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Abstract: The magnetoelectric response of bi- and symmetric trilayer composite structures
to pulsed magnetic fields is experimentally investigated in detail. The structures comprise
layers of commercially available piezoelectric (lead zirconate titanate) and magnetostrictive
(permendur or nickel) materials. The magnetic-field pulses have the form of a half-wave sine
function with duration of 450 s and amplitudes ranging from 500 Oe to 38 kOe. The time
dependence of the resulting voltage is presented and explained by theoretical estimations.
Appearance of voltage oscillations with frequencies much larger than the reciprocal pulse
length is observed for sufficiently large amplitudes (~1-10 kOe) of the magnetic-field
pulse. The origin of these oscillations is the excitation of bending and planar acoustic
oscillations in the structures. Dependencies of the magnetoelectric voltage coefficient on
the excitation frequency and the applied magnetic field are calculated by digital signal
processing and compared with those obtained by the method of harmonic field modulation.
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The results are of interest for developing magnetoelectric sensors of pulsed magnetic fields
as well as for rapid characterization of magnetoelectric composite structures.

Keywords: composite materials; magnetoelectric effect; magnetostriction; piezoelectricity;
magnetic field pulse

1. Introduction

Magnetoelectric (ME) interactions in planar composite structures comprising mechanically coupled
ferromagnetic (FM) and piezoelectric (PE) layers have been investigated intensively in recent years
due to the prospects of their application as sensitive magnetic field sensors [1-3]. The functional
principle of a ME sensor is as follows: when the structure is placed into the magnetic field, the
magnetostriction causes a deformation of the FM layer. This strain is passed to the PE layer and a
voltage is generated between the electrodes of the PE layer due to the PE effect. This voltage is
proportional to the measured field strength. To create sensors for various types of magnetic field,
detailed studies of the behavior of ME structures in weak low-frequency harmonic fields, in static
magnetic fields and in pulsed magnetic fields are needed.

From the literature it is clear that the behavior of ME structures in harmonic low-frequency
magnetic fields has already been intensively investigated. It was shown that the amplitude of the
voltage u generated by ME structure in a weak harmonic field is proportional to d < q % J4, where d is
the PE coefficient of the PE layer, g = 0A/0H is the piezomagnetic coefficient, H is the magnetic field
strength, 4 is magnetostriction of the FM layer and &h is the amplitude of the alternating magnetic
field. The voltage u reaches its maximum when a bias magnetic field Hp, at which the coefficient q
takes its largest value, is applied to the structure. Hy, is usually in the order of few Oe to a few kOe,
depending on the properties of the FM layer. The voltage amplitude increases further at 1-2 orders of
magnitude when the field frequency coincides with a frequency of acoustic oscillations of the structure
due to the resonant enhancement in the PE strain [4]. Feasibility of making sensors for alternating
magnetic fields with a detection limit down to ~107'° T [5] in the frequency range 1 mHz-10 kHz [6,7]
employing composite structures with different material compositions and geometries was
demonstrated. An equivalent magnetic noise floor of ~10"-10" pT Hz ** at a resonance frequency
of ~250 Hz was recently achieved using thin-film [8] and lamination [9] technologies. It was also
shown that a cross-modulation scheme can shift low-frequency signals to a higher frequency in order
to achieve a lower noise floor [10].

When the ME structure is placed into a permanent or slowly varying field H(t) with a large
amplitude, the magnetostriction causes a quasi-static deformation of the PE layers, the appearance on
their electrodes of bound charges Q and a corresponding DC voltage. In this case the voltage is
proportional to the magnetostriction u(H)~d > A(H). Initially it grows with increasing H and then
reaches a constant level at field strengths where the magnetostriction saturates. At the same time, due
to the finite conductivity of the PE layers in the structure, a partial compensation of bound charges by
free charges takes place, leading to reduction of the resulting voltage across the electrodes of the
structure with time [6]. Therefore, the voltage across the electrodes of the FM-PE structure placed into
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a constant or slowly varying magnetic field of large amplitude depends not only on the field strength,
but also on the time of measurement. For this reason, ME structures are less suitable for creating
sensors for static or slowly varying magnetic fields.

Only a few experimental studies [11-15] have been devoted to the transient behavior of ME
materials and structures in pulsed magnetic fields. For the first time the generation of voltage pulses
with amplitudes up to 70 mV has been observed at the electrodes of a single crystal Cr,O3; when this
crystal was magnetized with pulses of duration ~1 ms and an amplitude of up to 4 kOe [11]. In [12] the
generation of an alternating voltage with a frequency equal to the frequency of the planar acoustic
oscillations was observed in the ceramic structure consisting of alternating layers of nickel-zinc ferrite
and lead zirconate titanate (PZT), when it was exposed to field pulses of small amplitude A~10-100 Oe
with the length of 1-100 us. Additionally the structure was tangentially magnetized with a bias field
H ~ 250 Oe. Note that the pulses were short, i.e., the frequency of the acoustic oscillations was smaller
than the reciprocal pulse length. The possibility of applying such a technique combined with the
Fourier transform to measurements of the frequency characteristics of ME structures in the frequency
range from tens of Hz to several MHz was demonstrated [13]. In [14,15] a sample of a bulk ceramic
composite containing a mixture of cobalt ferrite and barium titanate particles was magnetized by
pulses of duration 4-50 ms with a peak-to-peak value of up to 50 kOe and the voltage pulses generated
by the structure were recorded. According to the measurements obtained dependence of the efficiency of
ME interaction on the field reached a maximum of ~ 5.5 mVVOe ‘cm ™ in fields of ~ 2-5 kOe. Hysteresis
between the generated voltage and magnetic field strength has been measured. The authors explained
this hysteresis by the strong influence of the charge compensation processes in the PE phase of
the composite.

The purpose of this paper is a study of the ME response of planar FM-PE structures to
magnetic-field pulses with fixed duration in a sub-millisecond range. The most interesting case when
the pulse amplitude exceeds the saturation field of the FM layer and various types of acoustic
oscillations in the structures are excited is considered. No bias magnetic field is applied. The pulse
length is sufficiently short for neglecting the charge compensation due to the finite conductivity of the
PE layer. On the other hand, the magnetic pulse is much longer than the period of observed
oscillations. As the object of studies the structures containing layers of commercially available
cobalt-iron alloy (CoFe) or nickel (Ni), possessing high magnetostriction and large enough saturation
fields, and the layers of PZT ceramics, having large piezoelectric modulus, are selected. The paper
starts with the description of the samples and the research methodology. Then the results of
measurements together with their discussion and theoretical estimates are presented. The possibility of
using the described pulsed technique for rapid characterization of ME interactions in composite
structures is demonstrated. In conclusion the main findings of the work are summarized and the
recommendations for the use of ME structures for the measurement of pulsed magnetic fields are
given. The notation used in the paper is summarized in Appendix Table Al.

2. Samples and Measurement Methodology

Measurements were made on bi- and symmetric trilayer structures, containing layers of FM metallic
materials (CoFe alloy or Ni) and the piezoceramic layer of PZT: CoFe/PZT, Ni/PZT, CoFe/PZT/CoFe
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and Ni/PZT/Ni (see Figure 1). The FM layers were made from either CoFe alloy VACOFLUX50®
(permendur with the nominal composition Cog 49F€0.491V0.019, manufacturer Vaccumschmelze GmbH &
Co. KG, Hanau, Germany) or Ni (Ni201, manufacturer ATI Allegheny Ludlum, Remscheid,
Germany). The PE layers were made from the PE ceramics VIBRIT® 1100 (manufacturer Johnson
Matthey Catalysts, Redwitz, Germany). Layers of FM materials and PE ceramics had the following
planar dimensions: length L = 10 mm, width b =5 mm. The thickness of FM layer a, was 0.35 mm for
CoFe and 0.5 mm for Ni, the thickness of PZT a, = 0.5 mm. The surfaces of the PZT layer were coated
with Au electrodes before being poled perpendicularly to its plane. The FM plates and PZT layer were
bonded mechanically by an epoxy adhesive. The arrows in Figure 1 show the direction of the
magnetization of the FM layer and the direction of the polarization of the PE layer. This is the
so-called L-T configuration [16]. The magnetic field was applied in the plane of the samples along the
long side of the structures. The voltage pulses u(t) generated by the structures were measured between
the electrodes of the PZT layers.

Figure 1. Geometry of bilayer (a) and trilayer (b) structures.
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The block diagram of the measuring apparatus is shown in Figure 2. The sample was placed inside
the solenoid of a conventional magnetizer M-Pulse 2k2s with M-Coil 50/30aw (M-Pulse GmbH & Co.
KG, Kierspe, Germany). Magnetic-field pulses H(t) had the form of a half-wave sine function with a
constant duration z = 450 s and amplitudes between 500 Oe and 38 kOe. In order to measure the
shape and the magnitude of the field pulses, the pick-up coil (3 turns of copper wire with a diameter of
0.3 mm) with a diameter of 11 mm was placed inside the solenoid in the vicinity of the sample.
Time-dependence of the magnetic field H(t) was determined by integrating the voltage u;(t) induced in
the pick-up coil. The voltage pulses with an amplitude of up to 27 V generated by a PZT layer were
recorded using a digital storage oscilloscope Tektronix (DPO 2014) with the input resistance of
10 MQ. The data files contained up to 125 =< 10° points.

Figure 2. Schematic diagram of the measurement setup.
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The frequency spectrum of the voltage pulse g(f) was calculated using the discrete Fourier transform
function in LabView. For all CoFe samples the dependencies of the ME conversion coefficient on the
frequency f at DC bias field Hy, and at fixed frequency f on the DC field H were also obtained by the
standard method of harmonic field modulation (HFM) (64 = 1 Oe, f = 100 Hz-300 kHz, bias field
Hm = 650 Oe) [17].

3. Results and Discussion
3.1. Measurement Results

Figure 3 shows the evolution of both the time dependence u(t) and the frequency spectrum g(f) of
the voltage pulse u(t) generated by the CoFe/PZT structure dependent on the amplitude A of the
exciting magnetic-field pulse H(t).

Figure 3. The time dependence u(t) and the frequency spectra g(f) of voltage pulses
generated by CoFe/PZT structure when excited by magnetic field pulses with different
amplitudes H: (a) and (b) —1.5 kOe, (c) and (d) —6.5 kOe, (e) and (f) —38 kOe. Here and in
the following u, denotes the amplitude of voltage pulse without oscillations. The insets
compare the spectrum of the voltage pulse g,(f) with that of a half-sine pulse gsin(f) and of a
rectangular pulse grec(f ) with the pulse length z, with their values normalized at f = 0 Hz.
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Figure 3. Cont.
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With the increase of the amplitude of the field pulse its shape H(t)/H and frequency spectrum
remain practically unchanged. For H < 1.5 kOe the shape of the voltage pulse u(t) follows the time
dependence of the field strength H(t). When H is increased up to =~ 1.5 kOe, a voltage pulse with a flat
top starts to form (Figure 3(a,b)). The insets in the right column of Figure 3 illustrate how the
low-frequency (f < 9 kHz) part of the voltage pulse spectrum changes from a half-sine pulse to a
rectangular pulse. The amplitude up of the generated pulse reached ~ 5 V. With further increase of 7
the damped oscillations of the voltage pulse have been observed on its flat top and immediately after
the end of the excitation pulse. These oscillations have the initial amplitude u; (Figure 3(c)) and the
harmonic frequency f; =~ 33 kHz (Figure 3(d)) in the frequency spectrum. As shown below, these
low-frequency oscillations with frequency f; correspond to the excitation of flexural acoustic
oscillations of the structure. For the excitation pulse amplitudes A > 11 kOe, the high-frequency
oscillations of u(t) with frequency f, ~ 210 kHz and amplitude u, (Figure 3(e)) have appeared
additionally on the top of the pulse and immediately after excitation which is clearly visible in the
spectrum of the signal (Figure 3(f)). These high-frequency oscillations, as it will be shown below, are
caused by the excitation of the planar acoustic oscillations in the structure. Acoustic oscillations
enhance deformations in the PE layer (electromechanical resonance) leading to voltage values higher
than the ME voltage resulting from quasi-static magnetostriction.

Figure 4 presents the evolution of both the time function u(t) and the frequency spectrum g(f) of the
voltage pulse with growing amplitude A of the exciting magnetic field H(t) in the symmetrical trilayer
structure CoFe/PZT/CoFe. In this case only a gradual formation of the flat top pulse (Figure 4(a)) with
an amplitude of up to Upmax = 24 V and the broadening of its spectrum occurred with increasing A
(Figure 4(b)). The insets in the right column of Figure 4 demonstrate that the low-frequency part of
voltage pulse spectrum is close to a rectangular pulse. The lack of low-frequency oscillations with
frequency f; is explained by the low efficiency of excitation of the flexural acoustic oscillations in a
symmetric structure. As seen in Figure 4(c) and in the frequency spectrum of Figure 4(d) the
high-frequency modulation of the generated pulse corresponding to the excitation of planar acoustic
oscillations with frequency f, ~ 230 kHz appeared only at large A > 17 kOe.
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Figure 4. The time dependence u(t) and the frequency spectra g(f) of voltage pulses
generated by symmetric CoFe/PZT/CoFe structure when excited by magnetic field pulses
with different amplitudes A: (a) and (b) —6.5 kOe, (c) and (d) —38 kOe. The insets
compare the spectrum of voltage pulse gyu(f) with that of a rectangular pulse grec(f), with the
pulse length z, with their values normalized at f = 0 Hz.
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3.2. Discussion and Numerical Estimates

Figure 3(a,c,e) and Figure 4(a,c) (right axis) also present the calculated time dependence
AH()) < st where A = 411 + 410 is the magnetostriction coefficient, /s = As11 + As12 is the saturation
magnetostriction and 131, A1 are the longitudinal and transversal magnetostriction coefficients,
respectively. The dependencies 1;1(H) and 1:2(H) were measured by the strain-gauge method [17]. It is
seen that the running average of u(t) follows the time variation of A(H(t)) x4 * very well. In the
quasi-static regime the voltage generated by the layered structure depicted in Figure 1 is proportional
to the magnetostriction: u(t) = Ugmax < A(H(t)) > 1s 1, with Usmax depending on the material parameters
and the geometry of the sample. From Figures 3 and 4 one gets Uomax = 4.8 V and 24 V for bi- and
symmetric trilayer structures, respectively. If the magnetostriction is driven into saturation an almost
rectangular pulse u(t) is generated. An observed slow decay of u(t) at the pulse top in Figure 4(a) can
be attributed to the electrical relaxation processes in the PE layer [18,19].
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The maximum value Upmax OF u(t) for the symmetric trilayer structure is almost five times larger than
that for the bilayer structure. It is achieved when the magnetostriction of the FM material is saturated.
Assuming homogeneity of the internal magnetic field in the FM layer and uniform stress over the
thickness and plane of the structure, the following expression can be obtained for a symmetric trilayer
structure in the low-frequency range [20,21]:

dy,-(L-v)-v- 4 -(a, +2a,)
u max m m
’ 2'd321'(1_v) _(p311+p512)'333'(1_v)_( S;3+'S1,)  Eg5°V

, 1)

where ds; is the piezoelectric coefficient; v = ay/(a, + 2am) is the volume fraction of PE phase; 4s is the
saturation magnetostriction with As = As11 + 4s 12; "sjj is a compliance coefficient of the PE phase; ™sj; is
a compliance coefficient of the FM phase; ¢33 is the effective permittivity of the PE phase. Parameters
of CoFe and PE layers are given in Table 1. & = 8.85 pF m ' is the dielectric permittivity of vacuum.

Table 1. Material parameters.

S11 S12 day p A

- S
Material 02 e Ny q02miNY) 102myvY) (10 kgm0 S
PZT 14.20 37 315 8.1 - 4,500
CoFe 4.76 ~1.66 i 8.12 60 :

Substituting the known parameters of FM and PE layers into Equation (1) ugmax = 33 V is obtained.
Despite of the approximations there is good agreement with the experimental results. Note that a
one-dimensional theory [16,22] underestimates Upmax (Uomax = 17.9 V). Equation (1) cannot be directly
applied to a bilayer structure due to the bending of the bilayer sample. The much lower value of Upmax
for a bilayer structure can be qualitatively explained in the following way. First, the amplitude is
decreased, since the thickness of the FM material is halved. Formal substitution in Equation (1) gives a
20% decrease in amplitude. Hence, the voltage is decreased mainly as a result of bending of the
sample. It is known that in pure bending the mechanical strains vary linearly over the thickness of the
structure: there is compression at one surface and expansion at the other surface, the plane with zero
strain (the middle plane) lies inside the sample. If the thickness and compliance of the FM and PE
layers were identical, then this plane would be held exactly in the middle of the structure. Then the
electric field across the thickness of PE layer would change linearly, with maximum at the free surface
and zero at the inner surface. In this case (because of the linearity of the field distribution) the voltage
between the electrodes would be further diminished by a factor of 2. Due to the bending the middle
plane is actually located inside the PE layer at a distance of ~ 37.4 pm from the bilayer interface [23].
The electric field changes its sign inside the PE layer, and (after integration over the thickness) there
will be even less voltage between the electrodes.

The oscillations of u(t) cannot be explained by the quasi-static theory. The observed oscillation
frequencies are much larger than 7 *. To the best of our knowledge, in the absence of bias field and
with long excitation pulses such oscillations are observed experimentally for the first time. We are
aware of only one paper [24] reporting a similar phenomenon as a result of numerical modeling.

The oscillations of u(t) could only be detected if the amplitude A exceeds a certain threshold value
(compare right columns in Figures 3 and 4). The oscillations of u(t) start practically from the beginning
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of H(t) and not after A(t) reaches saturation. The second impetus to these oscillations is caused by the
trailing edge of H(t).

Figure 5 shows the dependencies quantitatively characterizing the response of planar bi- and trilayer
FM-PE structures on the magnetic pulse with the increasing amplitude H. These dependencies are
plotted using data similar to those presented in Figures 3 and 4. It can be seen that for the CoFe/PZT
structure the amplitude of the generated pulse initially rises sharply with the increasing A and then
reaches saturation up ~ 4.8 V at a field strength A ~ 1.5 kOe. The clipping of the pulse amplitude is
attributed to the saturation of magnetostriction in the CoFe layer, which occurs just at field strengths of
HS° ~ 1.5 kOe. At the same time, the amplitude of the low-frequency oscillation u; and the amplitude
of the corresponding harmonic g; in the signal spectrum are increasing. At a field strength of
H ~ 6 kOe the amplitudes u; and gi reach saturation. At the same field strength the high-frequency
oscillations at the frequency f, with the amplitude u, and the amplitude g, of the corresponding
harmonic in the spectrum continue to monotonically increase with growing H. For the CoFe/PZT/CoFe
structure the amplitude of the generated pulse initially increases with the rising A and then is limited at
Up ~ 24 V when Hs = 3.5 kOe. The increase of the limiting field of the pulse amplitude, as compared
with two-layer structure, is due to the increment in the total thickness of the ferromagnet, resulting in
an increase of the demagnetization field [25]. When the field pulse amplitude reaches A =~ 17 kOe,
high-frequency oscillations appear at the top of the electrical pulse. The amplitude u, of these
oscillations and the harmonic amplitude g, in the spectrum continue to grow with increasing amplitude
of the field pulse.

Figure 5. Dependencies of the characteristics of the generated pulse (uo, U, Uz) and the
characteristics of its spectrum (go, 91, g2) for the CoFe/PZT-structure ((a) and (b)) and the
CoFe/PZT/CoFe structure ((c) and (d)) on the amplitude of the pulse magnetic field A. The
lines connecting experimental points serve as a guide to the eye.
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The growth of the oscillation amplitudes u; and u, with the increasing excitation pulse magnitude
H, even after the pulse amplitude uy was saturated (see Figure 5), can be explained as follows. For the
magnetic pulse of fixed duration, the increase of the magnitude A results in the corresponding growth
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of the magnitudes of harmonics with frequencies f; and f; in its frequency spectrum. The higher are the
magnitudes of these harmonics, the more efficient is the excitation of bending and planar acoustical
oscillations of the sample leading to the higher magnitudes of the generated AC voltages. Because of
the resonance enhancement of deformations in the PZT layer, the amplitude of AC ME voltage can
exceed the voltage up resulting from the static deformation, as observed in experiment (see
Figure 5(a)).

To explain the origin of the modulation of generated voltage pulses, let us estimate the frequency of
acoustic oscillations in the CoFe/PZT bilayer structure. The eigenfrequencies of the lowest mode for
flexural (f1) and planar (f,) oscillations of the free plate are given by:

f —i # and f —i ; 2
T spAl =) 2T 2l sy @)

respectively. Here z = 3.56 is a coefficient, ptis the Poisson’s ratio, s is the compliance, J is the
cross-sectional moment of inertia, A is the cross-sectional area of the plate and p is the density. For a
bilayer structure with non-uniform thickness, one should take A = b(a, + am), J = b(a, + am)*/12 and
p =" ap,+p" am)/(ap + am), where p™ and pP are the densities of FM and PE layers, respectively. The
effective value of compliance s can be derived by averaging either the quantity itself or the Young’s
modulus Y = s s = (Psyy xap + Msy X am)/(@p + am) or Y = (Psys Tt xap + Msyy T X am)(ap + am).
Remarkably, substitution of the effective value for either s or Y into Equation (2) gave close upper and
lower estimates of the experimentally determined values of f;, f,: 32.3 kHz < f; < 37.1 kHz,
185 kHz < f, < 212 kHz (« = 0.35 was used). This confirms the excitation of bending and planar
acoustic oscillations in the structure. The appearance of the oscillations of the generated voltage due to
the excitation of acoustic oscillations in the structure may lead to limitation of the dynamic range of
ME sensors. Since the frequencies of acoustic oscillations are inversely proportional to the dimensions
of the sample, at given magnetic-pulse length unwanted oscillations of ME voltage may be avoided by
using smaller structures.

The quality factor of bending (Q1) and planar (Qz) acoustic oscillations excited in the structure can
be found using the exponential decay rate of the generated alternating oscillation voltage amplitude in
Figure 3(e) and Figure 4(c). The estimates yield Q,“° ~ 40 (56) and Q,° ~ 78 (90), respectively. Here
and in the following the numerical values of the quality factor given in brackets denote those obtained
by the HFM method.

Similar measurements were made for bi and trilayer structures (Ni/PZT and Ni/PZT/Ni) containing
layers of ferromagnetic nickel. In this case the clipping of the generated voltage pulse (Uomax = 1.9 V,
4 V for bi- and trilayer structures, respectively), the appearance of oscillations with the voltage
amplitude u; and the harmonic frequency f; = 38 kHz in the spectrum for the asymmetric (Ni/PZT)
structure and the appearance of oscillations with the voltage amplitude u, and the harmonic frequency
f, =~ 217 kHz in the spectrum for the symmetric (Ni/PZT/Ni) structure have also been observed with the
growing amplitude A of the magnetic-field pulse. However, since the saturation field of
magnetostriction for the Ni layer Hs"' ~ 0.5 kOe is smaller than that for the layer of CoFe all the
effects have been observed at lower magnetic fields. The quality factors of bending and planar acoustic
oscillations in structures with Ni layers are Q" ~ 65 (60) and Q," ~ 80 (75), respectively. In all
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investigated samples the quality factors of electromechanical resonances had similar values for the
both types of excitation (magnetic pulse or HFM).

3.3. Efficiency of ME Interactions

Finally, how the results of pulse measurements can be used to rapidly characterize a ME material
must be demonstrated. The measured output voltage u(t) can be directly recalculated into the nonlinear
ME coefficient:

oy =4O
a-H()
where a is the total thickness of the sample. Alternatively, the low-frequency (f ~ 102-10° Hz) ME
voltage coefficient for the HFM (linear effect):

©)

_
a-oh’

is often used in applications. In Equation (4) it is implied that an external field H(t) = H + oA <sin(2xft). To
find the field characteristics ag2(H), one should use the measured dependences of the field pulse H(t) and
voltage u(t), find numerically their derivatives dH(t)/ot and ou(t)/ot, calculate ag, = (1/a) * (ou/0H) at
each time point and then plot the dependence of this quantity as a function of the field strength H at
given time t [12]. The range of the field characteristics ag(H) is determined by the amplitude A of the
field pulse. To improve the accuracy of the calculations, it is advisable to choose the voltage pulses
without undulation corresponding to the excitation of acoustic oscillations in the structure. As an
example, Figures 6 and 7 show the field dependence ag2(H) for the bi- (CoFe/PZT) and symmetric
trilayer (CoFe/PZT/CoFe) structure found by the described method when the structures were excited
by field pulses with a duration of 450 s and an amplitude of 4.5 kOe. Before numerical differentiation
the u(t)-data were processed by a running average filter and spline interpolation. For comparison,
Figures 6 and 7 present the function ag2(H) measured by the HFM method at f = 1 kHz. A very good
agreement between the results obtained by the pulse method and the HFM method is seen. For the
bilayer CoFe/PZT structure, the maximum of agp(H) is observed at H = Hy, = 650 Oe, what is in
agreement with previous observations [16]. The hysteresis in the dependence og>(H) obtained by
the pulse method can be clearly seen. It is attributed to the hysteresis behavior of both FM
(magnetostriction versus magnetic field) and PE (polarization versus electric field) materials [26]. To
avoid inaccuracy connected with this hysteresis, the ascending part of the magnetic pulse should be
employed for characterization, as illustrated in Figure 7. For a symmetric trilayer structure (Figure 7),
the maximum of ag,(H) shifts to the larger values of H (Hy, = 850 Oe), which is explained by the larger
demagnetizing factor due to the two FM layers [25]. Note that both ME coefficients ag1(H) and og2(H)
are connected by a simple relationship:

(4)

c{EZ

L 1.
gy = [y (H)-0H ©)
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Figure 6. Dependence of the ME interaction efficiency ag, of the field strength H for the
CoFe/PZT structure obtained by the pulse method (1) and by the HFM method at f = 1 kHz
(2). The arrows indicate the variation of magnetic field strength H with time. The line
connecting the experimental points in curve 2 serves as a guide to the eye.
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Figure 7. Dependence of the ME coefficients ag; (1, 2), ag1 (3, 4) on the magnetic field
strength H for the CoFe/PZT/CoFe structure obtained by the pulse method (1, 3) and by the
HFM method at f = 1 kHz (2, 4). Curves 2 and 3 are measured directly. Curve 1 is
calculated from function 3 using the procedure described in the text. Curve 4 is obtained by
integrating the function 2 according to Equation (5). The arrows indicate the variation of
magnetic field strength H with time. The line connecting the experimental points in curve 2

serves as a guide to the eye. For curves 2 and 4, the range H < 1.8 kOe is limited by the
experimental configuration.

o, o, (VOe'cm™)

H (kOe)

Indeed, the coefficient ag1(H) obtained from Equation (5) by the HFM method (Figure 7, curve 4) is
in very good agreement with that measured by the pulse method (curve 3). For many applications,
the frequency response ogx(f) is also of a great interest. Here Equation (4) also applies and the
characteristics ag,(f) are usually measured at such a bias field Hy,, where the piezomagnetic coefficient
q(H) has its maximum value. At the given excitation frequency f the maximum of ag,(H) is observed at
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H = Hp,. Figure 8 shows the dependence og(f) obtained with a bilayer CoFe/PZT structure by the HFM
method at a bias field strength Hy, = 650 Oe. The definition of ag,(f) used in the HFM method cannot
be directly transferred to the pulse method, since there is no magnetic bias field applied. In [12] the
following characterization methodology was proposed: use the measured time dependences of the field
pulse H(t) and the voltage pulse u(t), find the frequency spectra of pulses h(f) and g(f) by means of the
Fourier transform [27] and then calculate the frequency response ogs(f) from formula:
o(f)
a-h(f)

agy(f) = (6)

Figure 8 also displays the dependences ogs(f) for the CoFe/PZT bilayer structure found by the
described method when the structure is excited by field pulses with a duration of 450 L5 and an
amplitude of 11.8 kOe (curve 1) and 38 Oe (curve 2), respectively. The values for the ME coefficient
determined by the two different methods show a semi-quantiative agreement. The local maxima of ME
efficiency coefficients aga(f), aes(f) at resonance frequencies f; and f, are pronounced. Interestingly, the
fine structure in the frequency dependence of ME efficiency is also largely preserved. As can be
concluded from Figure 5 the maxima of ags(f1) and aes(f2) are observed at different amplitudes A
of the exciting pulse (A: = 11.8 kOe and H, ~ 38 Oe, correspondingly). This maximum value of
the ME coefficient is comparable with that achieved by the method of harmonic field modulation:
aes(f1, Hy) = oga(fr, Him), aea(f2, H2) = 1.5 % aga(fy, Hm) (Figure 8). However, the value of ogs at another
resonance frequency is smaller than the ME voltage coefficient achieved by the HFM method:
ags(fo, Hy) = 0.5 % ago(fa, Him), aga(fi, Ho) = 0.5 % ago(f1, Hm) (Figure 8). The results for the trilayer
structure are similar to those shown in Figure 8 except for the absence of the resonance peak
corresponding to the excitation of bending oscillations (f1).

Figure 8. Dependence of the ME coefficients ag,, agz on frequency f for the bilayer
CoFe/PZT structure measured by the pulse method (1,2) and by the HFM method (3).
Curve 1 is obtained at A = 11.8 kOe and curve 2 at A = 38 kOe.
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4. Conclusions

The peculiarities of the ME response of planar composite structures with FM (CoFe alloy or Ni) and
PE (PZT) layers on magnetic-field pulses with a length of about 450 s and amplitudes from 500 Oe to
38 kOe have been investigated.

e |t is found that when the amplitude of the field pulse exceeds the saturation field of
magnetostriction in the FM layer (more than =~ 1.5 kOe for the CoFe alloy and more
than =~ 0.5 kOe for Ni) there is a clipping of the amplitude of the generated pulse voltage. The
time dependence of the generated voltage follows the time dependence of the magnetostriction
in the FM material.

e With further increase in pulse amplitude fields in the bilayer structures, first bending
oscillations, leading to low-frequency modulation of the voltage pulse, are excited and then the
planar acoustic oscillations, leading to high-frequency modulation of the voltage pulse, appear.
In symmetric trilayer structures only high-frequency planar acoustic oscillations are efficiently
excited with large amplitudes of the magnetic field pulse.

e |t is shown that the data of pulse measurements enables one to quickly find the frequency and
field dependences of the efficiency of direct ME interaction in composite structures. Note that
these dependences are obtained from a single measurement as compared to two separate
measurements required in the HFM method.

e The results obtained can be useful for developing ME sensors of pulsed magnetic fields. To
extend the working field range of these sensors FM layers with high magnetostriction
saturation field strength should be selected. The appearance of the oscillations of the generated
voltage due to the excitation of acoustic oscillations in the structure may lead to limitations in
dynamic range of such sensors.
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Appendix

Table Al. Notation.
Symbol Meaning Unit
A Cross sectional area of the sample mm?
a Total thickness of the sample mm
am Thickness of the FM layer mm
ap Thickness of the PE layer mm
b Sample width mm
d, d; Piezoelectric coefficient V'm
f; Frequency of bending oscillations Hz
f, Frequency of planar oscillations Hz
fs Sampling frequency for discrete Fourier transform Hz
g(f) =~ |zh= e W Amplitude spectrum of the voltage pulse, f = k xfs xN*[27]  V
90=9(0) \4
9: = 9(f) \Y
92 =9(f) \Y;
Grec(f) = | 1+ €2 dt| Amplitude spectrum of a rectangular pulse Vs
Gein(f) = |fy sin (%) - 2t ae| Amplitude spectrum of a half-sine pulse Vs
H(Y) = mj“i (t)dt Magnetic field strength Oe
Hm Magnetic field strength where g is maximum Oe

Hs Saturation field of magnetostriction Oe
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Table Al. Cont.
Symbol Meaning Unit
H Amplitude of the magnetic pulse Oe
h(f) =+ [Z=3 hpe W Amplitude spectrum of the magnetic pulse, f = k xfs <N [27] Oe
I Electric current A
J Cross sectional moment of inertia m’
J iP=-1 _
L Sample length mm
N Number of measurement points for Fourier transform -
q Piezomagnetic coefficient Oe!
Q: Quality factor at f; -
Q. Quality factor at f, -
ms;i Compliance coefficient of the FM layer m* N
Psij Compliance coefficient of the PM layer m? N
u Generated ME voltage (see Figure 2) \
U Amplitude of voltage pulse without oscillations (see Figure 3) V
Us Amplitude of voltage pulse at f; (see Figure 3) \
Up Amplitude of voltage pulse at f, (see Figure 4) V
Ui Induced voltage in the pick-up coil (see Figure 2) \
v Volume fraction of the PE phase -
Y Young’s modulus N m™
ag1 Nonlinear ME coefficient V Oeltem?
g Linear ME coefficient VOe'lem’!
O3 ME coefficient according to [12] VOe'em!
&i Effective permittivity AV'm's
A Magnetostriction coefficient -
As Saturation magnetostriction -
" Density of FM layer kgm™
PP Density of PE layer kgm”
T Pulse duration S
M Poisson’s ratio -
b Vacuum permeability Hm'

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



