tetragonal BTO nanoparticles of 7 nm and confirmed
the room temperature ferroelectricity by Raman spectroscopy.®”
If BTO has a cubic structure, the (200) plane in the XRD pattern is
observable at 20 ~44.9° without splitting. But tetragonal BTO
shows a peak splitting of the (2 0 0) and (0 0 2) planes in the 26
range 44° to 46°. Due to the peak broadening at the nanoscale, the
tetragonal (0 0 2) peak is not clearly visible, and it is difficult to
determine the tetragonality (c/a axial ratio).*® So, we have carried
out the deconvolution of the diffraction peak in the 26 range 44.8°
to 45.6°, and confirmed the (0 0 2) and (2 0 0) peaks of the
tetragonal phase in BTO and both sets of Ni-BTO composites,
which is shown in Fig. Si(a), (c) and (d) (ESIt). Also, the
deconvolution of multiple peaks of the tetragonal BTO (2 0 2)
and (2 2 0) planes in the 20 range 65.4° to 66.4° is shown in
Fig. S1(b) (ESIt). The deconvolution of the XRD peaks gives
evidence for the presence of the (0 0 2) plane, which is a signature
of the tetragonal ferroelectric phase of BTO nanoparticles.

In order to further confirm the tetragonality of the synthe-
sized BTO nanoparticles, we have carried out the Rietveld
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Fig. 1 XRD patterns of (a) NP, NW, and (b) BTO, and TEM images of (c) NP, (d) NW, and (e) BTO.
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refinement of BTO nanoparticles by simultaneously considering
the cubic and tetragonal phases, which is shown in Fig. 2(a).
Here, the Rietveld refinement was carried out using GSAS-EXP
GUI software. From the refinement, 94.88% tetragonal phase
and 5.12% cubic phase is achieved with a 3> value of 1.09. So, the
present BTO system is more or less tetragonal, and the tetra-
gonality can be found from the refined lattice parameters. The
lattice parameters obtained for the tetragonal BTO are a = b =
4.0030(1) A, ¢ = 4.0150(3) A, @ = § = y = 90°. The tetragonality
is given by the c¢/a ratio, which is obtained as 1.0029 for BTO.
The indexed XRD patterns of NP-BTO 1:1 and NW-BTO 1:1 are
shown in Fig. 2(b), and the corresponding Rietveld refined
patterns are shown in Fig. 2(c) and (d). The obtained lattice
parameters for NP-BTO 1:1 are a = 3.5281(1) A for the fcc Ni
phase and a = b = 4.0108(1) A and ¢ = 4.0229(2) A for the
tetragonal BTO phase with a y* value of 1.06. Similarly, for
NW-BTO 1:1, the refined lattice parameters are a = 3.5281(4) A
for the fcc Ni phase and a = b = 4.0058(7) A and ¢ = 4.0182(3) A
for the tetragonal BTO phase with a > value of 1.01. So the
calculated axial ratio ¢/a is 1.0030 and 1.0031 for NP-BTO 1:1
and NW-BTO 1: 1, respectively. Hence, only a slight variation is
observed in the tetragonality of BTO while making the 0-3 and
1-3 composites.

The SEM images and EDS of pelletized sample NP-BTO 1:1
are shown in Fig. 3(a) and (b), and those of NW-BTO 1:1 are
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shown in Fig. 3(c) and (d). EDS of both samples confirmed
the elemental composition, Ni, Ba, Ti and O. The atomic
percentages obtained for NP-BTO 1:1 are 31.26% Ni, 10.43%
Ba, 9.86% Ti and 48.45% O. For NW-BTO 1:1, 43.92% Ni,
10.57% Ba, 8.90% Ti and 36.61% O are obtained. Ideally, the
Ba/Ti ratio should be equal to 1, but the atomic percentage
obtained from EDS indicated the Ti deficiency occurred in the
ME composites. According to previous reports, BTO can possess
oxygen vacancies or titanium vacancies, depending on the
synthesis route used, heat treatment employed, or the resulting
particle size.***® Recently Duong et al. reported the presence of
oxygen vacancies and non-stoichiometry of BTO in a Ni-doped
BTO system.*® Fig. 3(e)-(h) and (i)-() are the elemental
mapping of samples NP-BTO 1:1 and NW-BTO 1: 1, respectively.
The elemental mapping of both samples shows the uniform
distribution of elements in the samples and confirmed the
homogeneous mixing of Ni and BTO in both the investigated
particulate composites. Detailed electric, magnetic and magneto-
electric analyses were conducted to estimate the efficiency of the
prepared 0-3 and 1-3 ME composites NP-BTO and NW-BTO,
respectively.

3.2. Ferroelectric P-E loop analysis of the ME composites

Fig. 4 shows the polarization versus electric field (P-E) loops of
the Ni-BTO ME composites. For making the ME composites,
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Fig. 3 SEM images and EDS of (a and b) NP-BTO 1:1 and (c and d) NW-BTO 1:1, and elemental mapping of (e)—(h) NP-BTO 1:1 and (i)—() NW-BTO

1:1

we used BTO nanoparticles with an average particle size of
about 60 nm. In both the NP-BTO and NW-BTO series, the Py
values slightly increase as a function of BTO concentration and
the sample with a 1:5 ratio shows the maximum Pg. For
NP-BTO 1:5, the obtained Py is 0.006 uC cm 2, whereas
0.026 uC cm ™2 for NW-BTO 1:5. The saturation and remnant

polarization values of the ME composites increase as a function
of BTO content since each FE grain acts as a centre of
polarization.*® Here, we can observe that the Py values of the
NW-BTO composites are higher than those of NP-BTO.
The electrical conductivity is a crucial factor that controls the
properties of ferroelectric composites.*! The parent ferromagnetic
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Fig. 4 P-E loops of the (a) NP-BTO ME composites and (b) NW-BTO ME composites.
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Ni samples NP and NW have room temperature conductivities
of 3.83 x 10* Sm " and 6.21 x 10" S m ™, respectively.”" The
high aspect ratio of 1D sample leads to improved conductivity
in NW. Hence, the overall conductivity of the NW-BTO
composites should also be greater than that of the NP-BTO
composites. We have tried to estimate the resistance of the
ME composites via the two probe method using a source meter
(2450-Keithley). All the NP-BTO composites show a resistance
of the order of TQ and due to this high value, the accurate
estimation of the resistance was not possible with the available
testing setup. In the case of the NW-BTO composites, the
resistance obtained is 0.144 Q, 21.2 Q and 10.3 GQ for
the samples with NW:BTO ratios of 1:1, 1:2, and 1:5,
respectively. These results indicate that the NW-BTO composites
have lower resistivity (or higher conductivity) compared to the
NP-BTO composites.

The electrical transport mechanism in a multicomponent
material can give vital clues about its ferroic properties. This
correlation was thoroughly studied by Wei et al. in 2007, who
theoretically studied the effect of electrical conductivity on the
ferroelectric polarization in a 0-3 composite. They found that
the polarization of the ferroelectric material in a composite can
be enhanced by the proper increase of the conductivity.*' In the
present study, the conductivity of the ME composite is altered
by the addition of Ni with different morphology and an
increased conductivity is obtained for the NW-BTO composites.
Hence the Py value of the NW-BTO composites is higher than
that of NP-BTO. However, while looking into the PE loop of
the NW-BTO composites, the sample with high conductivity
(NW-BTO 1:1) shows the lowest Pp value. According to
Wei et al., by the application of the same electric field, composites
with higher conductivity become polarized faster.*' In that case,
saturation polarization (Ps) is achieved by the application of a
small electric field. Similarly, in the present systems also, the
NW-BTO composites saturate under a low field. However, when
the conductivity exceeds a particular limit, the polarization
reduces since it is unfavourable to the polarization of the
ferroelectric component. As shown, when the resistance increases
from 0.144 Q to 10.3 GQ, there is a sudden increase in Py value
(0.002 to 0.026 uC cm?).

The electrically conducting nature of the composites with an
insulating matrix (BTO) and conducting filler (NW) is explained
with percolation theory. According to this, an insulator to
conductor transition is obtained at a critical filler content
called the percolation threshold.”” In the present case, the
wt% of the Ni must be kept below the percolation threshold
in order to avoid the conducting network in the Ni-BTO ME
composites and thereby increasing the polarization. Such an
insulator to conductor transition is observed when the
composition changes from NW-BTO 1:2 to NW-BTO 1:1.
Due to the conducting Ni phase present in the studied composite
systems, Ps is achieved under the application of a small electric
field. Above a threshold electric field, the composites become
highly leaky and this causes the destruction of the polarization.
Hence the applied electric field is limited to 0.7 kV cm™" and
0.6 kV cm ™, respectively, for the NP-BTO and NW-BTO series.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Obviously, the ferroelectricity in the studied ME composites
is due to the nanostructure of ferroelectric BTO. We have tested
the P-E loop of BTO nanoparticles alone, which also shows low
remanent polarization (Pg = 0.023 pC cm™?) similar to the ME
composites (see Fig. S2(a) in the ESIt). On the other hand, the
sintered BTO at 1200 °C shows a large remanent polarization of
16.9 pC cm > (see Fig. S2(b) in the ESIt), which is in good
agreement with previous reports.”’ Here, the Py value in
nanostructured BTO is found to be reduced compared to
sintered bulk BTO, which is a consequence of the finite size
effect in ferroelectrics. The volume of the grain boundary
increases as the grain size decreases. The grain boundary
possesses several defects and has low permittivity, thereby
possessing poor ferroelectricity.*> At the same time, the space
charges in the grain boundary eliminate the polarization
charge on the grain surface and thereby form a depletion layer
on the surface of the grain. Hence, in nanosized ferroelectric
materials there is a discontinuity of the polarization on the
surface of grains, which causes the formation of a depolarization
field (Eq).** E4 is an internal field that depolarizes the ferroelectric
material, resulting in the low polarization of ferroelectric nano-
materials compared to the bulk. On the other hand, the grain size
increases with sintering and reduces the grain boundary volume,
leading to an increase in the Pg value. Similar smaller values for
remanent polarization were previously reported in ferroelectric
nanomaterials.*®

3.3. Magnetic measurements

Magnetic hysteresis (M-H) loops were recorded at different
temperatures in the field range —90 kOe to +90 kOe using VSM.
Fig. 5 and 6 show the M-H loops of different ME composites of
the NP-BTO series and NW-BTO series, respectively. Here,
Fig. 5(a) presents the M-H loop of NP-BTO 1:1 taken at different
temperatures, showing ferromagnetism up to 500 K, while the
loop taken at 900 K shows a paramagnetic nature. So the
ferromagnetic T¢ lies between 500 K and 900 K. The zoomed-in
portion of Fig. 5(a) showing the coercivity and remanence is
plotted in Fig. 5(b). Fig. 5(c)-(f) show the M-H loops and
their zoomed-in portion of NP-BTO 1:2 and 1: 5. Also, for sample
NW-BTO 1:1, a similar paramagnetic nature is observed at 900 K
(see Fig. 6(a)).

The comparison of the obtained coercive field (Hg), saturation
magnetization (Ms) and remanent magnetization (Mg) of NP with
the NP-BTO series and NW with the NW-BTO series is tabulated
in Tables 1 and 2, respectively.

Detailed magnetic studies of samples NP and NW were
previously analyzed, published in 2019.>® Compared to NP
and NW, magnetoelectric composites NP-BTO 1:1 and
NW-BTO 1:1 show an evident decrease of the Mg, My and H¢
values, which is due to the diamagnetic BTO nanoparticles
present in these samples.?*” On increasing the wt% of BTO,
Mjs and My decrease at all temperatures for both NP-BTO and
NW-BTO series, as expected. However, in both the series, M-H
at all temperatures shows an abnormal trend of Hc with an
increase in the BTO wt% (see Tables 1 and 2). From this, it is
evident that the ferroelectric phase BTO plays a critical role to
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Fig. 5 M-H loops at different temperatures and the zoomed portion of the loops at 10 K, 100 K and 300 K for the NP-BTO ME composites.

increase the coercive field. To visualize the increment in the
coercive field, a comparative plot of the M-H loops for both
series is depicted in Fig. 7(a) and (c). For better clarity, Fig. 7(b)
and (d) present the zoomed portion of the M-H loops at 10 K for
the NP-BTO series and NW-BTO series, respectively. In both
cases, H¢ increases, and My decreases with the increase of the
BTO content. Also, the room temperature Hc of 133 Oe
obtained for composite NP-BTO 1:5 is greater than that of
the H¢ value of purely ferromagnetic sample NP (H¢ = 120 Oe
for NP) itself. In the case of the NW-BTO series, there is a
gradual increase of the coercivity with an increase in the BTO
concentration (i.e., from 113 Oe to 132 Oe). Even though these
changes observed in the coercivities are small, these results are
reliable, since we have ironed out possible sources of error. In a
standard procedure before the actual measurement, we have

4708 | Mater. Adv., 2021, 2, 4702-4720

characterized the remnant field and corrected the absolute field
error using a standard paramagnetic sample palladium (details
are given in the supporting information). That means, the
unusual nature of increasing Hc with an increment in the
BTO content is observed in both cases. This observation solicits
more investigation and understanding of the underlying
phenomena.

In 2009, Mangalam et al. observed the weak ferromagnetic
nature of BTO nanoparticles.*® This is unusual since Ti in BTO
is in the d° state, which has to be modified to a partially filled
state somehow in order to show even weak ferromagnetism.
As reported in ref. 48, defect induced weak ferromagnetism of
BTO nanoparticles is due to the presence of oxygen vacancies at
the nanoparticle surface. A positron annihilation study of
BTO nanoparticles has confirmed the presence of oxygen

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of Hc, Ms and Mg of NP and the NP-BTO series

Table 2 Comparison of Hc, Mg and Mg of NW and the NW-BTO series

T He Ms Mg T Hg Mg Mg
Sample (K) (Oe) (emu g™ (emu g ")  sample (K) (0e) (emu g™") (emu g™
NP 300 120 50 9 NW 300 140 56.21 8.74
NP-BTO 1:1 10 228 27.5 5.8 NW-BTO 1:1 10 206 28.2 6

100 169 27.3 4.6 100 175 27.2 5.2

300 99 25.7 3.1 300 113 25.5 3.8
NP-BTO 1:2 10 236 18.5 3.4 NW-BTO 1:2 10 212 18.7 3.7

100 196 18 2.9 100 181 17.2 3.3

300 119 17 1.9 300 117 15.9 2.5
NP-BTO 1:5 10 277 8.9 2.2 NW-BTO 1:5 10 227 9.4 2.2

100 230 8.6 1.8 100 200 9.2 1.9

300 133 8.1 1.2 300 132 8.9 1.6
© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2021, 2, 4702-4720 | 4709
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vacancies.*® Each vacancy of oxygen can donate two electrons to
the d° state of a Ti** ion and form Ti*" with a d” electronic
configuration. Sometimes, each electron of oxygen can go to
two different Ti'* ions and produce two Ti** ions having a d*
configuration.*®>® A particle size reduction causes an increase
in oxygen vacancies, thereby increasing the number of Ti*" and
Ti*" ions. Thus the increase in Ti ions with partially filled d
orbitals gives a nonzero magnetic moment and produces weak
ferromagnetism.>" Later in 2013, Phan et al reported ferro-
magnetism in BTO nanoparticles formed by mechanical ball
milling, and they observed that the ferromagnetic order
increases with the increase in the milling time from zero hours
to six hours.”” Also, they confirmed the FM nature of the ball-
milled BTO samples using electron spin resonance (ESR)
spectroscopy.”® Recently, Rubavathi et al investigated the
influence of the Ba/Ti ratio on the exhibition of weak ferro-
magnetism in BTO and found that the Ti-deficient sample with
a Ba/Ti ratio greater than one exhibits weak ferromagnetism.>®

In the present study, BTO samples having an average
particle size of 60 nm were used for making ME composites,
which show a diamagnetic nature (see the plot labelled as BTO
in Fig. S3, ESIt). However, during the synthesis of the ME
composites, the Ni and BTO samples were thoroughly ground.
According to a previous report by Phan et al.,>* there is a chance
of getting weak ferromagnetism in BTO present in the ME
composites, giving rise to exciting magnetic properties.
Furthermore, the atomic percentage of the Ni-BTO ME compo-
sites obtained from EDS confirms the Ti deficiency. As a

4710 | Mater. Adv,, 2021, 2, 4702-4720

consequence, there is a chance of the formation of weak
ferromagnetism in BTO present in the ME composites.’?
Hence, in order to find out the reason for the observation of
the unusual nature of increasing H¢ with the increment of the
BTO content, a detailed magnetic study of BTO nanoparticles
ground for different durations is necessary. The BTO nano-
particles were ground for different durations, 10 minutes,
30 minutes and 60 minutes, and these samples are labelled
as BTO 10, BTO 30, and BTO 60, respectively. Fig. S3 (ESIt)
shows the comparison of a full loop taken in the field range
—50 kOe to 50 kOe for the unground BTO, BTO 10, BTO 30 and
BTO 60 samples. Among these, BTO shows a diamagnetic
nature, but all the more ground samples show a weak ferro-
magnetic nature. For studying the ferromagnetic nature of the
ground BTO nanoparticles in detail, M-H loops were taken at
different temperatures in the range —4000 Oe to +4000 Oe for
the BTO 10, BTO 30 and BTO 60 samples, and are shown in
Fig. 8(a)-(c). The obtained values of Hg, Ms and My are
tabulated in Table 3. A comparison of the M-H loops at 10 K
for the ground BTO samples is shown in Fig. 8(d), which clearly
shows that BTO 60 has the highest Ms. From Table 3, it is
understood that on increasing the grinding time Mg increases,
which indicates that the ferromagnetic order increase with
grinding time.”*

In the present investigation, Ni-BTO ME composites
were prepared by grinding Ni samples with BTO for 60 minutes.
The weak ferromagnetic nature of ground BTO in the ME
composites is attributed to the Ti deficiency and the formation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 M-H loops of the ground BTO samples (a) BTO 10, (b) BTO 30 and (c) BTO 60 and (d) comparison of the M—H loops at 10 K.

Table 3 Comparison of Hc, Ms and Mg of the ground BTO samples at
different temperatures

T He M Mg
Sample (K) (Oe) (emu g™") (emu g™")
BTO 10 10 274 0.0033 0.0016
100 142 0.0027 0.0011
300 42 0.0024 0.0005
BTO 30 10 268 0.0051 0.0018
100 141 0.0038 0.0013
300 41 0.0032 0.0006
BTO 60 10 212 0.0067 0.0017
100 106 0.0054 0.0012
300 33 0.0037 0.0004

of the Ti*" oxidation state. The formation of the Ti*" state in the
Ni-BTO composites is further confirmed from the XPS analysis
(see Fig. S4 in the ESIT). In both NP-BTO 1:1 and NW-BTO
1:1, the deconvoluted XPS spectra of Ti 2p;, show a mixed
oxidation state of Ti*" (near 457.8 eV), and Ti** (near 458.1 eV).>*
Here, the BTO sample ground for 60 minutes shows a room
temperature Hc of 33 Oe, while the FM phases NP and NW have a
room temperature Hc of 120 Oe and 140 Oe, respectively. Due to
the appropriate difference in coercivity of the FM and FE
phases, the prepared composites NP-BTO and NW-BTO can
act as composites with the magnetic component being a
combination of hard and soft magnets. It is well known that,
nickel is a soft magnetic material, whereas hard magnets are

© 2021 The Author(s). Published by the Royal Society of Chemistry

mostly intermetallic alloys. However, in the present case, NP and
NW can be assumed as relatively hard ferromagnetic phases,

whereas BTO acts as a soft phase since BTO has much less

coercivity than NP and NW. Hence an exchange-spring mechanism
(ESM) is possible in these ME composites.

Usually, an ESM is observed in hard-soft magnetic compo-
sites and the exchange-spring magnets possess large magnetic
energy product (BH)max.>> In 2019, Pattanayak et al. reported an
ESM in ME composite BaFe;,0;0-Na, 5Big 5TiO3,°° which was
the first-ever report of the observation of an ESM in magneto-
electric composites, and they explained the mechanism of the
ESM in ME composites. A schematic representation of the ESM
in the Ni-BTO composites is depicted in Fig. 9. As reported in
ref. 56, soft magnetic moments can slightly rotate on the
application of a small external magnetic field (H), but hard
magnetic moments remain unvaried (see Fig. 9(b)). Due to the
exchange coupling, the magnetic moments of soft and hard
phases act as a spring at the hard/soft interface.”” On again
increasing the magnetic field, the soft magnetic moments
rotate completely to the downward direction due to the increase
of the exchange energy density (see Fig. 9(c)). However, the hard
magnetic moments do not rotate until the exchange energy
density is comparable to the anisotropy energy density, which
can occur only under the application of a high external field
(see Fig. 9(d)). Hence Hc of hard materials is increased.>® These
results suggest that the observed increasing trend of Hg in ME
composites NP-BTO and NW-BTO is attributed to an ESM
between Ni and BTO. So the present work provides novel

Mater. Adv., 2021, 2, 4702-4720 | 471
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Fig. 9 Schematic representation of the ESM in the Ni-BTO composites.

insight on the ESM in the Ni-BTO magnetoelectric composite
system.

In order to study the temperature dependent magnetic
properties, we have taken NP-BTO 1:1 and NW-BTO 1:1 as
representative of the NP-BTO and NW-BTO series, respectively.
The magnetization versus temperature (M-T) curve was
recorded using zero-field-cooled (ZFC) and field-cooled (FC)
modes in the temperature range, 300 K to 950 K. Fig. 10(a) and
(b) show the M-T curves for NP-BTO 1:1 and NW-BTO 1:1,
respectively, and both reflect the ferromagnetic nature. The
ferromagnetic to paramagnetic transition temperature, T, was
calculated from the derivative dM/dT. The obtained T for
NP-BTO 1:1 is 625 K (shown in the inset of Fig. 10(c)) and
617 K for NW-BTO 1:1 (see the inset of Fig. 10(d)). The inverse
susceptibility (1/y) versus temperature plots, called Curie-Weiss
(C-W) plots, taken at a field of 10 000 Oe for NP-BTO 1:1 and
NW-BTO 1:1, are shown in Fig. 10(c) and (d), wherein the
paramagnetic region of the CW plot is fitted using the CW law.
Sample NP-BTO follows the C-W law, but the C-W plot of
NW-BTO 1:1 shows a small deviation from the C-W law even
at a higher field of 10000 Oe. For further analyzing the
behaviour of the magnetic spins in the PM region, we have to
consider the C-W plot taken at different magnetic fields lower
than 10 000 Oe.

The C-W plots at different applied magnetic fields of
100 Oe, 1000 Oe, and 10000 Oe for NP-BTO 1:1 and
NW-BTO 1:1 are depicted in Fig. 11(a) and (b), respectively. A
clear deviation from the C-W law is noticed for lower fields
below a certain temperature. This observation suggests the
occurrence of Griffiths-like phase (GP).”®° The GP phenomenon
was first proposed for randomly diluted Ising ferromagnets,

4712 | Mater. Adv,, 2021, 2, 4702-4720

which possess magnetic spins only in a fraction of the lattice,
and the remaining portion is either occupied with non-magnetic
atoms or remains vacant.>® Based on the theory of Griffiths,
there is a finite probability of finding FM clusters within the
paramagnetic matrix, in a temperature range © < T < Tg, where
® and T are the Curie-Weiss temperature and Griffiths
temperature, respectively. In this region, long-range FM order
is nonexistent, which leads to the absence of spontaneous
magnetization.®’

Later, Bray extended this explanation to show that the GP is
supposed to be present in the temperature range Te < T < Tg,
where T¢ is the random critical temperature of FM clusters in
which the susceptibility diverges.®' According to this, the GP is
defined as the region between the ferromagnetically ordered
states above Tt and the disordered state below Tg, i.e., the GP is
part of the PM phase, in which FM clusters are present.
Recently, GP has been reported in AFM and FiM systems
als0.°>%® The GP is usually observed as a downturn in the C-W
plot, above T¢. At higher applied fields, the downturn anomaly
disappears, and the inverse susceptibility obeys the C-W law.
The temperature of deviation at the high temperature is referred
to as the Griffiths temperature (7), which is marked in Fig. 11(a)
and (b). In both cases, we can see that there is more than one
downturn, and the deviation from the C-W law disappears at
higher field, which is a clear indication of a GP. More than one
downturn in the GP regime indicates the presence of FM clusters
with different sizes formed in the PM matrix.”® In NW-BTO 1:1,
the GP is not completely suppressed even at a field of 10 000 Oe
(see Fig. 11(b)), indicating the strength of the GP.

Fig. 11(c) and (d) show the high-temperature M(H) measurements
for NP-BTO 1:1 and NW-BTO 1:1 carried out using the VSM-oven

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 M-T curves at different magnetic fields for (a) NP=BTO 1:1 and (b) NW-BTO 1:1, and C-W plot and linear fit in the PM region of samples
(c) NP-BTO 1:1 and (d) NW-BTO 1:1 (the inset of (c and d) shows the dM/dT versus T plot).

set up attached to the PPMS system. For NP-BTO 1: 1, the M-H
loops taken at 700 K and 800 K show a ferromagnetic nature,
while paramagnetic at 900 K (see Fig. 11(c)). But, T¢ obtained
from the M(H) measurements is 625 K for NP-BTO 1:1, which
means that, after 625 K, the system shows a PM nature.
However, the M-H loops at 700 K and 800 K clearly indicate
the presence of FM clusters after Tc. The paramagnetic nature
of the M(H) data observed at 900 K indicates the suppression of
the GP at a temperature between 800 K and 900 K. Similar
results were obtained for NW-BTO 1:1 as well (see Fig. 11(d)).
This FM behaviour above T¢ in both samples confirms the
existence of the GP. Fig. S5 (ESIt) shows the C-W linear fit at
100 Oe, from which Tg and @ are calculated as 854.6 K and
589.5 K, respectively, for NP-BTO 1:1 and 864.7 K and 674.5 K,
respectively, for NW-BTO 1:1. The GP in the Ni-BTO magneto-
electric multiferroic system is attributed to the AFM phase
(NiO) embedded in the FM phase (Ni).?” Our previous study
shows the formation of a Ni(OH), layer at the Ni-BTO interface
in BTO decorated Ni nanowires, which represents the bonding
of oxygen atoms at the interface.>' To substantiate the presence
of an interfacial NiO layer, we performed XPS analysis (see
Fig. S6, ESIt) for both the NP-BTO 1:1 and NW-BTO 1:1
samples. Fig. S6(b) and (c) (ESIt) show the peak fitted high-
resolution XPS spectra of Ni in samples NP-BTO 1:1 and
NW-BTO 1:1, respectively. In both cases, the peak at
851.6 eV corresponds to Ni, while the other peaks represent
the Ni*" oxidation state.>* Hence, we have ample proof that

© 2021 The Author(s). Published by the Royal Society of Chemistry

both the Ni’ and Ni** states coexist in the Ni-BTO ME
composites. The presence of BTO in these ME composites
prompts the minor oxidation of the nickel surface and the
formation of the Ni** state. The curve fitted O 1s spectra of both
samples show a peak at 531.2 eV representing the formation of
OH™ bonds, indicating the bonding of oxygen atoms at the
Ni-BTO interface (see Fig. S6(d) and (e), ESIt). Hence, the Ba>*
ions in BTO are attracted towards the hydrated layer of Ni(OH),
and form the Ni-O-Ba bond.** So, the prepared Ni-BTO magneto-
electric system can form an interface of antiferromagnetic NiO.
Hence, the GP in the Ni-BTO ME system is due to the presence of
possible short-range FM and AFM clusters in the PM matrix.®®
At low fields, the inverse susceptibility of the GP obeys power
law 1/7 = (T — T&)' %, in which 2 is the susceptibility exponent
(0 < 4 < 1). 2=1 corresponds to the GP, and /4 = 0 corresponds
to the PM state, and @ can be considered as 7g. The linear part
of the In(y ") vs. In(T — Tg) plot is fitted using the power law,
which is shown in Fig. 11(e) and (f). The slope of the In(; ") vs.
In(T — T¢) plot gives / values. In the GP regime, the slope of the
fitted straight line gives an exponent Agp of about 0.941 for
NP-BTO 1:1 and 0.977 for NW-BTO 1:1 at 100 Oe. These Agp
values near 1 give additional evidence of the existence of GP
Ni-BTO ME composites. On applying fields of 10000 Oe, the
estimated Apy values above Tg are ~0.01 and 0.03 for NP-BTO
1:1 and NW-BTO 1: 1, respectively. This indicates that a higher
magnetic field reduces the size of the FM/AFM clusters within
the PM phase. But, at a field of 10000 Oe, the Agp values

Mater. Adv., 2021, 2, 4702-4720 | 4713
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Fig. 11 Curie-Weiss plots at different applied magnetic fields for (a) NP-=BTO 1:1 and (b) NW-BTO 1:1, zoomed portion of the M-H loops
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obtained are 0.904 for NP-BTO 1:1 and 0.971 for NW-BTO 1:1.
This critical information, where the value of / decreases with
the increase of the external field, is the hallmark of Griffiths-
like singularities.®® The high value of Jgp obtained for both
systems suggests the strength of the GP.%¢

Arrott plot (M* versus H/M) analysis is a standard way to
establish the presence of FM nature.®® Arrott plots at 700 K,
800 K and 900 K, which is well above T and below T for
NP-BTO 1:1, are shown in Fig. 11(g). The negative y-intercept
(M-axis intercept) obtained from the linear fit of the Arrott plot
again confirmed the absence of spontaneous magnetization
(Ms = 0). Similar results were obtained for NW-BTO 1:1
(see Fig. 11(h)). Thus the observation of zero Mg above T in
the Arrott plots additionally suggests peculiar GP formation in
the Ni-BTO ME composites.

In order to confirm the AFM interface formation, field
cooled (FC) measurements of the Ni-BTO samples were carried
out since the presence of an FM-AFM interface leads to
exhibiting the exchange bias (EB) phenomenon. EB is observed
when a material having an FM-AFM interface is cooled to a
temperature below the Néel temperature (Ty) of the AFM
through Ty where T of the FM should be greater than Ty.
During field cooling, AFM moments align parallel to nearby FM
moments and an anisotropy is induced at the interface. The
unidirectional anisotropy creates a loop shift to the left or
right.®”®® Hence EB is the outcome of exchange anisotropy
between two magnetic materials with competing interactions.
However, unusual EB is reported in some systems with an
FM-perovskite oxide interface®® and perovskite like BTO is
suitable for creating competing interactions at the interface.”
Here, we have observed an unexpected exchange coupling
between Ni and BTO. Fig. 12(a) shows the FC M-H loop of
NP-BTO 1:1 taken at 10 K by providing a 20 kOe cooling field,
while Fig. 12(b) depicts the zoomed-in portion of the loop.
The M-H loop was shifted to the left side with H¢; = 240 Oe and
Hc, = 203 Oe, and the shift is in the opposite direction to the
cooling field. Thus NP-BTO 1:1 shows negative exchange bias
below Ty of the system.

Similar negative exchange bias with Hg; = 219 Oe and Hc, =
197 Oe is observed in NW-BTO 1:1 (see Fig. 12(c) and (d)).
In 2014, EB in the Fe/BTO interface was reported by Paul et al.”®
They observed that the magnetism due to the formation of FeO
at the interface is responsible for such exotic EB phenomena.
The oxygen in BTO can result in creating an AFM NiO layer at the
Ni-BTO interface. A similar effect has been reported at the
Fe/MgO and Fe/BTO interfaces.®®”° Also, an increase in the EB
field (Hgg) with increasing thickness of BTO was reported in the
Fe/BTO system,”® which is due to (i) AFM layer thickness
variations at the interface or (ii) structural changes at the FM/
BTO interface. Hence the observation of EB in the Ni-BTO
composites confirmed the formation of NiO, and the presence
of the FM-AFM-FE (Ni-NiO-BTO) interface indicates the coupling
between AFM NiO and BTO. The AFM interaction reconfirms the
observation of the GP in the Ni-BTO composite systems.

It is well-known that BTO exhibits different structural
transitions. For testing these structural changes at the Ni-BTO

© 2021 The Author(s). Published by the Royal Society of Chemistry
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interface, we have conducted M(T) measurements in FCC
(field cooled cooling) and FCW (field cooled warming) modes
at a field of 50 Oe from 100 K to 310 K, as shown in Fig. 12(e) and
(f). In the case of NP-BTO 1:1, the M-T data in the temperature
range 125-240 K indicate a discontinuity in the magnetization.
The temperature ranges in which thermal hysteresis is observed
are around the reported values of the rhombohedral to orthor-
hombic transition of BTO.”" In Fig. 12(e), above 250 K, the M-T
data shows bifurcation, which represents the orthorhombic to
tetragonal transition of BTO. Borges et al. reported similar
observations in Fe ion implanted BTO single crystals and verified
the above mentioned structural transitions of BTO through
magnetic measurements.”" Similarly, small discontinuities in
magnetization are observed in the case of NW-BTO 1:1 from
130-240 K and 240-310 K (see Fig. 12(f)). We have performed
FCC and FCW measurements for the ground BTO sample BTO
60 also, since it exhibits weak ferromagnetism (see Fig. S7, ESIT).
However, we could not observe evident thermal hysteresis in the
M-T data near the structural transition temperatures of BTO.
Hence these observations of thermal hysteresis in the Ni-BTO
composites near the transition temperatures indirectly indicate
ME coupling between Ni and BTO.”*

3.4. Magnetoelectric measurements

The magnetoelectric effect in ME composites is obtained due to
the interaction of magnetic and ferroelectric phases present in
the system. Here direct ME coupling analysis was carried out to
check the coupling between the magnetostrictive Ni and piezo-
electric BTO phases present in both sets of samples. In the ME
measurements, an alternating magnetic field (Hac) was applied
to modulate the FM phase. The applied magnetic field induces
a strain in the FM domains. As a result, strain-mediated stress
is developed in the FE domains, which creates ferroelectric
polarization in the piezoelectric phase.”” The corresponding
voltage developed was measured using a lock-in amplifier.
Since the ME coupling in the FM-FE composite is strain
mediated, the area of contact between the FM and FE phases
plays an important role.

ME measurements have been carried out using 850 Hz Hyc,
by varying the magnetic field from 0 Oe to 80 Oe, by keeping the
DC bias field (Hpc) constant at 1 kOe. The obtained ME voltage
(Vour) increases in a linear manner with Hyc,”® and the linear

. L de  d [V 1 (Vou
coupling coefficient is o« = FTion @<7) = ;(HAC) , where ¢
is the thickness of the measured sample. The variation of the
ME voltage with the applied Hac for both sets of ME composites
is plotted in Fig. 13(a) and (b). The ME coupling coefficient can
be calculated from the slope of the linear portion of the graph.
The obtained values of « are tabulated in Table 4.

For the investigated ME composites of the NP-BTO series,
the maximum value of « = 18.53 mV em ™" Oe™" is observed for
the composites with a 1:1 ratio, and, further, the ME coupling
is reduced with increasing BTO content. The ME coupling in
magnetoelectric composites depends on the magnetostriction
of the FM phase and piezoelectricity of the FE phase.”” In ME
composites, a low fraction of FM phase results in the reduction

Mater. Adv., 2021, 2, 4702-4720 | 4715
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Fig. 12 FC M-H loops at 10 K for (a) NP-BTO 1:1 and (c) NW-BTO 1:1, (b) zoomed portion of (a), (d) zoomed-in portion of (c), and FCC and FCW
measurements from 100-310 K at 50 Oe for (e) NP-BTO 1:1 and (f) NW-BTO 1:1.

of magnetostriction, and also a small amount of FE phase leads
to the reduction of piezoelectricity. Nan theoretically predicted
that the reduction of both piezoelectricity and magnetostriction
causes the lowering of magnetoelectric coupling.”* In the case
of the NP-BTO series, on increasing the Ni: BTO ratio from 1:1
to 1:5, the increase in BTO leads to the reduction of magneto-
striction due to the lower amount of FM phase Ni. Hence the
reduction of o in the NP-BTO series as a function of BTO is
justified.

In the case of the NW-BTO series, on the other hand, the
coupling coefficient increases as a function of BTO addition,
where the maximum « is achieved for the NW-BTO 1: 5 sample.
Usually, the cross-coupling in ME composites depends on the
properties of both the FE and FM phases, interfacial conditions,
phase fraction, connectivity, wt% or volume concentration and

4716 | Mater. Adv., 2021, 2, 4702-4720

shape of inclusion.”” In 2015, Wang et al. studied the aspect
ratio (length to diameter ratio of the spheroidal inclusion phase)
dependence of ME coupling in the CFO-BTO composite model
and found that the spheroidal inclusion phase having elongated
shapes such as ellipsoids, rods, or wires provides stronger
ME coupling.”® The aspect ratio is represented as zero for 2-2
connectivity, greater than zero for 0-3 connectivity and infinity
for 1-3 connectivity.”> Also, Wang and co-workers reported that
CFO-in-BTO composites have a larger o than BTO-in-CFO com-
posites, i.e., the composites with BTO as the matrix can provide
the stronger ME coupling.”®

Usually, in FM-FE composite systems, the ME coupling
coefficient reaches a maximum value for a specific ferroic
phase fraction. Yang et al. theoretically studied the phase
fraction dependence of « in the CFO-BTO composite system

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Variation of the ME voltage with the AC magnetic field for (a) NP-BTO series and (b) NW-BTO series, and the variation of the ME coupling
coefficient with the DC magnetic field in (c) the NP-BTO series, (d) the NW-BTO series, (e) NP-BTO 1:1 and (f) NW-BTO 1:1.

Table 4 ME coupling coefficient of the Ni-BTO composites

ME coupling coefficient («)

Sample code (mVem ™' 0Oe™)

NP-BTO 1:1 18.53
NP-BTO 1:2 14.56
NP-BTO 1:5 0.08
NW-BTO 1:1 0.07
NW-BTO 1:2 9.51
NW-BTO 1:5 10.91

and observed that, on increasing the aspect ratio, the phase
fraction for the maximum o shifts towards the BTO rich
phase.”® Since the aspect ratio is larger for composites with
1-3 connectivity, the maximum ME coupling is obtained for

© 2021 The Author(s). Published by the Royal Society of Chemistry

BTO rich 1-3 composite.”® In the present case, the NP-BTO
composites with 0-3 connectivity exhibit a maximum o for a
1:1 phase fraction of Ni and BTO. Meanwhile, in the case of
NW-BTO with 1-3 connectivity, the phase fraction for which
the maximum « is obtained is the NW-BTO 1: 5 sample since it
is the BTO rich composite. This is attributed to the relatively
large magnetostriction and high interface area in the 1-3
connected systems. Due to the large aspect ratio, the 1-3
composites possess high magnetic anisotropy and magnetos-
triction, and hence the resulting strain developed is high.”® The
maximum ME coupling is attributed to the maximum area of
contact between the FM and FE phases.”” On increasing the
phase fraction of BTO, the interfacial area of contact between
one dimensional Ni and zero-dimensional BTO increases such
that the strain mediated stress in the BTO domains is

Mater. Adv,, 2021, 2, 4702-4720 | 4717
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improved.”*”® Hence, enormous strain transfer occurs in the
NW-BTO composites, which causes the increase of the ME
coupling coefficient as a function of BTO and obtains a maximum
of 10.91 mV ecm ! Oe ™. From Fig. 13(a) and (b) it is also observed
that NP-BTO 1:1 and NW-BTO 1:5 have developed adequate ME
voltages of 75 mV cm™ " and 65 mV cm™ ", respectively, even at a
feeble Hxc of 5 Oe. At a field of 80 Oe, the generated voltage
becomes 1.5 V em ™" and 0.87 V em™ ", respectively, for NP-BTO
1:1 and NW-BTO 1:5.

Fig. 13(c) and (d) present the combined plots of the variation of
the ME coupling coefficient with Hpc, and a separate plot is shown
in Fig. 13(e) and (f). For this, Hpc was varied from 0 to 5000 Oe in
the presence of Hyc = 10 Oe and the corresponding ME voltage
generated has been detected. The peak points of the above plots
gave the value of «, which is in agreement with the value obtained
from Fig. 13(a) and (b). The AC and DC field measurements reveal
the same trends for ME coupling with the BTO phase fraction.
From Fig. 13(e) and (f), it is clear that the ME composite shows a
decrease in o with the increase of Hpc beyond 2500 Oe. Since the
ME coupling is the derivative of the piezomagnetic strain in the
FM phase, the change in magnetostriction of Ni is directly
reflected in the ME coupling.® Usually, the magnetostrictive coeffi-
cient (1) achieves saturation at a certain Hpc. So, beyond that field,
the magnetostriction and the corresponding induced strain can
develop a constant electric field in the piezoelectric phase, i.e., dE/
dH decreases with increasing field beyond a critical field.”® Hence
the value of o decreases after that critical field. The change in 4

with the applied magnetic field can be found from the virgin curve
2

. . di dM . .
of the M-H loop using the relation a7 < dm and is shown in

Fig. S8 (ESIt). From Fig. 13(e) and (f) and Fig. S8(a) and (b) (ESIY), it
is evident that there is a mutually agreeing trend for the variation of
the ME coupling coefficient and the magnetostrictive coefficient.

The previously reported values of « in BTO-Ni heterostruc-
tures were not appreciably high. A comparison of the obtained
ME coupling coefficients with previous reports is tabulated in
Table S1 (ESIT). In 2008, Qiao et al. described the ME coupling
in BTO-Ni thin films.” Later o of screen-printed BTO-Ni thick films
was reported by Hao et al., and obtained as 7 v em™* 0e'.* In
2020, we reported the ME coupling in BTO decorated hierarchical Ni
nanowire assemblies and obtained an « of 517 pv cm™*' Qe *.**
Recently, Buttlar et al. reported ME coupling of microsized compo-
site Ni,~(BaTiO;);_, and a maximum « of 4.8 mV cm™* Oe™*, which
is obtained for a composite with x = 0.4.° Hence the presently
obtained ME coupling coefficients for NP-BTO 1:1 and
NW-BTO 1:5 are comparatively higher than those of reported
particulate composite systems of Ni and BTO. The present
demonstration of a consistent linear ME coupling coefficient
and a relatively high ME voltage in Ni-BTO particulate composite
systems offers numerous applications ranging from magneto-
electric field sensors to energy harvesters.

4. Conclusions

In the present investigation, ME composites were prepared by
taking sea urchin-like Ni nanoparticles and hierarchical prickly

4718 | Mater. Adv., 2021, 2, 4702-4720
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Ni nanowires as the ferromagnetic constituents and BTO
nanoparticles as the ferroelectric part, with different Ni:BTO
ratios. As expected, the P; value of both the NP-BTO and
NW-BTO series slightly increases as a function of BTO concen-
tration. Due to the grinding of the Ni and BTO samples, weak
ferromagnetism is induced in BTO present in the ME
composites, and the ferromagnetic order increases with the
increase in grinding time. Owing to the difference in the
coercive fields of the Ni and BTO phases, the Ni-BTO ME
structures act as a hard-soft magnetic composite and exhibit
the exchange-spring mechanism. Due to the presence of short-
range FM and AFM clusters in the PM matrix, the Ni-BTO
composites show a peculiar Griffiths-like phase. The exchange
bias shift observed in these Ni-BTO ME composites confirms
the formation of an AFM layer of NiO at the Ni-BTO interfaces.
An indirect implication of magnetoelectric coupling between Ni
and BTO is given by the observation of structural transitions of
BTO in the magnetic measurements of the Ni-BTO composites.
The ME composites of the NP-BTO series show a maximum
value of the coupling coefficient of 18.53 mV cm™* Oe ™" for the
composites with a 1:1 ratio, and, further, the ME coupling
reduces as a function of the BTO content. Due to the large
aspect ratio of the NW-BTO 1-3 composites, they possess high
magnetostriction, which leads to a shift of the maximum value
of the ME coupling coefficients towards the BTO rich
sample NW-BTO 1: 5. The obtained « values of the investigated
composites fulfil the required criteria for potential magneto-
electric applications and could be used for room temperature
magnetoelectric sensing and energy harvesting applications.
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