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Abstract This paper presents the inductance—capacitance
(LC) resonance effect in the magnetoelectric (ME) compos-
ites characterization system. The measured magnetoelectric
voltage coefficient is significantly affected by the LC reso-
nance at the electromechanical resonant frequency, but not
at 1 kHz, typically reported in the literature. Decreasing the
measuring circuit inductance and/or capacitance helps to re-
duce the LC resonance effect. While it is impossible to com-
pletely eliminate the coil inductance and capacitance, they
should be accounted for by proper circuit balancing. One
can accurately calculate the sample intrinsic ME voltage co-
efficient knowing L and C of the measuring circuit. This
study is helpful for designing and building the ME charac-
terization systems.

1 Introduction

Recently, bulk magnetoelectric (ME) materials have drawn
increasing attention due to their ME effect, which pro-
vides significant advantages for applications in devices op-
erating at low (pico-tesla sensitivity magnetometer) [1, 2]
and microwave frequencies (electrostatically tunable band-
pass filter [3], band-stop filter [4], resonator [5], and phase
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shifter [6]). Most of these devices are based on layered ME
composites that exhibit stronger ME effect compared with
the particular ME materials [7].

The ME measurement system is used for the ME com-
posites and devices characterization. The ME coefficient re-
flects the change in the electric field dE with respect to the
applied magnetic field dH, ag = dE/dH =dV/(t - dH),
and is the most critical indicator of the ME coupling prop-
erties in this kind of composites. Here, dV is the voltage
generated in the piezoelectric materials, ¢ is the piezoelec-
tric materials thickness, and dH is the oscillating magnetic
field amplitude generated by Helmholtz coils [8].!

2 Theoretical consideration

The ac magnetic field amplitude can be detected by using a
magnetic meter. However, the detected frequency less than
30 kHz requires a special magnetic meter [9, 10]. In or-
der to reduce the measurement system cost, it is built based
on the virtual multichannel lock-in amplifier [11]. The sys-
tem schematic along with the equivalent electrical circuit is
shown in Fig. 1. The ac magnetic field is detected by mea-
suring the voltage change across the resistor Ry (Fig. 1).
By analyzing the circuit in the figure, and assuming that
the origin of all coherent signals is produced exclusively
by the ME effect in the tested device, one can immedi-
ately obtain dH from dH ~ I} = %’ where
I1, is the current passing through the inductor (Helmholtz
coils), Vcyp is the measured voltage across Ry, and Zj,
is the oscilloscope electrical impedance. The sample intrin-
sic ME voltage coefficient o is inversely proportional to
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Fig.1 (a) Schematic diagram for detecting ac magnetic field and sam- 16} L
ple output voltage; (b) equivalent electrical circuit (simulation circuit) 7y
:.._ 14}
I (ag ~ i). In the currently used system, R is a stan-
dard 10-ohm resistor, whose electrical resistance is much 12}
lower than Z;, (107 ohm). The ac magnetic field dH can
be obtained from I, & Vg—?l. The voltage across the sample, 10+
VcHz, is measured synchronously with Vcyp. The sample L L ! . ! ! . L L
. . . 0 20 40 60 80 100 120 140 160
intrinsic magnetoelectric voltage coefficient can be calcu- b fikHz)
lated as o, = A‘/;?ﬁiz\/.(il]’ where M is denoted as induced mag-

netic field per unit of current passing across the Helmholtz
coils, and has the units of Oe/A. For a given set of coils, M is
a constant ignoring the effect of the winding capacitance.
In this paper, we denote the current passing through R; as
IR = Vcui/Ri. Therefore, ap ~ ﬁ, and ideally, g = af,.
However, due to the self-resonance of the Helmholtz coils,
the output dH will change with the frequency, even if the
input 7 is constant. In the next part, we will study the self-
resonance effect of the Helmholtz coils used in the magne-
toelectric measurement system.

3 Results and discussion

Figure 2(a) shows the dependence of measured magneto-
electric voltage coefficient (solid dots) on the applied mag-
netic field frequency varied from 1 to 150 kHz for a 10 x
25 x 0.8 mm> Ni-PZT-Ni trilayered plate magnetoelectric
composite prepared by electroplating [12]. It shows that the
ME coefficient has a maximum value of about 13 V/(cm-QOe)
when the applied magnetic field frequency is 70.5 kHz. The
ME voltage coefficient resonance peak is associated with
the electromechanical resonance (EMR) [13]. One can ob-
tain a similar frequency spectrum of the ME voltage coef-
ficient by matching a parallel capacitance C; (1.5 uF) on
the Helmholtz coils (hollow squares). The main difference
is that the ME voltage coefficient maximum value increases
to 34.6 V/(cm-Oe). Voltages measured across R; when
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Fig. 2 (a) Measured magnetoelectric coefficient and (b) voltage
change across R; when matched capacitance C; is 0 and 1.5 pF for
a 10 x 25 x 0.8 mm?> Ni-PZT-Ni trilayered plate magnetoelectric com-
posite. C| is the matching capacitance, Cp = 140 nF is the coil capac-
itance

C1 = 0 pF (solid dots) and C| = 1.5 pF (hollow squares) are
shown in Fig. 2(b). There is a transition around resonant fre-
quency when the balance capacitance C; = 1.5 pF, but not
when C1 = 0 yF. This phenomenon is very interesting and
has not been reported in previous studies.

In the actual ME measurement system the detecting cir-
cuit is equivalent to an inductance—capacitance-resistance
(LCR) circuit due to the inevitable inductance L and the
winding capacitance Cy of the Helmholtz coils, as shown in
Fig. 1(b). Ro is the measurement circuit’s load resistance,
which in our case is 1.2 ohm, and C| is the balance capaci-
tance. It is well known that there is an LC resonance in LC
circuits. Because of the LC resonance, /1, is not equal to Ir
at any given time. Therefore, the detected magnetoelectric
voltage coefficient ay; is not equal to the sample material in-
trinsic ME voltage coefficient og. The relationship between
the two coefficients can be expressed as o /ag = I/ IR.

Circuit simulation software (Multisim, from National In-
struments, TX, USA) was used to analyze the difference in
ME voltage coefficients for C; =0 pF and C; = 1.5 pF, and
study the LC resonance effect along with the detecting cir-
cuit characteristics. Using the software, we calculated the
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Fig. 3 (a) Calculated voltage V, output and (b) (/L/Ir) and (IL/Is)
ratios for Cp = 140 nF, C; = 1.5 yF and Ly =3 pH. (The /1 /IR and
11 /I lines coincide with each other in (b))

output voltage of Ry (Vp, the output voltage of the CHI,
Vecmr) and the current of Lo (IL), as shown in Fig. 3(a).
The V|, and I behavior changes at around 71.8 kHz, which
is associated with the LC circuit resonance. The choice of
71.8 kHz LC resonant frequency is helpful in illustrating
the strong effect of LC resonance on the measured ME
voltage coefficient when the LC resonance approaches the
EMR of the composites. A good qualitative comparison is
seen between the measured and calculated voltage change
across Rjp, shown in Figs. 2(b) and 3(a), respectively, indi-
cating that the calculation is appropriate. Then, one can cal-
culate the (/1 /IR) ratio with the frequency varied from 1
to 150 kHz, as shown in Fig. 3(b). The (/1 /IRr) ratio also
has a peak of about 1350 at 71.8 kHz (calculated resonant
frequency). This indicates that «p/ag ratio is about 1350
when the circuit capacitance Co = 140 nF, balance capac-
itance C1 = 1.5 pF and the circuit inductance Lo = 3 pH.
Cp and Lo are the measured Helmholtz coils capacitance
and inductance of the setup, respectively. At 71.8 kHz LC
resonance frequency the calculated ME coefficient deviates
far from the actual sample intrinsic coefficient. However, at
low frequency of 1 kHz, the (/1 /IR) ratio is constant and
equals 1 (Fig. 3(b)). This indicates that the calculated ME
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Fig.4 Calculated (I /IR) and (I1/Is) ratios (left axis) and measured
magnetoelectric voltage coefficient (right axis) for a 10 x 25 x 0.8 mm?3
Ni-PZT-Ni trilayered plate magnetoelectric composite dependence on
the matching capacitance C; at (a) 1 kHz and (b) 70.5 kHz (electro-
mechanical resonance frequency)

voltage coefficient is equal to the sample intrinsic coefficient
at low frequency, and the LC resonance does not affect the
measurements. Sine the ME voltage coefficients detected at
1 kHz and the resonant frequencies are most interesting, and
commonly reported in the literature, we focus on the mea-
surements at these frequencies [14—19].

Figure 4 (right axis) shows the measured ME voltage
coefficient g3 of the 10x25 x 0.8 mm? Ni-PZT-Ni tri-
layered plate magnetoelectric composite as a function of
the balancing capacitance C; at 1 and 70.5 kHz (electro-
mechanical resonance frequency determined experimentally
in Fig. 2(a)). The coefficient ag3; is basically unchanged,
with an almost constant value of about 0.39 V/(cm-Oe) at
1 kHz. However, o 3 initially increases and then decreases
with the C; rise at 70.5 kHz. It achieves the maximum value
up to 30 V/(cm-Oe) when Cj is 1.5 pF. Moreover, o3 is
only 13 V/(cm-Oe) or 2.3 V/(cm-Oe) when C| is either 0
or 5 uF. This indicates that the measured ME voltage coef-
ficient is strongly affected by the balance capacitance C; at
the electromechanical resonant frequency, but not at 1 kHz.

In order to understand these results, we also calculated
(IL/IR) using the software with C; varied from O to 5 pF.
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The simulated results are shown in Fig. 4 for 1 and 70.5 kHz,
respectively. Figure 4(a) shows that the (/1 /IR) ratiois 1 at
1 kHz with varying balance capacitance C;. The (IL/IR)
ratio behavior is similar to the one of ag 3; in the varied ca-
pacitance range. Both of them have a maximum when C
is set at 1.5 pF (Ip/Ir = 28.2). However, the calculated
(IpL/IR) ratio values are 1.09 or 0.494 when C; is either
0 or 5 pF, respectively. Comparing the left and right vertical
axes data in Fig. 4(b), the behavior of «g 31 and (I./IR) ra-
tios is the same at 70.5 kHz. This similarity indicates that at
1 and 70.5 kHz the measured ME coefficients are dispropor-
tionately affected by the LC resonance at lower than 1 kHz
and higher than 70.5 kHz resonant frequencies.

In the present study, we denote the sum circuit current as
I's (measured in series), as shown in Fig. 1(b). We also sim-
ulated /g and calculated the (/. //s) ratio, shown in Fig. 3.
Ratios (I1./Is) and (I1./IRr) are the same at any given fre-
quency for all balance capacitances (we show only the result
for C; = 1.5 pF in this paper). For the sinusoidal applied
magnetic field, there are mainly two methods to calculate
the ME voltage coefficient. The one is the constant voltage
mode used in our previous studies and the other is the con-
stant current mode [14-20]. The main difference is that in
the constant voltage mode, constant voltage is applied to
the detecting circuit, while constant current is applied in the
constant current mode.

From the above analysis, in the constant voltage and con-
stant current modes, the (/1 /Is) and (/1 /IR) ratios have
the same values, respectively. This indicates that the effect
of LC resonance on the measured ME voltage coefficient is
the same in both modes. Therefore, it is possible to utilize
either one of the two methods to measure the ME voltage
coefficient.

Figures 3 and 4 indicate that one should decrease the ca-
pacitance C and inductance L of the Helmholtz coils in or-
der to minimize the effect of LC resonance on the ME volt-
age coefficient measurements. One can also determine the
validity of the measured ME voltage coefficient when L and
C of the Helmholtz coils are known. Moreover, the mea-
sured ME coefficient can be modified using circuit simula-
tion software if L and C of the detecting circuit are directly
measured.

4 Summary

In summary, the effect of LC resonance on the ME measure-
ment system was experimentally and theoretically studied.
Inevitably, the LC resonance influence is present in the ME
voltage coefficient measurements. One should decrease the
inductance and capacitance of the circuit as much as possi-
ble to decrease the effect of LC resonance on the ME coef-
ficient. The measured ME voltage coefficient is strongly af-
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fected by the balance capacitance C; at the electromechan-
ical resonant frequency, but not at 1 kHz, especially when
the LC resonance frequency is approaching the EMR fre-
quency of the composites. One can also modify the mea-
sured ME coefficient using the circuit simulation software
with the precise measurements of L and C in the detect-
ing circuit. The constant voltage and current modes produce
the same measured ME voltage coefficient results from the
LC resonance standpoint. This study is helpful for properly
designing and building ME measurement systems and cor-
rectly processing the measured ME voltage coefficient data.
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