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In this study;, it is proposed and demonstrated that highly tunable magnetoelectric (ME) response can be
achieved from magnetostrictive/piezoelectric laminate composites by integrating the effects of size
variation and piezoelectric anisotropy. Tri-layered, rectangular ME composites with different aspect
ratios were prepared using a magnetostrictive Fe-Ga alloy and a (011) oriented Pb(Mgq/3Nb2/3)03-
Pb(Zr,Ti)O3 (PMN-PZT) piezoelectric single crystal. ME coefficients in the range of 0.25—2.2 V/cm-Oe and
2—75V/cm-Oe in the off-resonance and resonance mode, respectively, were obtained from the com-
posites. Magnetic sensitivity of the ME composites followed a similar trend in variation as that of their

I;:f/évaords' ME response with respect to the laminate size and applied magnetic field direction. The tunability of the
PMN-PZT ME response of the composites was correlated with the size dependent demagnetization and magnetic
Magnetoelectric flux density distribution in the Fe-Ga alloy and direction dependent piezoelectric properties of the (011)
Composite PMN-PZT single crystal. In both the off-resonance and resonance modes, an order of magnitude large
Tunable tunability could be attained in the ME coefficient of the composites. Such a highly tunable ME response

will facilitate the development of ME based devices with controllable functionality.

© 2018 Published by Elsevier B.V.

1. Introduction

Multiferroic magnetoelectric (ME) materials have been inten-
sively investigated due to their potential applications in magnetic
sensors, energy harvesters, microwave devices, magnetic mem-
ories, and biomedical systems [1—5]. ME composites formed with
piezoelectric and magnetostrictive components are more attractive
for practical applications, due to their relatively strong ME
coupling, compared to single phase ME compounds [6,7]. The
strain-mediated ME coupling in composites, quantified in terms of
the ME voltage coefficient, depends mainly on the efficiency of
coupling between the magnetic and electric domains of the
magnetostrictive and piezoelectric phases, respectively. Epoxy-
bonded bulk laminate ME composites have been widely studied
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as they are comparatively simpler to be fabricated and easier to be
adopted in the device design [8,9]. Besides the preservation of
original physical characteristics of the individual phases, the
absence of electrical leakage (from the magnetic constituent) and
the greater mechanical coupling (through interfacial strain trans-
fer) in the planar laminate composites would lead to their higher
ME response than that could be obtained with other ME composite
geometries.

Recently, Fe—Ga alloys have attracted great interest, for their use
as a magnetostrictive component in ME composites [10—13].
Compared to the brittle and expensive magnetostrictive alloys
Terfenol-D (Tb-Dy-Fe) and Metglas (Fe-B-Si), which are often
employed in ME composites, Fe-Ga alloy is relatively inexpensive
and exhibits a combination of high mechanical strength and good
ductility, allowing it to be used in harsh and shock-prone envi-
ronments (high temperature-high stress) [12,14,15]. Further, Fe-Ga
alloys can be mass produced using cost-effective processes and
easily prepared in different shapes [15—17]. Lead (Pb)-based
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piezoelectric single crystals such as PMN-PT [Pb(Mgz/3Nb1/3)03-
PbTiO3] and PZN-PT [Pb(Zny;3Nby/3)03-PbTiO3], displaying high
piezoelectric constants and electromechanical coupling co-
efficients, have been widely used in the fabrication of ME com-
posites [18—21]. However, these single crystals show low phase
transition temperature (~90 °C) and coercive electric field (~2.5 kV/
cm). To extend the application range of these materials, PMN-PZT
[Pb(Mg/3-Nby3)03-Pb(Zr,Ti)O3] single crystals with improved
phase transition temperature (~145°C) and coercive electric field
(~7 kV/cm) and optimized piezoelectric properties (by addition of a
donor/acceptor) have been developed recently [22]. Based on the
above considerations, we fabricated laminate ME composites using
a magnetostrictive Fe-Ga alloy and a (011) oriented W-doped PMN-
PZT single crystal, in this study.

Tailoring of the ME response in the bulk laminate composites
has been done through different approaches such as (i) modifica-
tion of the phase fraction of the constituent layers [23,24], (ii)
employment of textured or single crystal ceramics with specially
controlled and anisotropic piezoelectric properties [25,26], (iii)
variation of dimensions and geometry of the constituent layers
[27—29], and (iv) control of the properties of interfacial bonding
layer and its thickness [30,31]. Although one can find several re-
ports employing one of these individual approaches, no attempt
had been made to combine any of them. In this study, we propose
to integrate size variation and piezoelectric anisotropy strategies
into the design of ME composites and investigate the effect of such
a combination on their ME coupling. To exploit this idea, rectan-
gular laminate ME composites were made using a Fe-Ga alloy with
different aspect ratios (varied length but fixed width and thickness)
and a (011) oriented PMN-PZT single crystal with anisotropic
piezoelectric properties. Both off-resonant and resonant ME co-
efficients and magnetic sensitivity of the prepared composites were
found to be strongly dependent on the length of the laminate, the
anisotropy of the single crystal, and the applied magnetic field di-
rection. An order of magnitude large tunability in ME response of
the composites was observed, which could be correlated with
demagnetization and magnetic flux density distribution in the Fe-
Ga alloy and anisotropic piezoelectric properties of the PMN-PZT
single crystal. This study demonstrates a feasible approach for
realizing a large and highly tunable ME response from magneto-
strictive/piezoelectric laminate composites.

2. Experimental methods

Tri-layered ME composites of Fe-Ga/PMN-PZT/Fe-Ga were pre-
pared by epoxy bonding (3 M Scotch-Weld adhesive, cured at 80 °C
for 4 h) the plates of polycrystalline a Fe-Ga alloy and a (011) ori-
ented W-doped PMN-PZT single crystal (DPSC150-85, Ceracomp
Co., Ltd., Korea) (Fig. 1(a)). The Fe-Ga alloy sheet was produced by
induction melting technique followed by chill casting and subse-
quent hot rolling, as described elsewhere [16,17]. The Fe-Ga alloy
had a composition of (Feggi1Gagi9)o.gg(NbC)o1, where 1 mol%
niobium carbide (NbC) particles (<10 pm) were added to the alloy
to improve its ductility and rollability by suppressing gran
boundary fracture. The (011) PMN-PZT single crystal was fabricated
by solid state single crystal growth method, where the sample was
cut to make its plane vector parallel to [011] direction [22]. The
anisotropic piezoelectric properties of the (011) oriented PMN-PZT
single crystal are provided in Table 1. In the ME composites pre-
pared, the lengths of the Fe-Ga alloy plate and PMN-PZT plates
were varied (lpegq Or lpyn-pzr=5, 10, 15 mm) while their widths
(Wre-ga OF Wpyn-pzr =5 mm) and thicknesses (tpe.cqa=0.5 mm and
tpvn-pzr= 0.3 mm) were kept constant (Fig. 1(b)). The X-ray
diffraction (XRD, D/Max 2200, Rigaku Corporation, Japan) patterns
obtained from the surfaces of the Fe-Ga alloy and (011) PMN-PZT

single crystal are shown in Fig. 2.

Prior to measuring the ME coupling properties of the samples,
they were poled under an electric field of 1 kV/mm for 20 min at
room temperature. The ME output voltage induced by the com-
posites were measured in both off-resonance (f = 1 kHz, Hyc = 1 Oe)
and resonance (f=25—400KkHz) conditions. A superimposed AC
and DC magnetic field was applied along the length and width
directions of the ME composite (Fig. 1(a)) and the output voltage
signal from in its thickness direction (transverse ME) was recorded
using a lock-in amplifier (SR850 for lower than 100 kHz and SR844
for higher than 100 kHz, Stanford Research Systems, Sunnyvale,
USA). The value of ME voltage coefficient (ag) was calculated by
dividing the measured output voltage by the thickness of PMN-PZT
plate and the applied AC magnetic field. AC magnetic field sensi-
tivity of the ME composite samples was evaluated following the
procedure described elsewhere [32]. The ME sensor output voltage
(VmEe) was measured at the corresponding optimum DC bias and
resonance frequency of each composite sample where it showed
maximum o« in the off-resonance and resonance ME mode,
respectively. Magnetic flux density distribution in the Fe-Ga alloy
plate was estimated by a finite element model using COMSOL
Multiphysics (version 5.2). In this model, the Fe-Ga alloy plates
with dimensions identical to those used in the experiments were
considered. The Fe-Ga alloy was assumed to have a relative
permeability of 100 when placed in air and subjected to a Hye of
1 Oe along its in-plane direction [33]. A magnetostatic insulating
boundary condition was applied around the Fe-Ga alloy plate. The
magnetic flux density distribution in response to the magnetic field
applied was visualized along the center plane of the Fe-Ga alloy
plate.

3. Results and discussion

The ME responses of the laminate composites obtained by the
application of magnetic field along their length (H//l) and width (H//
w) directions in the off-resonance and resonance modes are shown
in Fig. 3. It is clear from these data that there are significant vari-
ations in the magnitudes of transverse ME coefficients «ag3; (H//w or
(H//[01 1])) and ag32 (H//l or H//[100]) depending on the length of
the laminate, the anisotropy of the single crystal, and the direction
of the applied magnetic field. Furthermore, in the off-resonance
mode, the position of the maximum og peak was changed with
respect to the above parameters (Fig. 3(a) and b). The peak position
shifted towards lower magnetic bias with the increase in length of
the laminate when H//I while a reverse trend in peak shift was
observed when H//w. It can also be seen that the change in mag-
netic field direction resulted in reversal of the sign of ME curves.
The values of maximum «f obtained from the composites were in
the range of 0.25—2.2V/cm-Oe and 2—75V/cm-Oe in the off-
resonance and resonance modes, respectively (Fig. 3(c, f)). In both
the modes, the relative change in ME response of the composites
corresponds to an order of magnitude large tunability.

The magnitude of maximum ag was higher when the magnetic
field was applied in its length direction and the relative change was
largest in the case of 15 mm-long sample (Fig. 3(c, f)). In both the
directions of the applied magnetic field, the value of maximum og
increased with the increase in length of the laminate. The high
values of maximum o obtained from the Fe-Ga/(011) PMN-PZT/Fe-
Ga composite, in both off-resonant (2.2 V/cm-Oe) and resonant
(75 V/cm-0Oe) modes, are found to be larger than those reported for
Fe-Ga alloy based laminate ME composites (Table 2) [10—13].
Interestingly, the highest off-resonance ME coefficient obtained for
the FeGa/PMNPZT composite (2.2 V/cm-Oe) was also observed to
greater than that of the Ni/PMNPZT (1.05V/cm-Oe) and FeBSi/
PMNPZT (1.67V/cm-Oe) composites, prepared with similar
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Piezoelectric properties of the (011) PMN-PZT single crystals (DPSC150-85, Ceracomp Co., Ltd., Korea) used in this study. Here dj; is piezoelectric charge coefficient, S; elastic

constant, k; electromechanical coupling factor, g;; is piezoelectric voltage coefficient.
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Fig. 2. XRD patterns of the (a) polycrystalline Fe-Ga alloy and (b) (011) oriented PMN-PZT single crystal.

dimensions and measured under same experimental conditions in
a separate work. The observed variations in the magnitude and
position of the maximum «f and the sign of the ME response of the
Fe-Ga/PMN-PZT composites can be related to the anisotropic
piezoelectric properties of the PMN-PZT single crystal and the size
dependent changes in demagnetization and magnetic flux density
distribution of the magnetostrictive Fe-Ga alloy under the applied
magnetic field.

The magnetic sensitivity data of the Fe-Ga/(011) PMN-PZT/Fe-
Ga ME composites measured in terms of output voltage vs. AC
magnetic field (Hgc) is plotted in Fig. 4. It can be observed that the
induced ME voltage from the composite sensors exhibit a near
linear proportionality to Hyc over a wide frequency range (uT to nT).
The variation of magnetic sensitivity of the composite as a function
of its length and with respect to the applied field direction followed
similar trend as that of its ME coefficient, as expected. The 15 mm-
long ME composite sample showed the highest magnetic sensi-
tivity of up to 3 nT when H//I (H//[100]) and up to 25 nT when H//w
(H/[101 1]) which are about one to two orders of magnitude higher
than the sensitivity of 5 mm-long composite sample (100 nT when
H//l and 200 nT when H//w). It is certain that the differences in ME

response of the three composite samples have reflected in their
magnetic sensitivities. The above observed results suggest that the
magnetoelectric coefficient and magnetic sensitivity of the Fe-Ga/
(011) PMN-PZT/Fe-Ga composites can be highly tuned by taking
advantage of the piezoelectric anisotropy of the (011) PMN-PZT
single crystal and the variation in dimensions of the laminate ME
composite.

The transverse piezoelectric properties of the rhombohedral
structured, relaxor ferroelectric single crystal materials, such as
PMN-PT, PZN-PT, PMN—PZT are strongly dependent on the crystal
cut directions [34,35]. These single crystals, when cut and poled
along a non-polar direction, display greatly enhanced piezoelectric
coefficients (dj;, g;) and electromechanical coupling factors (k). As
shown in Fig. 5 (a), the rhombohedral single crystal has sponta-
neous polarization along the pseudo-cubic (111) directions, with
eight possible dipole orientations. Poling along the polar [111] di-
rection creates an unstable single-domain state, which leads to
depoling as well as domain reorientation, resulting in significant
hysteresis of strain versus electric field behavior and inferior
piezoelectric properties of the single crystal. In contrast, the stable
multi-domain configuration generated by poling along a non-polar
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Fig. 3. Off-resonant (a, b) and resonant (d, e) ME coefficients of the Fe-Ga/(011)PMN-PZT/Fe-Ga laminates when magnetic field applied along their length (b, e) and width (a, d)
directions. Variation of the maximum af values of the laminates as a function of their length in off-resonance and resonance ME modes are shown in (c) and (f), respectively.

Table 2
Comparison of the off-resonant and resonant ME coefficients obtained in this work with those reported for Fe-Ga based laminate ME composites.
p p p
ME composite Sample geometry and dimensions Off-resonant o (V/cm Oe) resonant ag (V/cm Oe) Reference
FegoGaoo/BT circular, 0.0125 0.0285 [10]
12 x 1.5 mm?
(001) FegpGayo/PZT rectangular, 0.345 66 [11]
14 x 6 x 0.5 mm>
(001) FegpGayo/(001) PMN-PT rectangular, 1.01 70 [12]
14 x 6 x 1mm>
Fegq4Gays6/(011) PIN-PMN-PT rectangular, 1.38 — [13]
12 x 4 x 4mm?>
Feg1Gai/(011) PMN-PZT rectangular, 22 75 This work
15 x 5 x 0.5 mm*
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Fig. 4. Magnetic sensitivity of the ME composites under the application of the magnetic field along their (a) length and (b) width directions.

direction ([001] or [011]) gives rise to almost hysteresis-free strain
behavior and enhanced piezoelectric properties of the single crys-
tal. As noted in Table 1, the (011) oriented and poled PMN-PZT
single crystal possesses large and anisotropic transverse

piezoelectric properties. In d3; mode (working mode of the piezo-
electric element, where 3 refers to the induced polarization direc-
tion and 2 refers to the applied stress direction), the d3p, g32, and k3,
values of the (011) oriented PMN-PZT single crystal are even much
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higher than those of the (001) oriented PMN-PZT single crystal
which possesses isotropic transverse piezoelectric properties [22].

Fig. 5 (b) shows the domain configuration of the PMN-PZT single
crystal cut and poled along the [011] direction. Upon poling (E//
[011]), each domain has one of the two possible dipole orientations
[111] and [1 11] (dashed arrows), which switch to the [1 1 1 ] and
[11 1 ] orientations (dotted arrows) by reversing the poling field
(E//[011 ]). In the former case, the applied poling field will align the
polarization vectors [111] and [1 11] to being closer to the [011]
direction, which simultaneously induces a larger compressive
strain along the [100] direction and a smaller tensile strain along
the [01 1] direction as illustrated in Fig. 5 (c). This in turn leads to
the different signs and magnitudes of the transverse piezoelectric
properties of the single crystal (Table 1). As observed above in Fig. 3,
the highly anisotropic ar (with opposite signs of ME curves in off-
resonance mode) exhibited by the Fe-Ga/(011) PMN-PZT/Fe-Ga
composite in H//I (H//[100]) and H//w (H//[01 1]) configurations are
due to the anisotropic transverse piezoelectric properties of the
(011) PMN-PZT single crystal. The larger values of agz; of the
composites compared to their agz; values can be attributed to the
higher piezoelectric coefficients of the PMN-PZT single crystal in
[100] direction (d3; mode) compared to those in the [01 1] direc-
tion (d3; mode).

The magnetic flux density of the magnetostrictive phase (By,) is
related to the ME voltage coefficient according to [36]:

di dBm
*\dBy, * dH,

where, E; is the induced electric voltage in the piezoelectric phase,
is the magnetostrictive strain, and H is the external magnetic field
applied. The demagnetization in the magnetostrictive layer, which

dE; dE;  dh  dE

“ = dH, ~ 2 “dHa i M

depends on its dimensions and geometry, can significantly influ-
ence the ME response of the composite. The demagnetization field
(Hg) produced by the magnetic phase opposes the external mag-
netic field applied and thus the effective magnetic field (Hef) in the
sample is reduced. Consequently, the effective magnetic flux den-
sity (Bef) in the magnetic phase will also be reduced as per the
following relations [37]:

Hyp = Ha — Hg = Ha — MNg 2)

Bor = to (e + M) = pig(Ha + M) — uoMN, 3)
where, M is magnetization, Ny is demagnetization factor
(0 <Ny <1), and pp is magnetic permeability of free space. It is
clear from the above relations that smaller demagnetization in the
magnetic phase results in a larger effective magnetic induction and
thus leads to a stronger ME coupling in the composite.

For a finite, rectangular ferromagnetic plate Ng can be approxi-
mated as Ny = (wt/FP) (In(4l/(w+t))-1), where I, w, t are its length,
width, and thickness, respectively [23]. Fig. 6(a) shows the variation
of Ny as a function of the length of the Fe-Ga alloy plate, where the
quantity of Ny decreased with increase in its length. The FEM results
of the simulated magnetic flux density distribution of the Fe-Ga
alloy plate with different lengths, in the H//l and H//w conditions
are shown in Fig. 6 (b). It was observed that the magnetic induction
increases with increase in the length of Fe-Ga alloy plate in both
directions, which can be related to the decrease in demagnetization
with increase in the length. Therefore, the increase in magnitudes
of ag3; and agsy of the composite with increase in length can be due
to the corresponding increase in B and decrease in Ng. The 5 mm-
long Fe-Ga alloy plate exhibited a similar magnetic induction in

H //length Top view H // width
@) (b)
0.030 - B (T)x107?
\ /=15mm 5
0.025- o 18
o 1.6
z 1.4
DE0204 /=10 mm 1.2
1
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0.0154 o 06
" : : 0.4
5 10 15 0.2

Length (mm)

1=5mm

Fig. 6. (a) Variation of demagnetization factor of the Fe-Ga alloy plate as a function of its length. (b) FEM results of in-plane magnetic flux density distribution along the center plane
of the Fe-Ga plate with different lengths when magnetic field is applied along its length and width directions.
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both directions while the magnetic induction was stronger for H//I
compared to that for H//w in the other two samples (15 mm- and
10 mm-long). Nevertheless, the magnitude of «g3, was larger than
ag3; of the composite for all lengths, which explains the contribu-
tion of piezoelectric coefficients that are higher in the d3, mode (H//
[100]) compared to that in the d3» mode (H//[01 1]) configuration.

4. Conclusions

In summary, we fabricated rectangular laminate ME composites
of Fe-Ga/(011) PMN-PZT/Fe-Ga with different aspect ratios. The
effect of the combination of piezoelectric anisotropy of the (011)
oriented PMN-PZT single crystal and size variation of the Fe-Ga
alloy on the ME response of the composite was investigated. An
order of magnitude large tunability in ME coefficient of the com-
posites, which is in the range of 0.25—2.2V/cm-Oe and 2—75V/
cm-Oe in the off-resonance and resonance modes, respectively, was
observed. The high ME coefficients of the Fe-Ga/(011) PMN-PZT/Fe-
Ga composite, obtained in both off-resonant (2.2 V/cm-Oe) and
resonant (75 V/cm-Oe) modes, are also larger than those reported
for Fe-Ga based laminate ME composites. The differences in ME
responses of the composites have reflected in their magnetic sen-
sitivities, which were found to be in the range of 3—200 nT. The
tunability of the ME coefficient of the composites, strongly
dependent on the length of the laminate and the applied magnetic
field direction, was correlated with demagnetization and magnetic
flux density distribution in the Fe-Ga alloy as well as anisotropic
piezoelectric properties of the (011) PMN-PZT single crystal. This
study demonstrates that ME composites with highly tunable ME
response can be developed by adopting a feasible combination of
oriented piezoelectric single crystals with anisotropic properties
and magnetostrictive alloys with appropriate dimensions.
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