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Abstract This chapter describes an experimental technique, developed experi-
mental setup and respective experimental study of the dynamic properties of direct
magnetolelectric (ME) effect measured in metglas-piezocrystal laminates. We have
prepared a variety of different magnetoelectric laminates by bonding magne-
tostrictive metglas foils onto single-crystalline substrates of LiNbO3 (LNO),
GaPO4 (GPO) and PMN-PT. The measurements have been performed as a function
of the crystal cut, magnitude and orientation of the magnetic bias field and the
frequency of the modulation field. Despite much weaker PE coefficients of LNO
and GPO, direct ME effects have been found to have comparative magnitudes in the
samples based on them and on PMN-PT. Greatly enhanced ME coefficients in
certain resonance modes are explored and their relations to the material properties
of the crystals and the geometry of the composites are investigated. We demonstrate
that control of the PE crystal’s orientation can be successfully used in order to
obtain almost any desired quasi-static and resonant anisotropic ME properties for
some given application. Such unique features as chemical stability, linear piezo-
electricity, thermal robustness open up a real perspective to use lead-free LNO
and α-GPO based ME tri-layers, e.g., as vector magnetic field sensors working in a
wide range of temperatures.
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7.1 Introduction

The magnetoelectric (ME) effect, in its most general definition, describes any type of
coupling between polarization and magnetic fields (direct effect) and conversely
between magnetization and electric fields (converse effect) in matter. This effect has
given rise to a lot of interest in the scientific community over the past few years [1–8].
Unlike the ME single-phase multiferroics, several ME composites, combining
elastically coupled piezoelectric (PE) and magnetostrictive (MS) phases, have been
shown to yield very strong ME effects even at room temperature [1–3]. These
structures also offer a great flexibility in the sense that a large number of parameters
may be adjusted independently including the material properties of the constituent
phases as well as the connectivity arrangement between them. Consequently,
nowadays these materials are already very close to some promising applications
which include [1, 2, 5]: DC and ACmagnetic vector field sensors and electric current
sensors, magneto-electro-elastic energy harvesters, multiple-state memory devices,
micro-sensors in read heads, transformers, spinners, diodes, spin-wave generators
and electrically tunable microwave devices. The 2-2 type tri-laminated structures,
among other the types of connectivity, comprising a layer of a PE material sand-
wiched between two layers of a MS phase, are characterized by a particularly rich
anisotropy as well as an enhanced ME coupling due to both the absence of leakage
currents and a strong mechanical coupling between phases [1–3]. Also, the
transversal “L-T” operation mode, in which the MS phase is longitudinally mag-
netized while the PE layer is perpendicularly polarized (see Fig. 7.1), tends to
maximize the exchange of strain between phases and also minimize the

Fig. 7.1 Schematic
presentation of the
experimental setup used to
perform the ME
measurements. Red and blue
arrows are associated with the
measurements of the direct
and converse ME effects,
respectively [30] (Color in
online)
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demagnetizing fields in the MS layer and is therefore the most commonly employed
operation mode [1–3].

In the experimental quantification of the direct ME effect a dynamic direct ME
voltage coefficient aEij ¼ @Ei=@Hj (where Ei is the component of the electric field in
the i direction and Hj is the component of the magnetic field in the j direction) is
generally used as a figure of merit under open-circuit conditions (i.e. with a dis-
placement field Di = 0). Also, a large enhancement in the magnitude of the ME
effect is expected whenever the frequency of an applied modulation magnetic field
with amplitude (dH) matches one of the natural electrical, magnetic or mechanical
modes of resonance of the composite [9–12]. For the case of the PE phase this is
known as electromechanical (EM) resonance and it occurs whenever a character-
istic elastic eigenmode of the PE phase is indirectly excited by the time varying
magnetic field [10]. Thus, a large oscillation amplitude of the standing wave in this
phase gives rise to a large polarization/voltage through the PE effect. The frequency
of these important EM resonances then depends on the effective material parameters
and geometry of the PEs.

From the point of view of the constituent phases, large transversal direct voltage
ME effects (aE3a, where a and b are the direction indexes equal to 1 or 2) tend to be
favored by MS phases with large longitudinal pseudo-piezomagnetic coefficients
(qab = @kb=@Ha, where kb is the H dependent MS strain) and PE phases with a large
ratio between transversal piezoelectric (d3a) and longitudinal dielectric constants
(e33), as well as an efficient stress transfer between layers [1, 2]. A very promising
class of MS materials are the Metglas® (Ni-Fe-Mo-B, Fe–Si-B, Co-Fe–Si-Ni-B,
etc.) amorphous alloys. This is mainly because of their large piezomagnetic coef-
ficients of q11 ≈ 4.0 ppm/Oe and q12 ≈ –2.5 ppm/Oe [13], very low coercivity and
low saturation fields which results in a huge relative magnetic permeability
(l33 > 104) [7]. As for the PE phase, ferroelectric ceramics of PZT (Pb(Zr,Ti)O3)
have been extensively studied and tend to provide a strong ME coupling due to
their relatively large piezoelectric and electromechanical (EM) coupling coefficients
[14–16]. Nonetheless, the use of highly anisotropic single-crystalline ferroelectrics,
poled and cut along desirable crystallographic directions, constitutes an alternative
way to achieve large but also anisotropic ME effects [17, 18]. The current research
on ME composites has therefore been remarkably focused on lead-based com-
pounds such as PMN-PT or PZN-PT [1, 3, 19, 20]. Nevertheless, some lead-free PE
single-crystals have been recently explored and shown to potentially yield a
comparably large direct ME effect in composites. Such systems have included
quartz [18], aluminum nitride [17], zinc oxide [21], langatate (La3Ga5.5Ta0.5O14,
LGT) [22, 23] and langasite (La3Ga5.5SiO14, LGS) [23].

In the present chapter, we report a study of the anisotropic direct ME properties
of bulk tri-layered structures of Metglas/LNO/Metglas, Metglas/GPO/Metglas and
Metglas/PMN-PT/Metglas using different cuts of the crystalline PEs and under
quasi-static and EM resonance conditions.
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7.2 Magnetoelectric Measurement Techniques

7.2.1 Dynamic Magnetoelectric Technique

In general, the experimental measurement of the direct ME effect has proven to be a
simpler and more accurate method for the quantification of the ME effect when
compared to the measurement of the converse ME effect. The advantages of the first
technique include the relative easiness of producing large magnetic fields used to
excite the samples and the fact that magnetic fields can generate higher energy
densities than electric fields [24]. Also, the possibility of destructive dielectric
breakdown, which could be caused by excessively high voltages applied during the
measurement of the reverse effect, is avoided. The direct voltage and charge ME
effects, quantified by the respective coefficients aEij ¼ @Ei=@Hj and
aQij ¼ @Di=@Hj, with indexes i and j equal to 1, 2 or 3, can be experimentally
measured via three fundamental methods [24, 25]:

(i) The static method, where the sample is subjected to a uniform magnetic bias
field (H), and the voltage (V ¼ Ei � t, where t is the thickness of the PE phase)
or charge (Q ¼ Di � A, where A is the area of the electrodes placed on the PE)
developed across its electrodes is measured with an electrometer in voltage
(high-input-impedance) or charge (low-input-impedance) mode, respectively.
In the charge mode, the input of the electrometer is a virtual ground, and
therefore the measurement of charge instead of voltage should be less affected
by the problem of leakage currents flowing through the sample due to an
eventually small PE conductivity. By applying different magnetic fields, the
induced ME voltage can therefore be quantified as a function of H;

(ii) The quasi-static method, where a voltage or charge generated across the
sample’s electrodes is measured using an electrometer as a function of time
simultaneously with a slow variation of the applied DC magnetic field (with a
rate of ca. 0.05–0.5 T/min). Here, the magnetic field is generally increased
from zero up to a maximum value, stabilized at this value and subsequently
decreased back to zero. A baseline can be subsequently used to correct for an
eventual time drift of the voltage/charge due, e.g., to the pyroelectric effect;

(iii) The dynamic method, where a modulation magnetic field with a frequency
f and a small amplitude dH is superimposed on a comparatively large magnetic
DC bias field H. Using a lock-in amplifier, the AC ME voltage generated
across the sample or the current flowing through it is then measured as a
function of H or f. This dynamic method presents a series of advantages in
comparison to the static and quasi-static methods [26, 27]. The first one is a
very efficient reduction of the electronic noise thanks to the phase-sensitive
detection using a lock-in amplifier. Here, signals with a frequency distinct
from the frequency of a reference signal are rejected and filtered by the unit.
This method also allows one to eliminate the problem of charge accumulation,
observed for certain ceramics, where the charge generated during polarization
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of the sample accumulates at its grain boundaries. These charges can move
toward the electrodes during the measurements, thus disturbing the experi-
mental results. The relatively high speed of measurement in this method thus
allows a minimization of the accumulation of charge. Another advantage is
that the ME response may be studied in different modes of operation, e.g., with
different values of the magnetic bias field or at different time scales by
changing the frequency of the modulation field. However, some negative
aspects and special cautions should also be noted. These include [3, 6, 26, 28]:
the leakage of charge under periodic conditions, which may occur through the
Ohmic resistance of the samples at low frequencies of the AC field, or through
the capacitance formed between the two surfaces at higher frequencies. Some
parasitic mutual inductance will also exist between the source of the magnetic
field and the system composed of the sample and cables connected to its
electrodes. A frequency-proportional voltage will therefore always be induced
across the electrodes by the applied time-changing magnetic field due to the
effect of electromagnetic Faraday induction. Furthermore, we may also have
the induction of eddy currents in the system, thus decreasing the effective
modulated magnetic field felt by the sample. For high enough frequencies,
these effects might even be more significant than the voltage generated by the
ME effect in the samples. Some external sources of synchronized noise can
also be especially harmful to this technique, including, e.g., the thermal noise,
introduced by pyroelectric currents, and, more importantly, external vibra-
tional or acoustic noises (microphony) which can be coupled to the sample via
the piezoelectric effect.

In addition to the aforementioned techniques that can be used to measure the
direct ME effect, several others have also been tested [25]. Some of those include:
(i) active modes of analysis, where a test current is passed through the sample, and
subsequently dielectric and polarization measurements are performed in various
applied magnetic fields [3]; (ii) techniques using a pulsed magnetic field, which are
ideal for the study of EM resonance phenomena [29], and (iii) ME measurements
based on the PE effect making use of a microwave microscope or a magnetic
cantilever [12].

From this point onwards we will mainly focus on the dynamic lock-in technique
since this is the method in which we are most experienced. Thus we begin by
presenting a formalism describing this technique and consequently show how the
different order ME coefficients can be extracted from the measurements of the
voltages synchronized with the fundamental and harmonic frequencies of the
magnetic exciting signal. Assuming that the non-linear ME voltage (V ¼ E � t)
induced across a ME composite as a function of an applied magnetic field (H) can
be expanded in a Taylor series centered at a bias field H0, it follows that [26]:

V Hð Þ ¼
X1
n¼0

an H � H0ð Þn; with an ¼ 1
n!
@nV
@Hn

ðH0Þ: ð7:1Þ
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When a bias and a modulated AC magnetic field with frequency f ¼ x=2p,
given by H ¼ H0 þ dHcosðxtÞ where t stands for time, are applied to this com-
posite, the output voltage thus becomes:

V ¼
X1
n¼0

an � dHncosðxtÞn: ð7:2Þ

Next, taking into account that:

cosðxtÞn ¼
1

2n�1

Pn�1
2

j¼0

n
j

� �
cos n� 2jð Þxtð Þ; if n � N is odd

1
2n

n
n
2

� �
þ 1

2n�1

Pn2�1

j¼0

n
j

� �
cos n� 2jð Þxtð Þ; if n � N is even

8>>>><
>>>>:

ð7:3Þ

where
n
j

� �
are the binomial coefficients and substituting this expression in (7.2),

one gets:

V ¼
X1
l¼0

1
22l

2l
l

� �
� a2l � dH2l þ

X1
n¼1

1
2n�1 � an � dHn

Xbn�1
2 c

j¼0

n
j

� �
cos n� 2jð Þxtð Þ;

ð7:4Þ

where . . .b c indicates the nearest lower integer. Introducing the new variable k ¼
n� 2j and changing the order of summation allows us to collect the cosine terms in
the last part of the equation:

V ¼
X1
l¼0

1
22l

2l
l

� �
� a2l

� dH2l þ
X1
k¼1

X1
j¼0

1
2kþ 2j�1

kþ 2j
j

� �
� akþ 2j � dHkþ 2j

" #
cos kxtð Þ; ð7:5Þ

which shows that this voltage will be a combination of sinusoidal functions of time
with frequencies equal to the frequency of the applied modulation field and its
harmonics. The amplitudes associated with each of these harmonic signals will
therefore be given by the parameter in brackets:

dkV ¼
X1
j¼0

1
2kþ 2j�1

kþ 2j
j

� �
� akþ 2j � dHkþ 2j: ð7:6Þ

For example, the amplitudes of the fundamental signal and its first two har-
monics are then:
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d1V ¼ a1dH þ 3
4
a3dH

3 þ 10
16

a5dH
5 þ � � � ;

d2V ¼ 1
2
a2dH

2 þ 1
2
a4dH

4 þ 15
32

a6dH
6 þ � � � ;

d3V ¼ 1
4
a3dH3 þ 5

16
a5dH5 þ 21

64
a7dH7 þ � � � :

ð7:7Þ

Assuming that the partial derivatives in expansion (7.1) decrease fast enough and

dH is sufficiently small, so that
P1
j¼1

1
22j

kþ 2j
j

� �
� akþ 2j

ak
� dH2j � 1 for all k 2 N, then

all higher-order terms in the expansion (7.6) may be neglected, and one can arrive at
the commonly made approximation:

kaE ¼ 1
t
� @

kV
@Hk

’ 2k�1k!
dkV

t � dHk
; ð7:8Þ

where kaE is the k-th order H0 dependent voltage ME coefficient and t is the
effective thickness of the PE phase. This expression shows that the amplitude of the
k-th harmonic of the voltage (dkV) as measured in the lock-in should be approxi-
mately proportional to the k-th power of the amplitude of the applied modulation
field (dHk) and to the k-th derivative of the V versus H curve at some bias H0 field.
Therefore we see that in the first order this ratio will be related to the direct voltage
ME coefficient through: aE ¼ d1V=ðt � dHÞ.

More generally, to take into account the dispersion and energy losses in the
response of the ME coefficients an in expansion (7.1) we assume that the output
voltage in (7.4) can be described by the convolution relation:

V tð Þ ¼ V0 þ
X1
k¼1

Zt

�1
dkV t � t0ð Þ � cos k2pft0ð Þdt0; ð7:9Þ

where t and t0 represent the time. Making use of the convolution theorem, the
Fourier transform of the above expression will then be:

V 0 f 0ð Þ ¼ V0d f 0ð Þ þ
X1
k¼1

dkV 0 f 0ð Þ � 1
2
d f 0 � kfð Þþ d f 0 þ kfð Þ½ �; ð7:10Þ

where V 0 f 0ð Þ and dkV 0 f 0ð Þ represent the Fourier transforms of V tð Þ and dkV tð Þ,
respectively, f 0 the frequency of the output voltage signal, f the frequency of the
modulated H field and dðxÞ the Dirac delta function. Therefore, all complex
coefficients dkV 0 f 0ð Þ in the expansion are now described as functions of the fre-
quency f 0. As before, this expression shows that the amplitude of the output voltage
signal measured in a lock-in amplifier should only be nonzero at integer multiple
frequencies of f . As an example, supposing that all the factors dkV 0 f 0ð Þ in this
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expression, which depend on the complex ME coefficients na0E f 0ð Þ ¼ a0n f 0ð Þ � n!=t
corresponding to the Fourier transforms of the ME coefficients naE in expression
(7.6), given by:

dkV 0 f 0;H0ð Þ ¼
X1
j¼0

1
2kþ 2j�1j! kþ jð Þ! � t �

kþ 2ja0E f 0;H0ð Þ � dHkþ 2j; ð7:11Þ

are associated with a ME resonance peak at an arbitrary frequency f 0 = fR. Then, in
the ME measurements (with some constant applied bias H0) this peak will be
observed at f = fR in the fundamental frequency mode having an amplitude given by

d1V 0 fRð Þ�� �� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d1V 0 fRð Þ��d1V 0 fRð Þ

q
. Furthermore, for the 1st and 2nd harmonic

frequency detection with f 0 = 2 f and f 0 = 3 f , this peak should appear at lower
frequencies, f = fR=2 and f = fR=3, with amplitudes d2V 0 fRð Þ�� �� and d3V 0 fRð Þ�� ��;
respectively. This last general expression thus allows us to relate the output voltage
measured in any detection circuit with the magnetic bias and modulated fields,
frequency and characteristic ME voltage coefficient of a particular composite.

7.2.2 Experimental Dynamic Magnetoelectric Measurement
Setup

As implied in the previous Section, the basic blocks needed to perform dynamic
measurements of the direct ME effect are a magnetic field source (usually one or
two electromagnets), capable of producing constant and AC magnetic fields which
are applied to the sample, and a lock-in amplifier, whose purpose is to measure the
AC voltage generated on the sample through the ME effect. Since commercial
systems are still unavailable at this point, as an example Fig. 7.1 shows schemat-
ically an experimental setup built by our group in order to measure the dynamic
direct and converse ME effects [30]. Here, the samples are placed in the center of a
plastic box containing a Helmholtz coil capable of generating AC magnetic fields
with amplitudes dH of up to 100 Oe as well as constant bias fields H of up to the
same value. A DC bias field, in the range of 0–15 kOe, can also be produced by an
external electromagnet (Bruker® ESP 300E) collinear with the Helmholtz coil and
directed along the X direction. This bias field is stabilized by a Hall-sensor-based
regulating feedback loop. The Helmholtz coil is driven by a power amplifier (AE
Techron®, model 7224) with a gain between 1 and 20 and low output impedance
(28 mOhm in Series with 1 μH). The current flowing through the coil is stabilized
by a current control loop or by taking into account the complex impedance of the
whole circuit. The amplitude and frequency of the AC current are set either by an
external function generator (SRS®, model DS345) or by the internal generator of
the lock-in amplifier (Zurich Insruments®, model HF2LI). The AC current passing
through the Helmholtz coil is continuously measured by a multimeter (Agilent®,
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model 34401A). The measured current is then used to calculate the previously
calibrated magnetic AC field amplitude dH, where a gaussmeter was used,
throughout a large frequency range of up to about 600 kHz (for dH = 0.1 Oe). This
current is measured directly, with the multimeter in its ammeter mode, up to a
frequency of ca. 10 kHz due to accuracy limitations of the device, and indirectly,
with the multimeter in its voltmeter mode, for frequencies larger than 10 kHz by
making use of the known complex impedance of the Helmholtz coil or a known
reference resistor. A gaussmeter (DSP®, model 475) is used to measure the exact
value of the bias field produced by the external electromagnet. The amplitude and
phase of the transverse voltage dV induced across the sample by the applied
in-plane AC magnetic field dH is measured with the lock-in. Higher harmonics of
the ME signal can also be measured simultaneously in this way by using multiple
independent demodulators. The measuring system as a whole can be synchronized
by a TTL output signal from the function generator or alternatively by the internal
oscillator of the lock-in, depending on the source of the AC signal. The entire setup
is autonomously driven by a home-made data acquisition software based on
LABview®. The direct ME measurements are consequently presented as the direct
ME coefficient given by equation aE ¼ @E=@H ¼ dV=ðt � dHÞ as a function of the
magnetic bias field H, with an applied constant-frequency modulation field, or as a
function of the frequency f of the AC field, with an applied constant bias field. We
also point out that, since most lock-in amplifiers have an input impedance of just
about between 1 and 10 MΩ, the use of a high input impedance voltage
pre-amplifier is usually required in this system, at least at low frequencies
(ca. < 10 kHz), in order to achieve the open-circuit condition specified by the
definition of the ME voltage coefficient (aE). Otherwise, the circuit parameters of
the sample and measuring device should be taken into account in the calculation of
aE.

Although not optimized for this purpose, we note that this system may also be
used to measure the converse ME effect. This measurements are performed by
applying an AC voltage (dVmod), produced by a function generator, to the sample
and using the Helmholtz coil to pick up the magnetic flux variation due to the
changing magnetic permeability of the sample. The amplitude and phase of the
voltage induced on the coil (dVind) as a function of either the driving frequency, at a
constant DC magnetic bias field, or of the swept magnetic field, at a constant
excitation frequency, are then detected by the lock-in. The resulting ME effect can
then be represented as a ratio between the AC voltage detected on the Helmoltz coil
and the voltage applied to the sample (dVind=dVmod) or as the traditionally used
converse ME coefficient aB ¼ @B=@E, in units of G·cm/kV, after properly cali-
brating the pickup coil. The accessible frequency range for this type of measure-
ments goes from several Hz up to several tens of MHz.

Figure 7.2 displays a picture of the whole setup with its components labeled.
A plastic box is used to house the sample and contains the Helmholtz coil which
produces the AC magnetic field. It consists of a 60 × 55 × 68 mm3 container built
with non-conductive and non-ferromagnetic materials (mostly PVC) close to the
coils in order to avoid losses at large frequencies due to eddy currents and a
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concentration of the field lines away from the center of the coil. The two modu-
lation coils are fixed on opposed interior side walls. This box can then be connected
to a goniometer and used in sync with a helium flow or a nitrogen flow cryostat,
thus allowing measurements from cryogenic temperatures up to about 600 K. The
Helmholtz coil scheme was adopted for the modulation because of its simplicity
and high uniformity of the generated field in the center of the coils with variations
of less than 1 % of its central value inside a central cube with a side length of about
½ the radius of the coil. Both coils were electrically connected in parallel between
themselves and into the output of the power amplifier. This type of connection
minimizes the equivalent inductance of the coil circuit and thus allows one to
produce higher currents with the same voltage for higher frequencies of operation.
In order to magnetically calibrate the Helmholtz coil, we calculated and experi-
mentally measured the magnetic field generated in the center of the coil using a
gaussmeter, as a linear function of the DC driven current, as measured by the
ammeter. In order to generate a constant AC field over a wide range of frequencies,
the complex impedance of the circuit of the Helmholtz coil has to be known. This
impedance was measured with the help of the lock-in amplifier. With this infor-
mation we are thus able to calculate the amplitude of the voltage signal (dv) that has
to be applied to the coil at any given frequency (f ) in order to generate a desired

current amplitude (di / dH) through the simple relation dv=di ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ 2pfLð Þ2

q
.

All of the aforementioned steps were integrated into the measurement program

Fig. 7.2 Photo of the setup
used in the ME
measurements. The labeled
components are:
1 electromagnet; 2 box
containing the Helmholtz coil;
3 sample support and
goniometer; 4 PC; 5 lock-in
amplifier; 6 function
generator; 7 multimeter
(ammeter/voltmeter); 8 power
amplifier; 9 gaussmeter
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written in LabVIEW. We note that, beside the AC field, the Helmholtz coil may also
simultaneously be used to produce a bias field of up to 100 Oe, thus allowing direct
ME measurements to be performed independently without any external
electromagnet.

An important component in this kind of systems is the electrical contact and
support for the samples. This support must be able to fix the samples in place while
taking into account that a large enough stress applied by the support may negatively
affect the sensitive ME effects under resonant conditions. The support must also
ensure a good electrical contact to the sample’s top and bottom electrode surfaces.
The ME voltage signal produced between the electrodes must then be carried by a
cable to the input of the lock-in. A very short low-noise coaxial cable or twisted pair
cable are ideal in this case. These cables can also be enclosed by a conductive shield
thus functioning as triaxial cables where the external conductor provides an elec-
tromagnetic shielding of the inner conductors mainly from the AC magnetic field.
The voltage difference between the inner conductors of the signal cable can sub-
sequently by measured by the lock-in amplifier operating in differential mode.

There are several issues that should be taken into account in the measurements of
the dynamic direct ME effect. One of the most important is the generation of an
electromotive force between the electrodes of the sample induced by the time
changing AC magnetic flux due to the effect of Faraday induction [3]. This mag-
netically generated signal, having the same frequency as the modulation field, will
thus be detected by the lock-in and can easily pass as a ME signal. From the
Faraday law of induction we known that the amplitude of the induced signal is
proportional to the amplitude of the modulation field (dB), the area of the “loop”
formed by the electrodes and the frequency of the field. It should also be shifted by
90° with respect to the modulated field. Since the phase of an eventual ME signal
obtained in the lock-in is generally measured relatively to the phase of the voltage
applied to the power amplifier that drives the coil, this fact can be used to our
advantage in order to obtain the phase of this ME signal relatively to the modulated
field. The expression of the induced electromotive force shows that this effect in
principle can be minimized by using relatively small frequencies of operation and
reducing the surface area normal to the magnetic field formed between the electric
wires (decreasing the amplitude of the modulation field does not help because, as
we have seen in (7.8), the amplitude of the ME voltage also tends to be proportional
to this value). The effective surface area between wires can be minimized by using
coaxial cables or twisted pairs of thin wires or/and by carefully orienting these wires
in relation to the applied time-varying magnetic field. Even so, test measurements
using a non-ME reference sample with dimensions of approximately
10 × 10 × 0.5 mm3 in our support in the frequency range of up to 600 kHz have
shown linear output voltages with slopes of up to ca. 873 mV/(Oe·MHz) (see
Fig. 7.3a). This value of the induced voltage was obtained for the case of the
single-mode detection of the lock-in (i.e. using a simple coaxial cable). On the other
hand, in the differential detection mode of the lock-in with the signal being mea-
sured between the inner conductors in a triaxial cable, the induced voltage was
found to be 467 mV/(Oe·MHz). Finally, the use of the lock-in in the differential
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detection mode together with a grounded outer thick conductive shield was shown
to reduce the Faraday induced voltage in the support by up to ten times down to ca.
81 mV/(Oe·MHz). This is the case because of the ability of the conductive outer
tube to effectively shield the interior signal-carrying conductors from the external
modulated field. Nonetheless, in most bulk laminate and particulate ME composites
this effect is not an issue at low frequencies (up to ca. 1 kHz) because they usually
yield ME responses of the order of some tens or hundreds of mV/(cm·Oe) [1, 2, 7,
31, 32]. However, for the case of single-phase multiferroics and thin-film com-
posites this induction can become noteworthy because of the weak nature of the ME
coupling. Indeed, in the first case maximum direct ME coefficients of the order of
only some mV/(cm·Oe) [32, 33] tend to be observed, while in the second even
smaller signals of the order of tens or hundreds of μV/Oe [3, 33] can be detected
due to the small thickness of the thin films (even though the direct coefficients can
still be comparable to the ones observed in bulk composites). Also, the eventual
generation of eddy currents in the wires may also take an important part in this last
case [34]. For samples associated with a weak ME effect a simple method can be
used to correct the data from the induction effects. Here, a preceding reference
measurement is carried out with a non-ME reference sample with about the same
dimensions as the ME sample (e.g. a tri-layered composite of Metglas and Teflon)
and using the same parameters as in the subsequent ME measurement. The complex
in-phase (X) and out-of-phase (Y) components of the parasitic signal can posteriorly
be subtracted from the second ME measurement. An example of this procedure is
illustrated in Fig. 7.3b.

Fig. 7.3 a Test dynamic ME measurements performed in a reference non-ME sample while
operating the lock-in in its single or differential mode whit a grounded or not grounded exterior
conductive shield. The observed voltages increase linearly with the frequency of the modulated
field (dH = 0.1 Oe) and are induced between the electrodes by the Faraday effect. b Small
transversal direct ME effect (aE31) measured in a bi-layered composite of Metglas/Z-cut LiNbO3

(1 mm thick) with f = 10 kHz and dH = 1 Oe. The originally measured signal dV=t:dH represents
the amplitude of the voltage due to the ME effect superimposed on that generated by the Faraday
induction (EMF), of about 0.81 mV/(cm·Oe), which is independent of the bias field. The second
curve shows the corrected ME effect obtained by subtracting this second known component
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In addition to the electromagnetic induction and intrinsic noise sources such as
Johnson, shot and 1/f noise, various other extrinsic sources of synchronous noise
may negatively influence the results of the experiment. They can be originated, e.g.,
by capacitive, inductive or resistive coupling between components of the system.
The capacitive coupling can be reduced by the use of short cables connected to the
samples and by placing such cables far away from eventual sources of stray electric
fields (e.g., power amplifiers). Coaxial or twisted cables can be used to minimize
the inductive coupling. An electromagnetic shield may also be used to enclose the
system containing the sample and Helmholtz coil in order to shield it from stray
external DC and time changing electric and magnetic fields. Ground loops can also
give rise to a synchronous voltage and are avoided by grounding all of the
instruments to the same physical point. Microphonic noise can be minimized by
properly fixing the cables and sample support. In our case we also noted the
existence of a 50 Hz harmonic noise from the power line, and so measurements at
multiple frequencies of 50 Hz were avoided at least up to about 800 Hz, after which
this effect is no longer noticeable. The value of the spectral noise density at 1 kHz
was estimated as 31 μVrms/Oe·

ffiffiffiffiffiffi
Hz

p
, and therefore, in order to obtain a

single-to-noise ratio of 100 at 1 kHz with a bandwidth of 1 Hz, a signal of only
about 0.44 mV/Oe should be required.

In order to demonstrate the capabilities of this system and the applicability of
(7.6) and (7.8), in this part we now present an example of a direct ME measurement
performed on a tri-layered composite. In this case, two sheets of the magne-
tostrictive alloy Metglas were bonded with epoxy to both surfaces of square shaped
piezoelectric single crystals of LiNbO3. Y- and 41°Y-cut crystals were employed
here. Using the setup described above, we first measured the direct ME response of
the Y-cut sample as a function of the in-plane magnetic bias field using a modu-
lation field with an amplitude of 1 Oe and a frequency of 1 kHz. The
fundamental-frequency voltage signal (aME1 = dV=t � dH), as well as its 1st
(aME2 ¼ d2V=t � dH2) and 2nd (aME3 ¼ d3V=t � dH3) harmonics, for k = 2 and
k = 3, respectively, as in (7.8), were measured simultaneously relative to the applied
modulated field. These correspond to the component of the generated voltage in
phase with the applied modulated field (i.e. the real part of dkV 0 f 0;H0ð Þ as in
(7.11)). Figure 7.4 shows the results obtained in this way. The uppermost graph
depicts the real part (i.e. in-phase with the modulated field) of the direct ME
coefficient (aE31) in units of mV/(cm·Oe) as a function of the bias field. Here we can
observe that a coefficient as large as 946 mV/(cm·Oe) was generated for a field of
just about 24 Oe. In general, the shape of the ME curves tend to follow the first
derivative of a typical magnetostrictive curve for the Metglas alloy (i.e.
aME1 ’ aE ¼ ð1=tÞ � @V=@H / q ¼ @k=@H) since the corresponding piezoelectric
curve of the PE crystal is highly linear in this range of coupled strains. The second
graph, on the other hand, depicts the measured 1st harmonic (at 2 kHz) of the ME
output signal in units of mV/(cm·Oe2). In particular, this signal is shown to be
relatively large even for a null bias field. The superimposed red line in this graph
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represents 1/4 times the numerical field derivative of the fundamental response in
the above graph. This derivative perfectly fits the measured data as predicted by
(7.8), where we have: aME2 ¼ d2V=t � dH2 ’ 1=ð4 � tÞð Þ � @2V=@H2 ’ 1=4ð Þ �
@ðdV=t � dHÞ=@ H ¼ 1=4ð Þ � @aME1=@H. The third graph shows the measured 2nd
harmonic (at 3 kHz) of the ME response in units of mV/(cm·Oe3) as a function of
the bias field. Superimposed on this response is a line which represents 1/6 times
the numerical derivative of the 1st harmonic response. Yet again we see that this
derivative fits well the measured signal as predicted by (7.8): aME3 ¼ d3V=t �
dH3 ’ 1=ð24 � tÞð Þ � @3V=@H3 ’ 1=6ð Þ � @ðd2V=t:d H2Þ=@H ¼ 1=6ð Þ � @aME2=@H.
In conclusion, in this measurement we have proven experimentally the validity
of (7.8). In practice these ME curves are generally closely related to the non-
linear magnetostrictive curves of the MS phase as shown by:
aMEk ’ ð1=2k�1k!Þ � kaE / kq ¼ @kk=@Hk , where kq are the k-th order piezomag-
netic coefficients.

The aforementioned setup also allows the measurement of the ME response as a
function of the frequency of the modulated field (f ) for a fixed bias field. Figure 7.5
shows an example of this measurement for the case of a Metglas/41oY-cut LiNbO3/
Metglas composite. This measurement was made in the T-L mode (in-plane mag-
netic field and out-of-plane voltage detection), using a bias field of 25 Oe and a
modulated field with an amplitude of 0.1 Oe. The fundamental response (aME1) as
well as its 1st (aME2) and 2nd (aME3) harmonics were recorded. In the fundamental
mode we note the existence of a single in-plane contour EM resonance mode at a

Fig. 7.4 Direct ME effect measurements of a Metglas/Y-cut LiNbO3/Metglas sample as a function
of the bias field at 1 kHz and with dH = 1 Oe. The uppermost graph shows the ME response
detected at its fundamental frequency (aME1) equal to the frequency of the applied modulated field.
The second and third graphs show the 1st (aME2) and 2nd (aME3) harmonic response functions,
respectively. Superimposed on them are lines representing the numerical derivatives of the
previous lower-order harmonic responses
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frequency of ca. fR = 323.1 kHz. At this frequency, a coefficient as large as 250 V/
(cm·Oe) has therefore been measured. As predicted by (7.10), we also see that this
same resonance mode is also excited by modulated fields with frequencies of
161.5 kHz (’ fR=2) and 107.7 kHz (’ fR=3) in the 1st and 2nd harmonic mea-
surements, respectively, through the non-linear MS effect (i.e.
aMEk / kq ¼ @kk=@Hk). The amplitudes of these peaks are of approximately
37.1 V/(cm·Oe2) and 4.7 V/(cm·Oe3), respectively. Furthermore, we can also
observe the existence of another resonance peak at 323.1 kHz in the 2nd harmonic
detection. This resonance peak should correspond obviously to the first harmonic
mode of the fundamental contour mode observed at 323.1 kHz, since it is observed
at an odd integer multiple of this frequency, and therefore should be strongly
excited by a modulated field frequency of 969.3 kHz. This frequency is larger than
the maximum modulated field frequency of 600 kHz which can be attained with the
equipment due to technical limitations. Thus, we note that higher-harmonic
detection can be useful, e.g., in the study of resonance modes of vibration at
frequencies larger than the ones which can be achieved in a given Helmholtz coil.
The resonance peak observed at 442.3 and 294.7 kHz in the 1st and 2nd harmonic
detection, respectively, corresponds to another contour mode of resonance which in
the fundamental frequency detection should be observed at ca. 884.4 kHz. In
summary, three distinct contour modes of EM resonance of the composite were
identified using the aforementioned technique as seen in the 2nd harmonic detec-
tion. We finally note that these non-linear resonant ME effects may be found to be
very useful in future e.g. for the development of highly sensitive and low-power
wideband AC magnetic field sensors [35, 36].

Fig. 7.5 Direct ME effect measurements of a Metglas/41oY-cut LiNbO3/Metglas sample as a
function of the modulated field frequency with dH = 0.1 Oe and H = 25 Oe. Here, the fundamental
frequency detection (aME1) is plotted in black, whereas the 1st (4·aME2) and 2nd (6 aME3) harmonic
detections are plotted in red and blue, respectively. The single peak observed in the fundamental
mode corresponds to an electromechanical resonance of the composite
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7.3 Experimental Results

7.3.1 Comparative Study of the Direct and Converse
Magnetoelectric Effects in Tri-Layered Composites
of Metglas with LiNbO3 and PMN-PT Single Crystals

As we noted in the introduction, since the estimated magnitude of the direct ME
effect is approximately proportional to the product of the magnetostrictive and
piezoelectric properties of the MS and PE phases, carefully engineered composites
can in principle exhibit a remarkable ME coupling, orders of magnitude larger than
the ones observed in single-phase multiferroics [1, 2]. The same behavior is
expected in the case of the converse ME effect. While the former can find appli-
cations in the electric detection of magnetic fields [37–39], the latter could be useful
in the electrical control of magnetism [40, 41].

For laminated composites operating in the L-T mode, necessary requirements for
a large voltage ME effect (aE3a) include a PE phase with large transversal PE
coefficients (d3a), small thickness dielectric permittivity (eT33) and small longitudinal
and transversal compliance (sEab). Although Pb(Zr,Ti)O3 (PZT) ceramics do not
satisfy these requirements from a general point of view, the fabrication of
PZT-based ME composites is still commonplace [42, 43]. The use of
single-crystalline PEs, poled and cut along desirable crystallographic directions, is
another possible approach to achieve large ME effects [17, 18, 30]. Among the
commercially available single crystals, lead magnesium niobate–lead titanate
(PMN-PT) [44] and lead zinc niobate–lead niobate (PZN-PT) exhibit the largest
known piezocoefficients and are thus frequently employed in laminate ME struc-
tures [19, 20, 39, 45–47]. Nonetheless, both of them are characterized by some
notorious drawbacks which include their low Curie and depolarization temperatures
(ca. 100 °C), large chemical and electrical instabilities, non-linear hysteretic
behavior, uneasy growth of high-quality crystals and consequently a very high
price.

Due to these factors, other single crystalline piezoelectrics are being tested at
present [17, 18, 21, 22, 30, 48]. Those have included so far lead-free crystals such
as barium titanate (BaTiO3) [49], lithium niobate (LiNbO3) [30, 50], gallium
phosphate (GaPO4) [51], quartz (SiO2) [18], aluminum nitride (AlN) [17], zinc
oxide (ZnO) [21], langatate (La3Ga5.5Ta0.5O14, LGT) [22, 23] and langasite
(La3Ga5.5SiO14, LGS) [23]. LiNbO3 (LNO), a uniaxial PE with a very high Curie
temperature (*1210 °C), in particular could be proven to be a very promising
choice. Although the PE coefficients of LNO are up to three orders of magnitude
smaller than those of PMN-PT and PZN-PT, its dielectric coefficients also are, and
therefore a comparable ME voltage coefficient can be anticipated in composites
featuring this compound. Even in the weakly PE quartz [18], the induced ME
coefficient has been found to be very large (ca. 175 V/(Oe·cm)) under EM reso-
nance conditions. Optimization of the LNO-based structures is therefore believed to
yield comparable or even larger ME coefficients. Among other attractive features of
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LNO, one can highlight its relatively low price, high chemical, thermal and
mechanical stability, availability of large crystals of high quality and its lead-free
nature [30]. Its multifunctionality could also bring new opportunities for devices
based on a coupling between optical, magnetic and electric properties. LNO and a
closely related PE LiTaO3 have already been widely used in surface and bulk
acoustic wave devices, optical modulators, waveguides, filters, transducers, acoustic
microscopes, etc. [52–56]. Experimentally, magnetically tunable surface wave devices
were already tested in doped LNO [57, 58]. However, as a PE layer in ME laminate
structures, LNO has been considered only in a few studies [50, 59, 60]. A theoretical
estimation of the ME effect in a structure of Terfenol/LNO/Terfenol was made in [59]
and an experimental study, in [50]. A very significant tunability of the magnetic
properties of a polycrystalline nickel film deposited over a LNO single crystal has also
been shown [60].

In this section we present a study of the direct and converse ME effects in
tri-layered structures of Metglas/LNO/Metglas and Metglas/PMN-PT/Metglas [30].
As the thickness of the MS layer and bonding method were not optimized, those
two types of PE crystals were employed in order to perform a comparative study.

In greater experimental detail, several tri-layered ME composites of the 2-2
connectivity type were fabricated by bonding thin foils of the amorphous Metglas
(Ni-Fe-Mo-B) MS alloy to opposite sides of square shaped 10 × 10 × 0.5 mm3 PE
single crystals of LNO and PMN-31 %PT poled in the [011] direction.
Commercially available 29 μm thick sheets of 2826 MB type Metglas® (Hitachi
Metals Europe GmbH) were cemented to opposite surfaces of LNO single-crystals
(Roditi International Corporation Ltd.) and PMN-PT (H.C. Materials Corp.) using a
commercial cyanoacrylate-based glue. Both PE crystals were poled by the suppliers
after growth. In this study we used Y-cut and 41°Y-cut crystals of LNO. The LNO
crystal has a trigonal symmetry (belonging to the point group 3 m), and its
polarization vector lies along the c-axis. The corresponding anisotropic PE,
dielectric and elastic constants of the substrates can be calculated by rotating the
crystallographic frame of the system, for which the coefficients can be obtained
from the literature [61], with respect to their respective laminate frames [59]. The
in-plane PE coefficients of the Y-cut LNO substrate were therefore calculated as
d31 = –20.8 pC/N and d32 = 0, while an out-of-plane dielectric constant of
eTr33 = 85.2 was obtained. On the other hand, the 41°Y-cut crystal has PE constants
d31 = –16.3 pC/N and d32 = –17.5 pC/N and a relative permeability of eTr33 = 60.9.
The PMN-PT crystals used were poled along their thickness direction (i.e. along
[011]), so that a mm2 multidomain symmetry was engineered [44, 62] with effective
in-plane extensional PE constants d31 ≈ –1750 pC/N and d32 ≈ 564 pC/N and
relative dielectric out-of-plane constant of eTr33 ≈ 4600 [44, 62].

In order to study the EM and ME properties of the samples, impedance spec-
troscopy, as well as direct and converse ME effect measurements were carried out.
The impedance measurements were performed in the frequency range of 10 Hz–
10 MHz. In this case a simple I-V circuit was used with a reference resistor
connected in series with the piezocrystal, with gold electrodes deposited on each

7 Dynamic Measurements of Magnetoelectricity … 243



surface, and the frequency of a constant voltage signal generated by and internal
source of the lock-in was swept. The amplitudes and phases of the voltage
developed across the reference resistor were then detected by the lock-in amplifier,
and, using a simple equivalent circuit model, the active and reactive parts of the
sample impedance were subsequently obtained. The whole measuring procedure
was controlled by a home-made LabVIEW® based program. This technique was
used mainly in order to determine the quasi-static dielectric constant of the tri-layers
and observe their characteristic EM resonances.

The results of the impedance measurements are shown in Fig. 7.6 in the form of
the absolute admittance, jY j, as a function of the frequency. Here we can distinguish
a series of characteristic EM resonance and anti-resonance peaks. The sound
velocity for longitudinal waves in LiNbO3 propagating along the principal axes is:
for the Z direction, 7.271 × 105 cm/s; for the Y direction, 6.549 × 105 cm/s; and for
the X direction, 6.580 × 105 cm/s [61, 63, 64]. Applying these values to the case of

Fig. 7.6 On the left experimental and simulated impedance spectra of a LNO and b [011]-poled
PMN-PT PE single crystals depicting its various characteristic EM resonance ( Yj j ! 1) and
anti-resonance ( Yj j ! 0) modes. On the right spatial distribution of the in-plane relative
displacement fields associated with each type of observed contour EM resonance mode labeled as
(1)–(6). Here, more purple regions correspond to larger relative displacement amplitudes while
more cyan regions are associated with small displacements. The superimposed small red arrows
depict the direction of such displacements [30]

244 J.V. Vidal et al.



a 10 × 10 × 0.5 mm3 Y-cut LNO crystal, we see that the thickness extensional mode
should roughly appear at ca. 6.58 MHz. The closest observed peak is centered at a
slightly lower frequency of 6.34 MHz. The calculated length extensional reso-
nances along the X and Z directions (327.5 and 363.5 kHz, respectively) can be
associated with the peaks observed at 281, 314 and 355 kHz. The remaining peak
centered at 3.65 MHz should be attributed to a shear thickness mode. This mode
could be mediated by the relatively large d34 coefficient (–69.2 pC/N). In the case of
the 41°Y-cut LNO crystal, the thickness shear mode is much less intense because of
a much smaller d34 = 3.83 pC/N [63, 64]. Also, in this case the two largest peaks
observed at 323.9 kHz and 6.71 MHz must correspond to contour and thickness
modes of vibration, respectively.

In order to exactly identify the in-plane contour acoustic vibrational modes of the
LNO crystals observed in the impedance measurements, we implemented a simple
model capable of predicting the dynamic electrical behavior of the crystals. More
precisely, we numerically solved the thickness-averaged linear elastic and
quasi-electrostatic equations of the crystals using a two-dimensional finite
element-method (FEM). In the two-dimensional approximation [65, 66], where the
thickness of the crystal is assumed to be much smaller than its length, we end up
with a system of partial differential equations (PDEs) that can be solved numerically
after prescribing the elastic displacements or stresses and electric potentials or
electric displacements on the boundary surfaces of the media (i.e. the boundary
conditions). Setting the appropriate material constants for each orientation of the
crystal and assuming a grounded bottom electrode and a harmonic homogenous
potential on the upper electrode (dV3ejxt), as well as a null electric displacement
field normal to the side surfaces and a null traction over all boundaries, the
admittance at each frequency was calculated. To do this, the current flowing
through a transverse section of the crystal was obtained by integrating the time
derivative of the harmonic displacement field over this surface (i.e.
dI3 ¼ jx

R
Area dD3dA).

The results of these simulations for the Y-cut and 41°Y-cut crystals are plotted in
Fig. 7.6a along with the experimental data. Here we observe a good agreement
between the simulated and experimental results and can perfectly identify a cor-
respondence between the resonance and anti-resonance peaks in each type of Y-cut
crystal. Therefore, we confirm the existence of three contour modes of resonance in
the Y-cut crystal, situated at approximately 278, 314 and 358 kHz, and a single
mode for the 41oY-cut crystals at ca. 324 kHz. By setting the frequency of the
applied voltage in the model to a value corresponding to some characteristic res-
onance mode and plotting the amplitude of the spatial distribution of the in-plane
displacement fields, we can analyze and identify the contour resonance modes
associated with each peak. The modes thus found are labeled and represented in
Fig. 7.6a which shows the absolute value of the displacements along the plane of
the PE in a color scale (from blue for a null displacement to pink for large dis-
placements) and the directions of these displacements as red arrows. Thus, the three
resonance modes observed in the Y-cut crystal correspond to the three contour
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acoustic modes labeled as: (1), (2) and (3). All of those are non-trivial modes
because of the relatively complex geometry of the system. The mode (1) is com-
parable to an extensional mode of type I, as labeled by the IRE standard [67], just
like the mode (3). In summary, the mode (1) is characterized by oscillatory dis-
placements mainly along the central region of each face, while the central and
vertex regions stay almost still. In mode (2) there is a periodic bending of the
vertexes to the sides. The (3) mode is associated with a periodic displacement of the
vertex regions of the plane along the radial direction. Since the (1) and (3) modes
are associated with larger displacements over larger areas, they naturally produce
larger variations of the current flowing through the crystals and consequently larger
resonant peaks. The single large resonant mode observed in the 41°Y-cut crystal
labeled (4), on the other hand, corresponds to a symmetric contour mode of the type
III [67] where the crystal periodically expands and contracts almost isotopically in
both in-plane directions and is generated due to the almost in-plane isotropic nature
of the material constants in this case.

For the case of the PMN-PT based tri-layer, two low-frequency modes (67 and
111 kHz) and one high-frequency mode (4.87 MHz) are observed, as shown in
Fig. 7.6b. According to [68], the sound velocity for the longitudinal mode propa-
gating along the Z direction is 4.727 cm/s, which yields for a thickness extensional
resonance a frequency of about 4.73 MHz that is close to the experimentally
observed value. Using the same model as in the aforementioned case, we identified
the contour resonance modes responsible for the two observed low-frequency
peaks. Those are labeled (5) and (6) and are shown in Fig. 7.6b. The first of these
modes therefore corresponds to a simple extensional mode, while the second
exhibits a behavior similar to the one observed in the mode (2). When compared to
the electrically excited contour resonant modes of the LNO crystals, the resonant
admittance peaks measured in the PMN-PT crystal are shown to be one order of
magnitude larger, which should be a result of a much stronger PE effect in this
crystal.

Measurements of the direct ME effect were carried out at room temperature and
at a frequency of 5 kHz in the quasi-static regime, i.e. far enough from any observed
EM resonances. The modulation amplitude of the AC field was fixed at dH = 1 Oe,
while the transversal ME voltage coefficients aE31 and aE32 (given by (7.8) for
k = 1) were measured in two orthogonal in-plane orientations. Thus, aE31 was
measured with the bias field H oriented along the X direction in the laminate frame,
while aE32 was measured with H oriented along the Y direction. Figure 7.7 shows
the experimental results obtained. In the general case we start by noting that the soft
magnetic properties of the Metglas alloy are responsible for the appearance of the
maximum ME effect in magnetic fields as low as 25 Oe. The region where the ME
effect is not null corresponds to the field range where the magnetization vector of
the MS phase increases by the rotation of magnetic domains and by domain wall
motion. The saturation of the ferromagnetic foil occurs at H ≈ 50 Oe, after which
any further increase of the external bias field does not lead to any substantial
increase of the strain in the thin foil (i.e. the magnetostriction attains its saturation
value kS), and consequently the ME effect vanishes. Furthermore, as it was

246 J.V. Vidal et al.



expected, we see that the samples demonstrate an anisotropy of their in-plane ME
properties due to the anisotropy of the PE properties. The sample containing the
Y-cut LNO crystal exhibits a difference between aE31 and aE32 of more than an
order of magnitude. The respective measured values were aE31 = 0.46 V/(cm·Oe)
and aE32 = 0.024 V/(cm·Oe). In this crystal we have d31 = –20.8 pC/N and d32 = 0
and, consequently, the small observed aE32 coefficient is exclusively generated by
the transversal Poisson stress of the magnetostriction acting on the d31 component.
In the latter case, the magnitude of the ME induced voltage was comparable to the
parasitic electromagnetic induction voltage, so that the corresponding correction has
been applied. On the other hand, in the 41°Y-cut LNO crystal sample an almost
isotropic in-plane behavior has been observed with aE31 ≈ aE32 ≈ 0.42 V/(cm·Oe),
which is due to almost equivalent values of the d31 and d32 piezocoefficients (–
16.3 pC/N and –17.5 pC/N, respectively). For the case of the PMN-PT composite,
the d31 piezoconstant is twice as large as d32 and has a different sign. As a result, the
maximum of aE31 corresponds to 1.15 V/(cm·Oe), while the maximal amplitude of
aE32 equals –0.41 V/(cm·Oe). Following the procedure described in [59] and using
the Metglas and PMN-PT material parameters measured by the suppliers and by
independent sources [44, 62], we calculated the maximum expected quasi-static
values of aE31 and aE32 for our specific sample to be aE31 = 23.2 V/(cm·Oe) and
aE32 = –7.2 V/(cm·Oe). These values are more than one order of magnitude larger
than the experimental ones. This may be mainly due to a weak coupling between
interfaces, where the intermediate glue layers absorb part of the tensile stress being
transferred from the MS to the PE phase, and a non-optimized PE/MS thickness
ratio between phases, where composites with much thicker MS phases are expected
to generate considerably larger effects due to a minimal compressive stress

Fig. 7.7 Direct voltage ME
effects measured in the
tri-layered composites of
Metglas/PE/Metglas with PE
single-crystals of a 41°Y-cut
LNO; b Y-cut LNO and
c [011]-poled PMN-PT (with
f = 5 kHz and dH = 1 Oe) [30]
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produced by the thin PE substrate on the MS phases [69]. Nevertheless, as both of
these factors should result in an identical reduction of the ME effect in the PMN-PT
and LNO based composites, further discussion shall be more focused on the relation
between the measured coefficients rather their absolute values.

A very important point can be drawn from the quasi-static direct ME mea-
surements. The maximum amplitudes of the observed ME voltage coefficients for
the LNO tri-layers are only about three times lower than those for the PMN-PT
composite. The maximal ME voltage coefficient for the PMN-PT tri-layer is 1.16 V/
(cm·Oe), while for the LNO tri-layers employing Y-cut and 41°Y-cut crystals it is
0.47 and 0.42 V/(cm·Oe), respectively. Comparable magnitudes are mainly
explained by the fact that the dielectric constant of PMN-PT is more than 60 times
larger than that of LNO. Consequently, the same amount of charge generated by
piezoelectricity gives rise to a 60 times lower voltage in PMN-PT. Therefore, the
huge piezoelectric coefficients of PMN-PT are effectively nullified by its also huge
dielectric coefficients in terms of the open-circuit ME effect.

As we have seen, the magnitude of the direct ME voltage coefficient can be
comparable in LNO- and PMN-PT-based composites because this response is
approximately proportional to the ratio between the PE coefficients and dielectric
constants. However, this concurrent influence on the composite’s performance is no
longer favorable for the case of the converse ME effect because this effect is
independent of the dielectric constants [70–73]. Thus, in this regime, the huge
difference in piezoelectric coefficients between PMN-PT and LNO becomes crucial,
and the PMN-PT composites should exhibit much stronger converse ME responses.
To show this, we performed converse ME measurements on the three composites.
Figure 7.8 shows the converse magnetoelectric response represented as the ratio
between the electromotive force induced on the sensing Helmholtz coil, dVind , and
the voltage applied to the tri-layered composite, dVmod = 10 V. This effect is
associated with a change in the effective permeability of Metglas when under a
stress, which is transferred from the PE substrate. As expected, the dependences of
the converse ME effect as a function of the external magnetic bias field are shown to
be qualitatively similar to those observed in the direct ME effect measurements,
diverging between the different composites only in terms of amplitude. In fact, the
composite with the 41°Y-cut LNO exhibits a two orders of magnitude lower
response than the one with PMN-PT. Beyond any doubt, the large difference
between PE coefficients becomes crucial in this mode. In conclusion, even though
the direct ME voltage response is comparable in both composites, the benefits of
using PMN-PT crystal for the converse ME effect as well as the direct short-circuit
ME charge response in such laminate structures remains indisputable.

Returning to the direct ME effect measurements, the benefits of PMN-PT already
do not look so convincing. The three times greater ME voltage coefficient hardly
seems to justify an order of magnitude higher price and lower Curie temperature of
the PMN-PT crystal. When measured as a function of the AC magnetic field fre-
quency, f , the EM resonance modes observed in the impedance measurements can
also be detected in the direct ME effect. These measurements were performed in the
range of 20 Hz–600 kHz (with a fixed bias field H = 25 – 30 Oe and an AC field
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amplitude dH = 0.5 Oe). The results depicted in Fig. 7.9 show the characteristic
large increase in the direct response of the composites under such resonance con-
ditions (more precisely the impedance anti-resonance conditions). Surprisingly, the
system with the 41°Y-cut LNO crystal yielded the largest effect of ca. 88 V/
(cm·Oe) at the largely symmetric resonant mode (4) shown in Fig. 7.6, while in the
PMN-PT system the maximum was only of 66 V/(cm·Oe). We also note that the
EM resonance is situated in a very suitable frequency range. From the point of view
of possible sensor applications, a full implementation could be done using standard
low-cost electronic components.

Fig. 7.8 Converse ME
effects measured (given by the
ratio between the voltage
induced in the sensing coil,
dVind , and the voltage applied
to the composites,
dVmod = 10 V) in the
tri-layered composites of
Metglas/PE/Metglas with PE
single-crystals of a 41°Y-cut
LNO; b Y-cut LNO and
c [011]-poled PMN-PT [30]

Fig. 7.9 Direct transversal
ME effects (aE31) measured in
the tri-layered
Metglas/PE/Metglas
composites as a function of
the modulated field frequency
f with H = 25 Oe and
dH = 0.5 Oe [30]
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In summary, in this part we presented a study of the ME and EM properties of
2-2 type Metglass/LiNbO3/Metglas and Metglas/PMN-PT/Metglas tri-layers using
single-crystalline substrates with different cuts. Due to the simplified preparation
method, the amplitude of the observed ME effect was rather modest. In qualitative
terms, although the highly piezoelectric PMN-PT-based composite has exhibited an
orders of magnitude stronger converse ME effect, the measurements of the direct
ME effect have shown comparable magnitudes for both types of systems, mainly
due to the much higher dielectric constant of PMN-PT. At EM resonance, the
largest direct ME voltage coefficient of about 88 V/(cm·Oe) has been obtained for
the 41°Y-cut LNO composite, while the second largest coefficient of 66 V/(cm·Oe)
was observed for the PMN-PT-based structure. Therefore, in this study we iden-
tified crystalline LNO as a valuable alternative to lead-based PEs in ME applica-
tions with the potential to form its own field of ME-based low-cost
high-temperature magnetic-field sensors.

7.3.2 Comparison of the Anisotropic Magnetoelectric
Effects in Tri-Layered Composites of Metglas
with LiNbO3 and GaPO4 Single Crystals

In the previous section we showed how the use of highly anisotropic single crys-
talline LNO in ME tri-layered composites can yield very remarkable quasi-static
and resonant ME effects. Besides LNO, a noteworthy piezocrystal for ME appli-
cations is gallium orthophosphate (GaPO4, GPO) a commercially available piezo-
electric crystal with a trigonal structure (point group 32) and excellent
high-temperature properties [74]. As a crystal homeotypic to quartz, it possesses
many properties similar to the latter. Characteristic of this material are its larger
piezoelectric coefficients when compared to quartz (ca. 1.2 times larger e11 and 2.5
times larger e14) [74]. Other desirable properties of the compound are its high
thermal stability, with its piezoelectric coefficients and most of its properties barely
changing up to a cristobalite transition at 933 °C, large ratio between PE and
dielectric constants (d3a=e33), the absence of ferroelectricity and pyroelectricity, a
higher EM coupling as compared to quartz, and a high purity of the as-grown
crystals [74, 75]. In the present part, we report a study of the anisotropic direct ME
properties of enhanced bulk tri-layered composites of Metglas/LNO/Metglas and
Metglas/GPO/Metglas, making use of differently oriented crystalline PEs and under
quasi-static and EM resonance conditions [76]. The maximum expected quasi-static
ME coefficients in each case were numerically estimated as a function of the crystal
orientation and compared with the experimental results. The physical origin of the
in-plane directional ME response was therefore uncovered.

In order to numerically investigate the nature of the anisotropic ME coupling in
tri-layered composites of amorphous Metglas and piezocrystals of LNO and GPO,
the maximum direct transversal ME voltage coefficients, aE3a = @E3/@Ha, were
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numerically estimated for a series of such structures. A standard averaging linear
quasi-static micromechanical method based on coupled constitutive equations for
each layer was used for this purpose [59, 69]. Here, a square shaped 10 × 10 mm2

ME tri-layered structure composed of two 29 μm thick foils of Metglas and one
central 0.5 mm thick piezoelectric crystal, operating in the L-T mode, like the one
shown in Fig. 7.1, was considered. Its constitutive elastostatic, electrostatic and
magnetostatic equations were then solved assuming averaged homogeneous tensor
fields in each perfectly elastically coupled layer (kC = 1) and under unclamped and
open circuit boundary conditions. The required linear anisotropic electric, magnetic
and elastic material constants were obtained from the literature (Metglas [77–79],
LNO [61], and α-GPO [74, 75]). We note at this point that a pseudo-piezomagnetic
approximation was assumed for the MS layer which is valid in the small region of
the magnetostriction curve where the elastic strain (Si) changes linearly with the
applied bias field (Hk), and the slope @Si=@Hk is maximized so that Si = qkiHk

where qki describes the piezomagnetic coefficient. In the case of a traction-free
Metglas layer the @Si=@Hk slope takes a maximum value of ca. 4 ppm/Oe for a bias
field of ca. 10 Oe, which was therefore used as our q11 coefficient [80].

Since the material properties of single crystals are highly anisotropic, the opti-
mization of the piezocrystal orientation (crystal-cut) can in principle lead to sig-
nificantly enhanced ME coefficients in composites. To investigate the dependence
of the maximum ME coupling coefficient with the crystal orientation, the material
tensors were transformed from the crystalline frame to the frame of the laminate
using the classic Euler angles Z1X2Z3 corresponding to a sequence of three rotations
each denoted by the angles α, β and γ [59, 62, 81]. The results obtained in this way
are shown in Fig. 7.10 as representation surfaces of aE3aj j maximized in the range
of all γ angles between 0° and 180° and as a function of the α and β angles for the

Fig. 7.10 Representation surfaces depicting the maximum estimated absolute values of the
transversal ME voltage coefficient aE3aj j (across 0 < c < 180°) as a function of the crystal
orientation (normal to the plane of the laminate associated with the rotation angles α and β) for the
tri-layered ME composites of Metglas/Piezocrystal/Metglas, whit piezocrystals of: a LiNbO3; and
b α-GaPO4
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composites containing LNO and GPO. A very large variation of the magnitude of
the transversal ME effect with the orientation of the piezocrystal, whose symmetry
coincides with the symmetry of the corresponding crystal’s point group, can be
observed. As strong ME effects are particularly important in applications requiring
high efficiencies and sensitivities, we conclude that the selection of a crystal with an
appropriate cut is a very important step in the development of ME sensors. For the
case of the LNO crystal, we see that the calculated ME coefficient could potentially
be as large as 27.24 V/(cm·Oe) for a crystal with a (ZXl) 39°-cut (α = 0°, β = 39°
and γ = 90°) and five other cuts equivalent by symmetry. In commercially available
crystals this orientation is commonly denoted as 129°Y-cut. An even larger max-
imum coefficient of 35.62 V/(cm·Oe) was predicted for the GPO crystal with a
(XYt) 12°-cut (α = 90°, β = 90° and γ = 12°) and five other equivalent orientations.
This cut is very close to the commonly available X-cut crystals (α = 90°, β = 90°
and γ = 0°).

For comparison we also used the model described above in order to calculate the
transversal ME coefficients for the particular case of the piezocrystals employed in
the experimental part. Those consisted of Y-cut (α = 0°, β = ‒90° and γ = 0°) and
41°Y-cut (a = 0°, b = ‒49° and c = 0°) LNO as well as X-cut (α = 90°, β = 90° and
γ = 0°) GPO. The results thus obtained indicate, for the 41°Y-cut crystal, maximum
values of aE31 and aE32 in-phase and with approximately the same magnitude
(aE31 = 11.2 V/(cm·Oe) and aE32 = 11.9 V/(cm·Oe)), which is due to almost
equivalent d31 and d32 PE coefficients (‒16.5 pC/N and ‒17.5 pC/N, respectively).
In the composite containing the Y-cut crystal, on the other hand, there should be a
very large anisotropy in its transversal ME effect (aE31 = 11.6 V/(cm·Oe) and
aE32 = −1.3 V/(cm·Oe)). This is the case because the transversal piezoelectric
coefficients are very different: d31 = ‒20.8 pC/N and d32 = 0. Consequently, the
small aE32 coefficient is generated only by the traction component perpendicular to
the magnetic field, which originates from the Poisson effect, acting on the d31 PE
component. In the system with X-cut GPO a behavior similar to the aforementioned
one was also predicted (aE31 = 34.0 V/(cm·Oe) and aE32 = –3.8 V/(cm·Oe)), since
the PE constants are similarly given by d31 = ‒4.37 pC/N and d32 = 0.

Subsequently, to experimentally investigate the direct ME effect we prepared
tri-layered structure containing two 29 μm layers of 2826 MB Metglas (Hitachi
Metals Europe GmbH) bonded on both faces of 10 × 10 × 0.5 mm3 square-shaped
commercial PE single crystals of congruent LNO and GPO (Roditi International
Corporation Ltd.) cut along desirable crystallographic directions. These consisted of
substrates of Y-cut, 41°Y-cut LNO and X-cut GPO (Roditi International
Corporation Ltd.) bounded to Metglas using a commercial epoxy resin which was
cured for 24 h. This type of adhesive is commonly used in the preparation of ME
layered composites [1–5, 7, 12, 31, 33, 82] and is well known for its good
mechanical, thermal and chemical properties. Their anisotropic ME and EM
properties were subsequently studied.

Using the setup described in Sect. 2.2, we measured the direct ME effect in the
quasi-static regime in each of the three composites. The tri-layered structures were
subjected to a fixed AC magnetic field with amplitude dH = 1 Oe and a frequency of
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1 kHz. The magnetic bias field H was then applied in the X and Y directions in
relation to the samples and swept in such a way so as to measure the hysteretic
in-plane aE31 and aE32 ME coefficients (i.e., with the field increasing from zero up
to its maximum value followed by a decrease down to a minimum value and an
increase back to zero). The results of these measurements are plotted in Fig. 7.11.
As in the previous comparative study, we see that the maxima of the ME effects are
attained at magnetic fields as low as 25 Oe, which is due to the soft magnetic
properties of Metglas. We also note an almost complete absence of a hysteretic
response, which confirms the linear nature of the piezoelectric properties of both
LNO and GPO. An imperative observation is that, as expected, all of the samples
exhibit a significant anisotropy of their in-plane ME properties (aE31 ≠ aE32). Such
noticeable differences are mostly related to the anisotropic nature of the material
constants of the piezocrystals, mainly their piezoelectric d3a coefficients. In the case
of the tri-layered composite with the 41°Y-cut LNO crystal, maximum effects of
aE31 = 0.83 V/(cm·Oe) and aE32 = 0.92 V/(cm·Oe) were obtained. This response
corresponds to an almost isotropic in-plane ME behavior with aE32 ≈ aE31 in
agreement with the predictions made in the preliminary calculations. This behavior

Fig. 7.11 Direct quasi-static
transversal ME effect
measurements ( aE31j j and
aE32j j) of the tri-layered
composites of Metglas and a
41°Y-cut LNO, b Y-cut LNO,
or c X-cut GPO, with f = 1
kHz and dH = 1 Oe [76]. The
insets depict the phase (in
degrees) corresponding to
each ME coefficient
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contrasts with the structure containing the Y-cut LNO crystal which exhibits a
difference between maximum absolute values of aE31 and aE32 by almost an order
of magnitude. This is the case because the d32 PE coefficient happens to be null in
this orientation. The obtained values here were aE31 = 0.95 V/(cm·Oe) and aE32 = ‒
0.10 V/(cm·Oe). We also note that both maximum coefficients have a different sign.
The positive value defines an in-phase dependence between the applied AC mag-
netic field and the induced AC voltage and the negative value indicates an
out-of-phase relation between these fields. Finally, we see that the sample with the
X-cut GPO piezocrystal equivalently yields an almost anisotropic unipolar response
with maximum ME coefficients of aE31 = 0.24 V/(cm·Oe) and aE32 = ‒0.03 V/
(cm·Oe), as was already predicted by our calculations.

Considering again the preliminary calculations, we conclude that all of the
experimental results are in a good qualitative agreement with the theoretically
estimated effects. However, in quantitative terms, the obtained coefficients were still
one order of magnitude smaller than the maximum calculated ones. The main rea-
sons for this should be attributed to a far from optimal thickness ratio between the PE
and MS phases and elastic coupling between phases. Additionally, because the mag-
netostrictive response of the MS alloy is highly non-linear, its pseudo-piezomagnetic
qki coefficients change abruptly with the bias field and stress tensor. In fact, a more
sophisticated model for the MS phase [83] shows that the large compressive
pre-stress produced by the thick PE in the direction of the applied bias field tends to
decrease the maximum value of qki and increase the bias field at which it is attained.
Also, our calculations predicted a three times larger effect in the system with GPO in
relation to the one with Y-cut LNO. Since all samples were prepared in the same
manner, this seems to be in disagreement with the experiment. A likely explanation
is the existence of a large discrepancy between piezoelectric and dielectric coeffi-
cients of GPO as the ones found in the literature due to variations in the growth and
poling techniques [74, 75, 84]. It may also be related to limitations of the model
which, e.g., does not take into account possible stress relaxation occurring along the
thickness of the piezoelectric layer nor the properties of the interfaces between the
piezoelectric crystals and the layers of epoxy with a finite thickness.

To investigate the dynamic properties of the composites we again started by
performing impedance measurements of the PE crystals alone. Figure 7.12 shows
the results thus obtained in the form of a) the absolute impedance Zj j.as a function
of the frequency and (b) the corresponding Nyquist plots of the impedance (–Z 00 vs
Z 0, where Z 0 is the real and Z 00 the imaginary parts of Z, respectively). These figures
clearly illustrate a multitude of EM resonances (where Zj j attains a minimum value)
and anti-resonances (where Zj j attains a maximum value) in the frequency range
between 150 and 390 kHz. The amplitude and frequency of the anti-resonance
modes is particularly interesting because, as we shall see later, these modes are
strongly linked with the resonant peaks observed in the dynamic ME measure-
ments. Of notice is the fact that the X-cut GPO crystal was shown to produce four
different resonant modes which are nonetheless much weaker than those found in
the LNO substrates and appear at smaller frequencies, due to ca. 3 times larger
compliance coefficients in the former [61, 74, 75].
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Another important observation is that the difference between the anti-resonant
and resonant frequencies of the 41°Y-cut LNO is much larger than in the other
crystals which indicate an enhanced effective EM coupling factor (keff ) and con-
sequently a more efficient conversion of energy [85]. The Nyquist plots show us
how the real and imaginary parts of the impedance of the PEs change with the
frequency close to a certain resonance mode. Thus we see that, as the frequency
increases, the imaginary part of Z starts to increase up to a maximum value where
the resonance frequency is ca. attained. After this, the imaginary part starts to drop
to zero while the real part of Z starts to increase from a very low positive value up
to a maximum close to the anti-resonance frequency. After this frequency, the real
part returns to its initial positive value while the imaginary part decreases down to a
negative minimum and subsequently returns to its initial value. Each of these
resonance modes therefore form a closed loop in the Nyquist plot. More intense
resonances in general thus give rise to wider loops and larger resonance peaks. To
identify each acoustic resonant mode we again implemented in Matlab® a
two-dimensional finite element-method in order to simulate the results [65, 66].
These calculations clearly proved that the resonant peaks observed correspond to
different types of in-plane contour resonance modes. The obtained modes are thus
labeled in Fig. 7.12 as (1)–(8) and depicted in Fig. 7.13c. To summarize this part,
the frequency and Zj j amplitude associated with each anti-resonant mode is listed
next: (1) f = 284.0 kHz; Zj j = 246 kOhm; (2) f = 315.8 kHz; Zj j = 51 kOhm;
(3) f = 358.6 kHz; Zj j = 205 kOhm; (4) f = 336.1 kHz; Zj j = 1.25 MOhm;
(5) f = 184.8 kHz; Zj j = 80 kOhm; (6) f = 199.3 kHz; Zj j = 90 kOhm;
(7) f = 218.4 kHz; Zj j = 69 kOhm; (8) f = 257.5 kHz; Zj j = 63 kOhm.

The dynamic ME effects (aE31 and aE32 components) were subsequently mea-
sured for the three composites as a function of the frequency of the AC magnetic
field. The measurements were performed in the range from 20 Hz–600 kHz, with a
fixed bias field of H = 25 Oe and a modulation field amplitude of δH = 0.1 Oe. The

Fig. 7.12 Impedance spectra of the 41°Y-cut LNO, Y-cut LNO and X-cut GPO single-crystals
showing its characteristic EM resonance ( Zj j ! 0) and anti-resonance ( Zj j ! 1) modes labeled
as (1)–(8) and depicted as: a the absolute value of the impedance Zj j versus f and; b Nyquist plots
of the impedance (–Z 00 vs. Z 0). In the last case, the arrows indicate the direction of the increasing
frequency and the inset shows in detail the small loops associated with the weak resonance modes
of the Y-cut LNO and X-cut GPO crystals
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obtained results are depicted in Fig. 7.13a, b. Here, we can again identify the
existence of multiple high-amplitude peaks in the ME response of the samples. By
taking into account the sound velocity for the propagation of longitudinal waves in
these crystals, of the order of 6.5 × 105 cm/s [61], and their dimensions we conclude
that the observed peaks in the kHz range can be attributed to different types of
in-plane contour acoustic modes.

With a bias field applied in the X direction (aE31 mode), for the case of the
composite with the 41°Y-cut LNO crystal a single and very intense ME peak of up
to 249.0 V/(cm·Oe) was observed at a frequency of 323.1 kHz. For the sample with
the Y-cut LNO crystal, on the other hand, three different smaller peaks were
observed in this range. This clearly illustrates how the anisotropic nature of the
material constants takes an important part in the determination of which kinds of
EM modes may or may not be excited under certain conditions. Consequently we
conclude that the anisotropic nature of the PE crystals is even more noticeable in the
resonant regime in relation to the quasi-static. In the structure with the Y-cut LNO
crystal, the largest peak occurs at approximately 344.3 kHz and takes the value of
132.9 V/(cm·Oe). The other two peaks appear at 270.1 and 302.3 kHz and reach
heights of 101.1 and 26.8 V/(cm·Oe), respectively. In the GPO sample we

Fig. 7.13 a aE31 and b aE32 direct dynamic ME effect measured in tri-layered composites
consisting of Metglas and LNO and GPO as a function of the modulation frequency with H = 25
Oe and δH = 0.1 Oe [76]. The various resonant peaks seen here are labeled (1)‒(8). The insets in
each graph shows the variation of the phase of the ME voltage coefficients (in degrees) as a
function of the frequency. c Spatial distribution of the in-plane relative displacement field and
deformation associated with each type of contour EM resonance mode. Here, redder regions
correspond to larger relative displacement amplitudes. The deformation of the crystals are largely
exaggerated for the sake of clarity
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observed four different resonance modes associated with comparatively smaller ME
coefficients. The largest resonant effect here is of 23.2 V/(cm·Oe), occurring at
199.7 kHz. The other three peaks take values of 12.0, 5.0 and 13.0 V/(cm·Oe) and
are excited at frequencies of 184.3, 220.5 and 257.9 kHz, respectively. Furthermore
we note that all of the aforementioned peaks are associated with a characteristic
sudden decrease in phase by ca. 180° as it can been seen in the inset of Fig. 7.13a.
In this case the ME resonance peaks are all followed by a change of phase from 0°
down to –180° and therefore the imaginary part of the ME coefficients have peaks
with negative values in resonance. A comparison with the impedance of the crystals
in Fig. 7.12 demonstrates that the same number of resonant modes can be identified
in both experiments and that the frequencies and amplitudes of the resonant ME
effects in the composites are closely related to the frequencies and amplitudes of the
anti-resonant EM modes in the PEs. Thus we conclude that they must correspond to
the same type of resonance patterns. This is the case because, as the impedance of
the PE crystals is maximized in the anti-resonant mode, its capacitance and lon-
gitudinal effective dielectric constant (e) is consequently minimized which results in
a large enhancement of the direct voltage ME effect (increase in the d=e ratio) [86].

Having obtained a good agreement between the simulated and experimental
values of the anti-resonance frequencies, with relative errors inferior to 4 %, the
spatial distribution of the relative displacement fields for each mode can then be
plotted as shown in Fig. 7.13c. Thus, we see that the three resonance modes
observed in the Y-cut LNO crystal correspond to the three contour acoustic modes
(where the in-plane components of the displacement fields do not change signifi-
cantly in the Z direction and the out-of-plane displacement u3 is null) dubbed as (1),
(2) and (3). We can identify mode (1) as an extensional mode closely related to type
I, as labeled by the IRE standard [67], and mode (3) as an extensional mode of type
I. In the 41°Y-cut LNO crystal, the observed single resonance (4) corresponds to an
extensional mode of type III which is a very symmetric almost isotropic mode. This
seems to suggest that remarkably strong resonance modes can be excited in PE
crystals, whose geometric symmetry coincides in some way with the symmetry of
its anisotropic material constants. This is the case for the 41°Y-cut square-shaped
crystal, which is associated with almost equal in-plane d31 and d32 PE coefficients
as well as cE11 and cE22 elastic stiffness constants. By comparison with the properties
of some bulk tri-layered composites found in the literature with equivalent struc-
tures but employing different compounds, we conclude that the 249 V/(cm·Oe)
coefficient observed in the 41°Y-cut LNO sample is one of the largest ever found in
ME 2-2 bulk tri-layered structures, being even larger than the 175 V/(cm·Oe) value
measured in a Permendur/Quartz/Permendur system [18]. It is also remarkably
larger than those found in lead-based PMN-PT (70 V/(cm·Oe)) and PZT (110 V/
(cm·Oe)) composites with Permendur [22]. In the X-cut GPO piezocrystal, the first
two modes at 184.3 and 199.7 kHz and the fourth one at 257.9 kHz were identified
as different kinds of contour shear modes. The first two modes, (5) and (6), and the
(8) respectively resemble variations of the modes (1) and (3) in the Y-cut crystal
with the addition of an in-plane shear component. The third smallest mode at
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220.5 kHz, labeled (7), is characterized by an oscillatory displacement of the
vertexes of the crystal in a way similar to mode (2) in the Y-cut LNO piezocrystal.

When a bias field of H = 25 Oe was applied in the Y direction instead of X (aE32
mode) we obtained the results indicated in Fig. 7.13b. The observed peaks are in
general associated with a drop in amplitude in relation to aE31 which proves that the
ME effects under resonance conditions are also strongly affected by the direction of
the applied bias field. The most noticeable change here is the large decrease in
amplitude or even disappearance of some of the resonant modes observed in the
previous measurement. This is the case of the modes labelled as (5), (7) and (1). In
order to explain this we note that these modes are mainly characterized by large
elastic displacements in the X direction of the crystals as shown in Fig. 7.13c. Since
the Metglas layer tends to expand mainly in the direction of the applied bias field
we thus conclude that a magnetic field applied in the Y direction will induce only a
small straining of this layer in the X direction. This will thus constrain the capacity
of the thin Metglas foil to excite the corresponding EM modes of the PE phases.
Additionally we note that the modes labelled as (3), (6) and (8), which are char-
acterized by large displacements in the Y direction tend to be less affected by the
change in the direction of the applied bias. Nevertheless the reason for the decrease
observed in the amplitude of the mode (4) is not very clear. Furthermore we see that
the phase of all of the ME signals still drops by ca. 180° during resonance but now
we notice that outside of resonance conditions the phase of the ME effects for the
GPO and Y-cut LNO samples is reversed just like in the quasi-static case. Therefore
the imaginary part of the ME coefficients will have peaks with positive values in
resonance. This kind of behavior has also been observed e.g. in [87].

From a theoretical point of view, considering only the linear elastic properties of
the PE crystals and solving their eigenvalue equations of motion under traction-free
boundary conditions, several resonance modes in addition to the ones observed in
the measurements can be predicted. We therefore conclude that the pattern and
natural frequency of these normal modes are mainly determined by the elastic
coefficients of the crystals as well as their mass density and geometry. The excitation
or not of some of these modes in the ME measurements, under specific mechanical
and electrical boundary conditions, is then driven by the PE effect and thus depends
on its anisotropic coefficients. While strong ME effects were observed for the
extensional EM resonance modes in the samples with LNO, much weaker effects
were seen for the asymmetrical shear modes in the one with GPO. These shear
modes arise primarily because of non-null stiffness coefficients cE16 in the X-cut
crystal which couple in-plane normal and shear type stresses and strains. Having
seen this, we note that extensional normal modes, similar to the ones identified in the
LNO crystals, as well as more symmetrical shear modes can also be solutions of the
equations of motion in crystals of GPO e.g. with a Z- or Y-cut, since here we have
cE16 = cE26 = 0. Nevertheless, the form of its corresponding PE tensors in principle
doesn’t permit the ME excitation of the extensional modes in L-T tri-layered
composites, since in these cases we have both null d31 and d32 components. In
conclusion, we see that even though a large ME effect may be predicted for a given
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anisotropic composite under quasi-static conditions, under resonant conditions the
picture changes radically. Thus, in this case, a more sophisticated investigation must
be carried out taking into account further parameters such as the relation between the
crystal orientation and the geometry of the composite.

In summary, in this experimental part we investigated the relation between the
cut orientation of the piezocrystals and respective in-plane anisotropic ME response
of the corresponding tri-layered composites. By precisely selecting this cut direction,
systems with different relations between perpendicular aE31 and aE32 ME coefficients
could be designed, thus finding applications in specific orientation-sensitive devi-
ces. A composite with a Y-cut LNO crystal, for example, was shown to operate
closely to the anisotropic unipolar regime (aE31 > 0 and aE32 = 0), and one with a
41°Y-cut LNO crystal closely to the in-plane isotropic regime (aE31 = aE32).
Figure 7.14a further illustrates the results of calculated quasi-static aE31 and aE32
coefficients as a function of the LNO crystal cut angle in the YZ plane in relation to
the Y axis, i.e. the h angle in the standard notation (YXl) h or h = 90° + b in the
Euler angles scheme. According to the calculations, the anisotropic unipolar regime
and the in-plane isotropic regime should be observed for LNO crystals with cut
angles of 2°Y and 45°Y, respectively. From this point of view, other cuts could also
be interesting, such as the 162.1°Y-cut LNO, corresponding to an anisotropic
bipolar regime (aE31 = ‒ aE32), and the 129°Y-cut LNO, corresponding to the
maximum expected ME voltage coefficient as seen in Fig. 7.10a. Also, Fig. 7.14b
depicts the calculated ME voltage coefficients as a function of the relative thickness
ratio between the PE and MS phases using the same formalism. This calculation
was made for some of the most interesting LNO crystal cuts. From this we see that a
decrease in the thickness of the PE layer results in more stress being transferred to it
from the MS and, consequently, in an increase of the ME effect. However, since the
detected voltage is proportional to the PE layer thickness, the thinner the layer is,
the lower the output signal will be. Therefore, taking into account that any mea-
suring circuit has its own input noise, the maximal signal-to-noise ratio should be
observed for a finite ferroelectric film thickness.

Fig. 7.14 a Calculated in-plane quasi-static ME voltage coefficients as a function of the h
piezocrystal cut angle (measured from the Y axis). b ME coefficients for different crystal cuts as a
function of the PE/MS relative thickness ratio (pt=mt) [30]
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7.4 Conclusions

In this chapter we have presented an experimental study of the direct and converse
magnetoelectric (ME) effects in tri-layered composites based on Metglas and
piezoelectric (PE) single-crystals of lithium niobate and gallium phosphate in
comparison with laminates based on the popular piezoelectric PMN-PT. In the first
part, various techniques used in the measurement of the ME effect were explored,
with special emphasis on the dynamic lock-in technique employed in our experi-
ments. In this technique the sample is subjected to two magnetic fields, a DC bias
and an AC modulation field. The AC voltage generated across the sample is sub-
sequently measured in a lock-in amplifier. This measurements can then be per-
formed as a function of the magnetic bias field or the frequency of the modulation
field. The formalism describing this technique was presented, and we showed how
the different order ME coefficients can be extracted from the measurements of the
voltages synchronized with the fundamental and harmonic frequencies of the
exciting signal. Subsequently we presented a custom-made setup used by us to
measure the dynamic ME effect. Its scheme and characteristics as well as ways to
reduce the noise and the parasitic induction voltage were explored.

In the second part we introduced a comparative study between the direct and
converse ME effects in tri-layered composites of the type Metglas/PE/Metglas
based on single crystals of LiNbO3 (LNO) and [011]-poled PMN-PT bonded with a
cyanoacrylate glue. In the quasi-static regime we showed that the transversal direct
ME effects had comparable magnitudes in both LNO and PMN-PT samples, which
was due to comparable ratios between piezoelectric and dielectric coefficients of
both crystals. The converse ME effects, on the other hand, were shown to be much
stronger in the sample with the PMN-PT crystal since, according to the theory, this
effect depends only on the piezoelectric constants which are much larger in this
case. We also presented the results of the direct ME measurements in the resonant
regime. Here we found an even larger ME effect peak in the composite with the 41°
Y-cut LNO than in the one with PMN-PT. We therefore conclude that lead-free
single-crystals like LNO might constitute a good alternative to PMN-PT in terms of
practical ME applications.

Subsequently we describe a study of the anisotropic direct ME and electrome-
chanical (EM) properties in tri-layered composites featuring Metglas and differently
cut PE single crystals of LNO and GaPO4 (GPO) bonded with epoxy. Results of the
quasi-static measurements were shown to vary strongly with the direction of the
applied transverse magnetic fields and the crystallographic orientation of the PE. In
greater detail, the 41°Y-cut LNO crystal was shown to produce an in-plane iso-
tropic ME response while the Y-cut LNO and X-cut GPO generated an in-plane
unipolar effect.

In the resonant regime, several in-plane contour EM resonant peaks were
observed in the ME spectrum. Here we saw how strongly the anisotropic nature of
the PE crystals influences the excitation of certain contour acoustic resonance
modes. So, e.g., three distinct resonance modes were observed in the system
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featuring the Y-cut LNO crystal, whereas a single one was observed in the com-
posite with the 41°Y-cut LNO one. A very intense single peak exhibiting a ME
coefficient of up to 249 V/(cm·Oe) was detected in the sample with the 41°Y-cut
LNO crystal. In order to predict, which kinds of modes could be excited under
given conditions and to identify such modes by comparison with simulated results,
we employed impedance measurements, thus clarifying the relation between the
anisotropic constants and the excitation of such peaks. The aforementioned large
symmetric peak was therefore shown to be related to the in-plane isotropic prop-
erties of the crystal, so that a very symmetric and high-amplitude resonance mode
was generated. In the GPO sample, four weak contour asymmetrical shear modes of
resonance were identified, with the largest having a response of up to 23.2 V/
(cm·Oe) and appearing at a frequency of 199.7 kHz.

In conclusion, we were able to identify relatively large anisotropic ME effects in
composites based on PE single-crystals which were in good agreement with the
theory. In principle, such ME responses can be further enhanced through the
optimization of the volume ratio and the coupling between layers. Finally we
showed how the control of the crystal orientation can be used to greatly enhance the
anisotropic ME effects in composites. The selection of the crystal orientation should
therefore allow one to engineer almost any desired anisotropic properties for some
given application.
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