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The magnetoelectric (ME) effect in composites, a strain-mediated coupling phenomenon between piezo-
electric and magnetostrictive phases, has a wide range of technological applications. Here, ME coupling
phenomena are explored in Pb-free piezoelectric, 0.5Ba(Zrg,Tipg)03-0.5(Bag7Cag3)TiO3 and piezomag-
netic NiFe,O4 bilayer laminate composites. The direct and converse ME coupling strengths are found
to be enhanced at the electromechanical resonance modes, rather than at the off-resonance frequencies.
Here, it is proposed to further enhance the ME coupling strength at electromechanical resonance modes
by the in-phase superimposition of the radial and second bending modes via varying the bilayer thickness,
which, in turn, varies the volume fraction of the bilayer. The proposed enhanced ME coupling is exper-
imentally demonstrated at a theoretically envisaged bilayer thickness of about 1.8 mm. This results in a
large direct ME coupling coefficient of 22.5Vem™! Oe™!, which is around 100% more than the values
observed at individual resonance modes. The results are further validated by calculations from theoretical
models. The method adopted in this work gives a roadmap to the significant enhancement of the ME effect

in laminate composites.
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I. INTRODUCTION

The ever-increasing demand for alternative energy
necessitates the search for energy harvesting from numer-
ous possible resources. Although research into photo-
voltaic and fuel cells dominates, tapping the energy from
other unconsumed energy resources is also an attractive
area of research. In this context, piezoelectric ceram-
ics are considered as energy harvesting materials due
to their ability to convert energy from a wide range of
sources, such as mechanical vibrations, light, and tem-
perature [1,2]. Interestingly, magnetoelectric (ME) mate-
rials, which are the combination of magnetic and piezo-
electric phases, can harvest energy from stray magnetic
fields that originate from electric power lines or elec-
tronic devices through ME coupling [1-5]. In this way,
self-powered electronic devices, requiring low power con-
sumption, can function by harvesting energy from these
environmental sources. Typically, these devices operate
at resonance modes, where the maximum energy harvest-
ing is achieved when the frequency of the energy source
matches that of the device frequency [6]. Although most
of these environmental energy sources are in the low-
frequency range (1060 Hz) [7], energy harvesting from
sources related to radiofrequency is also equally impor-
tant for applications in the wireless powering of small
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electronic devices [8,9]. Hence, the ME effect is another
exciting area of research in the context of the search for
alternative energy. Generally, ME effects are envisaged
in various materials with geometries prominently in a
single phase, particulate composites, and laminated com-
posites. Other than laminate composites, most of these
geometries reveal ME coupling either at low tempera-
tures or with low strength, which renders them unsuitable
for room-temperature practical applications [10—12]. Bet-
ter ME coupling is an essential requirement for efficient
energy harvesting from ME materials. In this regard, the
ME laminate composites, where strong ME coupling can
be achieved via an effective strain transfer between con-
stituent phases, could be a potential candidate for energy
harvesting [10—12].

In laminate composites, apart from the properties of the
constituent ferroelectric and magnetic phases, the qual-
ity interface between them determines the strength of
ME coupling [13—16]. There are numerous studies where
ME coupling is demonstrated to be enhanced by con-
trolling the effective strain transfer across the interface
[13—18]. The choice of a suitable buffer layer between
the composite layers is an example where the resultant
coherent interface in the heterostructure leads to an effec-
tive strain transfer [13,15]. It is also demonstrated that
the fabrication of multilayers increases the strain from
each layer and eventually results in strong coupling [14,
18,19]. Interestingly, an improvement in strain transfer is
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obtained by having intermediate antiferromagnetic inter-
face layers via exchange bias interactions between the
magnetic interfaces [20]. Localized thermal treatment
by laser annealing, which induces better crystallinity
without damaging the interface, is also demonstrated in
the literature [21]. Additionally, the growth of the ori-
ented piezoelectric layer in the lead zirconate titanate
(PZT)/Ni heterostructure is observed to yield better ME
coupling [22]. Also, the role of anisotropy and the tun-
ing behavior over large ME coupling is reported in
the N1/05Ba(Zr02T108)O3 - O.5(Bao_7Cao_3)TiO3 (BZT-
BCT)/Ni laminate structure [23]. Furthermore, recently,
the enhancement of magnetic energy harvesting in the ME
laminate structure by tailoring the geometry of the laminate
was reported [5]. Subsequently, a theoretical understand-
ing of the ME effect and its enhancement at the resonant
frequency were proposed and demonstrated experimen-
tally in the literature [24—28]. The enhanced ME voltage
coefficient is determined to be controlled by the thickness
ratio of the piezoelectric and piezomagnetic heterostruc-
ture [24]. Also, the enhancement of the ME voltage coeffi-
cient is proposed by varying the permeability of magnetic
materials [26].

Importantly, ME studies at the natural frequency of the
piezoelectric or piezomagnetic material show a massive
improvement in ME coupling strength due to a larger strain
transfer (100 times) than that of its off-resonance frequency
[26-28]. Notably, excitation and frequencies of the natu-
ral resonance modes are decided by the geometrical shape
and size of the materials [25,28]. The disk-shaped sam-
ple shows a radial mode, and two disks bonded together
will show bending modes in a bilayer structure [10,27,28].
Although there are reports on the ME effects observed
at resonance [26—30], the method of achieving enhanced
ME effects by tuning the resonance modes is not being
investigated.

Here, the method of tuning the radial and bending
modes for their in-phase superimposition is adopted in
a bilayer laminate composite structure for achieving a
vast improvement in ME coupling strength. For this
study, Pb-free nontoxic piezoelectric BZT-BCT and soft
ferromagnetic NiFe,O4 (NFO) with a large piezocoeffi-
cient, d33 ~ 620 pC N~!, and magnetostriction coefficient,
A~ =33 ppm, are chosen as the constituent layers for the
bilayer laminate composite structure [12,31]. The bilayer
laminate composite for an optimized piezoelectric phase
thickness reveals a remarkable enhancement in ME effect
with maximum direct ME and converse ME coupling
coefficients of 22.5Vem~!' Oe™! and 25.15mGem V™!,
respectively, due to the in-phase superimposition of the
radial and second bending modes. The voltage generated
from the ME composite structure through magnetic energy
harvesting is demonstrated to power a series of light-
emitting diodes (LEDs). Detailed studies are presented in
this work.

II. EXPERIMENTAL METHODS

A. Sample preparation

The morphotropic phase-boundary composition of BZT-
BCT is prepared using a conventional solid-state method.
A stoichiometric mixture of initial precursors BaCOj;
(purity >99.9%), TiO, (purity >99.9%), BaZrOs (purity
>99.9%), and CaCOj; (purity >99.9%) are calcined at
1350°C for 4 h. The calcined powder is pressed into
12 mm pellets after adding 6 wt % polyvinyl alcohol (PVA)
as a binder. The green pellets are sintered at 1450 °C for4 h
with an intermittent dwell time of 1 h at 600 °C for PVA
evaporation [32]. The NFO is synthesized using NiO and
Fe, 03 as precursors and calcined at 1200 °C for 12 h. The
calcined NFO powder is pressed into 12 mm pellets after
adding 6 wt % PVA as a binder. The NFO green pellets are
sintered at 1350 °C for 4 h.

B. Experimental methods

The samples are examined for their structure and phase
purity by means of x-ray diffraction (XRD) measurements
using a Rigaku pro x-ray diffractometer. Silver contacts
are made on both sides of the BZT-BCT pellets as elec-
trodes for the ferroelectric measurements by employing a
Radiant Technologies Inc. (RT6000S USA) ferroelectric
loop tracer. To prepare the bilayer laminate composite,
piezomagnetic NFO is covered with Ag on the curved
and one of the flat surfaces of the pellet to act as elec-
trodes for poling the piezoelectric layer in the composite.
The bilayer laminate composites are made by bonding
BZT-BCT and NFO (Ag-painted) layers using silver con-
ducting epoxy (Alfa Aeser) and annealing them at 150 °C
for 15 min followed by 200 °C for 30 min to ensure better
bonding. Three samples of bilayer composites are made
by keeping a NFO thickness of 1.0 mm and varying the
BZT-BCT layer thickness to 0.4, 0.6, 0.8, and 1.0 mm.
The piezocoefficient is tested using a d3; Piezo test meter
after poling the sample at 4kVmm~! field under ambi-
ent temperature for 1 h. A numeric impedance analyzer is
employed for the identification of various resonance modes
of the bilayer composites. The ME measurement is carried
out in longitudinally magnetized and transversely polar-
ized (L-T) mode configuration (using the homemade test
measurement unit with lock-in amplifiers SR 830 (for the
low-frequency range, 1 mHz—102 kHz) and SR 844 (for
the high-frequency range, 25200 MHz) [28].

III. RESULTS AND DISCUSSION

A. Structural studies

To confirm the phase purity of the synthesized BZT-
BCT and NFO compounds, powder XRD is performed
at room temperature. The XRD patterns are recorded on
BZT-BCT and NFO in powder forms, which are made
by crushing sintered pellets. The XRD patterns are shown
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FIG. 1. XRD patterns for (a) BZT-BCT and (b) NFO samples.

in Figs. 1(a) and 1(b), respectively. The XRD pattern for
the BZT-BCT sample exhibits perovskite crystal symme-
try without any secondary phase. The peaks are indexed to
the tetragonal symmetry of the BZT-BCT compound. Sim-
ilarly, the XRD pattern of NFO confirms the inverse spinel
structure without any secondary phase.

B. Resonance modes of a bilayer laminate composite

The efficiency of piezoceramics in piezomechanical
devices can be enhanced when operating at piezome-
chanical resonant frequencies [26—29]. The ME coupling
strength will be higher when an ac magnetic field (H,.) is
applied at the acoustic resonance modes of the bilayer lam-
inate structure. So, it is necessary to extract the resonance
frequencies to achieve better piezoelectric properties. In
this regard, the frequency-dependent impedance character-
istics of the piezoelectric sample can be used as a tool to
obtain details about the resonance modes. The asymmet-
ric bilayer laminate structure generally yields two types of
acoustics modes, such as the radial modes at frequencies
frn and bending modes at the frequencies f3,, where # is the
order of oscillation. In radial modes, the vibrations are in
the plane of the structure, and in bending modes the vibra-
tions are out of the radial plane, i.e., along the thickness of
the sample [27,28]. Each oscillation mode has a resonance
frequency (f,) followed by an antiresonance frequency (f;,).
At f,, the impedance is minimum with maximum oscilla-
tion amplitude, and at £, the impedance is maximum with
minimum oscillation amplitude [29].

The impedance and phase versus frequency plots for
the bilayer laminate composite with 0.4-mm thick BZT-
BCT and 1.0-mm thick NFO layers (labeled as 0.4BZT-
BCT/NFO) are shown in Fig. 2. The labels fp1, f3,, and
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FIG. 2. Impedance and phase versus frequency plots for the
0.4BZT-BCT/NFO laminate composite.

fr marked Fig. 2 are the first bending, second bending,
and radial modes, respectively. The corresponding f, and
fa for the bending and radial modes are also indicated by
arrows in Fig. 2. The frequency of the radial mode, f,, for
a disk-shaped piezoelectric structure is determined by the
physical properties and geometrical size of the materials
and is defined by

A
vy p(1—v2)’ M

where p = [(ont" + pp’) /(" +#) ] and ¥ = [(V,,!" +
Y,#)/(t" + #)] are the effective mass density and effec-
tive Young’s modulus of the bilayer structure, respectively.
Pm> Pp 5 1", #; and Y, Y, are the densities, thicknesses,
and Young’s moduli of magnetostrictive and piezoelectric
phases, respectively [27]. v is the effective Poisson ratio of
the bilayer structure, and g is the coefficient correspond-
ing to the fundamental radial mode of the bilayer disk of
radius R. On the other hand, after bonding the piezoelectric
layer with a magnetic layer, constraint due to asymmetric
bilayer gives bending modes, the frequencies of which are

defined by
b Y
n — Qn , 2
Jon = 272\ 12p(1 — v?) @

where «, is the bending mode coefficient, n is the order
of bending modes, and b = " + # is the thickness of the
bilayer [27]. It is worth noting that f3 is inversely propor-
tional to the radius of the disk, and f3, varies with both
the thickness and the radius of the composite. Hence, it
allows engineering of these radial and bending modes for
superimposition by tuning R or b of the bilayer to maxi-
mize mechanical vibration in the bilayer disk. This, in turn,
may help to improve the strain-mediated ME coupling in
the bilayer structure at that frequency. In addition, it gives
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an insight into the effect of the volume fraction of piezo-
electric layer (V) on the strain-mediated ME coupling. V'is
defined as V' = [V, /(V},, + V,»)], where V), and V,, are the
volumes of the piezoelectric and magnetostrictive phases,
respectively [25,26].

C. Engineering of resonance modes of the bilayer
laminate composite

An enhanced ME effect can be envisaged at frequen-
cies where the acoustic modes are made to superimpose.
A schematic diagram depicting engineering of the acous-
tic modes by tuning parameters R and b are represented in
Fig. 3.

The diagram in Fig. 3(a) shows the representation of
well-separated radial and bending mode oscillations as
a function of frequency. Upon varying R and/or b, the
bending and radial modes move towards each other, as
depicted in Fig. 3(b). At particular R and/or b values, these
two modes superimpose at a frequency either in-phase or
out-of-phase with each other, as shown in Figs. 3(c) and
3(d), respectively. The out-of-phase superimposition gives
a wide frequency bandwidth for ME measurements, but
with low ME coupling coefficients [33,34]. However, the
in-phase superimposition can enhance ME coupling over a
narrow bandwidth region, as shown in Fig. 3(d).

The 0.4BZT-BCT/NFO bilayer laminate composite dis-
plays f31 and f3, near 75 and 258 kHz, respectively, along
with fz around 311 kHz, as shown in Fig. 2. Hence, it is
possible to tune fp, towards fz by increasing the thickness
of the piezoelectric layer for a particular magnetostrictive
layer thickness and thereby make it in-phase superimposi-
tion with fz, to achieve enhanced ME coupling coefficients
in the bilayer composite structure.

D. In-phase superimposition of radial and bending
modes

The condition to manipulate the superimposition of the
radial and bending modes in a bilayer laminate composite

obtained by equating Egs. (1) and (2) is given by

é=«/E(£). 3)

R o,

To estimate the approximate range of b for a particular R
value, reported 8, o1, and o, data [27] for the PZT/Ni lam-
inate structure are considered. Consequently, the first-hand
calculation from Eq. (3) suggests that the approximate
bilayer thickness, b, needs to be about 1.5-2.25 mm, when
R is in the 46 mm range to obtain the superimposition of
the second bending mode with the radial mode of an asym-
metric bilayer structure. To tune the resonance modes,
bilayer composites with higher #, such as 0.6, 0.8, and
1.0 mm, are prepared by keeping " of NFO at 1.0 mm and
thereby maintaining b around the abovementioned range.
Notably, the radius of the bilayer is 5.6 mm. To identify the
resonance modes of the bilayer composites, the impedance
and phase variations as a function of frequency for all
samples are recorded and plotted in Fig. 4.

It is observed that f3,, which is near 258 kHz for the
# = 0.4mm composite, is shifting towards fz with a fur-
ther increase in the value of # [0.6 mm; Figs. 4(a) and
4(b)]. Significantly, the # = 0.8 mm composite shows the
superimposition of fz, with fz at a particular frequency, as
shown in Fig. 4(c). For clarity, the enlarged version of the
particular region in the impedance plot is shown as an inset
in Fig. 4(c). Importantly, the observed identical variation of
phase vibration for fz and f3, in the # = 0.8 mm compos-
ite suggests the in-phase superimposition of these modes,
which further elucidates the possibility of strong elec-
tromechanical coupling in the structure measured at that
frequency. However, the # = 1 mm composite exhibits
the separation of these modes, as displayed in Fig. 4(d)
and the respective inset. To confirm the observed in-phase
superimposition condition, the expected b value for the
disk of particular R is calculated based on the following
parameters. The measured densities, p, and p,, of the
BZT-BCT and NFO compounds are 5.55 and 4.80 gcm 3,
respectively. These values are obtained by considering

(a) Radial mode | | (b) variation in b or R
x Bending mode 2R
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b
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FIG. 3.

(a) Schematic representation of radial and bending modes of the bilayer laminate structure. (b) Change in positions of radial

and bending modes caused by variation in R and/or b. (¢) Out-of-phase superimposition and (d) in-phase superimposition of the modes.
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FIG. 4. Impedance and phase as a function of frequency for
# =04, 0.6, 0.8, and 1.0 mm in the BZT-BCT/NFO laminate
structure. Insets show enlarged versions of the impedance plots
near the region where the modes are merging.

Y =11378.5Nm? and v =0.36, with reference to val-
ues of ¥,, Y, and v reported in the literature [35,36].
Subsequently, the obtained bending and radial mode con-
stants o1, o, and B of the BZT-BCT/NFO bilayer from
Egs. (1) and (2) are 6.38, 18.80, and 1.85, respectively.
On substituting them into Eq. (3), the value of b cal-
culated for the superimposition of modes in the bilayer
composite is 1.77 mm. This value is in accordance with
the value (1.8 mm) used in the experiment, which resulted
in the superimposition of the modes, as shown in Fig. 4(c).
Therefore, the resonance effect on ME coupling and the
expected enhancement at a superimposed frequency can
be better understood from the ME characteristics of these
laminate structures measured at off-resonance and reso-
nance frequencies.

E. Magnetoelectric studies at the off-resonance
frequency

The direct ME (DME) effect of the laminate com-
posites are characterized at 1 Oe H,. field with 1 kHz

off-resonance frequency. The measured DME voltage
coefficient (apymg) as a function of the dc magnetic field
(Hq.) for the composites with various # are shown in
Fig. 5(a). The plots display typical behavior of apye with
respect to Hy. [12—14], where apme increases with H g
before reaching a maximum near 145 Oe, and thereafter
shows a decreasing trend for higher H 4. values. The maxi-
mum opyp = 124 mVem~! Oe™! is observed for the # =
0.6 mm composite. Similarly, the converse ME (CME)
measurements of the bilayer laminate composite are per-
formed by applying a peak-to-peak voltage (Vpp) of 5V at
1 kHz. The measured CME coefficient (ecymE) as a function
of Hy. for the composites are plotted in Fig. 5(b). The plots
show similar behavior to that of apyg, with a maximum
value observed near 145 Oe. The maximum o cvmg value of
78 uGem V™! is observed for the # = 1.0 mm composite
due to the higher BZT-BCT volume fraction. Variations

7200 _'(a)."'. Hac=' 1 Oe'at 1 l|<Hz I

-1

-1
a,,,. (mvem™ Oe
-
N )
(@) (@)

T [ . - DME

(0]
o

403 , . .
-1.0 -0.5 0.0 0.5 1.0 T
H (kOe)

O " 1 " 1 " 1 1
0 300 600 900 1200

Magnetic field (Oe)

FIG. 5. Variation of (a) apmg and (b) acme as a function
of dc magnetic field for laminate composites with # = 0.4,
0.6, 0.8, and 1.0 mm. Inset in (a) shows maximum values of
apme and acme as a function of BZT-BCT volume fraction, V.
(c) Plot of dM?/dH 4. with respect to external H.; inset shows
the M-H curve of the NFO sample. Calculated apmg value for
# = 0.6 mm is plotted along with measured apyg values.
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of maximum apyg and acye With respect to the bilayer
volume fraction are drawn in the inset of Fig. 5(a), which
shows similar behavior to that reported for bilayer struc-
tures [10,26]. To address the effect of ac field amplitude,
if any, the ME output voltage and coupling coefficients are
recorded as a function of ac magnetic field at constant dc
magnetic field in both increasing and decreasing directions.
For this purpose, the composite with # = 0.8 mm is con-
sidered as a reference, and the obtained data are plotted in
Fig. S1 within the Supplemental Material [37]. Figure S1
reveals the linear variation of the ME voltage output and
subtle change in apye With ac magnetic field amplitude
without a hysteretic character. These features strongly sug-
gest that the ac field amplitude has a negligible effect on the
dc field in measurements.

It is expected that ME coupling should show a linear
relation with the derivative of the square of the magnetiza-
tion (dM?/dHjg.) versus the magnetic field [38], which is
plotted in Fig. 5(c) for the NFO sample (the correspond-
ing M versus H curve of the NFO sample is shown in
the inset). Figure 5(c) reveals that the field-dependent ME
coefficients mimic the dM?/dHg. versus Hgy. behavior of
the NFO sample. The hysteresis behavior of apye and
ocME, as confirmed by measuring the increment and decre-
ment cycles of Hyq., for all samples is shown in Fig. S2
(left panel) and Fig. S2 (right panel), respectively, within
the Supplemental Material [37].

To probe the strain-transfer efficiency across the bilayer,
we calculate transverse apyme as a function of the dc
magnetic field [10,14,39]:

2k, "
ODME = m mN P P 2
(5T + STk + () + 1)) e550" — 2(d5)) eyt
dx
X -, “
dec

where .S“Z and sj; are the elastic compliance coefficients
for the piezoelectric phase (for BZT-BCT, s}, = 13.6 x
1072 m2 N1 sf, = —5.32 x 10712 m? N~!) and the mag-
netostrictive phase (for NFO, s7, = 6.5 x 10~12m?N~';
st =—24 x 1072 m? N—1), respectively, and d5, is the
relative piezoelectric coefficient (for BZT-BCT, &, =
—185pCN~!). These values are inferred from the litera-
ture [12,40]. &%; is the relative dielectric coefficient of the
piezoelectric phase. For BZT-BCT, the measured value is
g5, = 2690¢, where ¢ is the absolute permittivity and &,
for the BZT-BCT compound is 0.41. The measured magne-
tostriction () versus H 4. for the NFO sample is shown in
Fig. S3 within the Supplemental Material [37]. The calcu-
lated value of apymg from Eq. (4) as a function of the H 4
field is plotted for a particular thickness of # = 0.6 mm
along with the observed values in Fig. 5(a). It is observed
that the calculated value of apyg follows a similar trend
to that of experimentally measured values, with respect

to the dc bias field, but with slightly larger apmg values.
Notably, the calculated apyg value is higher due to the
assumption of 100% strain transfer at the interface and
the approximation used in the calculation. A comparison
between the calculated and observed apyg values reveals
that the strain-transfer efficiency for the BZT-BCT/NFO
bilayer composite is about 63%. This suggests the exis-
tence of effective bonding between the piezoelectric and
piezomagnetic layers.

F. Resonance magnetoelectric effect

For the resonance study, initially, frequency-dependent
ME measurements are carried out without (self-bias) and
with an external bias field of 145 Oe for all composites.
The bias field of 145 Oe is chosen because it is where
both apyme and acve show maximum values at 1 kHz.
The frequency response of apye and acyme measured under
50300 kHz self-bias and bias-field conditions for the # =
0.4mm laminate composite, along with their impedance
data, are plotted in Fig. 6.

The maximum values of apye and ocmg under
self-bias conditions are observed atfz mode and they
are 2Vem~!Oe™! at 31524 kHz and 2mGem V™! at

ST P =04 mm i! RS
‘e o DME at H, =145 Oe 7
© 0 = O =
2 T T T T T T T T T —
:2h : ]
SHl ! ! |
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0 P sy f
SRS R L S
F ?\K /82 fa(R)
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FIG. 6. oapme and acvme plots as a function of frequencies

under self-bias and bias conditions, along with impedance, for
# = 0.4 mm laminate composites.
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TABLEI.
self-bias and bias-field conditions.

Obtained ME coupling coefficients at off-resonance and resonance frequencies for different thicknesses of BZT-BCT under

# (mm) apve (Vem™! Oe™!) acme (MGem V™)
Self-bias At 145 Oe Self-bias At 145 Oe
JB1 Jr JB1 I Jr B Jr
04 0.99 2.50 0.30 13.99 0.45 0.85 0.31 4.21
0.6 1.70 1.70 3.00 8.14 2.10 2.26 1.58 11.22
0.8 2.92 3.56 8.18 22.50 091 6.12 2.88 25.15
1.0 1.09 3.66 4.80 13.29 1.65 3.72 7.75 16.41

311.26 kHz, respectively, as observed in Fig. 6. How-
ever, the corresponding values observed under a bias
field of 145 Oe are enhanced to 13.99 Vem™! Oe™! and
4.21mGem V™!, The above observation suggests that the
measurements under bias field augment elastic vibra-
tion in the sample and thereby result in the observed
large enhancement in ME coupling coefficients. Simi-
larly, atfp;, the maximum values of apme and acme
are 0.3Vem~!'Oe! at 82.10 kHz and 0.31 mGem V™!
at 81.18 kHz, respectively, under bias-field conditions.
Notably, the frequencies at which apye and acve show
maximum values match those of f, and f;, respectively, for
all resonance modes of the bilayer structure, which is in
agreement with Ref. [29]. Similarly, the measured apyg
and ooy values for the composites with # = 0.6, 0.8, and
1.0 mm are plotted in Figs. S4(a)-S4(c) within the Sup-
plemental Material [37], respectively. For comparison, the
observed coupling coefficients of all composite samples
are tabulated in Table I. From Table I, it is inferred that
the ME coupling coefficients show maximum values for
the composite with # = 0.8 mm at g, and it is 100% larger
than that of the # = 0.6 mm laminate composites.

G. Effect of resonance-mode tuning on the
magnetoelectric effect

The observed highest ME coupling coefficients at fz for
the composite with # = 0.8 mm is due to the superim-
position of bending and radial acoustic modes. To eluci-
date this further, the frequency response of the phase of

J

(1 +v)(A = W)shJi kR, (g7, + qiy) et

the impedance spectrum, apyg, and acyg are plotted in
Figs. 7(a)-7(c), respectively, for composites with # = 0.4,
0.6, 0.8, and 1.0 mm. Figure 7(a) reveals a systematic shift
in the phases of the bending and radial modes with vari-
ation in # and their in-phase superimposition for the # =
0.8 mm sample at around 295 kHz. Accordingly, the phase-
matched laminate structure with # = 0.8 mm, where fz,
and fz are in-phase superimposed, leads to a remarkable
mechanical vibration, in comparison to that of its natural
radial and bending modes. Hence, the # = 0.8 mm com-
posite shows a larger apye of 22.5Vem~'0Oe™! and an

acme value of 25 mGem V~! at 301 kHz than those of the
oﬁqer composites, # = 0.4, 0.6, and 1.0 mm, as shown in

Figs. 7(b) and 7(c).

To further confirm the observed enhancement in the ME
effect, measurements of apmg and acme are carried out at
the radial-mode resonance frequency as a function of H 4.
The respective results are shown in Fig. S5 (left panel)
and Fig. S5 (right panel) within the Supplemental Mate-
rial for all four composite structures [37]. The plots show
typical behavior of the ME coupling coefficient as a func-
tion of Hg., with their peak values matching well with
the observed apme and acvme values from the resonance
measurements [as shown in Figs. 7(b) and 7(c)].

The observed effect of volume fraction on the ME effect
can be verified from the following calculation based on
the theoretical model [25,26]. The transverse ME coupling
coefficient for a bilayer disk-shaped laminate composite
under the resonance conditions can be calculated from [25]

®)

OUDME =

where k=w\/p{V/[S’fl(1—vﬁ)]+(1—V)/[S'l”l(l—vﬁ,)]}‘l,
a=kRs\, sy =[Vs{i + 1 = Ns),], s3=1—v)(1 = V)
sfl +2VsY,, and J,(kR) is the Bessel’s function. ql’;‘ are
the piezomagnetic coefficients of the magnetostrictive
phase (for NFO, ¢ =—680 x 1072mA~"; ¢7 =

(1 =0 [adokR) — (1 — )51 kR, + 2[adokR) — sy (kRT3

(

125 x 10712m A™1) [25]. pefr is the effective permeability

coefficient of the magnetostrictive phase. v, and v, are
the Poisson ratio of the magnetostrictive and piezoelectric

phases, respectively, and for simplicity we consider v,, =
v, =v = —s7,/s7), =0.36 [28]. The apmr calculations
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FIG. 7.
various # at acoustic modes of the fz and f3, frequency range.

are performed for different volume fractions using the
above parameters in Eq. (5), and the calculated values as
a function of frequency at various V are plotted in Fig.
S6 within the Supplemental Material [37]. To corrobo-
rate the effect of volume fraction on ME coupling, the
observed and calculated resonance frequencies are shown
in Fig. 8(a). The corresponding observed and calculated
apmMe values are given in Fig. 8(b). The calculated volume-
fraction-dependent apyg follows a similar trend to that of
the observed values and displays maximum ME coupling
at the frequency where both radial and bending modes
exhibit in-phase superimposition. Notably, the system-
atic decrease in calculated resonance frequency (frequency
where the calculated apyg is maximum) with V' is simi-
lar to the observed trend displayed by the radial mode, as
shown in Fig. 8(a). Overall, these results reveal agreement
between the experimental and theoretical data.

H. Magnetic energy harvesting in the
resonance-mode-engineered bilayer laminate
composite

Therefore, the bilayer laminate composite with an opti-
mized # of 0.8 mm, showing enhanced ME coupling
coefficients, can generate a large electric voltage from a

(a) Phase of vibration, (b) apmg at bias field, and (¢) acumg at bias field for BZT-BCT/NFO bilayer laminate composites with

low magnetic field, and hence, can be employed for energy
harvesting applications. For the energy harvesting charac-
teristics of the ME bilayer laminate composite, initially,
the output voltage due to the DME effect is measured in
the # = 0.8 mm bilayer composite by exciting the sample
with a H,. of 10 Oe at 295 kHz, where fz, and fy are super-
imposed. The apyg measured under the self-bias condition
at 295 kHz gives a peak-to-peak electrical ac output volt-
age of 4 V, as displayed in Fig. 9(a). In addition to the
self-bias effect, the appEg is recorded under a low dc bias
field of 145 Oe (where the maximum ME coefficient is
observed for the composite). The measurement shows a
large ac output peak-to-peak voltage of 16 V across the
sample, as shown in Fig. 9(b). The observed enhancement
in output voltage is the consequence of DME coupling in
the composite, with larger mechanical oscillation in the
structure caused by the superimposition of fz, and fz at
295 kHz. The demonstrated significantly larger electrical
output voltage at a low H. field suggests that the BZT-
BCT-based laminate composite is suitable for magnetic
energy harvesting.

To demonstrate energy harvesting, the output ac signal
from the composite measured at 295 kHz under the H 4. of
145 Oe is converted into a dc electrical signal by a bridge
rectifier, as shown in Fig. 9(c) [2-4]. The rectified dc
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FIG. 8. Observed and calculated (a) electromechanical reso-
nance frequencies and (b) apmg of different bilayers samples
plotted as a function of volume fraction, V.

voltage and current of the bilayer measured as a function of
different load resistors in the circuit are plotted in Fig. 9(d).
The plot suggests that the dc voltage varies from 3to 16 V
for variation of the load resistance from 1 k2 to 10 MQ;
the corresponding current varies from 7.5 mA to 20 nA.
The calculated power density as a function of load resis-
tance displays a maximum value of about 1.5 mW cm~2 at
10 k€2 load resistance, as shown in Fig. 9(¢). The observed
large power density in the bilayer laminate composite illus-
trates the efficiency of magnetic energy harvesting for
magnetic sensor applications. This is verified by power-
ing a series of LEDs through the output of the rectifier
circuit connected to the bilayer composite structure. The
photograph of glowing LEDs is shown in the inset of
Fig. 9(e). Therefore, the demonstration of energy harvest-
ing from the high-frequency source is suitable to power
various wireless communicating electronic devices in the
presence of a magnetic field. Additionally, the proposed
mechanism can also be envisaged to harvest energy from
sources operating in the low-frequency range. For exam-
ple, tuning of the resonance mode towards low frequency
could be achieved by choosing an appropriate configura-
tion of the ME composites, such as rectangular bilayers,
multilayers, and cantilever geometries [3—5,12,41,42].

Voltage (V)

= <
o S
S =
2 2
S 3
£

(S}

=

£

Q.

O0E vl v vvil 4 vl SR
1 10 100 1000 10000
Resistance (kQ)

FIG. 9. Recorded output ac voltage from DME measurements

at (a) zero bias and (b) 145 Oe bias field for # = 0.8 mm bilayer
laminate composite. (¢) Schematic diagram of the bridge rectifier
used to convert output ac voltage into dc voltage. Demonstration
of magnetic energy harvesting: (d) observed dc voltage and its
current obtained after rectification and (e) calculated power with
respect to different resistors. Inset shows an energy harvesting
experiment by lighting a series of LEDs powered by the obtained
output voltage from the ME laminate composite at a bias field of
145 Oe.

IV. CONCLUSIONS

The disk-shaped bilayer laminate composite structure
prepared by bonding piezoelectric BZT-BCT and piezo-
magnetic NFO compounds reveals several acoustic res-
onance modes in their frequency-dependent impedance
measurements. The strain-mediated ME coupling between
piezoelectric and piezomagnetic phases is performed on
the BZT-BCT/NFO laminate composites, with the thick-
ness of the BZT-BCT layer being 0.4, 0.6, 0.8, and
1.0 mm, by keeping the NFO thickness constant at 1 mm.
The off-resonance ME measurements reveal the highest
apve of 124mVem—!Qe~! for the 0.6BZT-BCT/NFO
sample and the highest acye of 78 uGem V~! for the
1.0BZT-BCT/NFO sample at 1 kHz frequency. The cal-
culated apmEe, in comparison with the observed value,
suggests 63% strain transfer efficiency across the bilay-
ers. It is proposed to engineer the second bending mode
to superimpose with the radial mode by varying the
bilayer disk thickness for enhanced ME coupling. As
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proposed, the composite indeed reveals large ME cou-
pling coefficients at the thickness where the modes are
superimposed. Notably, the in-phase superimposition of
electromechanical modes and the effective strain trans-
fer efficiency across the bilayer lead to maximum ME
coefficients of apye =22.5Vem ' Oe™! and acyg =
25.14mGem V~!, which are 100% larger than the val-
ues observed when the modes are well separated. Sub-
sequent calculations carried out based on the theoretical
model validate the experimentally observed results. The
potential of the ME effect in the bilayer composite is
demonstrated by powering a series of LEDs in a mag-
netic energy harvesting experiment. Although the ambient
frequencies of most of the environmental energy sources
are at the low-frequency range, the presented energy har-
vesting in the ME composite from the magnetic source
suggests its potential application in relevant wireless pow-
ering of small devices in the high-frequency range. The
proposed idea of tuning of the resonance modes opens up
a way to design a better ME composite with superior ME
coupling.
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