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We have investigated the equivalent magnetic noise and magnetic field sensitivity for a
magnetoelectric (ME) sensor unit of N numbers of ME laminates stacked together. Our results show
with increasing N that the modeled and measured equivalent magnetic noises decreased by a factor
of /N and that the magnetic field sensitivities increased by V/N. For Metglas/Pb(Mg3,Nb,/3)
0;-PbTiO3 laminates, the equivalent magnetic noise decreased and the magnetic field sensitivity
increased by a factors of 2.1 and 2.3, respectively, for N =4 relative to that for N=1. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4718441]

. INTRODUCTION

The magnetoelectric (ME) effect—the induction of mag-
netization by an applied electric field (E), or a change in polar-
ization by an applied magnetic field (H—has been of recent
research interests.'™ Based on a giant ME effect, two phase
piezoelectric/magnetostrictive laminates have shown the
potential for low frequency (<10?Hz), low cost, low power,
and room temperature magnetic sensors.”’ A ME magnetic
sensor with a low equivalent magnetic noise and a 10 pT mag-
netic field sensitivity have recently been reported.”

A ME sensor with a high signal-to-noise ratio (SNR)
requires not only a high value of oy so as to achieve high
output signals but also requires a low equivalent magnetic
noise in the absence of an incident field.” The highest
value of oyg reported for Metglas/Pb(Zr, Ti)O3 (PZT) two
phase laminates is 22 V/cm - Oe.”'® Much higher values of
omeg=352V/cm-0Oe have been achieved for Metglas/Pb
(Mg13,Nb,/3)O03-PbTiO5 (PMN-PT) laminates.” The reduction
of the equivalent magnetic noise for ME magnetic sensors is
difficult. It has been predicted that the stacking of N numbers
of ME Ilaminates will increase the SNR by a factor of
VN 112 However, such theoretical and experimental studies
of the effect of stacked arrays on the equivalent magnetic
noise of Metglas/PMN-PT laminate sensors have not been
reported.

Here, the equivalent magnetic noise has been reduced
and the magnetic field sensitivity enhanced for Metglas/
PMN-PT laminates by stacking. Experimental results agree
with predictions that the equivalent magnetic noise is
decreased and magnetic field sensitivity increased both by
factors of \/N with increasing N. ME sensor units of four
laminates connected in parallel were found to have a 2.1x
lower equivalent magnetic noise and a 2.3 x higher magnetic
field sensitivity.

Il. THEORY PREDICTION

For ME sensors, the dominant internal noise sources
have been identified to be the dielectric loss (Npg) and the
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dc leakage resistance (Ng) contributions. Secondary noise
sources, such as thermal and electrical circuit noises, have
been neglected due to a lower charge noise density relative
to these internal sensor noise contributions.” The charge
noise density of these two dominant noise sources can be
estimated as

4kTC tan o
Npe = T (D
1 4kT
Np = — 4/ —. 2
R =5\ R 2

The total charge noise density can then be given as

4kTC tan & 1 4kT
N, = /N3, + N2 = — 3
t DE + R \/ 27'[f + (27-Ef)2 R bl ( )

where k is Boltzmann’s constant (1.38 x 10727 Kil), T is
the temperature in Kelvin, C is the capacitance, tand is the
dielectric loss, R is the dc resistance of the ME sensor, and f
is the frequency in Hertz.

The equivalent magnetic noise N, can then be obtained
from the g of the sensor and the total noise charge density

4kTC tan o 1 4kT

NC(C/\/E)\/ 2f  Qnf) R
N,,KT/\/]‘E)— OCQ(C/T) o ocVC '

“

If N ME laminates are stacked in parallel, the capacitance of
the array is N times that of C, the dc resistance is 1/N and
the dielectric loss is unchanged. Therefore, the equivalent
magnetic noise of the ME array N,,4 can be estimated as

<4ch tan 0 1 4kT)
N -
1

o (2nf)> R
Npa = NoyC = \/_]VNm 5
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From Egq. (5) and the predictions by Xing et al.,'"" one can
see that the equivalent magnetic noise is decreased and the
SNR is increased both by factors of v/N.

lll. EXPERIMENTS

We constructed several L-L multi-push-pull mode ME
laminates and stacked them in a parallel mode. Two interdigi-
tated Kapton electrodes were bonded to the top and bottom
surfaces of a 40mm x 10 mm PMN-PT bundle, consisting of
five 40mm x 2 mm PMN-PT fibers (Ceracomp, Korean) with
epoxy resin (Stycast 1264, USA). Three 80 mm x 10 mm Met-
glas foils (Vitrovac Inc., Hanau, Germany) were then lami-
nated to both the top and bottom surfaces of the interdigitated
electrode/PMN-PT core composite, with a different epoxy res-
ins (West System 105/206, USA). More detailed information
of the lamination process can be found in Ref. 10.

The value of oy was measured using a lock-in ampli-
fier (SR-850) in response to a pair of Helmholtz coils driven
at an ac magnetic field of H,.=0.10Oe at a frequency of
f=1 kHz. Figure 1(a) shows the ME voltage coefficient o
and ME charge coefficient o as a function of Hg. for a sin-
gle Metglas/PMN-PT laminate. The maximum value of o,
was 52 V/cm - Oe under a dc bias of 8.6 G; correspondingly,
the maximum value of ag was 2078 pC/Oe. The ME coeffi-
cient reported here is significantly higher than that previ-
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FIG. 1. ME voltage coefficient (oy) and ME charge coefficient (o) of Met-
glas/PMN-PT laminates as a function of (a) dc bias Hy. at 1 kHz, and (b) the
number of laminates stacked, N. (c) Capacitance and dielectric loss factor as
a function of number laminates stacked, N.
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ously reported for two phase ME composites, which is
mainly due to the high piezoelectric constant (dsz,) of the
PMN-PT piezofibers. The maximum values of «, and o as a
function of the number of laminates under the optimum Hyg,
are shown in Fig. 1(b). The value of o, was unchanged and
that of o increased linearly with N, agreeing well with pre-
dictions. Figure 1(c) shows the capacitance and the dielectric
loss factor of the laminate array as a function of N. The ca-
pacitance increased linearly with N, and the dielectric loss
factor was relatively invariant to N.

The laminates were then packaged with a simple low-
noise charge amplifier having a gain of 5.1V pC~' over the
frequency range of 0.1 < f <100Hz (designed by SAIC),
which we designate as a ME sensor unit. The unit was placed
inside a high-mu-metal magnetic shielded chamber and con-
nected to a dynamic signal analyzer to measure the voltage
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FIG. 2. (a) Measured and estimated charge noise density of the ME sensor
unit for N =1, including constituent dielectric loss and dc resistance, over
the frequency range of 0.125 <f < 100 Hz. (b) Estimated dc resistance and
dielectric loss noise charge. Measured and estimated (c) noise charge and
(d) equivalent magnetic noise at 1Hz, as a function of v/N.
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FIG. 3. (a) ME output signal of the ME sensor unit and background voltage
noise in the absence of intentional excitation. (b) Voltage noise and ME out-
put signal, and (c) magnetic field sensitivity of the sensor unit as a function
of v/N. The incident ac magnetic field was 1 nT at 1 Hz.

noise and output signal. Due to the dc resistance saturating
the amplifier (<30 G Q), the largest number of laminates that
we could connect in parallel and measure was N =4.

Figure 2(a) shows the measured and estimated charge
noise spectra for a ME sensor unit which contained a single
laminate. The noise density was estimated based on Egs.
(1)—(4), using appropriate ME laminate parameters. The esti-
mated and measured charge noises exhibited good agree-
ment, except at frequencies near external vibrational sources.
Figures 2(b) and 2(c) show the estimated and measured
charge noises for a ME sensor unit as a function of N at
f =1Hz. In these figures, one can see that the estimated and
measured noises increased proportionally to v/N. Figure 2(d)
shows the estimated and measured equivalent magnetic
noises at 1 Hz. The measured noise decreased with increas-
ing N, which agreed well with the predicted noise. In particu-
lar, the equivalent magnetic noise of the ME sensor unit for
N =4 was as low as 2.84 pT/HZO‘5 , which was a factor of
2.1x lower than that for N =1. This low equivalent mag-
netic noise was also a factor of 1.8 lower than that previ-
ously reported for ME sensors.® Such a low equivalent
magnetic noise holds promise for ultra-low magnetic field
detection applications at room temperature.
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Next, the magnetic field sensitivity can be expressed as

Magnetic field sensitivity =

H,
% = X SNR x VNuise; (6)
ME~f

where H,.¢ is the ac magnetic field generated by a Helm-
holtz coil, Vyg¢ is the ME output voltage of the ME sensor
unit, SNR =2, and Vs is the voltage noise at the fre-
quency of interest. Figure 3(a) shows a voltage noise spectra
and the output voltage of a ME sensor unit for N =1 over
the frequency range of 0.125 < f < 100 Hz, in response to a
1 nT incident ac magnetic field at 1 Hz. The output of the
sensors was 0.106 V, and the background voltage noise at
1 Hz was 6.77 x 10~* V/Hz'2. From Eq. (6), the magnetic
field sensitivity for N =1 was determined to be 12.8 pT. In
Figure 3(b), the voltage noise and output voltage of the ME
sensor unit are shown as a function of N in response to
H,.=1 nT. The voltage noise and the output voltage
increased with increasing N. Substituting the data of the volt-
age noise and the output voltage into Eq. (6), the magnetic
field sensitivity was calculated as a function of N as shown
in Fig. 3(c). The magnetic field sensitivity for N =4 was 5.5
pT at 1 Hz, which is a 2.3x enhancement relative to N = 1.
This increased sensitivity is a direct consequence of the
increase in the ME charge coefficient that results from the
ME laminate stacking.

IV. CONCLUSION

In summary, the charge and equivalent magnetic noises
of stacked ME laminate sensors have been investigated. Pre-
dicted and experimental data confirm that the equivalent
magnetic noise decreased and the magnetic field sensitivity
increased both by factors of V/N. For N =4, the ME sensor
had a 2.1 x lower equivalent magnetic noise and a 2.3X
higher magnetic field sensitivity than for a single laminate.
The results demonstrate the potential of ME laminate arrays
as low-noise, extremely sensitive magnetic field sensors.
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